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“ischemic; however, their long-term (> 24 hour) fate is not known.

Tater, values of mean V

v

Abstract -

Within six to nine hours following coronary artery occlusion,
muscle fibers adjacent to the developing necrosis (those in the

border or 'trgnsition' zone) "are thought to be viable but potentially

My initial objective was to determine wq@thef a transition zone
is present in an, animal model of chronic myocardial infarction.

As ischemia 1mp1ies-redué§d oxygenation, possibly due to reduced

capillary supply, I qUantified the numbers and positions of capiltbaries
in the region adjacent to the necrosis in infarcted hearts., and

compared these to values in healthy myocardium. Six variables were

used in the analysis: Vf (number of vessels surrounding each fiber),

\

Fv (number of fibers sharing each vessel), E/F (capillary to fiber)
ratio, fiber diameter and intercapillary distance.

Myocardial infarcts were produced in rats by 1igating the 1
left coronary artery (LCA) midway a]onq its course. Five weeks
£ va C/F ratio and capi]]éry density ypre
found to be.significant]x less in the transition zone than measured

in healthy ratvmyocardium. A tendency toward fiber hypertrophy -

and increased intercapillary distance was also observed, but.did )

not prove sjgnificant. The region of reduced capillary sypply
extended 375 um‘from fhe edge of the necrosis. Theﬁe results
Ebnfirm the chronic presence of a transition ione (viable muscle
fibers with a subnormal microvascular suppl}) in the rat model of

myocardial infarction. App]icafion of the Krogh Cylinder Model for

oxygen diffusion indicates that, at the venous end of the capillary




bed, these f1bers become anox1c when their oxygen consumption rate

H

exceeds _1.5x the rest1ng va]ue

Evidence from the 11terature indicates. that exerc1se can

stimulate. cap111ary growth in sﬁe]eta] muscle and healthy myocard1um

4

My secomﬁcﬂuect1ve was to determ1ne whether exercise can also .
" H
promote revascu]ar1zat1ong1n the transition zone. -

One, week fol]ow1ng LCA occlusion, rats were allotted into
one’ of four voluntary eXere1se protocols: A (2 hours of running/day,
6 days/week 4- weeks) B (2 hours/day, 3 days/week (Monday, Wednesday,

4L

Fr1day), 4 weeks), C (2 hours/day, 6 days/week 2 weeks, followed

by 2 weeks of inactivity) and D (2 hours/day, 6 days/week, 2 weeks).

. -
Voluntary exercise was associated With significant

improvements in capillary supply in the transition zone. Important

faé?;rs included:

(1) an intermediafe'tota1 distance run. Rats (group A) that ran
5 to 10 km in the month restored normal values oaLVf, F; and C/F
ratio in the transition zone, whereas no significant increases

occurred in animals running <5 km or >10 km.

(2) a‘ba1ance between exercise frequency and mean running speed.
Rats in group B (3 days/week) had to run twice the dajly distance of
0 those in group A to obtain the sahe improvement {n capillary supply.
(3) regu]an reinforcement of the.-exercise periods throughout
0 the experiment. Animals in groups B and D demonstrated significant
increases in Vf, Fv and C/F rat{o in the transition zone, while

those in group C did not.

A further group of rats'was forced to run 2 hours/day,




~

. 6 days/week, for 4 weeks following coronary artery occlusion. No

increases in mean Vf and C/F ratio were obServed; however, changes

—

P 0

in Fv/as a fthtjon‘bf distance run were similar to those of the
comparable vo]unfa?y exercise protocoi., '
The mechanism by which exercise spimulates capji]ary growth
) is not known. It is possible that local tissue hypoxia and increased
coronary blood-fiow in thé transition zone during exercise may Ee

responsible for the revascularization observed.

’




g “Acknowledgements —

T would Tike to extend my sincere thanks to the foll®%ing -
. e . - .

individuals and organizations: )

/

-Dr. Alan. C. ‘Groom, my supePvisor, for his advice and support

.

. during my years as a graduate student.

- the members of my advisory committee - Dr. Margot R. Roach,
Dr. Peter A. Rechnitzer and Dr. Robert L. Kline = for their interest
and ehcouragemeﬁ%. I owe special thanks to Dr. Roach, who found thg
time in her bu;y schedule to read and offer criticisms on Fhe final

S ¥

draft of my thesis.

- my co11eagues‘in-the 'microcirculatory group', and my,?ther )
friends in the Biophysics department. They were never too busy to
d?;cuss a problem, offer advice, or lend a hand, and were a constant
source of much-needed comic relief. | Their preé?nce did much to help:
me maintain my sanity during the writing of the thesis. '

- Ms. Margo Lillie, who painstakingly proofread the‘fina1 typed
text, aﬁd Mr. Peter-Whittaker, who checked the figures.

- my pérents, who instilled in me at an éar]y age the value of an
education, and taught me by egample that a worthwhile goal can best
be attained through a combination of patience and hard work. Their,
constant support and faith in me are deeply appreciated.

- the Medical Research Council of Canada, which provided me with

financial support. The On;ario Heart Foundation, through a research

- |

grant to Dr.:Groom, provided funds for animals and supp]iés.




~ ¢ Py /
- .u a
_ 4
* - &,
Table of~Cantents .
Certificate of Exdmination . . . . . . .. .. P SR b -
-Abstract . . . . . e e e e e e e e e e e e e e e e e e iii
Acknowledgements . . . . . . e e e e e e e e vi
~ Table of Contents . . . . . e e e e e e . vid
/ List of Figures . .. . ... .. & .. ... x
List of Photographic P]ates S S AT
¢ ‘ List of Tables . . . .. .7. . .. T e e xdit
.CHAPTER ONE: Genera} Introduction . . . . .. ... Ve e e BRE

CHAPTER TWO Literature Rev1ew - Coronary Circulation and Myocard1a]

S i

. , Infarction . . - Coe R Vi
- =2, 1 Coronary Circulation- in the Rat Coe : PR
- . 2.1.1 Macrocirculation . . . . . . . . ... ... ... 13

) 2.1.2 Microcirculation . . . . .. .. ... B [
2.2 Myocardial Infarction . . . . . . .~ . . . . . .. .22,

2.2:1 Definitions . . . . . ... .o ... e e e .. 22

. 2.2.2 Development of the necrosis . . . ... . .. . .. . 23
/ 2.2.3 Concept of the border zone . . . . . . . .. ... T 25

- 2.2.3.1 Evidence in.support of the border zone
concept ... . L. . ..., : 26
* 2.2.3.2 Evidence disputing the presence of a border
SZONE LT e e e e e e e e e 28
2.2.3.3 Role of the m1croc1rcu1at1on in the border
. zone controversy e e e e e e e e e 31
K ' 2.2.3.4 The, 'border zone' in chronic myocardial

infarction . . . . . . T 33

2.3 Objective . . . . e e e e L oS P

CHAPTER THREE: Methods . . . . . . . e e ... 3
3.T8Surgery .. L L e s e e e e e e e e e e e e RV

3.2 Tissue Processing . . . . . . . . . . . <. . ... .. .40

- 3.3 Data Collection and Analysis . . . .. .. . ... ... 43

CHAPTER FOUR: Characterization of the Transition Zone in the

Chroriically Infarcted Rat Heart . . . . .. C e 52 -
4.1 Microvascular Evidence for a Transition Zone . . . . .. 53
4.1.1 Protocol . . . . . .. .. P e e e e ... 53
4.7.2 Results . v v . v v v v v v v . P 54
4.1.3 Discussion . . . . . . . . ..o .. . 60
%

vii




P ’
! 4.2.Width of the Transition Zone . . . . .. .. . .4 ... 65
4.2.1 Protocol . .. ... .00 oL T -1
: 4.2.2 Results . . . . . .. Sooe oo '. oA ... 68
o . 8.2.3 Discussion L. L. L L L L e e e e 69
4.3 Implications of the. Reduced Cap111ary Supp]y on Tissue ,
v ' Oxygenation . . . ., . . . . . ./. A e e e e e 72
- . - 4.3.1 The Krogh Cy]1nder Model” .. ... .. .. ... .. T2 7
. 4.8.2 Calculations and: resu]ts ......... s . . .a 76
- ' 4.3.3 Discussion . .. . T -2
4.4 Summary . . . . . .. .. See e e e e e e t .. 86
. e L : ', .
CHAPTER FIVE: Effects of Exerc1se on Cap1]1ary Supply ... 87
5.1 Skeletal Muscle - .. . . . . .. e e e -
5.2 Myocardium . .+ . . . . . e e e 90
L » 5.3 Exercise and Myocardial Infarction, .. . . . . . . . . .. 92
: 5.3.1 Protocol . . . . ... .. e K !
5.3.2 Results . . . . . . .0 e e e e 9
5.3.3 Discussion . . . . .. .. oo oL 101 ¢ 8
5.4 Summary . . . . ... .., T R A REEERE 1z .
CHAPTER SIX: Importance of Exercise Frequency, Intensity and -
Duration on Revascular1zat1on in the Trans1t1on g
Zone . . . . . .. e e e e e e e e e e e e 1 113
6.1 Protocol . . . . . . .. ... e R R
., 6.2 Results . . . . . ... .. e e e e e e e e e e e . 116
C6.3DiscuSSTON . L L L L . e e e e e e e e . 126
6.4 Summary . . . . . .. I S e oL 132

CHAPTER SEVEN: Comparison of Forced vs. Voluntary Exercise on
Revascularization in the Transition Zone . . . . 133

7.1 Protocol . . ... .. .. L0 T vt e e e 135
7.2 Results . . . . .. .. .. e e e e e e e e e e 137
. 7.3 Discussion . . ... . .o Lo oo c.o. 148 .
’ 7.4 Summary . . . . . . . co ‘ 147
CHAPTER EIGHT: General D1scuss1on . g 149
8.1 Reduced Microvascular Supply in tbe Transition Zbne . . . 150
.+ 8.1.1.Reduction in mean Vf ............... 150
. * 8.1.2 'Reduction inmean F_. . .~ . . . ... ... .. 153 -

8.1.3 Lower values of capY1]ary density and C/F ratio . . 154

8.1.4 Tendency toward fiber hypertrophy and increased !

. L intercapillary distance . . . . . . . . . . ... 154

? 8.2 Implications and Importance of” the Trans1t1on Bne . . . 155
. 8.3 Exercise and Revascularization in the Transit¥on Zone . . 159




[ 1 /7
5 \ )
E ]
- ’
) .
8.4 Pos!'b]e Stimuli for Cap111ary Growth . ... . . ... . . 162
8.4.1 Hypox1a e e e e e o .. 162
. ‘ 8.4.2 Mechanical expans1on or ‘friction’ (shear stress) . .167
. . 8.4.3 Presence of an-unknown chemical . . . . . . . . . . 169
: ’ 8.5 Hypothesis . .. e
, 8.6 Suggestions for Further Study e VA
Appendix: Anatomical Data . . . . . . . . .. .. . .fT)T N VA C/
References . . . . . . . . . . . . .. e ey e e e e e e e ., .80




u

10.
'n.:
12.
13.

14.

15.

«
List of Figures- T ‘
Description . . Page
Evolutionary development of the heart . . ... . ... .. 4
Orientation of muscle fibers in the wa]] of the human
left ventricle . .. .. ... .. .. e e e e 7.
Position of the major coronary arteries in the rat
heart . . . . . L L o s e s e 15
Schematic longitudinal and cross section of the ‘ '
myocardial capillary bed . . . . e e, 19
. Schematic diagram of a rat heart, 5 weeks fd]low\ag
~occlusion of the left coronary artery . . . . . .= ..o 42
Frequericy distribution of V. values in controls, SO's, |
and the transition zone of ﬁ e e e e e e e e 56
Frequency distribution of\F values in contrd]s; SO's.
and the transition zone of NI's . . . .. .. .. ... 58
Method of sampling capn]lary density as a functlon of
distance from the edge of the necr051s N U Y
Capillary dens1ty as a function of distance from the
. edge of the necrosis . . . .. Sl e e e e e e 70
-~ . -
Definition of variables used in the Krogh Cylinder
Model . . . . . . . . . oo o e e e 75
Tissue p0,, in healthy Pat'myocardium as a_function .
of distange‘from the nearestcapillary . . . . . . . . 79
Tissue p02 in the transition zone as a function of .
distance from the nearest cap111ary N T 1
Mean V_ in the trans1t1on zone as a funct1on of o
total g1stangg ran, for rats exec1sed 6 days/week ﬁlﬁ
X dweeks . .. L L s e e e s e e e e 96
Mean F_ in the transition zone as a function of
total distance run, for rats exercised 6 days/week
Xx4weeks . ... . ... L Lk e e e e e . . 98

Mean G/F ratio in the transition : zone as a functhn of
total distance run, for rats exercised 6 days/week
X 4 weeks . . . .. T 100



N

-~

L=l

Figure

_16.
T?.
18.
19.
20.

21.
o2
23.

24.

’
-

Xi

Description ~Page
< Tissue .p0, in the transition zone of rat #2-9 as a " .
function %f distance from the nearest capillary . T06
-
Mean V_, Fv and C/F ratio in the transition zong as
a funcgion of total distance run: group A . . 119
Mean V_, Fv‘and C/F ratio in the transition zone as )
a function of total distance run: gxpup B . . 121
Mean V., f and C/F ratioc in tﬁe transition zone as
a functionvof total®distance run: group C . . . 123
Medn V., F and C/F ratio in the transition zone as .
a fyncﬁionvof total digtance run: group-D . . 125
Mean V. in the transition zone as a function of total
distange run: comparison of forced and voluntary
exercise . . . . . . .. ." e e 139
Mean F in the transition zone as a function of total
distanfe run: comparison of .forced and voluntary
o exercise . . . ... .. ... e e 141
Mean C/F ratio in the transition zone as a function
of total distance run: compar¥on of forced and : :
voluntary. exercise . . . . . . . . . .« 143
. ‘ ' ~
* Calculation of the % volume of the myocardialiwall -
.occupied by the transition zone . . . . . . . . .. . 158




T T 3

PN

ot

.List of Photographic Plates
. . . ‘ |
Descr1gt1on : Page

.

Cross-section of™ nfarcted rat myocard1um-sta1ned )
for NADPH diaphorase activity . . . . .. .. .. ... 4

Cross-section of infarcted rat myocard1um stained
for ATPase activity . —. . . . . . %% o oo ... 47

-,

‘ '

) )
\
.
i ' -
.
~
.
s
» ~
ol . 7
~ -
..
.
,
.
.
- o
. .
¢
L
.
1 A
.
N
. .
7

* ooxii ’




}

List of Tables

Description ' Page

-

Capillary density measurements in the rat left -

Joventricle . L. L L. Lo s 21

, C/F ratio, fiber diameter, cap111ary
dgns1 y and intercapillary distance in controls,
SO0's, and in the transition zone'of MI's, 5_weeks
following coronary artery occlusion . . . . . . . . . 59

M (rate of myocardial oxygen ctonsumption), K (oxygen
conductivity), r (capi]]ary radius) and R (tissue
cylinder radius) *in hea]thy rat myocardium, and in *

the transition zone of MI's, 5 weeks fo]]ow1ng

coronary artery occlusion . . . . . . .. . .. Y

Capillary density and R (tissue cylinder radius)
in the transition zone of three exercised MI's that
demonstrated significant increases in capillary

supply in the border region . . . . . . . . . .. . . 104

v, £ F and C/F ratio in healthy rat hearts, as a

functYon of distance run . . . . . . . .. ... .. 109

Summary of voluntary exercise protocols . . . . . . . 115
N

xiii



. CHAPTER ONE:

Introduction




Every 1iving, metabolizing cell requires oxyéen and nutrients,

and must dispose of wastes, in order to survive. In multicellular
-organisms, relatively few cells are in close enough contact with the

external environment to obtain oxygen direct]& by -diffusion from their
surroundinés. For the remainder of Eﬁe ce]]g,’a bulk transport
system is required to service their metabb]ic needs.

The circulatory system, composed of the heart and blood vessels,
has evolved to meet this requirement. Using blood as the transport

| medium, oxygen from the lungs and nutrients absorbed from the gastro-

-

intestinal tract are delivere each cell of the body, while carbon

: /
dioxide is returned from the cells to\the lungs, and other metabolic .
|

‘ wastes are tHansported to the kidneys for disposal. The circulatory

4

system therefore provides the means by which the cells communicate with
4 .
the external environment.

1/ The components of the circulatory system differ in both their

¥

structure and their function. Arteries carry freshly-oxygenated blood
to the tissues of the body, capillaries are the site of the actual
exchange of materials between blood and cells, and veins return the .

deoxygenated blood to the starting poinﬁ._ The entire trdnsport process

3

-1s dependent oﬁﬁfhe proputsion of the blood in sufficient quantities,

and at adequate pressyres, by a‘we11—regu1ated pump - the heart. .

-

. The simplest heart, found in lower vertebrates, consists of'.
an endothelial tube surrounded by a muscular sleeve. A wave of
’ - contraction, fnifiated at the 'venous" end, spreads down the muscle

and squeezes a column of b]ood out the 'arterial' end. Larger vertebrates

Eey
-

must deal with greater quanfities of blood; to facilitate this, the
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4 c ’
2 * 3
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3 ’ J
Ao Figure 1. Evolutionary development of the heart
’ - A. simple tubular heart. Arrows indicate the direction
. of contraction
« B. formation of the atrium and .ventricle.

"C. advent of unidirectional valves between the atrium

“and ventricle, and ventricle and aorta.

A8 t

o (Adapted from Muir, 1971)
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simpl; tubular heart was enlarged and subdivided into two compartménts.
In this case, blood first enters the thin-walled atrium, then passes
into the thicker, muscular ventricle. With increasing body size, the
blood must be pumped from the heartgit‘a higher pressure. Thus, the

development of a th%cker—wa]]ed ventricle was accompanied by the advent

of a unidirectional valve between‘the atrium and veniricle, to prevent

backflow when the ventricle pumps bloGd into the @orta (figure l),~
In birds and mammals, the heart has further evolved 1nto,'

effectively, two pumps in series: the 'right heart', pumping blood

from the body to themlungs for oxygenation (the pu]monéry circulation),.

and the 'left heart', supplying freshly oxygenated blood to- the body

(the systemic circulation). Septa between the leff and right atria

and left and right ventricles ensure that oxygé%q}ed and deoxygenated
' /

blood do not mix. {n addition, the entrance§/§nd exits to.the ‘

.ventricles are gove;zéd by one-way valves which prevent-retrograde

from the outflow vessels back to the ventricles, and from the ventric g;.

to the atria. N
The heaz? pumps blood to the body byﬁphé rhythmic contraction

of the muscle fibers making up the.walls of the left ventricle.

Muscle fibe;s in-the heant do not all lie pa}a11e1 to each other, as

in skeletal muscle, nor are they randomly grranged. Rather, gpe

muscle fi%gr bundles, composed‘of sheets\of parallel fibers, are

arréhgegz%n Tayers o% comp]éx,he]ites (figure 2). Originating’in the

aéea‘of the atrioventricular junction, the fibers of the superficial

layer spiral around the margin bf'the left ventricle, where they form

a vortex and tenn%nate in the papillary muscles. Three deep layers  ,~

are S-shdped, curving around the circumference of the left ventricle,
. g




S, Figure 2: 'Orientation of muscle fibers in the wall of the ' .

. human Jeft véntricle.

« . . 3 (Adapted from Muir, 1971) .
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then through the septum and around the right ventriE]e. Two additional
layers of muscle fibers spiral between the deep and superficial
layers. This complex arrangement of fibers is thought to equalize
stretch on the individual fibers at all depths of the ventricu]af wall
. auring diastole, and provide the most efficient means of emptying the
“Ventricle during systole (Muir, 1971). ’

Because it is.composed of living, metabolizing musc1e‘ceals,
the heart, 1ike all other tissues of the body, requires its own bulk
transpost system to provide oxygen and nutrients and remove wastes.
The coronary circulation, composed of arteries, capillaries and veins;
is responsible for bulk transport to and from the cells of the
myocardium. ’

J Muscle fibers in the heart have little capacity for anaerobic
glycolysis. As the heart is almost solely dependent on oxidative
metabolism for its energy‘production, a constant supply of oxygen to
the fibers is essential. During exercise, the heart rate in man can
increase to as much as 220 beats/minute; this is accompanied by a.
four- to five-?o]d increase in'myocardial oxygen demand.’ Under’theseu
conditions, oxygen delivery to the muscie fibers is complicated by the
fact that squeezing of the coronary vessels during systole impedes
blood flow through them, and the duration of diastole is reduced with
increasing heart ratg. Thus, the corond?y circulation is responsible
for supplying a tissue which is continuously éctive, can?ot incur an
oxygen debt, and, because of its role as a pump, is an essential
element of the bulk transport system to the entire body.

No mechanical pump has been‘built that can match the long-term

.perfbrmance of the heart. For example, the healthy human heart beats
. &



v,

)
)

at Teast 50 to 65 times per minute, continuously, for an average of

70 years. However, if the flow of blood through the coronary arteries
is blocked and myocardial oxygen demand exceeds the amount that can be
supplied, myocardial igchemia results. If this jmbalance between
supply and demand is of sufficient severity or duration, myocardial
musc?é fibers begin to die. Since muscle fibers, like neurons: cannot
be regenerated, this can have serious consequences. If a sufficient
number of fibers are affected, such that the ability of the heart to
funétion as a pump is cohpromised,ithe survival of the animal is in
question.

At present, ischemic heart disease and its complications are
recognized as the most common serious health problem and most common
cause of death in the-developed world (Hi111s and Braunwald, 1971).
Much reseérch has been done on the diagnosis of ischemia, propertfés ’

of ischemic, normal and necrotic myocardium, and the use of hemodynamic

|2

and pharmaco]bgic interventions to reduqe ihe extent of myocardia1'
cell death. Many therapeutic interventions. designed to 1imit the '
size of the necrosis are based on the theory that a salvageable region
of tissue, characterized by intermediagg ischemic tissue damage,.is
present in the first six to nine hpurs following coronary artery
occlusioh. In recent years, the properties and very presence of this
region - the border or transition nedi have been tﬁ% subject of
considerable attéption and controve y. In contrast, the long-term

fate of the border Z rgely been ignored.

_ The first objective of my thesis was to detérmine whether or
not an ischemic border zone is present in an animal (rat) model of

chronic myocardial infarction. As it is not always possible to

T




"response to exercise, ‘but it is not feasible to me@slre changes in
. - .

" from animal experiments cannot be applied direcffy to hyman§, my

Y -
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begin treatment within the fjxg} $ix hours fo]]owing’the obstruction
of a corgnary artery, the long-égrm presence of a salvageable transition
zone could be of clinical importance. ‘;‘ S e B

I have chosen to define the presence of a-t;énsition zoné}.
by a decr®ase in the microvascular supply with respecfito normal,
healthy myocardium. In acute myocardial infarction, the border zone
is thought to be ischemic; as the actual delivery of oxygen to the
muscle fibers occurs at the capillary level, the presence or absence
of capillaries is a crucial determinant of potential oxygen supply to
the transition zone. My experiments confirmed the presence of a |
border zone, characterized by a sub-normal microvascular supply,
five weeks following coronary artery occlusion in the rat.

My ;econd objective was to ascertain whether or not exercise
could serve as a stimulus for revascularization in the transi%ion Zone.
I chose to use exercise as a 'therapeutic intervention' for t&o
reasons:

(1) considerable evidence presgﬁz;d in the 1iterature indicates

that exercise can promote capillary growth in skeletal muscle, and, -

in some cases, in healthy hearts.

(2) exercise is currently being used in some cardiac rehabilfitation
: . N :

variables (i.e: heart rate,.blogd pressure, stroke volume, etc.

myecardial capﬁﬁiny supply in -human suqucts, While results obtained

-

findings suggest that exercise may be of benefit, at the mfcgpvascd1ar
. . .

level, to the hearts of cardiac patients.
. ra
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Becéu§e my thesis involves two distinct yet intefre]ated :
concepts -,the presence or qbsence.of a transition zone, and the use
of exercise as a stimulus for capillary growth - I have chosen to
éea] first with.one topic, then the other. Tha£ is, ]iteraturé
pertaining to myocardial 1nfarct{§n and- the border zone concept is
presented first, with no.mention of exercise being made. The methods
chapter deals onl& with the procedures that are é;mmon to the entifé -
thesis - surgical coronary artery ligation, tissue preparation, ‘
_histology, choice of variables, and statistical treatment of the data.
v, This is followed by the first resuits chapter, which presents my
evidence for tge presence of a transition zone,lénd“discusses its
implications. The results from this 'chapter form the basis~“for the
remaiﬁder of the thesis. )
At this point, the literature dealing with exercise and
capillary growth is reviewed. By Splitting the literature review in
this way, thg references are in close proximity to the pertinent . 5
discussion. Each subsequent @xeﬁcise chdpter .includes the spe;?fic . . -
metho&s unique to that series of experiments, and a brief discussion
of the results. In the final chapter, I have-attempted t0~dréw

' together data from the entire thesis into a cohegrent umit, discuss my

findings as a whole, and presént a hypothesis to explain my results.

D
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CHAPTER TWO: Literature Review - Coronary Circu]atiqﬁ and

Experimental Myocardial Infarction’
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2.1 Corong}y Circulation in the Rat -

As my experimen£s involve the use of the rat model of myocardial
. infarction, it is important to first obtain‘an understanding of the
healthy pattern of coronary circu]aiion in this ;pecies.

2.1.1. -Macrocirculation

After branching from the aorta, both major Coronary artéries,
the Teft and the right, course through and are surrounded by the
cardiac mugcle (Selye et al. 1960). ’

The left coronary artery (LCA) supplies blood to the left
ventricular free wall, the left atrium, and the ;onus region of the
right ventricie. It arises from the aorta, in contact with the left
margin of the pulmonary cone and approximately one millimeter from
the insertion of the left atrium (ffgure 3A):. Distal to its origin,
the LEA branches into the septal artery (55% of all cases), which
descends along the right shrface of the septum, and the circumflex
branch, which runs parallel to the coronary groove torthé dorsal
aspect of the heart‘ T;\e descepding portion of th; LCA runs a straight
course from its origin to the apex of the heart, giving off mdny,
horizontal branches of approximafe]} equal size. Near the apex, the
LCA bi%::fétes into two branches of equal size (Selye ef al., 1960;
Hebel et al. 1976; Halpern. 1957; Spadaro et al., 1980).

The right corohary artery'&RCA) originates from the aorta at
the right margin of the pulmonary cone, and immediately subdivides

into many principal branches (septal artery in 45% of all cases)

which runvpefpendiéu]ar to the main trunk (figure 3B). The RCA and

its branches supp]y?b]ood to both the right ventricular free wall "J}

f
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‘ Figure 3: A. Left aspect and

B. Right aspect of the rat heart, showing the -

_positions of the major coronary arteries. -

(Adapted from Halpern, 1957) ¥
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and the right atrium (Selye et al., 1960; Hebel et al., 1976; Halpern,

-

1957). T
Small veins arising from the apex and the veqtra] aspect of

the left ventricular m}ocardium converge to form the left cardiac vein.

This vein courses to the dorsal surface of'the left ventricle, where

it joins with additional vésse]s draining this region, and then

empties into the coronary sinus. The right ventpffﬂ]ar wall is drained

by the right cardiac vein and its branches, and empties directly into .

the caudal aspect of the right atrium. ~Ihé remaﬁnder of the dorsal

wall of the rat heart is drained by the dorsal cardiac vein; this

vessel originates from many small branches in both the right and left

ventricular walls, and terminate§ in the coronary sinus. Contents of

the coronary sinus then empty directly into the right atrium (Halpern, .

1953; Selye et al., 1960).

£

2.1.2. Microcirculation

Arterioles, defined by Folkow and Neil (1971) as afferent

" vessels lined with endothelium that is surrounded by one Tlayer of

smooth muscle and & minimum of connective ti;sue, branch perpendicularly
from the arteries and course obliquely a]ong.the muscle fibers within
the connective tissue septa (Ludwig, 1971). The arterioles bifurcate
dichotomodé]y in three dimensions, giving Eise to daughter branches
smaller in diameter than the parent branch. These daughter branches

1ie parallel Eﬁ the muscie fibers and often run in opposite directﬁohs,
thereby providing the most efficient pattern to densely vascularize

the tissue. Any given region of myocardium is supplied by many
arterioles, often arisiﬁé from different arterial sources.

Anastomotic connections between arterioles ('preferential channels'

@
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or 'arterial arcades') have not been obéérved in the rat hegrt (}udwig,
1971; Brown, 1965).
Arterioles conE}pue to branch dichotomously and eventually
give rise to two.daughter capillaries, compo§§d of a single 1ayér
of endothelial cells (Folkow and Neil, 1971). The capillaries run

Q

parallel to the muséle fibers, branqh extensively with little change
in caliber, and are interconnected w}th.an abundance of short (20wum
in length) anastomoses. Capillary branches often double back and
proceed in a direction opposite to that of the pareﬁt; in addition,
adjacent branches often carty blood in opposite directions. Most
muscle fibers are supplied by capi]]a\ies which originate from more
than one arteriole (Brown, 1965; Ludwig, 1971). This is illustrated
schematically in figure 4.- ~ '

Capillaries from all directions and arising from manx*sifferent
arterioles come together to form-a dense meshwork before joining in-
a tuft-1ike manner, known as a 'turnip root con?iguratibnf, to form
a vénu]e. The venules cross the muscle fibers obliquely to join
veins, which run in flat sheets in the connective tissue spaces’
between the fiber bundles (Brown, 1965; Ludwig, 1971).

While sever;1 authors have provided a qualitative description
of the coronary microvascu]atﬁre‘in several species, there is a
" . . . lack of anatomical data, not only as to the number of
capillaries, but also their arrangement and distribution" (Martini et
al., 1969). As the capillary supply and geometry is the crucial

determinant of oxygen, carbon dioxide, nutrient and metabolite

transport to and from the cardiac muscle fibers (Rakusan, 1971a),

this is g’;ubject of considerable importance and interest.
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- Figure 4: A. Schematic longitudinal section of the myocardial
capiliary bed, demonstratingz
. anastomoses between daughter capillaries
- of a terminal arteriole.

2= anastomoses between capillaries of
daughter arterioles.

3. anastomoses between capillaries of
?rterio1es from a distant diéhotomous branching.

B. Schematic cross-section of the same myocardial _ . °

capillary bed, illustrating that any given |

cardiac muscle fiber -is supplied by capillaries

i arising from several terminal arterioles.

(Adapted from Brown, 1965) -
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Wearn (1928) was the. first investigator to show that, when .
viewed in cross section, the capi]]aéié; and muscle- fibers of the .

\

heart form a.regular arrangement. He and °thef§/95Vé ob§eyved that

. each muscle fiber”is positioned within a ’cryé£;1 lattice' of "
capillaries, and that the ratio of the numggr of capillaries to .
muscie fibers pér unit area is approximately equal to one (Hort, 1955;
Hort, 1971; Brown, 1965; Ludwig, 1971).

More recently, the capillary supply to the heart has been
quantified by éounting the number of vesiels andlfibers per sguare
millimeter from histological cross sections. Data obtaiﬁed from such
density measurements shOﬁi’Eggmgnéous variation (table 1), due to._

different methods used to visualize the capillaries, and shrinkage 0
the tissue during fixatiﬁn and histological 6Fbcessing. There appear
to be in the. order of. 2,000 to 4,008-eapid]aries per mhz in _ihe adu1£

« " hearts of most species, and qpp?qiimatelm 2,600 capillarigs per mm2 in

the hearts of adult rats (Rakusan, 1971a). It should be noted that

20% to 50% of these capi1iar1es are. thought Ao bnperfused during
\f\

normal cohditions, thereby providing a 'capillary reserve' during

.‘pggiods of hypoxia or 1ncrea;§d metabolid demand (Henquell et al., 1976;
Martini et al., 1969).
Lﬂ_yixé_measuremeqts of capillary diameter and position have
been madg'using c{gematography of th superficia1‘1ayers of the beat{ng
rat heart (Martini et al., 1969; Henquell et al., 1976; Stéinhausen
, ,-etal., 1978). Mean va]hes of intercapillary distance in the normoxic °
rat heart range from approgimateiy 15 um (Henquell et al., 1976) to .
19 um (Steinhauéen et al., 1978); in anoxia, the intercapillary

distancE'Was shown by Henquell et al. (1976) to decrease to a minimum



Table 1

Capi]iary densigy measurements in the rat left ventricle*

» _ - Author Method # per mmz
Heroux & Pierre (1957) rbc staining ‘1,342 .
o Rakusan & Poupa (1963) " dye injection : 2,678
Angelakos (1963) dye injection 3,550
Gautier et al. (1964) " dye 1njectioﬁ 2,180
Poupa et al.' (1964) dye injection 2;642
Rakusan & Poupa (1964) dye injection 2,627
Rakusan & Poupa (1964) histochemical 2,908
Waghtlova et al. (1967) histochemical 2,908
Stofer (1968) dye injection -‘1,795 ‘
Tomanek (1970) ? dye injection - 4,000 .
Turek et al. (1972) . histochemical ' 2,460
N Clark et al. (1978) dye injection 2:600
Turek et al. (1978) ° \ histochemical 2,500

" * First nine entries in the table adapted from Rakusan (1971a).

( . -
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value 0f*12.4 um, implying that more capillaries are perfused under
these conditions. Although this decrease in intercapillary distance
was néf observed by all authors (i.e. Steinhausen et al., 1978), it
would further support the coﬁfept of a capillary reserve available
during hypoxia. The mean value of capillary diameter in the beating
rat heart was found to be approximately 6 um (Steinhausen et al., 1978).
On the microé;réulatory level, the rat and human hearts (and
in fapt all species studied to date) appear to be very similar. Both
are characterized by a dense network of capif1aries, which run parallel

to the muscle fibers. Numerous intercapillary anastomoses were

observed in human hearts, but no information concerning direction of

flow (countercurrent or cocurrent) is available (Ichikawa et al., 1977).
Histologically, Roberts and Wearn (1941) and .Hort (1955) noted that,

as in the.animal models, each muscle fiber is positioned within a a /
remarkably regular lattice of capillaries, and the ratio bf capillaries

to muscle fibers is aﬁpngximate]y equal to one. While the dimensions

of the fibers may differ, information to ddie indicates that the

relative gedmetry of capillaries and musc]g fibers in the heart is

common to all species studied (Brown, 1965; Rakusan, 19Z1a).'

»

2.2 Myocardial Infarction

A

2.2.1 Definitions - . , J
: Myocardial ischemia, defined as the deprivation of oxygen to\
the heart secondary to reducéd perfusion, occurs when the metabolic

oxygen demand of the heart exceeds the oxygen supplied by the flow of _

blood to the myocardium (Hi11is and Braunwald, 1977; Reimer, 1980). ' ‘

This imbalance between oxygen supply and demand can result from a

el
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ggggual narrowing of the lumen of the coronary ar?eries (Buja et aJ,;'
1981), agute coronary aftery oiiiysion by ligation or thrombosis
(Selye et a].; 1960; Buja et al., 1981), dr biochemically induced
increases in myocardial oxygen demand (Darrah et al., 1982). If the
ischemia is of sufficient severity and/or duration to produce cell
death, this process'is termed "myocardial infarction" (Hearse and

Yellon, 1981).

2.2.2 Development of the necrosis

The healing of a mypcardial 1nfaﬁction involves the removal
of the dead muscle fibers and their replacement by connective tissue
t; form a firm: fibrous scar (Mallory et a].? 1939). It should be

noted that musc&e fibers, like neurons, cannot be regenerated (Hort,
'197])._ In the rat, this process of scar formation is complete af%er
aﬁproximate]y 21 days; the healing period may vary, depending on the
location (and.thus the size) of the infarct, and the competence of
the remainiﬁg circulation (Mallory et al., 1939).

v

The evolution of the lesion can be considered in two phases »

(Dusek et al., 1971): . ' |

(1) the degenerative phase, which lasts up to 48 hours following
coronary artery occlusion.

(2) the reparative phasg, which occurs from 96 hours -to 21 days
after the occlusion. ' ’

Within one minute after the coronary artery is blocked, the
region distal to and supplied by the occluded vessel is observed to
blanche and protrude, and then become cyanotic. Only the margin
of this zone is caﬁab]e of weak contraction, thus the remaining

tissue attempts to compensate with an increased force of contraction

A0
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(Hillis and‘Braunwald,,1977).

Asréeen as fivé;ﬁfnbtes after occlusion, tﬁere s a‘significant
Ldecrease.;e glyepgen stores and glycolytic enzymes, due.to a rapid
\‘ . Shift from aevobic to anaerobic metabolism (Fine et al., 1966;
Fishbein et al., 1978). After 30 minutes, marked left ventricular
dilatation, vascular congeetipn'and interstitial edema are qbser;;d;
abnormalities in myocardial tissue stained with hematoxylin and eosin
are also present by this time (Fine e% al., 1966). Significaqt
depletion of dehydrogenases and reductases begin 90 mfﬁutes'fol]owing
ocefusion, and regional 1ipid~dep1etfon'was obseryed four hours after

ot .

ligation (Fine et al. 1966)

Invasion of the 1schem1c ared by anf]ammatory cells

(1ymphocytes and po]ymorphonuclear ce]]s) ‘is observed to beq1n as
,soon as six hours aFier-toronary artery occlusion, and after aﬁether
' "323; four houre the f%bers;a?e visibly swollen and distended (Fine~et al.,
%%5235 1966). Twent;lfour'hbefg %911owing occlusion, a distinct zone of
‘edematous, necrotie fibe%e is ev}dent,—characterized by fbca] points

\\///’7“” .« ¥ of hemorrhage aJong its margin (Fishbein et al., 1978). . 4§;

f - . {u ‘ . .
By day three, the edema and vascular congestion is 1ess pronounced,

and although the’ 1nf1anmatory infiltration is not yet completey - ’

“fibroblasts and th1n wavy collagen fibers are already present at the

periphery of the necros1s (Fishbein et a]., 1978). Thus,,scar Format1on

“s‘ . N r %

has begun. Tnvasion of inflammatory cells peaks seven days after Hi
coronary artery occlusion and then begins to ﬂec]iné} by this time <" .
there is no further evidence of hemorrhage (Fishbein et al., 1978)t',

L3

Increased fibroblast infi]trafion and*collagen depositioné%bntinues,:"

until day 21, at which time the necrotic muscle fibers have been

Sy e




replaced by firm,. fibrous scar tissue This process results in the

. K

thann1ng of the affected region of the ventr1cu1ar wall to apptq<1mate]y
35% of its original thickness, and a- 50% reductlon in ventricular
wall volume {Fishbein et al., 1978).

The hea]jpg process described above appeirs to be independent
of the species. Evolution of a my;cardial infarction in man is similar
+to that of tﬁe rat, but gonsiderab]y slower: general?y six to eight
wepks are requ1red for scar formation in man, whereas only 2] days o
a;erequ1red 1n.the rat (Ma]]ory et al., 1971, Fishbein et al., 1978).
The more-rapid rate of repair in éxperimenta] animals is attributed ~e
to their higﬁer rate &netaboﬁsm,mthinner \}entm‘c.ul\ar walls, and
usually healthy cardiac circu]apion prior to coronary artery occlusion

(Mallory et al., 1939; Fishbein et al., 1978).

" 2.2.3 Concept of the border zone

The progression of 'candemned tissue' - cells 1n.which ischemic
damage f0110w1ng coronahy artery occlusion is so severe that death is
inevitable (Hearse and Yellon, 1981) - to a fibrous scar has been
well documented. The fate of the muscle fibers at the edge of the
lesion, however, is not well understood, andr:a the subjzzz of
considerable controversy.’

In the c]as§ica1 mode ofdmyogardja1 infarction, the central
necrogis is thought to be S$urrounded by a viable pand\of tissue with
intermediate. ischemic damage which blends gradua]]y‘info normai\\QJ‘
myocardium (Cox et al., 1968; Fishbein et al., 1978; Braunwald et al.,
1971). This band of tiasue, referred to as the 'border zone' or

't:gpsition zoné', is believed to be salvageablgq within the first

six to nine hours fallowing coronary artery occlusion, beyond which
\
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y point it will become necfotic (Heense'eng Yeijon, 1981f.v Ihue; the - - . -
- ‘border zone is thé target of most'of the cur%ent:therapeutjc |
interventions aimed at limiting infarct sizef s s ;'
Recently, several authers haye prov1ded ev1dence‘;uggest1ng .
that the border between necrotic and viable myocard1um is discrete -

that is, no potent1a11y salvageable transition zone exists fo]]ow1ng

myocardial infarction (Factor et al., 1978; Janse et.al., ]979; : 4

Yellon and Hearse, 19817. I%?thﬁs is trué, then a re-evaluation of .

current treatment methods for myocardié] infarction is required..
. - ' ' ‘ .
2.2.3.1 Evidence in support bf the border zone concept

After coronary.artery occlusion in rats, Cox et-el. (1968)
observedqthat a zone of 1ntenmediate tissue damage‘chlg be discerned
¢ by sta1n1ng for dehydrogenase act1v1ty fn this zOne- mitodhpndria]_

swelling was detected as soon as 30 m1nutes post- o¢cﬂusron *This was

attr1buxed to an increase in the permeab111ty of thé mitochondrial

membrane, dye‘to increased e]ectron’t;ansport aqd raeid'depletion

of substratg. ‘

. As the lesion eVBﬁves, it appears that a]terﬁate metabolic

pathways, low %n-eneréy yie]é compared to the KreBs' Cye]e,'become
71incre§§ing1y important in the boe@e: zoné’(Duéek et al., 1971): For

examp]e,‘there is an increage in g]ucdée-6-phosphate dehydrogehase

activity, implying aetfvatioh of the hexose mpnophosphate shunt which _
) provides ribose for nucleic acid synthesis. In addition, increases in

phosphorylase and Tactate digydrogen;se activity were also noted;
“this indicates an increase in glyc8lysis, to provide energy for

_ phosphate bonds and protein syhthesis (Dusek et al., 1971). These

?: o pathways are not important in normal myocard1um, but their activation

, / -
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in the border zone may provide the critical energy needed for the

survival of the cells. It is interesting to note that these enzymes

. present in the transition zone resemble those in embryonic cardiac

muscle, which is known to be highly resistant to anoxia (Dusek-et al.,
1977).
%

A border zone has also been detected on the basis of substrate

concehtrations. There is more severe glycogen depletion at the margin

. -of the déve]oping necrosis than.at the center, perhaps because the

periphery is still contracting while the central region is not.
These differences persisted even when the necrosis, as detected by
staininglwith hematoxylin and eosin, was egtab]ished (Fishbein et al.,
1978). - ‘

While these resgﬁts imply the presence of a transition zoné,
they must be interpreted with caution. Intermediate histo?ogical or
histochemical staining of a tissue is not ﬁece§sari1y equi?a]ent to

“intermediate tissue ihjury (Hearse and Yellon, 1981).

Epicardial eiectrocatdiograms showing changes in S-T segment

shifts (Braunwald et al., 1974; Maroko et atl., 1977; Marbgo et al.,

1971), aﬁd gradientszin ATP, creatine phosphate and creatine kinase
concentratioﬁs betwgén those of the necrosis and the normal myocardium
(Maroko et al., 1971;'Macfean ét al., 1977) have also been used as_

.evidence for the presence of a border zone. These methoé;, however,
have been criticized because of the poor reso1ution‘of both

electrocardiographic and tissue biopsy-sampling techniques (Hearse -

and Yellon, 1981). .

o
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2.2.3.2 Evidence disputing the presenée of a border zone

4 Factor et al. (1978) reconstructed serial sections of dog

hear?s stained with hematoxylin and eosin, 24 hours after occluding

the left antsrion descending coronary artery. On any given section,

a highly;irregu1ar zone of tissue containing islands of both necrotic,
qndenorm;1 muscle cells was observed at the margin of the lesion.

This zone\of tissue, approximately 0.5 cm in width, would correspond

to the border zone. However, when the sectijons were reconstructed,

the islands of tissue could all be fo]]owéd back to either homogeneous
normal myocérdium or homogeneous necrotic tissﬁe. Thus, no bordef

zone Wwas present; rather, thgée was a highly irregu]arqbut nistologically
distinct boundary of 1nterdi§itating peninsulas of normal and necrotic
myocardium (Factor et al., 1978).: it should be‘rememberéd,however,

that by definition the fate of the muscle fibers in the border zone

has been decided within nine hours following coronary artery occlusion.
By 24 hours, it would theoretically be too ]qte to detect a border

zone of intermediate tiss;é injury (Hearse and Yellon, 1981).

. These results are in agreement with the NADH f]uorescehce

studies of Bér]ow and Chance (1976), Harken et al. (1?78) and Simson

et al. (1979). NAD is an element of the electron transport chain 4
present in mitochondria. When cells are depriyed of oxygen, electron-
transport slows, nesu]ting'in an accumulation of the reduced form of Ce—
NAD, NADH. Thi§ redqud NADH in the'anoxic tissue is f]uor;scent
when excjted with ultraviolet light, whi]e‘normoxic tissue containing
NAD is not (Simson et al., 1979). Thus, NAD/ﬁADH is a natural

intracellular marker which is a sensitive indicator of the adequacy

of tissue oxygen supply (Harken et al., 1978).
%)
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Following coronary artery occlusion in rats, rabbits and dogs,
these authors observed an abrupt transition (< 0.1 mm) between
f]uoresceﬁt and nonfluorescent rggions. The boundary befween necrotic
and normai]y perfused myocardium was six to eight millimeters in
width, highly irregular, and contained islands of fluorescent and
nonfluorescent tissue, similar to the islands observed histologically
by Factor et al. (§1978). These results indicate that there is a steep
gradient of tissue pO2 at fhe boundary between normal and necrotic
myocardium, and do not support the concept of a border zone of
intermediate tissue damagé‘(8a§1ow and Chance, 1976; Harken at al., 1978;
Simson et al., 1979)2‘ )

While these reéu]ts seem Nery‘convincing, it should be noted
that the change in NAD from the oxidized to the reduced state occurs
over a narrow range of pO2 values (i.e. at an oxygen concentration bf

1077

molar, NAD is 80% oxidized, while at a concentration of 10'8 molar ;-
it is 70% reduced (Sugano et al., 1974; Harken et al., 1978)), thus, ‘
even a gradual oxygen gradient could generate a sharpRNAD/NADH boundary.
[t is possible that ce]]s which are ischemic but sti]]:vigP]e (i.e. thos&

)

in a border zone) still have a sufficient supply of oxygen to remain
nonfluorescent. '
Using electrocardiographic, metabolic and histochemical
indices "of ischemic damage, Janse et al. (1979) also concluded that
the border zone in pig hearts was in fact a mixture of normal and
necrotic cells, and not a region of intermediate tis§ue‘damage. i
Yellon and Hearse (1981): using a method capaB]e of taking multiple

contiguous tissue biopsies, demonstrated sharp interfaces of flow

and metabolism between normal and ischemic tissue following coronary

5 .
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artery occlusion. Again, these results dispute the concept of a
border zone of intermediate ischemic injury.

*On the basis of these gtudies, it has been suggested that a
border zone of intermediate TTesue damage observed up to nine hours
following coronary artery occlusion is actually a samh]ing artifact.

That is, what was interpreted to be a region of intermediate flow,
metabolism, etc. may in fact have been_composed of normal myocardium
"contaminated' with 1ntefdigitat1ng regions of necrotic tissue, giving
a mixed tissue sample (Factor et al., 1978; Hearse and Yellon, 1981).
This artifact has been attributed in part to the inadequate resdaution
of sampling methods used. To observe a region of gradual change,

the resolution of the method used mEst be more sensitive than the
dimensions of the zone to be measuréd.- M;ny small samples, taken

in close proximity t6 each other, are required if the location and
dimensions of a border zone are to be defined. Yellon and Hearse (1981),
using their multiple contiguous biopsy techn{que with a resolution of
less than two millimeters, concluded that no quantitatiye]y significant
border zone was present.

While the evidence against the presence of a salvageable
border zone apbears Eo outweigh - that which supports the concept;vthe
_issue has not been conclusively resolved. Aside from the potential
species differences, three factors must be considered when the results
of these studies are interpreted:

(1) certain substrates, enzymes and metabg]ites may be present in
gradients following coronary artery occlusion, while others may be

. defined by a sharp interface. T

(2) it may not be valid to use all the variables being measured as

- .
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criteria for the degree of cell damage.

(3) some of these studies have attempted to discern a border zone
in the lateral plane, while others have made their measurements in the
transmural plane. Because the capillaries, which supply oxygen to -
the muscle fibers, run paralliel to these fibers, the two geoﬁetries
are not interchangeable Shﬂ may yield completely different results.

2.2.3.3 Role of the microcirculation in the border zone controversy

The presence or absence of an intermediate border zone is
highly dependent upon the anatomy of the coronary circulation and
microcirculation prior to coronary‘aftery occlusion. Two
arrangements, each with different consequences, are possible
(Hearse and Yellon, 1981):

(1f‘each area of myocardium is supplied exclusively by capillaries
arising from one artery. That is, there are no arterial anastomoses
or interconnections of capiliaries arising from separate arteries.
Occlusion of one coronary artery would severely reduke the supply of
blood to one well-defined region of the heart, while the remainder of
the myocardium would be unaffegted. This anatomical arrangement predicts
a sharp interface between nof:§g~and necrotic tissue, and precludes
the presence of a border zone. ’

(2) interconnections between vascular beds arising from,different
arterial sources, or extensive interdigitation of q@pi]1ary beds, 1is
. present. Occlusion of one coronary artery could produce a region of
tissue in which‘there is a gradient of flow, making'the presence of a
border zone feasible. ‘ -

‘To determine which of these microvascular arrangements most

. - Q'<
accurately describes the situation ‘in healthy myocardium, Okun et al.
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(1212) simultaneously injected'different branches of the left anterior
descending coronary artery in dogs with different colors of silicone
elastomer. Capillary beds at the boundaries of the circulations
were found to be "remarkably discrete" wheré they a@g}}ggs there were
no interconnections or alternations of capi]]aries from the q}fferent
branches of arterial supply, and no mixing of colors within the
individual capillaries (Okun et al., 1979; Factor et al., 1981).
Clearly this anatomical arrangement does not support the
concept of a border zone. It should be noted, however, that the
arterial branches were'injected’at the same perfusion pressure.
This probably does not represent the situation in the beating heart,
and may have prevented the perfusion of .collateral vessels. Some
col]ateralizatioﬁ was observed in the subepicardium (i.e. two colors
of eiastomenggefe found in the same vessels), but this was not
widespread (Okun et al., 1979).
| Brown (1965), who injected the hearts of several démestic'
" species (including dog) with India Ink, observed that any given area
of the heart is supplied by‘§evera1 af&erio]es whose éapi11aries are
randomly intermeshed. In addition, he found‘that all cale]aries
arf%ing from a given’;;teriole Ho not empty into- the same venule -
an oﬁservation whicﬁ was ton%irmed by Factor et al. (1981). In® most
cases, the anastomoses between.capillaries joined vessels which arose
from the samg anpé;io1e'(8rown, 1965). It is not clear whetﬁer
anastomoses between vessels arising from different arteries, or

different branches of ‘the same artery, were present. This would be

very difficult to detect with the meth%g of visua]ﬁiing cap{llaries

-

that Brown (1965) used. -
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These results were confirméﬂnby Ludwig (1971). He observed
anastomoses between "distant capillaries", and found that many
capi]]aries'emptied into venules which appeared to be part ?f a
different circulatory unit. «

Thus, whi]e\the key to the question of the transition zone
p(obably lies in the pattern of the myocardial microcirculation, this
. \15 in itself an issue which has not yet been adequately resolved.

The findings of Brown (1965) and Ludwig (1971)v1ndicate that the
vascular beds in the heart are not as discrete as suggested by Okun

et al. (1979) and Factor et al. (1981). I believe that if the border
zone concept is to be proven or disproven, more detailed study of

the myocardial microcirculation is required.

2.2.3.4 The 'border zone' in chronic myocardial infarction

To this point, the bofder zongfhas been defined as a reéion of
tissue suffering from intermediate ischemic damage which can be
salvaged within the first six to nine hours following coronary artery-
occlusion. This concept by definition does not apply once the lesion

" has healed, as the fate of.the muscle fibers at the margin of the
necrosis is presumed to have been long since determined. In fact, the
- - oo long-term properties of the muscle fiber§ at the edge of.the lesion
- ) are largely unknown (Dusek et al., 1971). o

Up ta one honth following coronary artery ligation in'rats,
surviving fibers at.the edge of the necrosis were founq to stain
abnormally. This was attributed to a change in the perﬁeabi]ity of

the mitochondrial membranes, increased importance of extramitochondrial

enzymes, and a shift toward glycolytic pathways of energy production

(Duseket al., 1971). - . .
% -+




In addition, Dusek et al. (1971) observed_both hypertrophy
. and atrophy of fihens in this border reéion. Hypertrophy was attributed J
to hypoxia and hindered contractility bécause of the resistance of the
neighboring scar,-while atrophy was thought to be caused by anoxia
and "metabolic exhaustion" (Dusek et al., 1971). In contrast, Factor
et al. (1978) and Fishbein et al. (1978) found the fibers in this
region to be normal in appearance using both light and electron
microscopy.
| Thirty-two days following coronaﬁy artery occlusion in the
rat, Turek et al. (1978) observed a significant decrease in the
- " cépi]]ary density (number per mm2) in the non-necrotic portions of
the left ventricle. Fiber density was also significantly less than
that found in normal rat hearts (implying fiber hypertrophy), but no
significant change in C/F (capi]lary‘fO‘fibér).ratio - the quotient of
the capillary and muscle fiber densities - was obsefved. It_shou]d
be noted, however, that these ﬁeasurements*did not appear to be
restricted to the edge of the lesion, but rather were made throughout

the remaining non-necrotic tissue.

. ' 2.3 Oﬁjective
The two studies summarized above suggest that a region of
tissue which is neither normal nor necrotic is present as long as one
month fo]1owing coronary artery occlusion in the rat, well after scar
formation in complete. While this may not represent a 'border zone'
as defined previously, it still indicates the presenée“@f an intermediate
or transition region between the lesion and normal myocardium.

Evidence for such a transition zone is inconclusive, and the

.




properties of this region are poorly defined. My initial objective
was to determine wheéher or not a transition zone is present in the
chronically infarcted rat heart. As in the more traditional border
zone concept, the capillary bed is still the means by which oxygen,
nufrients, and metabolites aré transported to and from the myocardial
muscle fibers after the scar has healed. Thus, using the rat as an

animal model, I chose to look for changes in the microvasculature at

the edge of the established lesion to define the presence or absence

of & transition zone.
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CHAPTER THREE: Methods
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The purpose of this chapter is to provide a detailed description

of the methods on wHich the entire thesis is based. These include the

surgical procedure used to induce myocardial infarction in the rat, : -

processing of the hearts, histological methods used to discern the

~ necrosis and the capillaries, my choice of variables to quantify
microvascular -supply, and statistical treatment of the data. Methods
unique to a‘gpecifié experiment have not been included heré; rgther,,

they are described at the onset of the chapter to which they pertain.

3.1 Surgery

Myocardia]\iﬁfarcts were produced in healthy young male Wistar
rats (initial body weight approximatély 200 gm) by ligating the left
coronary artery midway between its origin and the apex 9i\the heart.

~ o Except for minor differences, the method for left coroﬁaryuartery.
occlusion described by Selye et al. (1960) was follgqwed. Details of
the surgical procedure are summarized below:

(1) Rats we;e anesthetized with an in;raperitonea] injection of
- sodium pentobarbital (6 mg per 100 gm body weight).

. ' (2) Fur from the throat and chest was removed with electric clippers
or a depilatory agent. The exposed skin was washed with soap and
water, and cleansed with alchohol.

(3) After securing the animal to the surgical table and 1mmobi1iéing

the head, a tracheostomy was performed. A cannula was insé’%ed‘into

the trachea through the incision and connected to a Phipps and Bird

small-animal respirator. The rats weré ventilated‘with room air at
»

approximately 60 breaths per minute and 50% to 75% of maximum




e g

_inspiratory capacity (estimated visua]i::.at the time of surgery).
(4) Using a scalpel, a two cm craniocaudal incision was made
through the skin and pectoral musc]es, slightly to the ?e%t of the

sternum and the epigastric artery. ,///

’

(5) The thorax was then opened by inserting the tips of blunt
forceps thrqugh the muscle in the third or fourth in;ercosta] Zpace,
and ;he:$8urth or fifth intercostal cartilage cut with iris scissors.

(6) Retractors ‘were esed to spread the chest wall until a clear
view of the heart was obtained. Using'a moistened swab, .the left
lung was tucked out of the working aregf The pericardium.was then
opened with a pair of toothed forceps. N . '3

(7) S11ght pressure was applied to the. sides of the thorax with
the thumb and index finger of the 1eft hand; th1s served to partially
immobilize the heart and brxng it sl1ght1y out of the chest cavity.

(8) Using a#ba1r of mosqu1t0 hemostats as a needle driver, a sma]l
round-bodied need]e.(taper TF—4) attached to a strand of 4-0 surgical
silk (Ethicon N-272) was passed under the Teft coronary arteﬁs
m1dway along its course. '

(9) The heart was re]eased and @ﬁe'ligature knotted\and tightened,
taking care to,appiy sufficient forcé to occ]qde,the vesse]”Bet not
tear the myocafdia1 wall. If the procedure was'performed.correct1y,
the myocardium distal to the ligature was observed to bulge and become
cyanotic. i _ -f» -

(10) The peﬁ%ora1 muscles a?d the skin were separa£e1y sutured
:w1th simple interrupted_ st1tches,_us1ng a #19 full- 1/2 c1t§Je cutting

needle and 4-0 silk.

(11) The tracheal cannula was then removed. Once the animal
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began to breathe independently, the incision in the trachea was c]oged
using an EtKicon suture, and the.muscle'and skin sutured with simple
interrupted stitches.

(12) If required, mucus was suctioned from fhe mouth and Lratheé.
The inciéibns were swabbed with disti]?ed.water and the animals returned
to their cages. A one weék recovéry period was allowed before the
var{ous experiments were continued. During this time, and in the
remainder of the stud1e53 the animals were individually caged and
givén free access to foéd and water.

The surgery was not conducted under aseptic conditions, but
the instrumehf§ were thoroughly c]éaned and soaked in alchohol prior
to each oper;tion, and gxposed skin was cleansed with alchohol before
incisions Lere made. /In addition, rats were given daily intramuscular
1njections‘of penicillin and dihydrostreptomycin (Pen-di-Strep,

BTI Products Inc., Montreal: 0.05 ml per 100 gm body weight) for
five days following the surgery.

The mortality rate due io the'surgery was approximately 30%; -
this is coﬁparab]e to figures cited by efher authors performing sim{l?f
procedures in the rat (Selye et al., 1960; Johns et al., 1954; Turek
et al., 1978). Most of the deaths occurred from3t~minutgs to 12 -
hours after occlusion, and seemed to-result from either hemorrhage
(due to téaring of the ventricular wall), pneumothorax (caused by
damage to the ldngs duriﬁg surgery), or massive myocardial infarction
(when the ligature was“pléced closer to the origin of the left coronary
artery than intendeé3. Two animals died er the initial 12 hour

period, both Eepause of respiratory infection (confirmed hy Dean-

Percy, D:V.M.).
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A1though the’ method for coronary artery occlusion which I

.have desé%ﬁbed is based on the procedure of Selye et al. (1960), it

-

d1ffers in three respects.

(1) anesthetic: I ustd sodium pentobarbital régher than ether.

o

(2) ventilation.™ My animals were placed* on a respirator-while the .
Sow .
‘chest was opened, whereas Selye et a].‘(19%0) could perform the

. procedure with sufficient speed that‘a respirator was not required.
- - ~ ‘

(3)‘sutures. I §sed silk sutures to close the inc¢isions in skin

" and muscle, while Selye et al. (1960) secured the skin with Michel -

clips. . ) ‘ S .

None of thesé differences in protoco] were cruc1a1 to the -

-

actua] 11gat1on of the artery. They d1d however, provide me with the

. .

v extra marg1n of t1me 1 requ1red to ensure that I p]aced the 11gature

o\

1’!the correct pos1t1op along the course of the vesse] e
e : . N - e i
3 2 T1ssue Process1ng o
‘Ja. . At the time of sacr1f1ce, the an1mals were again anesthet1zed

with an 1ntraper1tonea1 1nJect1on of sod1um péntobarbital. - The hearts

.-were exc1seq and qu1ck—frozen 1n a mixture of acetone cooled with .
dry 1ce.(approximate temperaturé‘@f:-fB C). Using an.Ames cryostat,
sérig] tissue cross 'sections, 12 um in thickness,‘were cut perpendicular
* to the‘septum.in'the,regiqn of the lesion (figure 5). |
To cfear]y difterentiate“between the scar and the remaining

v1ab1e myocard1um, every tenth frozen sect1on was sta1ned for the

’ presence of NADPH d1aphorase activity (Clark et al., 1980). This

B ¥
N .

h1stochem1ca1 techn1que i® based on the enzynfatically mediated:

-

reduction’ of a so]dbleitetrazo13um salt (in this case, nitro-blue

-
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tetrazolium) to form a deep purp]§~inso]ub ~formazan precipitate at -
the site of the enzyn;e actjvity (plate 1). As’ NADPH diaphorase imyan
enzyme in the Krebs' Cycle, its presence indicates that the region of
‘tissue is undergoingoxidative metabolism (Cox et al., 1968; Dubowitz
and Brooke, 1973; Clark et al., 1980; Reimer, T980).‘Jhe lesion,
hoWever, has no gghxqrogenase activity, thus no precipitate forms here
and\the region remains colorless. ‘

The second and fifth of each group of ten sections was stained
‘for the presence of capillaries using the ATPase method at a pH of
3.8 to 3.9 (Sillau and Banchero, 1977). In this method (plate 2),
cobaltous sulfide, a black insoluble brecipitate, is deposited in the

endothelial cells of the capillaries wherever the ATPase enzyme is

1ocated.(§?11au and Banchero, 1977; Dubowitz and Brooke, 1973).

3.3 Data Coliection and Analysis

My initial objective was to ascertain whether or not a region
of redgggd'gapi11ary sup;1y exists at the margin of a chronic myocardial
lesion and, if so, to quantify the microvascular supply in this
transition zone. For the analysis, photomicrographs of the ATPase
sections at magnifications of 150x to 300x were taken in the region
immediately adjacent to the border of the lesion, as defined by the
sections stained for NADPHEFfaphorase activity. I assumed that the
capillaries and muscle fibers adjacent to the necrosis represented the
inner edge of the transition zone, should it exist. 'Fifteen‘to 25
fields of view, taken from 8 to 16 sections and containing 80 to 300

-

muscle fibers each, were analysed for each animal:

The microvascular supply was quantjfied‘on a 'per muscle fiber'
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basis. Six variables were measured from the photomicrographs:

(1) the number of capillaries surrounding each muscle fiber - that

» is, vessels around a fiber, denoted by the symbo1l Vf.

(2) the number of fibers sharing each vessel - fibers supplied by

a vessel,” or i /
(3) the C/F (cafillary to/fiber) ratio. This traditional index
of microvascular supply can be computed from the quotient of the
capillary and muscle fiber densities (Bloor et al., 1970; Tomanek,
1970; Leon et al., 1968; Turek et al., 1978), or on a 'per fiber'
basis from the quotient of the mean Vf‘and'Fv vatues (P]yfey and
Groom, 1975; Gray and Renkin, 1978). For large sample sizes, these
two methods are equivalent. I have used the-latter method to calculate
the C/F ratios, for reasons which will be discussed in detail later.
(4) muscle fiber diameter, measured from the photomicrographs
with a pair of calipers. The meaa fiber diameter for each animal was
obtained from the mea;urement of 75 to 150 fibers selected at random.
(5) capi]]ary'dgqsity (number per mmz).
(6) mean intercapillary distance (again éeasured with calipers)

- & .
obtained from the measurement of 150, pairs of capillaries chosen at

random for each animal.

- = For the calculation of the'mean values of V., F_and C/F
- ratio, each of the 15 to 25 fields é;>>jew‘was considered to be
one independent sample, having its own mean and standard deviation.
- As the photomicro%raphs did not overlap, and were not taken immediately -
- adjacent to each other, it was assumed'that the capi]}ary supply in

one field of view was not dependent upon or related to the capillary

supply in another field of §?ew. The standard ervors were then
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calculated from the quotient of the standard deviation of the distribution
of the means and (the number of fields of view)]/z.
. *fBeforgﬂthe experiments themselves are presented, it is important
to address two fundamental questions concerning my method of data-
collection and analysis: ~
(1) Ehy did I approach the question of capillary supply to the
transition zone on ;:~Tper fiper' basis, rather than asking 'how many
vessels supply how many fibers'?
Most of the previou;\studies of capillary supply to a

tissue have been based on the documentation of capillary and

muscle fiber densities. The results from these measurements

have been highly variable, due to:

(a) the methods used to visualize the capillaries. Infusion

of the microvasculature with media such as ink, gelatin, §1]icone
é; elastomer, etc. often leaws the vascular bed incompletely filled,

thereby leading to-an unqerestimate of the cépi]]ary density
e (Krogh, 1919; Plyley and Groom, 1975). Counting of red cells

from histological Cross sections can also provide inaccurate

values of capillary density, as the method detects only vessels

which are patent and contain erythrocytes (as opposed to plasma)

(Rakusan, 1971a; Plyley and Groom, 1975; Sillau and Banchero, 1977).

(b) tissue shrinkage. Fixation, dehydration and'paraffin
empeinng reduce the area of tissue cross §ections by approximately
56% (Plyley and Groom, 1975). If no correction fJ: this

shrinkage is made, values obtained for capillary and muscle fiber

densities widl  be artificially high.

By using fresh, frozen tissue sections (in which the shrinkage




is neé]igib]e (Sillau and Banchero, 1977; Drury et al., 1967))

and visualizing the capillaries and fibers histochemically,
these two difficulties have been avoided (Sillau and Banchero,’
1927). However, I was also concerned about the possible lack of

sensitivity involved in using a density measurement to look for

changés in capiliary- supply within a narrow band of tissue.
If measurements are taken over a large area ( i.e. at Tow
magnification), a subtle change in density might not be detected,
as calculation of a degijty implies a homogeneous distributioq
of the capillaries or fibers throuéhout the area of tissue éﬁ!ﬂ!¥
sampled. If a small samp]e-area is used, results may be inaccurate
_ because of the problem of how to count capillaries and muscie
fibers which fall on the edge of the field of view. This concern
becomes increasingly important at high magnifications. By
analysing on a 'per fiber' basis, the uncertainties associated
with density measurements are not encountered. —~

(2) Why did 1 examine the variables V_ and Fv’ as well as'the

f
traditional C/F ratio?

~

The C/F ratio for a tissue is calculated from the quotient
of the capillary and muscle fiber densities, or‘?rom the quotient
of-Vf and Fv' By definition, a change in the C/F ratio can be
due to a change in the numerator aldne, the denominator alone, or
some combination of the two. Similarly, the C/F ratio can
remain constant if cHanges in the two cémponents of the ratio ™

‘cance1 each other out.

While a change in the C/F ratio implies a chﬁnge in the -

overall oxygenation of the tissue, it gives no insight into the

.




specific nature of the changes. Even if the data for capillary
and muscle fiber densities are also provided, their meaning may
be uncertain because of the inherenf difficulties outlined
previously. When Vf and Fv’ the two constituents of the C/F
ratio, are themselves examinea, we Eegin to discern how the
oxygen supply to the muscle fibe}s has changed.

V. (vessels around a fiber) is an index of the absolute

f ( o
number of capillaries available to supply each muscle fiber.

An -increase or decrease in mean Vf represents the growth of new
vessels{ or the regression of’previously existing capillaries.
FV (fibers sharing a vesse]),‘however, is a measure of the
relative capillary-fiber geomef%y._ That is, a changg in mean'Fv

indicates a shift in the relative positions of capillaries and

muscle fibers, such that each fiber receives & fractionally larger

or smaller portion of the available oxygefi from each capillary.
Assuming that each capillary is supplied by the capi]]arieé
.adjacent to it, the oxygen and,ﬁutrient supply of the fiber

‘ c]egr]y depends on both the number of capillaries present
(measured by Vf) and thei} positions with respect to the fiber

(provided by Fv)n

5
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CHAPTER FOUR: Character1zat1on of the Trans1t1on Zone -

: in the Chronically Infarcted Rat Heart
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As mentioned in -the general introduction, the First objective

1

of. my thesis was to ascertain whether or not a transition zone is

present in an animal model.of chronic myocardial infarction. This .

chapter hresents my evidence for the presence of a fransition zone

'

in the rat heart, five weeks fo]]bwing coronary artery occlusion.
In addition, an estimate of the width of the border zone aﬁd a discussion

of oxygen supply to the muscle fibers in this region is included.

’ * v v

4.1 Microvascular Evidence for a Transition Zone .

4.1.1 Protocol . ) -

A Myocardial infarcts were induced‘jn seven healthy male Wistar
rats (199 +26 gm S.D.), using the method for left corona;y artery . “
. e i . b

occlusion described in the previous chaptexr. Sham'operations weré

pgrformed_on an additional two rats (211 + 1 gm). The bnocédu}e for

.

‘the sham,operafion was. identical to.that used for the MI's, except
the ligature around .the LCA was not tightened. For the purpose of ‘ .
. brevity, rats with-e myocardial infarction will be referred to as

Coe T“MI's"; similarly, -those hé?ing undergone sham operations will be

-

referred to as "SO's".-.

1

Five Qeéks;after’%he surgery, the MI's and SO!s were killed

-

and ‘the heééts\brocessed. For the MI's, the microvascular supply
- B - LY o

g )

;oﬂthq muscle fibers adjacent to the scar was quantified. Only focal
inpté‘of necrotic tissue, where the 1igature had passed throdgh the *

myoéardium, were detected in the SO's; sections cut through this area
were used for the analysis. : S v

a

To determine whether the capillafy supply adjacent to the

v
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Wistar rats were used as controls. For these animals, sections were s

N,

\
.cut through regions of the heart comparab]e ‘to those sampled in the

-

two exper1menta] grorps, and sta1ned for cap1]1ar1es u51ng the ATPase
method. . ' ‘

" 4.1.2 Results , T s
- [d , ‘ - " ¢
" In all rats studied, the observed values of V. (vessels

surrounding a muscle fiber) ranged from zero to six (figure 6). For,
! ‘ - .

£ k) B ¢

the control animals, the range 1n|Vf.va1ues approximated a symmetrical

diétribution with a mode of th}ee and a mean of 3.03 1_0.02 (S.E.M;)

L

(f1gure 6 and table 2). Results for the sha@*operated ghoup did not

~

différ signifftantly from those of the coritrols (mean Vf = 2.91.+ 0.04).

‘In contrast, the distribution of Vy values for the MI's was. skewed to

-

the left with respect to the controls, having & mode of two.and 2
a ]

meaﬁ of 2 34 + 0.07 (figure 6 and table 2). This reduction in mean
N .
£ for the f1bérs at the margin of the lesions was stat1st1ca11y
e 7

s1gn1f1cant &9} 0, 05 . ‘ ' ) : .

- 14

) v

Y -

P In al® three groups of an1ma]s, the va]ues of F (fibers .

" sharing 3 vesse]) a]ways randéd from one to five (f1gure 7). For the
. contro1s, the meah/F was 2.72 + 0 01+ (table 2} and the mode of the
d1st#tbut1on was three. As was the case w1th Vf, the dlstr1but1on of
Fy va]uas~f0r the MI's was skewed to the left, with a mean ofy _ ‘
2. 54 +0.03 and a mode of two (flgure 7 and table 2). This d1§‘erence,
agaTn proved to be s1gn1f1cant w1th p+0.005. Ne sighificant'difference
Ain mean Fv Was observed, however, between the controls and the SO¥s
N P

-

(mean F

v -

2 74 + 0.04). ° T

.
e ‘ - 3 [ ¢

As can be expected, similar trends were observed when the C/F

<
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Table 2
Ve (vessels around a fiber), Fv (fibers sharing a vessel), C/F ratio,
fiker diameter, capillary density and intercapillary distance in
cgntrols, SO's, and in the transition zone of MI's, 5 weeks following -

coronary artery occlusion.

-~

Controls MI's S0's

(n=5) (n=7) (n=2)
Ve 3.03 #0.02  2.34+0.06 *  2.91+0.04
S 2.72 4 0.01  2.52 +0.02 % 2.72 + 0.04

.. *
C/F ratio 1.11 + 0.01 0.92 + 0.02 1.06 + 0.02

Fiber diameter  16.38 + 3.2] 17.33 + 2.89
(um)

Capillary gensity 2,196 +223 1,705 + 242" ’
(#/mm°)

Intercapillary .31 2721 13,71 + 2.77
distance (um)

«

* p< 0.005 with respect to cantrol as detérmined by a

* p<0.010 with respect to=control , standard t-test.
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ratios for the controls, MI's and SO's were compared (table 2).

" The mean C/F ratio for the MI's (0.92 + 0.02) was significantly less

(p< 0.005) than the C/F ratio for, the controls and the SO's

(1,71 + 0.01 and 1.06 + 0.01 respectively).

In addition, a trend toward larger mean mugE]e fiber diametenrs
and greater intercapillary distances was also noted in the transition
zone of the MI's, but these differences were not significant. There
was , however, a significant reduction in capillary density (p< 0.010)

in the MI group. These results are also summarized in table 2.

L3
*

4.1.3 Discussion

I have found that muscle fibers in the transition zone are

character}zed by: ,

(1) fewer capillaries around each muscle fiber (i.e. lower mean Ve

value). -

(2) fraétiona]]y fewer muscle fibers sharing each remaining capillary

—

(i.e. reduction in mean F ).
' (3) a lower cap111ary density and C/F ratio.

(4) a trend toward fiber hypertrophy and greater 1ntercap1]1ary

!

distances.
Clearly the microvascular supply in this region is %gbnormal;

thus, the experiment provides evidence for the presence of a transition

_zone in the chronically infarcted rat heart. Although by definition

‘f . 3 .
this does not represent a classical 'border zone', it does represent
an area of tissue which, in terms of its microvasculature, is in an

intermediate state - not normal but also not necrotic.

¢

It is difficult to compare these_results to data documented in

3

the literature. To my know]edge, only -one study of capillary supply
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in rat hearts following chronic MI has been performed (Tuggk et al.,

e

1978), and measurements of Vf and F were not included. It is

encourag1ng to note, however, that my values for cap111ary density

A

in healthy rat left ventricle are in good agreement with the findings
N )
of other authors (refer to table 1), if one considers: . -

(1) differences in methods of tissue processing and Visua]izing
» .
the capillaries. (i.e. In other studies, capillaries were filled with

an injection medium'énd/or the hearts were fixed in formalin and: <

¥

embedded in paraffin. The shortcomings of these methods have been

v

discussed previously.)

(2) the fact that capillary density in the heart is inversely

«~ proportional to the heart weight (Hudlicka, 1982); thus, the age of

the animal determines to some extent its myocard1a1 cap111ary density.
Turek et al. (1978) determined~thé capillary and muscle fiber

densities, mean fiber diameters andfC/F ratios in rats 32 days following

1jgation of the left coronary artery. Their values for capillary ’ ﬁ?’
density in the left ventricles of both healthy rats and MI's were ‘ '
slightly greater than what I observed. This could be explained by 6’6’QP\\\\\
-the fact that Turek et al. (1978) fixed and embedded their tissues

before §tajning.histochemica11y for the presence of capillaries.

Turek et al. (1978) noted a 23% decrease in capillary density in the

jeft ventricles of ﬁis MI group; this 1s'in complete agreement with
my.findingé (1 observed a differencé 'of 22%). Thus, while our actual .
density measurements differedﬂsomewhat, the ogverall trends observed
_were the same. C

No significant decrease in C/F ratio was demonstrated by

Turek et al. (1978) in the MI's; this is in contrast to my own findings.
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Their results showed a significant increase in mean muscle fiber
diameter and 1ntercépi1]ary distance in the infarcted hearts.
Hypertrophy of the muscle fibers (phereby lowering the fiber densify)
was proportional” to the decrease in capillary density; thus,no change
in C/F ratio was obtained. 1 observed a much smaller per cent
decrease in mean fiber diamefer than did Turek et al. (1978).

Since this was accompanied in my study by a substantial decrease in
the absolute nhmber of capillaries, a significént reduction in C/F

ratio was obtained for my MI group. ,

It may not be totally valid to compare my results with those™

of Turek et al. (1978) because of two important differences in protocol:

(1) 1 ligated the left coronary artery midway along its course,
while Turek et al. (1978) occluded the ves§e1 "close to its origin".
This would produce a lesion which occupies a greater ﬁercentage of
the left ventricular wall. If the necrotic zones were very large,
it is possible that the remaining viable fibers had to exert a greater
contracti]e force to maintain éﬁequate'cardiac output. This may
pxp]ain‘the significant increase in muscle fiber'dtametef observed %n
the study of Turek et al. (1978) but not in my own. = ‘

(2) Turek et al. (1978) did not appear to restrict his measurements
to the region jmmediate]y adjacent to t?e lesion; rathef, the samples
were taken wherever the tissue was not necrotic. If, as §ﬁggested -
previously, the area of the scar was very large, it is possib]e that

the small amount of remaining-tissue was in fact the transition zone.
To summarize, 1 observed a significant decrease in mean Vf in
the transition zone. This can only be interpreted as a reduction

in the total number of capillaries available to supply the fibers ~

;\Q —
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stati¢ structure. Perhaps this decrease in mean FV in the transition

in this region. This conclusion is supported by the fact that capi]]ary

density in the transition zone was also observed to be significantly

below normal. A reduction in the absclute number of capillaries ?

would contribute to the trend toward an increased mean intercapillary

distance which was also noted (i.e. if fewer capillaries aré presentg

in the same unit area, the average distance between them will probably

be greater)._ One could ask how the muscle fibers in the tran;}tion

zone can remain viable whé; their capillary supply has been reduced

by appréximate]y 25%. 1In fact, 25% to 50% of the capillaries in the

heart are not perfused when the animal is at rest (Henque]f et al., 1976);

thus,a 25% reduction in the number of éapi]1aries would not Se expected

to affect the survival of the fibers unless the metabolic -demand

of the heart is ;ncreased. ‘ ~ -
In addition, I found a sjgnifi;ant reduction in mean Fv in

the region adjacent to the necrosis. "As mentioned previously, FQ

is an index of capiliary-fiber geometry; thus, a decrease in mean Fv

represents a change in this deometry such that each of the fibers !

tends to’be supplied by fractionally fewer of the remgining capillaries.
That is, each capillary tends to supply two fibers rather than three.
The interesting concept arising from this result is that the eapillary
bed of the myocardium is labile and dynamic, rather than a fixed,

~
zone is a safety mechanism to protect these fibers from hypoxia. It
implies that the fibers-can each obtain a fractionally larger amount
of oxygén from the remaining capillaries - i.e. since each capillary
supplies an average of two fibers rather than three, each fiber can

receive one half rather than one third of the oxygen from that capillary.

-
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In 1ight of the current controversy dealing with the presence
of a border zone in acute myocardial infarction, it sg%ms reasonable
to ask what type of vascular anatomy could have lead fo the observed

/

changes in the values of V. and capillary density in4%ﬁé fransipi6n

£

zone. I believe there are three possible explanations: P
(1) the region of myocardium which evolved into the transition

zone was supplied by arterioles, arising from different arteries or

arterial branches, 3 ich were interconnected. Thus, while one portion

of the left coronary \artery was occluded, collateral flow from the

right coronary drtery or branches ©f the left coronary artery proximal

to the ligature was sufficient to perfuse 75% of the capillaries h

[}

(those which did not die) and maintain the muscle fibers in this
region.

(2) thelmyocardia1 capillary beds are not interconnected, but do
interdigitate extensively. Tf 75% of the capillaries in the area
destined to become the transition zone arose from a.vessel other than

the ieft coronary artery, thgy would not be affected by its occlusion;

e

“thus, would still be perfused. Similarly, 25% of the capillaries were

supplied by the left coronary artery distal to the 1igature, 'and did
not survive. -
(3) The myocardial capillary beds-are not interconneé%éd and do not

interdigitate. This arrangement seems to preclude the presence of
-

~.a border zone in acute MI. Perhaps, however, the transition zone can

be explained by the growth of capillaries from the normally perfused

vessel toward, the developing necrosis in the early stages fdﬁ]oWind

coronary artery occlusion.

Using my methods, it is not possible to discern which of these
) '

64
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" vascular arrangements describes the situation in healthy rat myocardium.
Intuitively 1 fifid it difficult to believe, however, that capillary

beds arising from different arteries or arterial branches are completely

independent of each other, as 1i‘suggested by'the third explanation.

4.2 Width of the Iransition Zone '

While my data demonstrates the presence of a transitien zone
adjacent to the necrosis, it gives no information. about the.§ize of
the region. Measurement of the width of the transition zone is
important for two reasons:

(1) it indicates how much of the myocardium has a sub-normal
microvascular supply.

o

(2) the size of the region must be considered when choosing an-

appropriate maghification to photograph the- fields of view.
! .

i.e. Have I sampled only the transition zone, or is the test area )
B R - ¥

wider than the region of interest and therefore 'contaminated' with

issue?
control tissue? -
4.2.1 P(otoco1 .

/

Composite photomicrographs at low magnification (50x),
extending radially outward frbm the necrosis, were'compiled for two
of the seven MI's, five weeks following -left coronary artery occlusion.
AS1 wanted to measure the chénge in capillary supply as a function /k‘)
of distance from the necrosis, the photomicrogggphs were taken from
the ATPase sections.

On the composites, concentric bands were drawn parallel to
the margin of the necrosis (figure 8). Each band corresponded to

®

a ‘tissue width of 75um —“approximate1y five musclie fibers in thickness.

*
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= ‘fﬂ (:fz The number*of cap111ar5es in «each band was couhted ‘and divided by the

\\\ ya]ue of 2 196 per md? measuréd prev1Qus1y in the f1ve hea]thy rat - ‘»"‘

¢

ared” of ‘the band prov1d1ng a_measﬁ}e_BT,cap?llary dens1ty for each
Y . e '
reg1on. It shou]d be ment1oned that capillaries on the boundary

."of a band were . counted if ha]f their area Lestimated visuaLJy fe]]p

in® that band if hot, they wére Tnc]uded in the subsequentaiag1pn

- , (/)
I chose to measure cap111aryagens1ty from these photom1crographs,

o

because at a magn1f1cat1on of 50x I’ fe]t that measurements of Vf and

F cduld not be madesaccurately »_i ) : . A3 ..§'
y PR ® ‘J -9;:7 M M, . . )
4.2. 2 Resu}ts s S T ,ofl T W , A

¢ ] Q" N : ’ d &' ¢

. \ F1gure 9 shows the var1atﬁon in cap11Tary dens1ty as a - functaon
‘Vﬁot 1ncreas1hg radnalldastahceffrom “the edge of the necrosis. Cap11]ary
dens1ty appears to rema1n re}at1ve1y constant at-approx1mate1y -
] 6Q0 per mm2 over the Jn1t1al &35 um from the edge of the ]es1on, *éég

]

» beyond th19’po1nt, the dens1ty vaTues gradua}ly 1ncrease and reach a.

Ny

p]ateau of approx1mate1y 2, 300 per i fat a rad]a] d1stance of 525 um.

'&

Va]ues o? cap111ary denslty d1Tfer 51gn1fﬁcant1y from the ‘control ..
. va]ue of 2, Lgéri'ﬁiﬁ per- mm (S QaJ for the first 375 Um frﬁmiihsxz

marg1n of the Iesron. Thus, 1t seems %hat the trans1t10n zone. ¢ 7

r
’ - r -«

’ measured Five weeks after coronary artery occ1us1on, has a~w1dth of .-

'uat ]eas§?375 um. - 4. S>: A o o

4 & . A, L -, s P [4 ¢

Al

. ,. o f o

- 4, 5 3. D1scuss1on c a - o
. ¢ ) » - -/ \‘ - .. - ‘ N

. R N3 . . N o . . ‘, ‘

- From these rddia] measureménts of cap111ary dens1ty, a value ..-

.2 . >

oﬁﬁapprox1mate1y 2, 300 per mm2 was reached at a. dastance of 525 um . »

ho

from the edgekff “the scar, Th1s is. s11ghtly h1gher than the contro]
- - 1 v s

. 7..

heants, buf the t.o measurements dg not‘d1ffer s1gn1f1cant1yy, Th1s v

L A

' \L*_;§\\Ti;m1nor d1screpanc_ may be. due-to the dlfferentesamp11ng areas used in
L N v . ‘ :

L
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the two cases. For the confro]s, capillaries were counted from. ;

large (8.5" x 11") photomicrographs taken at ﬁigh-(150x - 300x)

>

‘magnification. The composites, however, were taken at. low (50x)

-

magnification, and the measurements“made from thin (4 cm) strips -

N

_drawn. ongthe photographs. The probability of errors associated with

edge effects would be greater in the latter base,-and may account for
the two s]ighfiy different density values. ' '

I have -estimated the width of the transitioquﬂﬁeggghbe a
minimum af 375 um, Measurgments of Vf, FQ, C/F_ ratio, etc. for the
MI's were made from’photomicrogr;hhs taken ﬁt a magnification of
ASOX to 300x. Most‘(appﬁoximate1y 90%) of the photomicrographs were
taken a£ a magnification of 200x;‘at‘this magnification, the width of
the tissue sampled extends approximately 200 um from the edge of the
necrosis. Thus, the measurements were taken well within the transition

3

zone, and 'contamination' from the normally perfused myocardium is

not<]ike]y. . '

To my knowledge;.only one other study has measured the extent

. of the transition zone in chronic MI™s. Cox et al. (1968) measured

the area of intermédiate tissue .damage, as detected by dehydrogenasé
staihing,'frqm one houy Eb 40 days following ligation of the-left

anterior des;ending coronary artery in dogs. He found-tha? the area
of ischemic damage deqreésed as théﬂgecrosis evolved, and by 40 da*a

after. coronary artery oéc]u;ion no region of intermediate damage

~ could be discerned. This appears to contradict my findings, but it”

must be rem¥mbered that my measurements were based on a difference in

~ capillary supply between the transition zone and normally perfused

myocardium. As has peen_meﬁtioned 5re0{§is1y, different variables

]

»
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used .to measure the extent of the border zone may have boundaries

b .
which are not superimposeable. 'In fact, I could detect only two zones

of tissue in my sections sta%ned for NADPH diaphorase activity --that

R

which sta1ned pos1t1ve1y for oxidative enzyme act1v1ty, and that which

“did not (the necrosis). Thus, I also d1d not observe a region of

v ~ '
intermediate tissue damage, based on diaphorase activity, five weeks

following occlusion of the értery.

«

4.3‘ Implications of the Reduced Cahi]]i?y Supply on Tfssdg Oxygenation
I have found thef a trénsitibnhzone, defined as\aAregion\of

viab}e muse]e fibers with a suh:norma1 microyascunen sﬁpp]y, is *

present as long as five weeks fo]]owing‘coronery antery occlusion in

the rat. One could.ask whether this stat1st1ca11y ngn1f1cant reduction

3

in capillary supp]y.w1th1n the transat1on zone has any phys1o]og1ca]
.significance 1n terms of oxygen de]lvery to that region of t1ssue \,/
Since a direct measurement of t1ssue pO2 is technically very’d1ff1cu1t
in the heeting heart (Rakusan, {§71b), it is necessanyAto resort to

a mathemat1ca1-approx1mat1on

4.3.1 The Kr‘ogh Cyhnder‘ Model © ’

| " Tissue p02 is pr1mar11y determined by six factors (Rakusan,
o) . T s L

- {1) arterial oxygen content

G

the intérnal diameter of .the. capillaries:

’ - *(2) the’ rate of b]ood f1ow .
(3

(4,

)

) the rate at which the tissue consumes oxygen.e

(5) the dﬁstance3thr6ugh which the oxygen must diffuse.
)

»

(6) the ease with which the oxygen diffuses through the tissue.

-




@

The re]ationship‘between these variables was first de?jned 1h 1919 by

. August Krogh in the Krogh-Erlang Equation (f1gure 10) *%B% -
PN * . %% .

= tissue p02'at a point"x' in the tissue (mm Hg).

capiliary pO2 (mm Hg).
<}
rate of oxygen consumpt1on (m1 02/m1 t1ssue/m1nute)

oxygen conduct1v1ty “(m1 0 /1 cm /m1nute at a pressure grad1ent
2

-

of 1 mm Hg/cm).

x = radial distance from the point 'x' in the tissye cylinder to_

v

the center of the supplying capillary {cm).:

R tissue'cy1ﬁnder radius (cm).
a " h \\‘.

r- = internal capillary radius {cm).

3

TherKrogh Model assumes (Rakusan, 1971b; Fletcher, 1977):

1

(1) the t1ssue cylinder is homogeneous

(2) b]ood 1s a homogeneous f1u1d with oxygen diffused uniformly

“ »

throughout
(3) cap111ar1es run para]lel to each other for long d1stances, 50

that the capillary bed can be~descr1bed by cyt1ndn1ca1 geometry.‘.

' (4) blood" f1ow through the capi]iar{es is uniform and‘coEurrent.
(5) oxygen consumpt1on in the t1ssue is un1form, both spatially

and temporal]y LT _ } ° :

.

“In add1t1on the Krogh Model- neg]ects the effects of (Rakusan, 1971b;
Flétcher, 1977)¢ e ’ |

. (1) changes in oxygen concentrat1oh w1th1n or a]ong the 1ength‘

28
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of the capillary. Sy 2

(2) axial and facilitated diffgéion.

(3) temporal or spatial changes iﬁ’oxygen conductivity.

(4) the presence of myoglobin in the tissue.

A

-4,3.2 CalcuTations and reé&]ts Ta e s
o7 used the Krogh-Model to estimate the effect of the reduced
. . capidlary supply in the transition zone on the potential for oxygen

-delivery, under conditions of both norma]-qnd increaséﬂ (].529
| myocardial oxygen consumpti;kf Values of ﬁ\(wetabo]ic rate), K
(oxygen conductivity) and r (cépi]]ary radius) for r;t heart were
obtaiﬁed frof the Titerature, and assumed tb be the same for both
'the‘trans{tion ;oQg»ahd normally perfused mMgcérdium&,R (tissue
J ;

cylinder radius) was ca]cu]ated from my capillary density data, using

.Thews' Mode[ of diffusion distance (Rakusan, 1971b):

o T g R -
‘R = —;Tﬁ_-e where: n = number of capillaries
i 3V3 n - 4
. A = area in mm
' ' © An = (capi]]aryodensity)']

Values of the variables used in the Krogh Cylinder Cchu]ation and
tggjr‘sources are listed in table 3.

R Plots of %he tissue,,pO2 gradients as a funct%on of radial
distance from the cénfér of the c?p111ary for the controls and MI's
are shown in figures 11 and 12 'respectively. For the plots, P0

, (capi]]ary’ppz) was assumed to be 25 mm Hg, corresponding to the
venous end of the capillary network. As the tissde cylinder radius
o ]

" defines the éxtent of tissue which each capillary is responsible for

supplying, all the tissue is assumed to be receiving oxygen if

76
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Table 3
M (rate of myocardial oxygen consumption), K (oxygen conductivity),-
r (capillary radius) and R (tissue cylinder radius) in hea]éﬁx rat
myocardium, and in the transition'zoné of MI's, 5 weeks fo]]owi;g

coronary artery occlusion,

- 13 = * ”
MI ~ Control v Reference .
M 0.39 0.39" Martini et al. (1974)
(m]-OZ/gm/mti . : - .
K 2.5x 108 2.5 x107 “Thews (1967)
(ml 02/cm/min) ’
r 3.0x 100 3.0 x 107 Steithausen et al. (1978)
(cm) . . -
R, 15.05 x 107 13.23 x 107
(cm) ( :
‘ .
'S ) ~
3
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p0,> 0 at x& R. " If the p0, drops- to zero at a distance x,¢ R, this

1

implies that the\tissue xT( x¢R is anoxic. \ CL
Under normal conditions of ogygen consumption, the Krogh ModeH

predictg that both the normal myocardium and the transition zone of,
the.MI's dre in no danger of becoming.anoxic.' Tissue‘pO2 in the_
_ transition zone fa]]; to zero &t a radial distance of approximately
- 17 um, but since R for the MI's equals 15.05 um, all the tissue in
this region appears to be rggpivingioxygen. |

. If the rate of oxygen consumption is raised by a factor of 1.5x,
the healthy myocardium still appears to be supplied with o*ygen. Iﬁ
the transition zone, however, pO2 drops to zero at an approximafe
distance of 8 um, 7 um s%ort oﬁ_the edge of the fiésue cylinder
radius,/ This predicts thgt\thé tissue at the midpojnt between

capillaries (at the outer bounds of adjacent tissue cylinders) is

&

anoxic. o 4 ' . -
4.3.3 Qiscussion‘ o .

The Krogh Model assumes "o the/microcircqlation'is a
passive ng¥work of ‘tubes sdﬁb]ying blood to‘a noninteracting volume

— -

of.tissue‘that has a specific metabolic function" (Fletcher, 1977).
This 1is an oversimp]ificgtion, especially in the beating heart.

Every mathematical model makes assumptions which are k;own to .
bg phy§io1ogica11y incorrect. When the Krogh Model is app]iég\po th;‘
heart, three of these inherent assumptions are false (Rakusan, 197]b;
Fletcher, 1977): '

(1) both blood flow and oxygen consumption are not constant in the
heart, but vary with the cardiac cycle. The}e is an_increase in

coronary blood f]oQ and decrease in oxygen consumption during diastote;

¢

i



the-reVepse is true in systole.

(2) the myocar&tial capillary beds conform in general to éhe required
cyl1ndr1ca] geometry, except the caplllary efitrances and exits are ~\4
| staggered. . - -

(3) blood flow inwadjacent capillaries is not alway cocurrent.

" From this it appears that the simple Krogh Model i; not

applicable to the heart. Many elaborations to the basic Krogh Model, (‘
whicp do not require constant flow or steady state condifions,'have
been developed, as well as mode]s based on other geometrical arrangements
‘(F]etcher, 1977). It is interesting to note, however, that these more
recent deta11ed and ‘'accurate’ mode¥s (such as Metzger's network'
mode1" and Diemer's "cone model") provide solutions which do not
differ greatly ;rom resplﬁs obtained using\s simple Krogh Cylinder .

approximation. According to Fletcher (1977), " . . . no other model

proposed to date gives a signifjcant1y bettErvcorrelation with
I N

-

‘existing oxygen measurements than cocurrent flow and parallel geometry".
"With this in mind, I chose to use the Krogh Model to

approximate oxypen delivery to the tissue, rather than attempt another

more comp]ex‘mode1. While the Krogh equation provides only a first-

\ order approximation of tissue p0Q, gradients, it is useful for predicting

2
changes in myocardial pO2 caused bytchanges in its determinants
\(ﬁakusan, 1971b).

‘ In my calculations, I have assuped that M (metabolic rate),
K (oxygen conductivity) and r (capillary radius) are the same in both
theitrapsition zone and in normally perfused myocardium. I could

L4

find no information in the literature as to how K might vary in

sresponse to a decrease in microvascular supply, so jtéhvas. left as a

o




, .
R - \\\\8\&\\\
.
.

constant.

© Turek et al. (1978) observed an increase in exte?na] capillary
radius in rat hearts 52 days following coronar& artery occlusion: -t
is not clear Qhether this represents an increase yn the Tumenal
diametgr of the Eapi]]aries, or a thicker capi]]ary'wall. They
ca1cu15¥€3 that an.increase'in the internal capillary radius could

&

partially counteract the effects

r tissue cylinder radius,

(which they also observed), but/certainly gould not compensate for it.

>

In my experiments, there . have been an /increase in mean capillary

diameter in ghe s, but I was not able t measure\this from my

photomiz?gg?éphs. From visual observatiggibhowev;;, I would conclude ‘
,thaf/gg& such increase was hinor, and would not be sufficient to
_ return the tissd; pO2 gradients in the transition zone to normal.
M, the metabo]ic_rate, was also assumed to be ﬁhe same in
the tran§ition zone and in healthy hearts; this may not be a va]idv
assumption. Myocardial oxygen consumption is primarily determined by
three interrelated factors (Guyion and Cowley, 1976): the céntracti1e

state of the heart, wq]] tension and heart rate. Wall tensioh in the

left ventricle can be estimated using Laplace's-Law:
\ ’ r

Radius
Tension = Pressure x

2(Wal thick7éss) ——

Fletcher et al. (1981) observed significant incré%ses in both left .
‘ventricular end diastolic volume and left ventricular end diastolic
pressure in rat he;tts 22 to 29 days after ligétion of thé left
coronary artery. In addition, ggshbein et al. (1978) noted significant

" thinning of the left ventricular wall in rats 21" days post-MI. Each

t

.

{e




g

of thgse three/?actors - increased preésuré, increased radius and
decreased wa]T thickness - producesgn increase in the wall fension,
which may res&]t in .a change in the rate of oxygen consumption in the;
transitign zéne of the infarcted rat heart. Fletcher et al. (1981)
also found an ‘increase in the compliance ofﬁthe infarcted left
ventricles; this could be in%erpreted as a change in the contractile
state of the ventricle, which would further influence the metabolic
rate. .

From this, it seems there may well have been a change in metabolic

rate withih the transition zone which was not taken into account in the

calculations; however, I could find no estimate or measurement of

oxygen consuhption for chronica]iy infarcted rat hearts. I was primarily

interested in determining the effect of reduced capillary supply

on oxygen trahspgrt in fhe transition zone. The Krogh equation states

~2

that A& P<M if all other fagtors are constant, but also states that
a PR’ for constant M, K and r. Thus, a small decrease in in
capillary density (thereby increasing the tissue cylinder radius)

will have a greater effect on the tissue p0O. gradient than a change in

2
the metabolic rate. While a change in oxygen consumption will %ertainﬁy

influence the tissue.pO2 gradient, the dominant variable in th@

. !
relationship is the tissue cylinder radius. )
: \

From my ca]cu]étions, I predicted\that both the transi}ion
zone a&h healthy m]ocardium would have an adequate oxygen supply
under normal conditions of onyén consumption. If the metabolic rate
wés increased by a factor of.1.5x, portion;.of the transition zone

were in danger of becoming anoxic. It is interesting to note that if /;r”"/’

the oxygen demand were increased much further, some of the normally

i
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o , s
perfused 'myocardium would a¥so become anoxic. It seems unusual that

el
healthy myocardial tissue could be at risk when the demand for oxygeﬁ

£
5
H
z
Z
z
z
z
z

z

<

b} -
is increased by only 1.5x to 2x. It should be remembered, however,
Thus, this observation

that the rat has a high basal metabolic rate (3x to 4x that of man),
“Wwhich does not have a large capacity for increase.
may not be unreasonable. . .

4.4 Summary
In this series of experiments, I have found that:
(1) a transition zone, composed of viable muscle fibers with a

sub-normal microvascular supply, iénpresent five weeks following

.
-

coronary artery occlusion in the rat.
(2) the transition zone extends 3751um radially from the margin
of the necrotic lesion. ' "
(3) at rest,fmUsc1e fibers in. the transition zone appear to SZ
normoxic, but when the myocardia] 0xygen demand in increased, some

tissue at the venous end of the capillary beds may potentially be

anoxic.
transition zone would clearly be of benefit.

An intervention capable of stimulating revascularization in the

L]
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CHAPTER FIVE: Effects of Exercise on Capillary Supply
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The capillary bed is the immature or ‘embryonic' component of
. the circulatory-system. It has thg capaéity for.gréwth"and chgnge,
which it exhibits in response to injurz of altered metabolic state
of the tissue ngch it serves (Zweifach: 1959). |
The lability of the 6;bil]ar{2bed in response to injury was
qualitatively demonstrated in.the éthdies of Clark and Clark (1939).
.In these classic expérﬁments, Fransparent'celluloid chambers were

implanted in rabbit ears, aﬁd"fhe microscopic details of'caﬁillary

growth observed as the wound-healed. They foupdthat new vessels -
originated frbm pre-existing vascular end he]ium»by fhe process of
capillary sprouting. In fact, the mode ¢f vessel grow%% and lumen
férmation in the adult rabbit ear stro gly resembled the process of
capillary rowth previougly observed in amphibian ]a}vaé and the
- tadpole tail. In addition, Clark and C]a?k (1939) found the proliferation -
of the vascular endothelium to be extremely sensjtive td*éﬂight
alterations’ in ambient temperature, or changes in the pressure of the
- chamber on the tissue.
. Another effective.;timu1us for capillary growth is an increase
0 in the metabolic demand of the surrounding tissueu .Such‘a condition .
e . is produced in bomh'ékéleta1 muscle and the heart in resbonse to

Al

exercise, and evidence in support of this statemeﬁt is provided in the

o following paragraphs. Recall that the second objective of my thesis
was to determine whether or not exercise can promote capillary growth
in the transition zone of MI's; the experiments described in this

-~

chapter were designed to anéwer this question.

\




. can increase capillary nsi%y in skeletal muscles of both animals

5.1 Skeletal Muscle

Tthas been well documented in the 1iteréture that exercisq

(Tittel et al., 1966; Carrow 3€ al., 1967; Mai et a]., 1970;
Adolfsson et al., 1981)Jand man (Andersen et al., 1977; BYogaJ et al.,
1977; Ingjer et al., 1978). For example, Ado1fsspn et al. (1981)
observed significant increases in capf]]ary density, C/F ratio and
Vf in the quadriceps femoris after rats were forced to swjm one hour
per ddy,‘five days a week for three weeks.

The extent to which capillary supply in skeletal muscle increases.
in response to exercise appé%rs to depend on: ’

_ (1) the age of the animal. The greatest increase in capillary

supply for a given exerqjse protocol is observed in young or
'adolescent' animals, ‘as oppbsed to adult rats (Adoifsson et al., 1987;
Hudlicka, 1982). A

(2) muscle fiber type. There tends to be a greater par cent increase

in capillariep associated with fast twitch glycolytic fibers, rather

-

-

than slow twitch oxidative fibers (Hudlicka, 1982). »

Cotter et al. (1973) and Brown et al. (1976) used direct .

chronic stimulation 0f skeletal muscles to simulate exercise conditions.

§

When 1ow‘frequency (five i Qere applied to the

extensor digit Tongus (a fast twitch muscle) of rabbits for eight

hours per day, significant increases in C/F ratio and capillary density

_were observed as soon as four days after the onset of the experiment.

After 28 days, capillary densﬁty had doubled. The fact that this

“~

increase in capillary supply was due té‘the'growth of new vessels was

e

confirmed by the identification of capillary sprouts in stimulated

L

-
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\

muscle prepatdtions (Myrhage and Hudlicka, 1218)2 Direct stimulation-

»

90

produceq a greater increase in capillary density than generally QSEEFS

with exercise, but the observed trends}are the same in both cases.

“~

/

%
=

5.2 Myocardium -
. 4
The effect of exercise on capillary supply to the myocardium

haé not been as thoroughly investigated. It appears, -however, that
Some forms of exercisé‘are effective in stimulating capillary érowth
in the heart. .

' Tomanek (1970) exercised rats on a motorized treadmill an
average of 45 minutes per day, 6 days a week for 12 weeks, and
;xamined the microvasculature of the heart by perfusing it with an ink
‘suspension. Sighificant increases in bo;h capi]iary density and C/F
ratio were observed in the hearts of.the exercised rats, when compared
to the nonexercised controls. As was the case in skeletal muscle,
this effect was age-dependent, the largest per cent increase in

, capillary supply being observed in the 'adolescent' rats. Similar
studies by Jacobs et al. (1980) have confirmed these resuits.

Improvements in myocardial capillary density and C/F ratio
were also observed when\éats were subjected to daily periods of
" swimming (Leon et al., 1968; Bloor et al., 1970; McElroy et al., 1978;

Guski, 1980; Bell and Rasmussen, 1974). As in previous studies, the

N age of the animal had an effeét opﬁfhis neovascularization; no
improvements in capillary supply were observed in the 'adult' rats
(Bloor et al., 1970). In addition, 'Leon et al. (1968) found that

these increased values of capillary density and C/F ratio persisted

up to 42,aay§ after the exercise program was stopped.

~
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. - {
-Stevenson et al. (1964) estimated coronary tree size by the

weight of a vinyl acetate cast of the vasculature for both control and
exercised rats. A greater ratio of coronary cast weight/heart weight
was obtained for the exercised animals; this is_in agreement with the

o
resu1¥£/of the experiments mentioned previously, but-an additional

1Y)

observation arose from these studies. Significant increases in

coronary cast weight/heart weight were found in rats that ran on a
treadﬁi]] twice per week for four weeks, but no improvements were

noted in animals running at the same speed five days per week for four
weeks. In rats that were forced to swim, those that exercised two hours
twice per week showed.as great an increase in'coronary free size as

those that swam for two hours, five times weekly. Another group of

“rats forced to swim four hours per day, five days a week, demonstrated

no sigpificant increase in the ratio of coronary cast weight/heart
weight.

Guski (1980) has provided data which agree with the findings
of Stevenson et al. (1964). Rats which were forced to §Qﬁm a total
of 45 hours in approximately 18 weeks obtained significant improvements
in myocardial capillary density, yhi{e those that swam 180 hours in the
same tota]~time period showed no %ncrease in capillary supply.

These results indicate that forced exercise can lead to an
increase in tHe size of the coronary tree, but the heavier and more

frequent the enforced exercise, the poorer was the increase in the

ratio of coronary cagt weight/heart weight. Thus, " . . . moderate

" exercise with adequate rest may-benefit the heart more than heavy,

frequent exercise" (Stevenson et al., 1964).

¥
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5.3 Exercise and Myocardial Infarction

Evidence from the Titerature strongly suggests that exercise,
P J

or some aspect of it, stimulates neovascularization in the heart- and
- *

skeletal muscle. If this is true, then moderate exercise may be of
] &

-benefit in pathological condit¥ons assoﬁiated with a reduction in

capillary supply. 1 have shown that such a condition exists in the
transition zone of rat hearts, five weeks following occlusion of the
1e€? con&ﬁary artery.

Td my knowledge,.no experiments dealing with the effecés of
exercise on microvascuiar'éupp]y to the heart~fo1]ow1ng mybcarhia1
infarcfion have prev%ous]y been documented. Some work, hbwever, has
been done on the protective effects of exercise administered prior to
the induction of an infarét.

' When rat hearts were examined histo]ogica]1y;f§ilyﬂua{ after

occlusion of the left coronary artery, rats that had undergone five

weeks of daily swimming prior to surgery demonstrated infarct sizes

- 30% smaller than those in rats which had no exercise training prior -

( {
to coronary artery occlusion (McElroy et a 1978). Darrah and A

Engen (1982) found that 13 wgek§ of dai]y.running esulted in the
reduct1on or prevent1on" of MI, assessed hemodynamically and electro-
card1ograph1ca1]y, induced in rats by 1nJect1on of 1-isoproterenol.
Similarly, Riggs et al. (1977) observed reduced moréa11ty in rats
that had undergone 30 days of treadmii] running prior to injection of
isoproterenol. In contrast, Wexler et al. (1976) found.that exercise
(two weeks Jf swimming) only protected thg hearts of 'old' rats-from
isoproterenol-induced MI. Thesé studies s&ggesf that exercise prior

t6"MI exerts some protective influence on the heart. This may be due
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to an_ihcrease in capillary supply associatedwith exercise (McE1roy
-

_et al., 1978; Leon et al., 1968).
s In the past decade, severa]zhospita1s have initiated programs
of early ambotation and exercise rehabi]itatjon in the treatment of

cardiac patients: Hemodynamic.and\e]ectrocardiographic variables have
been measured for exercised and’nonexercised cardtac patients, and the

possible protect1ve effects of exercise in prevent1nq,recurrence “of MI

assessed (Kenta]a et al., 1972; Shephard, 1979; Shephard, 1980;

Kavanaugh et al., 3979; Wilhelmsen et al., 1975; Sivarajan et al., 1981),

R

Results to this point are incomplete and inconcfostve:*
It is apparent that measurement of capillary supply in the

infarcted human heart in response to exercise is not feasibl

Howéver, if exercise is a general stimulus for capillary growth, t

1

its use in cardiac-rehabilitation could be of considerable inportanoe.

The second objestive°of'my research was to use my animal model to

determine whether exercise fo]]ow1ng coronary artery occlusion can eg

stimulate revascu]ar1zat1on in the trans1t10n zone.

-

5.3.1 Protoco]
s ,
Myocard1a1 1nfarcts were induced in 17 healthy young male

Wistar rats.(187 + 18 gm SO, usjng the method described pre;jous]y.
A one week recovery period was allowed before the experiment was

continued. Then for & oeriod of foUr‘weeksghthe\rats were placed

individually 1njﬁahmann activity cages.two hours per day, six days a
< , —
week, and left to run on a voluntary basis. That is, the cages were

L

not motor-driven. Daily revo]utions were recorded and converted to

" linear distances ru¥, and the total distance run by each rat at the

('l

end of the four week per1od was then determ1ned For the sake of

[

0
L}



< ~

r ' e
brev1ty, éhese animals are referred to as “exerees%d MI's" throughout

» -
1

“the text.

- dee weeks after the initial surgery, the animals were

acrificed and the hearts frozen, sectioned and stained. Photomicro-

-

":\\‘§%~ i Values ot Vf, F and C/F ratio in the transition. zone of‘the
- f exerc1sed MI stall fell between those of the MI's and contro]s, .
Y, : - descr1bed in the prev1ous chapter Mean values of;th‘three val&EBles

for each an1ma] were considered as a funct1on of total distance run

~at the end of the four weeks of exercise (figures 13, 14 and']S)

-

determ1ne whether ‘there was a re]at1onsh1p between the amount.of

exent1se done by the rat and the cap111ary supp]y to the tran51t1on

L 3 \l
4

zone., ‘ ' -
Rats that ran a tota] distance of be;yeen’s ,000 and 10,000 .
*
meters during the four weekS'had values of Vf, F and C/F in-the

N\‘~"j'border zone wh1ch did not differ significantly from the contrql va1ue5
o T 0f 3.03.40.02, 2.72 + 0.01 and.1.11 + 0. ol respect1ve1y In fact,

Ve and C/F returned to 95% of their control values at a tota] d1stance §

. . run of approximately 8,000 m ters (figures 13 and 15), wh11e FV

-

returned to 100% of its normal value at a distance of 6,000 metersgg
. :

. ‘(figuhe 14). By running a total-distance of between 5,000 and 10;000

meters in four weeks, these animals restored a normal capifﬂary supply

to the muscle fibers in the transition zone.

?. 1In contrast, rats that ran less than 5,000‘meters_oh more' than
10,000 meters showed no significant improvement in mean Vf,‘Fv or C/F

’ ‘ ' (




-

3

N .

) *URaW 3Y] SO SAOJU3 PJEPURYS DIOUSP SJdBY 40443

“S,IN 943 404 UOLINGLUISLP [BWAOU 3ALJE[NWND. BY3 03 UOStaedwod £q

EE&&% ‘90°0 + $€°2 40 anleA I Y3 03 303dsa4 Y3LM 050°0 yd % -

4

-

"UoLSN|{220 Audjue A42U0400 BulMO| |04

-

-

e

B R T SURLI




i) .
. (W) 8duDysIq, .
;3 0c Ol 0
- 1 4 J | A ] 4
. Ea | -1 1§ L “ L4 k4 - .
‘ TCC.
s ” - -4- " \\. -
s
‘ ‘ M 1 1 .

= T~ ¥

~ G Y

L .. 407

- ~ ~ v

R RN . M " T ¢
. L S o . ! .
) ¥ /W .
- .* 2
N - ; | I
) \
\ ! o *
‘ | L - 3¢
« —* \ . R
v T
: ‘ \ T i
. ’ : \ M
. \ .
- . \\
- ” [, 187 -
. | “ " » o~ 1
» - ' - T '
&
’ . ‘. $ et




‘udsll 8yl JO SA0UUD ﬁL@.U:Mu.m 93j0usp sdeq Jo4d3

20°0 + 35°2 40 an[eA [W 9yl 03 309dsa4 YIiM 050°0>d x -

“UOLSN[220 Aud3de Aueuoxod BuiMo[ |0}
, A

S)}9aM p X }Iam/sAep g PasSLOUIXD S A0J ‘und aoueysLp
Le303 4O uol3ldunj e se auoz uoLjLsuedy ayjl ut >u UeSy :p| o4nbL4

~

Ca



(W) S0UD}SI(]

’

ol




-

‘ueaw/ay) 40 SU0UUD pAepUR]S IIOUSP SABQ po;;m

. ’

o —e -

—_ ¥
20°0 ¥ 26°0-340 an|eA W 3yl 03 323dsaa yiLm 050°0 yd x

L. .
- ‘uoLsSN220 Auajde x;mcoxﬁw
, :

Butmo||0J S}daM p X YoaMm/sAep g PaISLOUIXD SIeUd A04 ‘und dUeISLP

LP303 40 UOL]TUNG © SB BUOZ UOLFLSUBA] BY] UL OLIeJd 4/9 UedW G| SANPLg
N _

3



100

IR

.

(W) aoup}si | -

0l . . Ol

.JLO

. } 4 + 4 %
L
f..t..“.,. . 4
L1 te0
@ “de
/
) T Ik
. ; ,
~J._ , / , T
l.-l.lc" \
Te-—a / .
3 = - IM. H/ /
AN
o / ) w \ .
\ * + 01
\ A - .
. o ! :
/ . 4/ \
/ — Jﬁ * " ) “
. i 4 - %
__ |
v 1y .
Qe
f\ .
T [l
?
+# A, . \ -
X
R ‘
.a%



~y

~

101

1nﬂthe transition zone. Thus, it appears that exercise can promote
revascularization in the transition zone of the ipfarcted rat heart,
but oniy under specific conditions.

5.3.3 Discussion

& -
°

The first obvious question arising from my experimeitsis my

E)

choice of a voluntary exercise protocol, rather than forced swimming

_or_running. Enforced swimming provides more than just physical exercise;

. it subjects the animﬁT;(to a severe emotional stress (Leon et al., ¥968;

Bloor et al., 1970). Changes observed at the end of a swimming

prééram may have either been maskgd or amplified by emotional Qtregs,
and I'wighed'fo avoid this addedlcomplication. Furthermore,iCarrow‘

et al. (1967) observed that rats a]]owed.to run voluntarily deﬁonstrated
a greater per cent increase in C/F ratio in the gastrocnemius than

those animals that were forced to run. This suggests that voluntary

exercise is'as effective a stimulus for capi]]é??”growth as forced

* running. .-

o

As mentioned prévious]y, several authors haye shown that
exercise‘can inc}ease the capillary supply in both heart and skeletal
muscle of ratd (Adolfsson et al., 1981; Carrow éf.al;{ 1967; Bloor
et al., 1970; Leon et al., 1968; Tomahek, J970; Bei] et al., 1974).

w7

My results indicate that exercise can also be associated with

revascularization in the transition” zone of chronically infarcted

rat hearts. In fact, for animals running a total distance of between

five and ten km during the four weeks, mean values of V Fv and “C/F

f’
returned to values which did not differ significantly from those of

the controls. This implies that the capillary supply in the transition

zone of these animals has returned to a normal configuration.

-l

1
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When mean FV is plotted gs a function of total distaﬁée run
(figure 14), the peak in the curve is broad. This implies that very .
little exercise is required to change ihe capiV¥lary-fiber geometry,
and that this change persists with more intense exerci§e€5un1ess the
total distance run exceeds appréximate]y 13 km. Peaks in the curves
-for Vf and C/F ratio (i.e. those representing capillary growth) are
much sharper. This suggests that revascularization occurs under more
specific conditions associated with exercise, whereas the shift in
capi]1ary;?iber geometry is a more immediate and prolonged response.

These experiments do not give direct proof thaf new capillaries
grew in the transition zone of rats that ran a total distance of
between five and ien km. This is.implied, however, by the fact that

the mean values of V_ and C/F ratio for these rats are significantly

.F
greater than those measured for the nonexercised MI's. Similar- «

conclusions have been drawn in other studies which document increases

in capil]éry‘dehsity, C/F ratio and/or V_. following exercise

.F
(Adolfsson et al., 1981;.Bell et al., 1974; Bloor et al., 1970;

Leon et al., 1968; Tomanek, 1970; Guski, 1980). Using electron
microscope autoradioé?aphy of 3H-thymidine labelled cells, Mandache
et al. (1974) observed a higher degree of mitotic activity in endothelial

-

cells of myocardia] capillary walls in rats that had been exercised.

Thié provides Q‘more diréct Tine of evidence for prodiferation of ’
myocardial capillaries in response to exercise. |

- Since méan values of Vf, Fv and C/F ratio in the transition

zone of rats that ran betweén five and ten km did not differ sighificantly

from control values, this suggests that tissue pO2 gradienté in the

transition zone would also have returned to normal. In an attempt to
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verify this, capillary density measurements were made, .as described
previously, for three rats which showed maximum improvement in

mean Vf, Fv and C/F ratio in response to exercise (tablev4). Using

Thews‘ Model, mean diffusion distance was determined; the Krogh Equation

was then applied to estimate the tissue p0, gradient in the transition

2
zone of these three rats. As can be seen in figure 16, the tissue

p0, gradient for these exercisea MI's is very similar to that obtained

2
for -normally perfused myocardium (refer to, figure 11).

While this confi;;;azkg_idea,e} a return to normal tissue

oiygenation in the transition zone, two additional factors-must be

r
Fad
z

qoﬁsidered: . -

(1) although the muscle fibers in the transition zone are viable,
the redﬁced microvascular supply and daily exercise may have resulted
. in values of M (resting myocardial oxygen consumption), and pérhaps
even K (oxygen cﬁnductivity), which differ from those of healthy
myoc§rdium. This was not taken into account in the ca]cu]qtions.

(2) increased capilldry supply measured in a dead heart does not
ensure that the capillaries are functiona].(Leon‘et al., 1968).
Intuitively, however, it seems fﬁ:? if a region of tissue suffers from
a sub-normal microvascular supply, the growth of nédhvesse1s should be
of some benefit. . o

The fact that I observed a 'normal' capillary supply in the
border zone of rats running. from five té ten'km in the month implies
thaf the tra;§it%9n zone, defined as a région of viable muscle fiBErs
with a sub-normal microVascu{ar supply, no longer exists in the hearts

of these animals. It is possible, however:/that a border zone may

still be present, if its presence is defined by other variables

-

o ~
rd

{
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Table 4 -
_ Capillary density and R (tissue cylinder radius) in the transition
zone of three exercised MI's that démonstrated significant increases

in capillary supply in the border region.

Rat Distance 4 Capillary dgnsity R .
(km) S (#/mm°) (cm)

#2-1 8.30 2,321 +185  12.88 x 107

09 8.8 2,280 + 102 13.00 x 107

#5.2 8.68 7 2,305 + 151 12,92 x 407

- Uncertainties for capillary density measurements are given as

~gstandard deviations about tﬁe mean .

Note that the mean values of capillary density do not differ

significantly from the control value of 2,196 + 223 per mmz.
. ¢

.
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{i.e. biochemical, ultrastructural measurements were not made ip this— '
' -
study).

In contrast, rats that ran Tess than five km or more than ten

\

km duriﬁg the four weeks of exercise showed no significant improvement
in mean Vf, EV and C/F ratio in the transition zone. These results
were unexpected - I had anticipated that if improvements in capillary

~

supply could occur in response to 'moderate’ exercise, they‘shou1d

qi! persist at the greater to£51 distances run, where the demand for

¢ Oxygen and nutrients is also greater.

~ ~ I~

Similar results have been:pbserved in other types of exercise

experiments. As meﬁtioned previously, Stevenson et al. (1964), who

used the weight of acrylic casts of #he éoronary tree as an index of

\)

vascularization, observed that rats in 'moderate' exercise programs

L

demonstrated a larger increase in the ratio of cast weight/heart weight

s than did those animals in more vigorous exa&rcise regimes. It should

be noted, however, that the acrylic casfing medium did not penetrate

vessels smaller than 40 to 50 um in diameter; thus, their measurements:

did not include the capliiary network (Tepperman and Peariman, 1961).
e

Guski (1980) observed an increase in myocardial capillary density

.

in rats after 45 hours of swimming, but no %ncrease in capillary

density was detected after rats swam for 180 hours. Insgontrast,

Leon et al. (1968) fouﬁa/1hat measuréd increases in capillary supply

were directly proportional to the amount of time the rats were forced

\ to swim; it is possible, however, that the exercise was never of .
o\ - 3 . .

sufficient intensity or frequency to preclude the growth of new
——

vessels, While the studies of Guski (1980) and Stevenson et al. (1964)

are by no means analogous to mine, they do indicate that similar trends
/
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: g
have previously been documented in the literature.
- : ) ! ot g
The lack of improveﬁen& in capillary supply in the transition

~

zone of MI's running %hef§reatest total distances may be exp]ainéﬁ:b} a
training effect. That isy \ if these animals experienced a training

a effect during the course of the experiment then the same amount of
l

daily exercise would act as a progressively sma]]er stimutus for
L4 ‘ -

cardiovascular changes. Ihus, the animals may have adapted so well ’ -

1

to thg voluntary exercise.that it no longer sehved to promote capillary
growth in the transition zone. This explanation .is based on the® , ‘

. ' assumption that animals running the greatest total distahcesléxerbised .

.
at an intensity sufficient to Broduce peripheral or cardiovascular

. o training. This was not.proven, however, in my experiments.

Another obvious question arising from my experiments is: wifet -

effeet wquld this voluntary exercise regime have on the microvascuiatuhe

* .
- o of the healthy. rat heart? With this in mind, three normal, young male

Wistar rats (222 + 5 gm SD) were placed individually in Wahmann
Tactivity cages two hours per day, six days a week for- four weeks,
° - $

“ +and a]iowed to run voluntarily. 'At the;gnd of the month; the hearts

were - processed in the usual manner, and the sections stained‘for ATPase

activity. Mean values of Vf, F F ratio were determined for each

rat (table 5). None of these three anima moristrated significant
increases in capillary supply above the usual control values.

These results seem to contradict thé theory. ’that exerise

produces improvements in myocardial capillary supply. It is not possible,
L4 . DR .

) however, to directly compare my results with those of other authors, .,
because of differences in the intensity of the various exercise f

programs used. To facilitate such a comparison, [ have made use of

another mathématical approximation.

.
- ' \
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‘Vf (vessels around a fiber), Fv (fibers sharing-a vessel) and—C/F

ratio ih healthy rat hearts, as a function of distance run.
. . e

’

-

Distance Intensity Vf,//f7 _ F T C/F ratio
" (km (% V0, max) -~ - ¥ v
/
3 l/
;
4.66 57% 2.96 + 0.07  2471-+ 0.02 1.09 + 0.06 -
8.58 59% 3.02 + 0.06  2.71 + 0.03 1.08 + 0.03

21.66 , 63% 3.97 + 0.05 2.70 + 0.02 71.13 + 0.02

P

-

”

Uncertainties for Vg, Fv aqd C/F ratio are given as standard errors

. A - —_
~of the mean. ™ .

-

'/ ) 2

‘Note thaf these val®es of Ve, Fo_and C/F ratio do not differ
V'R——’ t . .
significantly from the control values of 3.03 + 0.02, 2.72 + 0.01

-ans 1.17 + 0.07 respectively.

*
==
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Oxygen uptake (VOZ) is thought to be the best in@icator of
metabolic rate, and thu§ the Beét index of exercise intensity.
(Shepherd and Gollnick, 1976). These authors measured the VOZ of
male rats as a fdnctiqn of runnipg speed for animals exercisfg in an
activity wheel of the same desidn as those used in my expé;}ments.
They found that VOZ increased iinear]y as a function of running speed,
to a maximum value (\}02 max) of 9.51 ml 02/100 gm body weight/ minute
at a speed of approximately 50 meters/minute; beyond this point, the
rate of oxygen uptake declined slightly. By, using their linear
relationship between oxygen uptake and mean running speed, a more -
valid comparison of exercise protocols is possible.

Tomanek (1970), who observed significant increases in myocardial
capillary -density and C/F ratio in healthy Pdo]es;ent“rats, exercised
the animals on a treadmill at a running speed of approximately 4
1.25 miles/hour, or 33 meters/mjndte. This co;}esponds to an oxygen

) max. This was

reinforced six days per wee.for 12 weeks. In my experiment, the rat

consumption of 8.19 ml 02/100 gm/minute, or 36% Vo

o

 that ran the greatest total distance in the four weeks (21.66 km,
correspohdjng to a mean running speed of 7.82 meters/minute), was
exercising at &n dverage of 63% VOZ max (tab]é 5). These calculations
suggest fhat the vofuntary running done by the healthy rats in my

A\éfudy was not of sufficient intensity to stimulate capillary groyth in

[

normal hearts.

It may seem confusing that an apparently 1arge change in

mean running speed from 1.62 meters/minute (corresponding to a total

~

distance run of 4.66 km) to 7.52 meters/minute (21.66 km) bn]y results

in a stx per cent increase in %\702 ﬁg} (table 5). Because the rat has
¥ ) Pl

a.high resting metabolic rate (approx%mate]y 30% VOZ max), and VOZ max



in meéan running speed or intensity.
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0

is attained at a mean running speed of 50 meters/minute, an increa§e
of? 5.9 meters/minute does not constitute a major per cent increase
The literature indicates that ;moderate' exercise can promote
neov§scu1arization in the myocardium (Stevenson et al., 1964; Guski,
1980). Fo; healthy rats, 'moderate' running appear§ to signify an
1ntensi£y of approximately 85% de\max. My results show thaf'exercise
is also associated with significant improvements in capillary supply“
in=the transition zone of MI's, but only in those animals exercising
at én ayerage intensity?pf 55% to 60% VOZ max. Thus, revascujar%zation
%n the transition zone occurs at a 'substantially ltower exercise
intensity than is required to st{mu1ate neovascularization in healthy
LN

myocardium. This indicates that the definition of ‘moderate' exercise

is different for MI's than for healthy rats.
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5.4 Summary

When rats were exercised two hours per day, six days .a week
for four weeks following coronary artery occlusion, I obtained the

~
v

following results:

(1) MI's running a total of between five and ten km during-thé month _
restored both a normal number of‘capi11aries (Vf) and a normal capillary-
fiber geometry (Fv) in the transition zone. This implies that the
tissue p02 gradYEhf in the border zone has also returned to normal.

(2) animals running ]ess than five km or more than te; km during
the four weeks of exercise showed no significant improvement in
capillary supply to the transition zone.

Thus, exercise can promote revascularization in the transition
. zone of infarcted rat hearts, but it only serves as an effeqtive
stiﬁu]us for capillary growth within a narrow range of intensities.
How does the intensity, frequency and duration of the exercise protocol
influence £he growth of new capillaries in the transition zone? This
. question.is addressed in the following chapter.

-

o

*

T me—



CHAPTER SIX: Importance of Exercise Frequency, Intensity and Duration

on Revasculdrization in the Transition Zone
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In previous chapters, {ﬂgave provided evidence for the presence

of a transition zone, characterized by viable muscle fibers with a

L

sub-normal microvascular supply, five weeks following occlusion of the

left coranary artery in the rat. In addition, I have shown that

when rats are subjected to four weeks of daily voluntary running

after coronary artery occlusion, the microvascular supply iq the

transition zone can be restored to normal. This only appears to occur,

however, under certain conditions. .
To further elucidate the relationship between exercise and

capillary growth in the transition zone, three additional exercise

protocols have been tested. These were designed to assess %he

relative'importance of exercise frequency, intensity and duration on

v e A Y
revascularization in the border zone.

6.1 Protocol

| ﬁsing £he standard procedure described in Chapter Two, left
coronary artery ligation was performed on an additional 29.hea1thy
male Wistar rats (201 + 24 gm SD). As was the case in the previous -
eégi:jse study, the animals ‘were allowed one week to- recover before
the experiment was continued.

A total of four exercise protocols, varying in the frequency
of exércise and the duration of the program, were tested; these are
summarized in table 6. To facilitate a comparison of all the exercise
protocols, the regime described in detail in the preceeding chgpter
will be referred 8 in this chapter as "group A".

As described previously, the rats were placed individually in

-



i

Table 6\

"
H

\
Summary of voluntary exercise protocols

#gyoup Protocol n
vis “b -
A 2 hr/day 6 days/week 4 weeks 17
E 4
B 2 hr/day 3 days/week 4 weeks 9
(Mon., Wed., Fri.)
c 2 hr/day 6 days/week 2 weeks 12
- followed by 2 sedentary weeks
D .2 hr/day 6 days/week 2 weeks .8
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Wahmann activity cages for the specified daily time period, and left
to run on a vo]untary\basis. Daily revolutions were recorded and
tota]ied, and ;onQerted to linear distances run.

At the end of the exercise programs, the animals were killed
and the hearts processed, sec£ioned and stainéa in the usual manner.

Mean values of Vf, FQ and C/F ratio were obtained for each animal from:
¥

photomicrographs of the transition zone, taken from sections stained

4

for ATPaselactivity. = .
o

6.2 Results

In my initial series of experiments, I established that five
Qeeks following coronary artery occlusion in the rats mean values of
Vf, Fv and C/F ratio in the transjtion zone are 22%, 8% and 18% lower
than those in the normal rat heart, When rats in exercise group A
(six days/week x four weeks) ran a total distance of between five and
ten km, these three variables returned.to values which did notAdiffer
significantly from those found in healthy hearts. In contrast, rats
than ran less than five km or more thdfi ten km s;;wéd&no significant
increase in the three variables (figure 17). Thus, animals running
an intermediate or 'moderate' total distance restored a normal:
capillary supply to the transition zone, whereas no improvement was .
seen at either extreme. ( . o~

Rats in group Béyrunning three days per week for four weeks,
showed the same trends in mean Vf as a function of d{stance run as
those animals in group A (figure 18). That is, maximum significant
improvements in mean Vf were observed in those rats that ran the

"intermediate' total distances (approximately eight km), while no
. .



‘ , - o117

evidence of significant revascularization was observed at distances ]es% Y

than or greater than the inPermediate value.

None of the.anima]s %n group C,'howevef, showed sjgnificant

1mprove6§nts in mean Vf within the transition zone (figure 19).

Recall that these animals had been exe;cised six days per week for two '

weeks, and then were not exercised .for the final two weeks of the

study, If tﬁe myocﬁrdia] capillary network is in fact a labile

structure, it is possible th&f any improvéments associated with the

two weeks of exercise may have pggresséd dur}ng the two sedentaﬁy weeks. -

Toitést this idea, the fourth exergise protocol was introduced.

Rats in this group (D) were exercised six days per week for two weeks,

. ‘ . and then killed immedjateiy. Figure 20 shows that some 6f the rats in
this group that ran approximately eight km during the two weeks'didl
demogstrate a significant incr;ase in mean V. in the.tradsition zoneQSﬁh

wﬁén changes in capillary-fiber geometry in response to ex;;cise
are considered, ra%s in all four exercise protocols running moderate |
or intermediate total distances (i.e. five to twelve km) showed
significfnt increases ip mean Fv within the transition zone (figure§
17 to 20). That is, the capi]]ar}-fiber geometry in the border zone
of these animals returned to a normal configuration. A]though‘the

7 peaks.in the plots of mean\FV as a function of dista;ce run are broader
fﬁan.those plotted for Vf, I observed no significant increase in

. either variable at the extreme diétances run. ’

' Changes in C/F rat%o within the transition zon% as a function
of distance run (figgres 17 to 20) paralleled the trends for Vf

outlined above. _Maximum significant improvements in mean C/F occurred

in rats in groups A, B and D that ran intermediate total distances
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Figure 17: Mean Vf, Fv and C/F ratio in the transition zone

/

~

as a function of total distance run for rats in

Lxercise group A: 6 days/week x 4 weeks.

* p4£0.050 with respect to the corresponding

MI values

E

Error bars dendﬁe standard errors of the mean.

- -
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Figure 18: Mean Vf, FV and C/F ratio in the trahsition zone
as a function of total distance run for rats in

exercise group B: 3 days/week x 4 weeks.

»

* p4 0.050 with respect to the corresponding:

MI values.

Error bars denote standard erpgrs of the mean.
o t
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Figure 19: Mean Vf, Fv and C/F ratio in the transition zone
as a function of total distance run for rats in

exercise group-C: 6 days/week x 2 weeks, followed

.

by 2 sedentary weeks. -

* p{ 0.050 with respect to the corresponding

k]

MI values. . » . e
”~

Error bars denote standard errors of the mean.

-
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Figure 20:.Megn V., F, and C/F ratio in the transition zone
kN . ‘ »
: - as a function of total distance run for rats in
exercise group D:'6 days/week X 2 weeks.
- /,——"—_:::‘“7"\::\ - - -
S ~-‘:,4-?'—v~h—7—»:.—;,—_.—=~:2;‘:—‘5~/ ‘~‘:::~x:.-——// .
) * pL0.050 with respect to the corresponding
R MI values. =
Fhe ’ ) " Error bars denote standard errors of the mean.
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(approximately eight km). No improvements in C/F ratio were observed
in rats in these three groups that ran distances less than five km“or

more than 10 km, or in any of the animals in group C.

6.3 Discussion

The question of my choice ?f a voluntary exercise format, as
opposed to forced .exercise, has been discussed in the preceeding chapter.
The reasons behind my choice of thé three adaitiona1 exercise regimes

should also be addressed.

Several of the experiments dealing with capi]iary growth in

<

the myocardium‘have'made comparisons between dai}y and intermittent

(two to three times per week) exercise protocols (Stevenson et al, 1964;
Leon et al., 1968; Bloor et a].,»1970). Although fhe reasons for

this have not been clearly stated by the authors, I believe it is

based on the idea that exercise must be reinforced at least two to

three times weekly if a cardiovascular trainiﬁg effect (i.e. decrease

Y

[y

in resting heart rate, increased stroke volume, etc.) is to be achieved.
My studies would determine whether capillary growth can also occur

in animals that are exeréiséd only two to three times per week, or
whether dai]y‘exercise is re&uired for neovascularization. To answer
this question- for the transition zone.of infarctgd rat hearts, and to

~

facilitate a cgﬁﬁérison of my results to those-of other authors, I

"established exercise group B (three days per week x four weeks).

Anothér concept in exercise physiology is "detraining" - that

‘is, how long do the{beneficia1 effects of exercise remain, once the’

animal stops exercising? In my experiments, I wanted to know whether

.the significant improvements in capillary supply in the transition
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zoné persisted after the rats were no longer given access to ;he
activity cages. The results from this group (C) were difficult to

iﬁterpret. Although no significant ingreases in mean V. or C/F ratio

£
ratio were observed, this may not be due to a detraining effect;
rather, it is pos;ije that no improvement in capillary ;upp]y had
occurred duringffhe two weeks of exercise. To reéo]vq this question,
exercise group”ﬁ (six days per week x two weeks) was introduced.
It is'interesting to note that maximuﬁ improvements in mean
Vf, FV and C/F ratio in the transition zone occurred at 5 total
distance run of approximately eight km for animals in both exercise
groups A and B. Rats in group A ran six days per Q;ek for four weeks,
while those in group B were only exercised three days per week
(Monday, gednesday and Friday)- for the month, yet maximum revascular-
ization.in both cases was observed in animals that ran a total distance
of roughly eight km. This iﬁp]ies that an important criterion for
“~_~—<capillary growth in the transition zone is a balance between exercise
frequency (how often the periods 6f exercise are reinforced) and
mean running speed"(aVerage distance run per two hour exercise period).
-That is, if the exercise frequency is halved, the mean running speed
must be doubled to produce the same degree of revascu]ari;ation in the
border zone.

In terms of oxygen consumption, animals in group A demonstrating
maximum improvements in capi]]aéy supply exercised at an average
intensity of 55% to 60% VOZ max (calculated using the re]atioﬁship

. between running speed and oxygen éoﬁsumption deve]opeg by Shepherd
and Godlnick, 1976). For rats in group B, 4;;;;;§ three times per

week for four weeks, animals which showed significant incrggses in Vf

b -
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and C/F ratio were exercising at approximatély 61% VOZ max. Although
the mean running speed of these animals in group B was twice that of
those in group A, the difference in running speed is not great enough
to produce a substantial change in mean oxygen uptake, and therefore
exercise intensity. Thus, in both g}oups A and B, rats running at
apprqximate1y 60%-\702 max demonstrated significant improvements in
capillary suppTy in the transition zone.

Evidence from the literature supports the concept that a
program of intermittent exercise can be as eF?ective, or more effective,
than daily exercise in improving the vascular supply of healthy rat
myocardium. Recall that Stevenson et al. (1964) observed increases in
the coronary vaséu]ature of animals that ran on a treadmill¥ twice per
week for four weeks, while no improvemgnt was seen in rats running at
the same speed five days per week for %6ur week;. In the same study,
rats that swam twice per week showed as great an increase in corgpary

"tree size asithose that swam five times weekly. Bloor et al. (19?0)

observed significant increases in C/F ratio in animals that swam
daily and in those that swam intermittently. It should be noted,
however, that in my study animals in group B-had to run at twice the
mean speed as rats in group A to obtain the same improvements in capillary
supply. :fhe question of the relationship between exercise frequency
and intensity with respect to myocardial capillary growth was not
pursued by Stevenso& et al. (1964) or Bloor et al. (1970).

Note that no animal in gréup C demonstrated significant

imprévements in V “or C/F ratio (i.e. no evidence of capillary growth)

f
o
in the transition zone. Ratscin group C (six days per week x two

weeks, followed by two sedentary weeks) spent the same total amount
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of time in the activity_Fages as did those animals in group B (three
days 5er week x four weeks), yet instances of significant eapillary
-grow;h were only obsetved in group B. This suggests that the exercise
periods must be reinforced regu]ar]& during the course of the experiment
if revascularization is to occur.
The fact that none of the animals in‘group C showed a significant
increase in the number of capillaries in the transition zone can mean
one of two things:
(1) no increase in mean V

f :
two weeks of exercise. This implies that a minimum of two weeks -of

and C/F ratio had occurred duriﬁg the
exercise is requirgd for capillary growth to occur.

(2) improvements in capillary supply during the two weeks of exercise
regressed during the two sedentary weeks. 4
j -The fourth exeréﬁse protocol (gréup D) was included to answer
this question. Several animals in this group did demonstrate values
of Vf and C/F ratio 1nuthe transition zone’which were significantly
greater thén those found in the unexercised MI's. In fact, the
shapes of'the plots of Vf as a functign of distance run for exercigg
group D (siX"days per week x szhwgeks) and B (three days per week x
four weeks) afz very simi]ar.. Sinte no improvements in capillary
supply were seen in group_C, this suggesis that some regression had
occurred during the two weeks of inactivity.

This result differs from that of Leon et al. (19685.
Significant increases in C/F ratiio were obsérYed in the healthy hearts.
of rats forced to swim one hour pey day for ten weeks. No Fégression
in C/F ratio was found, however,sas long as 14 to*42 days following

cessation of the exercise program. This discrepancy may be due to
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the very different protoco]s‘used:' eon et al. (1968) allowed their
héa]thy animals to swim for ten wee?s, while my rats in group C wefe‘
subjected tp two weeks of voluntary running following occ]ﬁgjon of the
left coronary artery. 7 .

To this po%nt in the discussion, I have assumed that no rats

following exercise protocol C would show significant improvement in

capillary supply within the transition.zone. Note that none of the

animals in group C (or group D) ran a total of more than ten km during

the two weeks of exercise; it is possible that V. or C/F ratio may

£
have increased, had the rats run distances greater than this. For

the sake of comg1eteness, it would have been desirable to obtain more -
data for distances in excess of ten km. However, of the-47 exercised
MI's in the four exercise protocols, only one ;:ima1 ran farther than
ten km in 12 days of exercise, and two exceeded 20 km in 24 days of
running. Thus, while it might have been informative to obta{n data

in this region of the graphs, ﬁhe probability af a rat running that
distance is quite small. .

Changes in capillary-fiber geometry (measured using the

variable Fv) in the transition zone in response to.exercise differ

f
that five weeks fs;léying Tigation of the left coronary artery, the

siightly from the trends observed for V. and C/F ratio. I have found
mean FV value in the Fransition zone is significantly less than that
found in normal rat ﬁyocardium. This indicates that the relative
positions of capillaries and fibers in the heart aré not fixed.
Subsequently, I found that.Fv in £he transition zone could.be restored
to the norméhiﬁgonfrq] value in responsesto four weeks of daily

[

voluntary exercise, implying that the capillary-fiber geometry in this
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region isﬂlabile and apparent?y sensitive to the metabo]ié demands of
the tissue. As was the case with Vf and C/F ratio, significant
improvements in mean FV occurred on]} in animals running intermediate
total distances.

Figures 17 to 20 show the re]atjonship between mean Fv and

5

‘total distance run for the four exercise protocols thdit have been

studjed. Significant improvements in mean FV wefe'obtained for
‘animals in all four exercise regimes, ihc]uding group C (six days

per week x two weeks, followed by two sedentary weeks). This suggests
Ehat ch shift in capillary-fiber geometry associated with the -two
weeks of exercise did not regress during the two weeks of inactivity,
as was the case with Vf', Improvements 1in mean Fv were also consistently
observed only in animals that ran intermediate total distances
(betweén five and ten km). However, two observations suggesésﬁhat the
metabolic conditions required for altering capil]ar;ifiber geometry
are not as specific as those needed for revascularization in the
transition zone: ,

(1) peaks in the graphs of Fv as a function of distance run are

consistently broader than those for V_ or C/F ratio.

£
(2) jmprovements in Fv are seen in the border zone, even when there

is no evidence of capillary growth. \

To my knowledge, the importance of exercise frequency, intensity and

duration on capillary-fiber geometry in the myocardium have not been

-

discussed previously-in the literature. -

ap—
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6.4 Summary

I have found that exercise caﬁ restore both the absolute

!

nuﬁber of capillaries (Vf) and the capillary-fiber geometry (FV) in
"the transition zone of infarcted rat hearts' to normal, contro} values.
Important factors in this revascularization process appear to include:
(1) an intermediate tota]iéjstance run.
(2) a balance between exercise frequency and mean running speed. !
It is interesting, however, that maximal 1mproVéments in capillary
supply consistently. occurred in rats.exercising at a mean intensity
of approximately 60% VOZ max.
(3) regu]éV‘reinforcement of the exercise pgriods’dUring the
course of the experiment. This is especially important for the

N

‘maintenance of improved Vf values.

Comparison of my results to those of other authars is difficult; .
one reason for this is the fact that other groups studying neovascular-
jzation in the myoéardium have used forced exercise prqtocd]s. With

this in mind, I have tested { forced_exercise regime aﬁd shall.compare
this to the results of the voluntary exercise experiment3. This is

disqyssed in Chapter Seven.

47
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CHAPTER SEVEN: Comparisoni of Forced vs. Voluntary Exercise

on Revascularization in the Transition Zone

$
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- To this point in the thesis, I have dealt with the effects of

voluntary exercise on capillary supply in the transition zone of
infarcted raJamyocardium. My results 1néicate that moderate voluntary
exercise can promote revascularization in the transition zoﬁe, provided -
that the exercise périods are reinforced regularly, and there is a
balance between‘exercise frequency and mean running Speed.~4~f
Experiments by Carrow et al. (1967) compared the effects of
forced and "spontaneous" (voluntary) exercise on capillary growth in
rat skeletal muscle. Specifically, one group of rﬁts was allowed
daily periods of rdﬁning in activity cages, while the forced exercise

group was subjected to 30 minutes of §w1mhing per day. After(%gfdays

of exercise, the C/F ratio, for red and white muscle fibers iin the
SN -

\

gastrocnemius was getermined for each animal. Increases in the

value of C/F ratio were observed for both muscle fiber types, in response
to both exercise regimes. However, the largest per cent increa§§§ in

C/F ratio were consistently found in animals subjected to voluntary
exercise. .

To my knowledge, no similar comparison of the effecé§ of forced

and voluntary exercise on capillary growth in the myocardium h§i§been

-

made. Predictably, no such study has previously been conducted Sﬁsﬂ
MI's. I have subjected a group of MI's to a regime of forced runn$ﬁ%;'
in a format comparable to that used for group A (si£ days per week x
four weeks) of the voluntary exercise experiments (refer to chapters
four and five), and then quantified the capi1fary supply to fhe
transition zone of each animai. As most authors have used forced

(rather than voluntary) exercise to stimulate myocardial capillary
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growth, this will further enable me to compé}e my results to the work

of others.

7.1 Protocol

Left coronar& artery 1igatign was performed on eight healthy
" male Wistar rats (214 + 24 gm SD), using the procedure detailed in the
second chapter."The animals .were allowed one week to recover before
the experimént was continued. ‘ -

For the forced exercise study, four of the standard Wahmann
activity cages used in the voluntary exercise'experiments were joined
in seriés and driven simultaneously by a 1/15 horsepower Dayton
gearmotor. The rpm of the mofbr (and thus the resultant rpm of the
activity cages) could Bgrvaried, such that the speed of the activity
wheels ranged from approximately 2.5 to 15 revolutions per minute.
Once the sbeed\of rotation was selected, it remained constantmto
within agproxiépte1y two per cent (as measured with a stopwatch) for
the duration of\the exercise period. In addition, all four Qhegls
rotated at the s%me speed, again to Qithﬁﬁ two per cent of each other.
(I would 1like to‘écknow1edge the assistance og Livio Rigutto and
Dr. Ian MacDonald in the assembly of this apparatus.) °

‘fThq va£§ were forced to run_in/the motorized exercise wheels o .
six days per week for a total of four wg;ks. This protocol is
comparabjg to that of group A ofﬂthe voluntary exercise regimes, which
forms the basis of my myocardial revascularization sfudies.

) Three subgroups, running at different speeds, were established:

(1) 4.48 meters/minute (n=3), such that a total distance run of

approximately 5,000 meters during the fogr weeks was obtained.



-

. (2) 6.72 meters/minute (n=3), to yield a total distance of

—

apprézg;;fely 9,500 meters.
(3) 8.96 meters/minute (n=2), to result in a total distaﬁce of'
epproximape1y 15,500‘meters. =
In estéb]ishing these subgroups, several criterié had to be
met. F}rst, as I wished to compare the results,of the forced exercise
- <:\ﬁstudy to those of group A, these animals had tozrun total distances

that fell within the same range as those totalted by the rats that ran

voluntarily. As maximum improvements in capillary supply were observe
in rats that vo]untarily‘ran eight tp ten km, subgroup (2) was of
particular interest (i.e. this would estab]ish whether a peak response -
also occurred at ehe same total'distance in the forced exercise protocol).
™. Second; it was important to select speeds at which the animals were
able to ruﬁ. At speeds less than 4.48 meters/minute, the animals
were able to run faster that the wheels were turn1ng,\wh1]e at speeds -
greater than 8396 mefers/m1nute the animals cou]d not keep up with
the wheels. An additional complication was caused by the fact that =
the ratg could not run continuously at these speeds; this was '
especially true for animals in groups (2) an§{53). Thus, the motor
was run on an automatic timer, suchethat the wheels rotated.for five
minutes and then stopped for three minutes, glv1ng the animals a
short rest between the five-minute exercise per1ods As a result of
‘these three factors (total giftance, runm‘ng.spee’d rest periods),
animals in subgroups (1) and (2) were in the activity cages for

- approximately 1.5 hours per day, while those in subgroup (3) were in

the wheels for 1.75 hours per day. -

Initially, four animals had been placed in the second exercise
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subgroup (6.72 meters/minute). One of the animals, however, was not

aolelfo rur at this séged, thus was exercised at 4.48 meters/minute

LA

for the remainder of the experiment. This accounts for the one data ’

. point on the graph$ located at a totdl distance run of approximately

.- seven km. In addiiion, one.rat Tunning at the slowest speed developed

-

_a respiratory infection one third of the way through the experimeni

The an1ma] was adm1n1stered oral tetracycline, and was not exerc1sed

-

for three days. At th1s point, fhe rat appeared to have reoovered o

“* % and was_ put sback 1nto the exerc1se program, but as a result, the

*? andimal.ran a total distance s11ght1y less than 5, 000 meters.

‘
AT . At the end of the experiment, the dnimals we;§ﬁk111ed and, the
hearts removed, sectioned and stained as described previously.

_Photom}crographs of the transition zone were taken from the sections

-
v

*. stained for Bﬂ?qse,activity,,andAmean va]ueg;of v

- - M -
. -

%

»

T Ve Fy and_C{F rat?o
- determined for:iegch animal. i -
/7 2 Resu]ts 1' .z

<
. - >

f’
- C7F ratio 1n the tran51t1on zone as a funct1oq of tota1 distance run.

.\q BN o F1gures 2h "2 and°23'ﬁﬂ]ustrate the changes iﬁ mean V Fv and

. The data‘po1nts and error bars denote the re§uifs for the forced
exerc1se exper1ment Wh11e thedotted lines depict the trends observed

— o « o P

&for vo]untary exerc1ée.group A (s1x days per., week x four weeks).
Résu]ts for both sets of exper1ments are pré§%nted together to

. Fac111tate the1r compar1son -

_ A . . -

1;- - . No. s1%n1f1tant 1mprovement in mean Vf was observed in the

v

trans1t1oh zone of apy of the elght rats subjected to forced, exercise

. (f1gure 21) Jh1s 1s in, contrqst to the vo]untary exercise study,

o . . -
. B R n" L, . .
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in which animals running a total distance of betwgen five and ten km
in the four weeks demonstrated values of mean Vf which did not -differ
sigﬁ}ficant]y from the Vf value found in healthy rat myocardium.

Some of ;he an%ma]s in the forced exercise‘prodram did, however,
gxhibit significant increases in mean FV; maximum improvements in
capil]ary~fiber geometry occu}red in those animals forced to }qn a
total diﬁ}gnce‘of approximately 9.5ygm duringgthe month (figure 22).

In this instance, the results of th:¢vo1untary and forced exercise

regimes are in good agreement.

¥ As was the case in the previous voluntary exercise experiments,

3hanges in C/F ratio as a function of total distance run for rats in
the forced exercise grouﬁ paralleled the trends observed for meaﬁ Vf.
That is, no significant increase in mean C/F ratio was observed in
any of the animals that were forced to run (figure 23).. Again, thegé
results differ considerably from those of the comparable voluntary (

exercise protocol.

7.3 Disgu;sion

My resuits igdicate that forced and voluntary exefcise over
the same range o% iﬁtensities are not equally effective stimuli for
revascularization in the transition zone. This is evident when values:
of Vﬁ and C/F ratio as a function of distance run. are compared for thep
two protocols. .Sjgnifipant‘increasés in mean Vf and C/F ratio occurred
in animals that chose to run‘a total distance of petween(five and ten

r
km during the fou%éweeks, whereas no improvement in Vf or C/F ratio™"

~was observed in any of the rats that were forced fﬁ run. This supports

the results of Carrow et al. (1967), which indicate that voluntary

-
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exercise provides a more effective means of increasing the C/F ratio
in skeletal muscle than does forced exercise. The different results
produced by the two methods appear to be even more striking in the .

transition zone of-infarcted rat hearts.

———
L3

As mentiohed in the %nt}oddctioh to this chapter, a comparison
of the effects of forced and vo]untar; running on/capillary growth in
the myocardium has not been previously reported in the Titerature.
Stevenson et al. (1964), however, incorporated a 'voluntary' swimming
protocol into his exercise experiments: a board was placed in the .
swimming basin, on which the animals could rest. They observed an
increase in the ratio of coronary cast weight/heart wetght in these
animals, but it did not prove to be significant. In contrast, rats that
swam without the option of resting_demonstrated significant increases
in relative épronary tree size. %he authorg state, hoyever, that rats
in Ehe 'voluntary' swimming protbco] spent " . . . the majority of
their time.resting". This was not the caée in my voluntary running
experiments; thus, the two studies are not analogous. ’
As was outlined at the beginn%ng of Chapter Four, severaf&
researchers have shown that some forms of forded exercise can stimulate i

cqgé]]aﬁy'growth in the hegrtx Tomanek (1970Y) " found significant

ES

‘“increases in myocardial capillary density and é;%\\af?o in rats
following 12 weeks of daily running on a treadhi]l. Improvements in .
Eggse two variables were also observed in rats subjected to daily
~Periods of swimming (Leon eti;1., 1968; Bloor ;t al., 19703 McElroy
et al., 1978; Guski, 1980; Bell -and Rasmussen, 1974). In addition, .
Stevenson et al. (1964) documented inciBases in theratio of

coronary cast3weight/heart weight in response to both running and



swimming. -

F

Evidence from™thé literature indicates that forced exercise
should be an effective meané'of,initiating capillary growth in the
heart. However, my data provides no such evidence for neovascularization

in the transitdon zone of MIis (i.e. no significant increases in Vf or

" C/F ratio were observed). #

In the experiments of Tomanek (1970), the rats that exhibited
sighificant'increases in myocardial capillary supply ran at a mean
intensity of approximately 85% VO2 max (calculated using the formula
derivéd from the data of Shepherd and‘Gol1nick, 1978). In contrast,
my animals in the forcéd exercise protocol ran at mean intensities
ranéing from 60% VOZ max (corresponding to a mean running speed of
4.48 meters/minute) td 64% VOZ max (8.96 m?ters/minute). Recay] ?he
hypothesis introduced in Chapter Four, suggesting that "moderate
exercise with adeqﬁéte rest may benefit the‘ﬁeart more than heavy,‘

-

frequent exercise" (Stevenson et al., 1964). It is possible that,
by being forced” to ;un six days per weék at a mean intensity of -
60% to 64%{\./02 max, the exercise is too 'heavy and frequent' to
Stimulate capillary growth in the tran;ition zone of MI's.

It should be noted, héwever, that voluntary running six days
per week for four weeks at thg same range of intensities -produced .
significant increasés in bgth Vf and C/F ratio in the transition~zone. |
A hypothesis to explain this apﬁarent paradox between forced and
voluntary exercise will be presented in the following chapter, the
generalwdiscussion.‘ |

While there was no evideﬁce of capillary growth in the transition

zone in response to forced exercise, significant increases in mean Fv ‘

»

L)
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.were obtained. Capillary-fiber geometry in the transition zone of
!

‘rats forced to run approximately 9.5 km in the month did not differ

significantly from that found in healthy rat hearts. In contrast

to the findings for V. and C/F ratio, changes in Fv~a§*q\function of

.f.‘
Y
distance run were similar for both the forced and voluntary exercise
protocols. This reinforces the concept that the conditions FEqured

to alter capillary-fiber geometry in the transition zone are not é%\a“fﬁy -

specific as those needed to stimulate=capillary .growth. ' *

7.4 Summary ’ .

When rats Qére forced tohrun six days per week for four weeks
following coronary artery occ]ugion, the following results were
obtained: ’

(1) no evidence of capillary growtﬂ was found in the transitigz/’
zone of any of‘the animals in the forced exercise regime (i.e. no
significant increases in Vf or C/F ratio were observed). This is in
contrast to the results of the comparable vo]untary'exercise‘s?udy,
in which rats running a total distance of between five and ten km
‘ during the month restored a normal number of capillaries in the
transition zone. ’

-

(2) changes in capillary-fiber geometry (Fv) as a function of '
distance run for rats in the forced exercise protocol are in good
agreement with the results of the c;rresponding Qo1untary exercise
experiment. . .

Thus, forced and voluntary exercise are pot equally effective

in promoting capillary growth in the transition zone of infarcted rat

hearts. The apparent paradox that arose from this comparison, and .the

P
3 roet
-
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previously documented fact that only 'moderate' voluntary exercise

is associated with significant improvements in capillary supply in

the transition zone, are two unusual and unexpected results that
emerged from my research. In my final chapter, the general discussionx
T will present a theory to explain the means by which exercise

*

stimu]aées capillary growth in the heart, and a hypothesis to explain 2

my two 'unusual' observations.
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M 8.1 Reduced Microvascular Supply in the Transition Zone

I have found that a trqnsition zone, defined as a region of
viable muscle fibers with a sub-qonnal microvasgular supply, is present
in the rat heart five weeks following surgical qccTusiqn of the left’
coronary artery. This confirmation of fhe prgsence’of a trgngétion

zone in the chronically infarcted heart forms the basis for the

remainder Qf the. thesis - had there been no transition zones then'

experiments designed to 'sa]vage‘ this fegioh would clearly have been

’

©

pointless. In light of the contrdversy in the literature concerning
. . ‘ o .

the presence or absence of a ga]vageab]eborder zone, ,1 believe my

finding is significant.

My results indicate that the transition zone is characterized o

oy -

(1) fewer capillaries surrounding each muscle fiber, reflected, in

-

a lower value of mean fo -

(2) fractionally fewer fjbers sharing each remaining capillary,

measufé;-;s a reduction in mean Fv.

(3) Tower values of capillary density and C/Ff ratio.
(4) a tendency toward fiber hypertrophy. and greater éntercapillary

- distance.
How .can each of these four observations be explained? - To facilitate™ -
the discussion, eécg observation will be considered in turn.

<

8.1.1 Reduction in mean V. . _ -

In Hea]thﬁ hearts, each mustle fiber tends to be surrounded
by three capillaries “(mean Vf = 3.03 1_0:02), while in the transition

ioneeof the MI's, the 'typical' fiber is suppﬁied‘by only two

<




capillaries (meann\lf = 2.34 + 0.06). L.
! : It seems reasonable to'assume that if a 6apil]ary is not
filled with blood (thus the endothe11a1 cells .of- the cap111ary=wa]1

al do not have access to an ongen supp]y) ior a prolonged per1od of

timey - the endothe11a1 cells would die ant the cap111ary wou]d no

longer exist. If this is true then my data 1mp11es that not less than‘

' 25% of the cap1]1ar1es present in the reg1on destined to become the,

° Fis
/ o trans1t1on zone, were not perfused following coronary artecy occ]us1on
This then suggests that the three reg1ons of the chron1ca11y

P 1nfarcted rat heart can be c]ass1f1ed according to the1r pattern of

.

‘perfus?bn prior to \igation of the coronary ‘artery. That, is, the

0N

k_neeroticazone was originally ferviced only by vessels arising -
o . immediately distal to the ligature; thus,b]oog'ﬁioﬁ?tobthis région

: was essentiaT]y stopped once the artery was ocE1uded. The remaining
&

»F

_\_‘///norma1 myocard1um*_as supp11ed by vessels or1glnafin§ proximal to the

W N

nfﬂwgature, ensuring that blood flow to this area was virtually
0 f

qun1nterrupted The traqéptfon zone, however, was supp11ed by vesse]s
#’//V' wh1ch orlg1nateg,both abé@e and be]ow the 11gature, such an"

arrangement would be 1n agreement w1th the obserw%t1ons of Brown (1965)

’ : who- found that any given area of myocardiuin was supp11ed by several
| arterto]es whosékdaughter cap111ar1es intermesh. ' i
Z\\~;" o It would be tempt1ng’to state that approxnmate]y-?%ﬁ of the e
_cap111ar1es in the trans1t1on zone arose from arterioles and arter1es

! or1g1nat1ng praximal to the site of occlusion,” wh11e “the remaining
259 or1g1nated d1sta1 to ‘the 11gature © It s frot poss1b1e, however,
F/’T__fin\anw this conclusion_.based solely on my data® "Microvascular supply

- ~

was meaéured\fiye weeks after the coronary artery was Tigated; it is

- &

-
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7/~ under conditions of extreme stress or metabolic demand. This reserve
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hid Love ‘ Q

o~

possib1e that a gmaller percentage of vessels originated proximal to
’ . o N 4 .
the:1igature, and some capillary proliferation had occurred during the

“e

ka .
five weeks between tge surgery and the timé of sampling. A study of
cap111ary supp]y in the transition zone as a funct1on of t1me following
5

qoronary artery occlusion would be required to soTve this question. ‘ .
. . ) :

Alternatively, if there is no appreciable.interdigitation of”
A Yo, )

terminal, vascular, beds, in the ¥Yat heert (i.e. in” accordance with the
o )

¢ . 5

observations of Okun et al. (197§) and Factor et al. (1981) in canine _
- ) o \9, 3
hearts), one 'would expect to see a sharp boundary between normalty
A

perfused tissue and: the necros1s The chronic presence of a trensitipn
zone w1th ub-norma? m1crovascu1ar supply could then be exp1ained

by the growth of cap111ar1es from the edge of the normalily perfused B Q*

5

myocardium towarg.the devefop1ng necrosis. Th1s growth woqu have to i
be extremely rap%d to agcpun& for the viab1}1ty of the fibers in «the

tréhsitjon zone. Cotter et al. (1973) ard Brown et al. (1976) observed . . =
N oo

3

' s1gn1f1cant increases- in cap111@ry dens1ty and C/F ratio in ske]eta]

mugc]e within four days after the onset of chronic stimulation, but = 0
theré is no evidence in the literature citing significant capillary =

% +

growth within the first 24 hours &f an experimenf. Thls explanation

l ?or the_presence or deve]opment of the transition zone appears to be

13 L.

inadequate. | #

- o ' N
_ In any case, it s intedesting to note that the muscle fibers

in the transition zone remain viable, even when the mean Vf has been .

v

*

reduced by approx1mate1y 25% I be]ieve this additional 25%'f6und'ip . .

hea]thy myocard1um represents a 'margin of sa?ety , which s nots ‘ .
[ . Mk
required under normal metabolic copd1t1ons, but may be,essent1aL

-

-

v . , U




- has been lost in the transition zone. -

- . ©

"8.1.2 Reduction in mean FV ° -

~

~ A decrease. in the number of capillaries surrounding each muscle

- -

fiber dogs not predétermine an accompanying change in Fv’ the number
of fibers sharing each capi]]a;y.’ That is, if one, capillary out of
every fggr dies, it"is possiblesthat the remaining capillaries still

A &

tenq.td be situated between three muscle “fibers, as in normal rat
‘mybcardium. In the tr;nsition zone, however; each capillary tends to

sﬁpp]y two fibers. This lends credence fo the concept fhat the

microcirculation is labile and dynamic -"the positions of capillaries s
“with respect to muscle fibers are not fixed.

N ‘; I believe the decrease in mean Fv'in'the transition zone ;
. " represents an adaptg}ion to protecgrthe'ftbersUfrom'possib1e hypokia. )
" The total number .of capillaries supplying each musc]e‘fTber (mean yf)

»ﬁa; been reducéd significantly. ,If-each capillary now fends to bé

shared by two fibers rather than three, each fiben éan receive

one half rather than ore thifd of the available oxygen from that

3

- ’ - o
capillary. In other words; each fiber can obtain a fractionally

. )
larger amount 6f the total oxygen content fromr the fewer-remaining

-t capillaries. In addition,- this observed shift in capillary-fiber

&,

o

geometry will result in a more uﬁiform distribution of 1ntercapi]1ary‘
di;tancek within the transition zéﬁe, thereby.reduc%nd the ink%ﬁence
"‘of anox%c or hypoxic spockets of tissue, which could be p}oduced when ‘
every fourth capiTlary is removed. A]thoughgit would be difficult to_
s ‘ demonstratg in vivo, fifseems a reductioﬁrin mean,Fv‘is a meang?py

. . e
which the potentially detrimental effects of a reduction iﬁ‘meaq Vf“

P

can be partially counteracted. - . .

S
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- 8.1.3 Lower values of capillary density and C/F ratio: -
- In addition to.the observed decreases in mean Vf and FV,_the
“transition zone is, also characterized by a decrease of aﬁproximate]y

- ) o
25% in capillary density, with respect to normal rat myocardium.

This seems reasonable; if V. (the number of vessels associated with ¢

17<
each muscle fiber) is reduced by approximately 25%, and if there~is no

signifigant change in muscle fiber diameter, then one would expect to

find a decrease of similar magnitude in capi]]ary/gensity.
Al

C/F ratio was calculated from the quotient of mean V. and mean -

»
A Fv. As the reduttion in mean Vf in the transition zone was greater than
the accompanying decrease in mean Fv’ it is clear that the T/F ratio
._in the transition "zone would be less than that calculated for healthy

myocard1i®a. -

- ) /‘8.1.4 Tendency tovard fiber prértrophy and increased intercapillary ¢

- ' . distance

o~

4

{ =T Mean nuscle fiber diameter in the transition zone was slightly
greater than the mean fiber diameter in healthy hearts, but this did
not prove to be significant. Had a larger Sample size been taken -
(i.é. more than 150 measurements for each animal), it is possible

" ‘that this difference in mean fiber diameter would hava become» .

W .
. & : . significant. In retrospect, measurement of muscie fiber digmeters

. Do should perhaps have been further pursued in my experiments.
’\\’/\‘ \ ) - ' N . s k L 13 . . 5 . k)
: ‘ . A marginal increase’ in fiber diametef in the transition zone

. L“
v o\ .

, could be explained b& the presence of the necrosis, which: once scar

2 ' formation i$ complete, is stiff and not contractile. Fibers adjacent

\

¢ . to the Tesion would have to exert a;ﬁ?éater force of contraction to

’ 3

. overcome the increased tissue “resistance caused by the scar (Pusek et al.,

< k)

- .
e /
%\ & .

. . : N
s
.
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1971).

A slight inérgase in mean intercapillary distance was also
measured in the transition zone,’but this again did not prove to be
statistically significant. The reduction jn mean Vf (and'capil]ary
denségy) in the transition zone, combined with the tendency toward

fiber hypertrophy, %uggest that an ing:ease in mean intercapillary

distance should have been expected. However, as mentioned previously,

" the accompanying reduction in mean Fv served to partially counteract the

effects of reduced capiliary supply apd fiber hypertrdphy by producing

a more homogeneous distribution of intercapillary distances.

8.2 Implications and Impoftance of the Transition Zone __

. The question of whether or not these changes in microvascular
supply and capillary-fiber geometry significantly afcht oxygen deiivery
to th? trg%sition zone was discussed in detail in the fourth chapter.
Application of the Krogh Cylinder Modéi to my data predicts that:

2* (1) under normal conditions of.!&ygen demand, the trqnsition zone
is in no danger of becoming anoxic. fhis is a reasdﬁab]e conclusion;
muscle fibers in the transitibnAéoﬁe were found to be viable, as
detected by NADﬂfidjaphorase staining.

(2) if the rate of myocardial oxygen consumption is increased by
a factor of 1.5x, tissue at the venous ena of the capillary network,

located at the boundary of adjacent tissue cylinders, is in danger of

-~

.becoming anoxic.

It is difficult to verify these predictions with in vivo

' measurements of myocardial bOZ under varying conditions of oxygen
) 4

“deﬁdﬁd. However, if they are valid, these predictions suppd}t the -
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idea that a 'margin of safety' has been lost in the transition zone.
That is, a 25% reduction in capillary supply can be tolerated under
normal metabolic conditions, but may be detrimental when myocardial
oxygen demand is greatly inc:gased.

N S
A logical question arising from this discussion is: how

3

important is the presence (or absence) of the transition zone }o the
continued function of the infarcted heart? Does‘the transition zone
constitute a sigﬂificant proportion of the heart and, since the
fibers in the transition éone are‘viable,.is it necessary fo 'salvage'
this region?

\ The transipion zone was found to extend a minimum of 375 um
- laterally from the edge of the necrosis (refer to Chapter Four).
Assuming that the rat heart is a sphere\ai\jjven outer diameter anq.

[4

wall thickness, and the'sizé*éf the necrosis. is known (figure 24),

the per cent volume of myocardium occupied by the transition zone

can easily.be estimated. This ca]?u]atién 1nd%c3tes that the transition
zone constitutes in the order of two per cent of the muscle volume of
the 'typical' infarcted rat héart, five weeks following occlusion of " -
the 1eft'coronary artery. As the left ventricular free wall accounts
for approximately 60% of the total muscle mass of the rat heart (Turek
‘et al., 1978), this suégests the transition zone occupies slightly,
more than fouxr pef cent éf the wall of the left ventricle.

The extent of the transition zone;Ta& appear to be negligible,
but:thié does/not necessarily 1mpiy‘that it is ins%gnificant. " Should
myocardial oxygen demand ingrease to the point at which fibers in the:, ‘

tran§1tion zone become anoxic, the boundaries of the necrosis will

IS

fugther be extended. At some critical point, when ‘the size of the

o
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Figure 24:°

-~ wall occupied by the traQéition zone.

£

e

Calculation of the % volume of the myocardial

-

e N

*Note: By assuming that the rat heart is a sphere,

the total volume of the myocardial wall is over-

-y
estimated. (i.e..Since the density of muscle
=] gm/cm3, this implies the rat heart weighs = 2 ‘gm;

in fact, -the héarté weighed on the order of 1.1 to-
1.2 gm.) Thus, the transition zane actually
occupies slightly less than-2% of the heart, or

4% to 5% of the volume of the Teft ventricular wall.
S
po
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X-Sc—;ct’ior{:

Necrosis:
diameter = 0.5 cm

Transition Zone:
width=0.0375 cm

C’ . Front View:

Outer diameter of heart=2.0 cm
Wall thickness =0.20 ¢cm

. Total volume of mybcardial wdll\,='2.04 cm?
Volume of transition zone =0.02 cm3
% |

-~ Transition zone occupnes 1°/o of the
myocardial wall.”



. compromised and cardiac output cannot be maintained, even such a

. S 159

lesion is such that the contractﬁ]ity of the ventricle is greatly

small increase in the size of the necrosis may prove fata] to the
anima]. \

IA1though it clinical importance may be questioned, the
transition zone, because of its subnormal microvascular supply,

represents a convenient in vivo model for the study of factors which

promote or govern capillary growth. ‘Evidence from the literature

indicates that exercise can act as a stimulus for capillary growth - L
in skeletal muscle and healthy hyocardium, and exerts agprotective

effect on the heart when admiﬁistergd prior to the induction of an MI

{refer to Chpater Five). The secon&vébjééfivé of my thesis was to -

determine whether exercise can also stimulate revascularization in

the transition zone of infarcted rat hearts.

8.3 Exercise and Revascularization in the Transition Zone

&
I found that, under certain conditions, voluntary exercise

administered following coronary artery occlusion is associated with
significant improvements in capillary supp]y and capillary-fiber
geometry in the trans1t1on zone. It is 1nterest1ng to note that the
intensity at which normal rats must exercise to initiate neovascular-=
ization in skeletal muscle or healthy myocardium (approximately 85%

V02 max) is Eonsiderab]y greater that the exercise intensity at which

the Sxercised MI's demonstrated significant reva§cu]arizatibn in the
transition zone (60% to 64% V.02 max). In healthy animals, the ;?gg
mierovascular supply to the heart and muscles is more than adequate .

for the1r usual range of act1v1t1es, and a substantial increase in
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oxygen demand must occur before the growth of new capillaries is

1

required. For example, in my experiﬁénts, healthy rats running at a

mean intensity of approximately 63% VO, max demonstrated nos§§gnificant

2
increase in myocardial capillary supply; this did not provide a*
sufficient stimulus for capillary growth in normal hearts. In the'
transition zone, howeven, the potential for oxygen supply to the tissue
has been reduced significantly. As ;‘;esulf, an exercise intensity of
only 60% to 64% V02 max becomes an effective stimulus for revascular- .
ization under these circumstances.
| Based on the results of my voluntary exercise studies,

important factors in the revascularization of:theltraﬁsition zone

-3

include:

(1) an intermediate total distance run. Recall that rats in group
A (six .days per week x four weeks) that’ran a total d{stance éf
between five and ten km during the month restorea values of mean Vf,
FV and C/F ratio whigp did not differ‘significant1y from those found
in healthy rat,hearté. In contrast, animals running less than five km
or more than 10 km during the four weeks did not demonstiate significant
improvements in capillary supply in the transition zone.
+ (2) a balance between exercise freqﬁéncy and mean running speed.
When animals were Exercised only three days per week for the month
(group B), maximum improvements in microvascular supply were observed

at the same total distance run as those animals in group A that ' ‘

exhibitéd significant increases in V Fv and C/F ratio. As animals

f3
!

in group B were only exercised half as often as rats in group A, this

indicates that animals in group B had to run at twice the mean ;peed

as their counterparts in group A to prdduce the same Eégree of ~

7 ’ ’ .

<




- revVascularization in the transition zone.

(3) regular reinforcement of the exercise periods. When the results
for exercise groups B and C (six days per week x two weeks, followed i

by two sedentary weeks) were compared, only animals in group B

. demonstrated significant improvements®in capillary supply, yet both - ,
groups of rats had been in the exggfise wheels for the same total '
amount of t?me. When the final grougﬁgf rats (D) were killed immediately ]
2 after two weeks of daily exercise, evidence of revascularization in
the transition zone was deteé?ed. This suggest§ that 1mprovement§
) : assoc‘iated with the two weeks of exercise for the animals in group C v‘
had regressed during the two weeks of inactivity.
(4) intermédiate total distance run,.a balance between exercise
frequency and mean running speed, and regular 'reinforcement of the

exercise period$ were found to be especially important for the initiation

and maintenance of improved values of V. and C/F ratio in the transition

£
zone. In contrast, conditions requ1red to alter cap11]ary f1ber
- : geometry were not as spec1f1c This is 1mp]1ed/by the fact that peaks
in the curves of FV as a function oﬁfd1stance‘run were cons1stent1y '
bfpader than those for Vf or C/F ratio, and improvements iﬁ mean FV
persisted when increases in V% and C/F ratio had ?ggressed (i.e. during
: tﬁe'two weeks animals in group, C were not exercised)i
Froé'the add{tion of the forced exercise protocol, it was
1earned that: |
- ~ (5) forced e;erc1se is not an effective medns of producing
simprovements in mean Vf and C/F ratio in the border zone. This is in
contrast to the findings of thelyo1untary exercise studies.

- . . .
(6) changes in mean Fv as a function of distance run for rats in

o
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the forced exercise regime are in good agreement with those of the
corresponding voluntary exercise protocol. This reinforces the
concept‘that the_conditions required to change cabi]]ary-fiber
geometry are not as specific as those neededytovstimu1ate capillary

growth. <

8.4 Possible Stimuli for Capillary Growth

A conspicuous omission in the thesis to this point is some
mention of the means by which exercise produced the observed
improvements in microvascular supply - and fai]§ to stimulate capillary
growth in certain other cases. "The question whtich has puzzled so _
many observers as to the factors responsible for £he formation of
neW‘capi]]aries‘sti]]nremains a matter of speculation" (C]érk and
Clark, ]§39). This s?atgment appears to be as valid today as it was
43 years ago.

Three factors thought to be responsible for, or conf?*bu%e to,
capillary growth have been mentioned in fhg”]iterature:

(1) Tocal tissué hypoxia. )

(2) mechanical expansion, or “friction' (shear streés) in the
minocircqlEE{;ﬁ. .

(3) the presence of a specific_but unknown chemical substance.
Evidence associating each of these three factors with instances of

capillary growfh will be discussed in turﬁ.

-~
~t
. .

8.4.1 Hypoxia 3

Roux (1895) first suggested that an increase_in the metabolic

demand of the tissue is the stimulus for capillary growth. More

recently, Leon et al. (1968) stated that " . . . myocardial hypoxia,

- ’ -
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due to the.increased metabolic demand of the heart during exercise,
' may actually serve as ‘the stimulus fqr the obse;ved vascular changes".
= Dther authors, including Tomanek (1970), Bloor e£ al. (1970), and
Hud1icka (198@) have ihp]icated hypoxia as a possible stimulus for
capillary growth.
Evidence presented 15 the literature indicates that exposure -
of aniéa]s to a hypoxic environment hag in some cases beennassociated
with an increase in capillary supply to the feft yenfric]e. For
example, Miller and Hale (1970) observed a,significént increase in
capillary density in~%he ]eft*ve?tricles of rats expoeed continuously
for eight weeKs to a sime]ated altitude of 5,400 meters (pO2 = 85 mm Hg)f
Valdiva (19éé) found that guinea pigs born at an altitude of 41268
metersl(pO2 = 97 mm Hg), or exposed to this altitude for up to six
montHé, exhibited a 10% increase in thenva]ue of C/F ratio in the 1eff
ventricle. Similarly, Becker et al. (1955) noted that puppies borno
. at 6,097 meters (pO2
of the myocardium occupied by capillaries than was found in the

= 78 mm Hg) had a greater per cent surface area

controls born at sea level. - Lund et al. (1980) also conciuded that

capillary growth had occurred in the left ventr1c1es of rats exposed
"

for six weeks-to-a s1mu1ated altitude of 6,100 meters (pO2 =78 mm Hg).q»u:

w!;

~

* p0, for a given a]tfiude was ca1cu1ated from the f0110w1ng L.

%at1onsh1ps

hm = 67.4 (T) 1og (po/p) hm
and ' . g
p

altitude in meters

temperature in K , ’
. ] 760 mm Hg .
Y - p atmospheric pressure at h_

T.M. Yarwood & F. Castle, Physfca]‘and Mathematical Tables.
London: Macmillan & Co. Ltd., 1974, -pg. 24.

.
e
¢ A
: -

pO2 = 0.21 (p)

»
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Intermittent "exposure to more severe hypoxic conditions also

- . . -
appears to be am effective means of increasing the myocardial vascular

- op——.

supply. Kerr et al. (1965) subjected rats to a simuldted altitude

of 22,000 feet (6'700 meters; pO2 = 67 mm Hg), btwo hours per day for

a tota] of 15 days, and f11]ed the coronary vasculature with an

acrylic casting compound us1ng the method of Stevenson -et al. (1964) )
The rat1o of coronary cast weight/heart weight was found to be ’
significantly greater 1n‘the altitude-exposed fat;:than_fn~ine contnois;

thus, the authors concluded that intermittent exposure to hypoxia

D A

* produged a significant increase in the capacity of the coronary

°t< »

_Vascu]ar tree. As with the studies of Stevenson et al. (1964), it

should be remembered that the casting compourmd may not have penetrated

. to the capillary level, implying that the increase in the ratio of

cast we1ght/heart we1ght pr1mar11y reflects growth (or an increase in
d1améter) of the coronasy arter1es, arter oLs; venules and veins.

In contrast to these f1ndnngs, C]a et al. (-1978) found no

Y ! ? - -
_evidence of capillary proliferation in the left ventricles of rats

: : / ~ ..
exposed for 34 days. to a simulatedealtitudefef approximately 6,000

meters (pQ2 = 80 mnf Hg). ' They conc]uded that the-healthy myocardium-
is more than adequately supplied with capillaries, and thatgcapillazg
density should not be expecced\to change in response to chronic -

hypoxia. 'In addition, Cfark et al. (1978) pointed out apparent . -
. . s . . .

- weéknesse§ in experiments which contradicted their findings. For

example, the increased area occupied by cap}1T3FTe§ observed‘by Becker

T

) .
et al. (1955) could be solely due to capillary d11ac2)1on, and not the

growth of néw wessels. This 1hp11es, however, thaj/ ap111ar1es have

._/’

the capacity to d11ate and contract, a con?ept which has not been

r's
3, N

v
N -t
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f'—\\.of 29 days. Nh11e,these results do not agree w1th those of M1L1er and

PRI
s

L]
-
»

S~

conc1us1ve]y proven to date ?héy)£1so noted that Milier and Hale
T

(19705 v1sua11zed the myocard1a1 cap11]ar1es by dye 1nJect1on, “and

@

2

‘obta1ned a ﬁa]ue of cap111ary den51ty 1n control- an1mals 0, ¢6ﬁ per;gn ) ®
enty

- wh1ch +is c0ns1derab1y 1e§s than. the accepted va]ues prev1ousTy pres

1n th6a11terature (refer to tab]e 1) .This suggests that'the1r

H e

x

1nJect1on methsd’dﬁd ndt f111 the m1cr0vascu1ature comp]ete]y, and

©

%slix\Teasurements they obtained in

v’

It shou]d be noted QOwever; thgt Clark e

) casts doubt on the 1ncreased de
=~

v
L]

-

_response to hypox1a. 1.
™
(1978) based their own conc]usﬁons on hearts 1n3ected‘w1th Ind1a Ink 3

's'.)', b3

~a method wrtb the same . shortcom1ngs and weaknesses as the procepure

kS

@
- -
.

*

LN

/ used.by Miller and Ha]e (1970) . . -

Y
~

Turek et al.
i, s
myocard1a1 cap1]}ary dens1ty or C/F rat1o

(1972) aiso Gbserved no significant incregse in
1??*rats c nt1nuousay exposed

to a_ s1mu]ated a1t1tude of 3 500 meters (pO2

10% mn Hg) for a~tota1

- Ha]e (1970) Va1d1va (]96?), Becker %t a1 (1955), und et a1 (1980) ) 2 .
/ - 4_ J .
. ahd Kerr et al: (1965) the d1screpancy is probab?y due to the - K\\_;

-

shorter exposure t1me and h1gher pO2 used by Tqrek et a]. *(1972).

..

T ége\cond ition

.»,,’ -

Y c?é;not pr0v1de an adequate st1mu1us for capillary

.agrowth 1n:hea1thy rat hearts

> - “a ~

o\

N L4

-d

-

L

exposure of'ah1maTs to cond1t}ons°of hypobar1c hypox1a appears to
-, - L'/

\""‘

-

‘.‘ -

‘q—-

';3' . provide s1m11ar protectuag to the‘myocard1um a J\' R . V..
. é;f‘ braor to cbronary artery occ1us102ﬁ Meenson e&.a] (T973) . _ﬂal '
. .
-3 exposed a grbup of rats t6 a s1muTat" :
v}.

[N

1N . 9‘

;‘:.:, ._’4{
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«.’ . ' ¢ 3 * e )
gisgp was reduced by a factor.of five to six times3 and the,epicardial
‘-surface area of. the lesions was approx1mate1y 35% smaller than those

-

, observed in ‘MI's not exposed to hypox1c cond1t1ons; S1m11ar]y, Turek

N

et al. (]980) found, that five to- seven weeks of constant exposure to
“a swmu]ated a]tltude of 6 000 meters reduced the extent of necrotic

1es1ons produced e1ther by 1eft cordhary artery occlusion or. 1nJect10n
'i’\

of 1soprotereno] McGrath et\a1 (1975) subjected rat§ to a sqmulated

l..‘

2 = 64 mé. Hg), vfour'hours per day for. four
“ -— s %

weeks pr1or to the injection of 1soprotereno1 The myocardium of the

a1t1tude'of 7 000 meters (PO

-

_animals exposed to the hypqxic condit1ons-prdved~to be " . .. marked]y‘

resistant to theanecrern1c effects of 1sopro;ereno1" * That 1s,‘both

* the extent of theénecrot1c ]es1ons “and "the morta11ty rate were 1ower
¢ T . . =

he;a1t1tude-exposed ratsw E : oe.

T contrast Turek et a1 (1980) observed that f1ve to seven’

K

weeks of chron1g exposure to 3 %OO meters (p02 =" 106 fmm Hg) or =

1nterm1ttent exposure to 6 000 meters, d1d not protecéatherhearts of

& L7
rats’frbm MI qnduced by 1soprotereno1 or cordnary artery 11gat1on

T It i s poss1b1e that chron1c exposure tg a s1muTated a1t1tude‘ofl
3 500 meters IS not sufficient to st1mu1ate,protect1ve adaptatlons i

1n the: myocard1um. Interm1ttent exposure to 6*900 meters must e1ther

x PR B o

be of ]ongervdurat1on (1 e. e1ght weeks, as 1n the study of Meerson.>

I >

‘et a1., J97§3 or modified to chron1c exposure to becnme effect1ve.?_

-~ -

T

)St b4 .

The means by‘aﬁ'ch hypobar1c hypox1a protects the heart~fpom “5 . ; -

‘ '

myocard;a] 1nfarct1qn 1s not known. It may 1ﬁ1t1ate capﬂglagy growth

- x
R

or cause an 1ncrease'1n the s12e of the coronary vascu?ar tree,(jurek :T "

,‘,,‘ et ai,s 1980 Meerson et a]., 1973),.1ncri?se the eff1 ,ency of"3%~mﬂvfl

L1

e, e anaerobic gy]co1ys1s in the heart‘(McGrath et a]*ﬂ 1975 TureK?et‘a1n, .

R
¢
‘e

-
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198’}%) ‘or increase the oxygen car;;mg capacxt_y of the b]ood (Turek
. et 'a1 ,\1980) 1 find it 1nterest1.ng that both exercise and exposure%
i%t-' - e hypox1c conditiohvs can reddce the extent .of damage caused by MI,
o ', and both are‘_as,somated w1th capillary growth in the myocardwm ' .
N ' . 8. 4 2 Mechamca] ex;)answn or 'friction'. (shear stress) -
".r . A ) o :«As.ear]‘_y as 13?3, Thoma pbstqlated that %’aptﬂames grow in
. ’ ‘ re’spohse to mech-a_nica]lexpansion of the mi,crovascu]ar.bed, caused bycu .
) -~ an qrncrea’se in blood .pressdre. * If blood pi‘essure is the determi‘n'in‘g ’
) factor in the formatwn of new caplﬂames, one wou]d ant1c1pate that )
- B more capﬂ]ary sprouts wou]d- form *From\ artemo]es or at the arteriolar
! end of the capillary bed, rather than g the venuﬂ’lar end (Clark and e
', : -0 Clark, 193;)) To date, - thds statement does-not appear to have been
‘ ° proven If mechamca1 expans1on o}\the m1crovascu1ar bed is 1nvo1ved
- in capﬂ%ary growth, it should also be poss1b]e to elicit nEOvascu1ar-
L a8 ‘ 1zat1on by 1nduc1ng Tong term vasodﬂatmn (Hudhcka, 1982) This has
L 1n fact been observed in skeleta1 musc'les of ratsNtreated with potent
.;( ..\w’ vasodilatory agents (wmght et a] ,,,]981) . ‘ N
*\;& w:.. V‘ - ’ C]ahk (1918) suggested that neovascu]amzatwn is 1nduced by J
- ‘ \\ * friction (i.‘e. shear stress) between the_f1ow1.ng b]_opd,and the .
i{ W endothelial cells. Similarly, Branemark h_ypothesi‘ée‘d that the
r’ - . . \pu’lsati"le movement of er‘_ythbocytes in hlind-ended capi]1arfy' sprquts .
, 5( B LT Q *,,,\ is 1mportant for. the~cont1nued ‘growth.af new capﬂ]ames "It is T
f:» A ) . .‘mterEStmg tb note that cap111ar_y sprouts in chronlcaﬂy s%rfnu]ated !
% - ;\« ske]e‘ta] mu\s les wére cons1$tent]y observed at bends: ‘m pre ex1st1ng
:ﬁ capﬂlames ?Mmege and Kudlicka, ]978) .Perhaps damage to the -
) 5:,: endothehaﬂ ce]]s at these- sites 1nduced the1r prohfemtmn
k- - ‘
U » 'S .
T .

T

LE




could be a factor in st1mu1at1ng capillary growth in the heart

(Hud11cka, 1982), and may in turn explain the assoc1at10n,between ;

«

exercise: and myocardial neovascularization. It must be remembered

wever,.that blood flow through the coronary vesseﬂs occurs almost \

e;\lgglxelz/dur1ng d1asto1e As heart rate increases, coronaryablood

flow also increases (Barnard et al.,1980; Stone, 1980; Klocke and

2
-

Elis, 1980), but the per cent t1me the heart spends in diastole 1s gﬂqb

‘ * shortened. Perhaps the 1ncreased flow and distension of the cag11]ar1es
// ” ° does not last jpng enough at hdéh heart rates:to stimulate capi11ary
growth (Hudlicka, 1982). Thus, at high heart rates, damage to i
the endothelial cells caused by increased blood flow may not be a
plausible explanation for capillary growth in the myoeardium
(Hudlicka, 1982).

This implies thath;adycardia (accompdnied by an increase.in

~ - »

the total duration of diastole) may be more inclined to promote ‘
cap111ary growth than tachycardia. Evidence in suppdrt of this idea
. was provided by Wright and Hudlicka (1981): when, sthe heart rates of
- ' rabbits were ma1nta1ned at appngx1mate1y ha]f their original va]ue
by chronic electrical pacing, increases of up to 70% in myocardial -
capillary density were observed. cIt is also interesting to note that

L3

P ‘naturally 'athletic' anima1s such as hares and glld rats have lower

rest1ng ‘heart rates and higher values of myocard1a] capillary dens1ty

e than the1r domestic or laboratory counterparts -(Wachtlova et al. 1965,
‘Wachtlova et a1.,\]9§7)3‘ These data suggest tnat increased duration of
’coronary blood flow associated with an {ncreased duration of diastole

[}
(a product of exercise training) is responsible for.nﬁavascu1arization

¢+in the myocardium.
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_anje mechanicaf factors may play a role in capifﬁary
proliferation, this cannot be the udiversal stimulus for the growth

of new vessels. Neovascularization has been observed in embryos, *

even after the removal of the hee}t (Clark, 1918),*or chemical
inhibition of heartbeat (Stockard, 1915). Thus blood pressures,
pulsatide flow or shear stress do not explain embryonic capi11ary'
growth. ’ ‘

8.4.3 Presence of an unknown chemical -

s P
Loeb (1893) suggested that the growth of new vessels 1s a

“"trophism", responding to the presence of.a specific chemical substance.

k) .(‘ ‘o
Perhaps a specific metabolite or compound present in MUSc]e and‘heart
! .

dur1ng cond1t10ns of hypox1a or exerc1se, acts directly on the
L Ay

endothelial cells to produce caplﬂlary sprouts, or stimulates 1ncreased
blood flow which in turn promotes ‘the growth of new vesséls.

Identification of such an'hgent offers the ideal exp]anat1on for

-

capd]lary'growtgf but to date the naturepof this chemical has not

-

s been documented.
1 ! ’ ) <
. . ‘. ' ‘
8.5 Hypothesis ,

By What means‘does exercise produce the observed improvements

in cap111any supp]y in the transrt1on zone 3f MI's? ~No obwious
answer to this quest1on has been prov1ded 1n the 11te?ature however;

| I beljeve therg;are-two po§s1p1e theories that cou]d explain my
experimenta]‘re;ults:

) cap{Thary growth im the transition zone is governed by 'friction',

or shear stress in the microvasculature.

¥

As the mean running speed of théjanimh1s‘in the ex&rcise

. .
- ’

¢
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protocols is increased, mgan exercise 1ntens1ty is a]so 1ncreased

ey o

this is assoc1ated w1th a larger va]ue of exerc1s1ng heart rate ' ’ 3
The increase in exercising heart rate 1; qgcompanled by greater -

toronaryfblood flow (Barnard et al., '1980; Stone, ]989), thereby

o
¥

_‘dnitielly stimulating capillary proiiferatioh by,mechénica] damége to <
. - the endothelial cells, :At some qriticallve1ue‘of heart rate, when
- ,tetaT duration of diastole is deereaseq, the 1engte)qf time the
capillaries ene subjected to distension and increased flow would no

lohger be sufficient to act as a stimuius for capillary growth. Thid

explanation would account for the faét that only moderate exercise is

associated with significant improvements in cabi]]at& supply. That is,
a certain minimum increase in coronary p]ood f]owlis required to ’

L E ‘ initiate 1mprgvements in Mf, but the stimulus for rgyaécu]arization

is no fonger present at the hfgher heart rates because of the

shortened duration of d1asto1e - : - N
s 3 Why was no ev1dence-of cap111ahy growth observed in the

[N . )

forced exercise protgcol? Emotional stress ‘associated with forced

~

exercise (as mentioned by Leon et al., 1968 and.B1oor et al., 1970): —y

' may have increased the heart nate above that caused by the exercise . - .

-

alone, to ;he point at which the duration‘of diastole was decreaéed, o
and’the'stimu1u$ for capillary growth'wa§ not presenti 3 :. . oo . N
' i fReca11 the idea‘that 1ncreased blood flowﬁeuring restiqg |
'bradycard1a (a produgt of exert1se tra1n1ng) may be re bons;b]é qu NS
‘ cap111ary growth in the heart In my exeer1meﬁts, 1 do” not feeiathe
MI's were exercts1ng at an.intensity suff1c1ent to resu]t in rest1ng
bradycardia.- Even 1f bradycardia had resulted, tben the an1mals . - L s

. exerc1s1ng a't the greatest 1ntens1ty would be expected to demonstrate

.
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jo the training effect, and the acqompanying capillary growth.’ In fact,

these rats g}hibited_no significant increase in capillary supply in the:

fransition zone. E

e

. As is stands, the theory relating coronary\blgod flow to" . '

—

© capillary growth does not explain why healthy rats musﬁ‘gxerciée at y
an intensity of 85% Voz_max to initiate neovascularization in the

myocardium, yet'M{'é running at 60% to 64% NO, max exhibit a significant

¢

2

increase in Vf in the transition zone. This implies that, at a given
N N *

exercise intensity, the rate of blood flow is higher u% the transition

zone than in healthy myocardium. Recall that one ‘of the three
determinants of myocardial oxygen deménd is contractility {Klocke and

‘ E11is, 1980; Guyton and Cowley, 1976). If the contractility of the

.

transition zone differs .frdom that of normal myocardium, its oxygen
consumption would also be expected to differ; this could result in a /2

difference in b]ggdffﬂbw’to the border region. To my knowledge, no

et ™ -

. ] such compariﬁoh of contractilities, oxygen demand, or blood flow

<

measurements between the transition zone and healthy myosgggiym has
A P .

! . ! ®
w, been presented. :

”

(2) Tocal tissue hypoxia stimulates xevascularization in the

.

o : transition zone. : )
\ . As heart rate increases, the rate of myocardial oxygen

. cdﬁéumption also increases and, as a résult, muscle fibers in the
. . .

transition, zone are in danger of becoming hypoxic (refer to Chapter

-
-

. . Four). Pergéps'metabﬁjjﬁ hypbxia is the means by which capillary °

. . » 3 1] - : ' - N - i
. growth is iritiated in" the transition zone in response to exercise.
” N q L4

— e

DR

Hybo;ia could either have a diréct effect on the endothelial cells, -

: or, because of the shortage of oxygen or an accumd1ation of metabolites,

’ i -

PP P R Y

O R




" intense activity, ‘the theory does explain why revascularization occurs

: - R - %
stimﬁ]ate revascularization indirectly by increasing the ré&é of
coronary blood flow. - - . . -

. This hypothes{s implies that as mean running iﬁtensity increases,..

heart rate and therefore myocardial oxygen demand (and the hypoxib
stimulus for céBi]]a(y gréwth) also increase. It fails to e§p1ain )
why no significant increase in mean Vf occurred in rats in fhe . e
voluntary exercise protocols that ran the greatest total distances,

*

‘or in any of the anjmals in.the forced exercise regime. Under these

cond1t1ons, the heart rate, demand for oxygen, and thus the hypox1c“*
stimulus shou]d be greater than during more moderate vo]untary exerc1se,

when cap1]1ary’growth in the transition zone was observed. Other

factors counteracting the stimulus provided by metabo]jc hypoxia appear

b 4

to have come into play. - \ _
It seems reasonable to assume that the actua] process of
cap111afy growth has a metabolic oxygen regu1remen§ It a]sooseems
logical that the maintenance of tissue metabolism has priority over
the growth of new vessels. Thus, at the higher heart rates, perhaps
é]]‘of.the Timited oxygen supp];'fé.us;d to attempt to maintain the f
viability of the muscle fibers, and none remains for the initiation ’
of new capillaries. If hjboxig_prqmotes capillary growth iqdirect]&
bx increasing coronary b]ood\flow,_jp is possible that, as mentioned
previously, the decreased dyration of diastole at higher heart }§}§s -
,effectively removes the mechanical stimulus for rzvascu1arizétion.
While it js difficult to explain how hygpxia a]one’qan account\) : 0

¥or both capillary’ growth in tHe transition zone in -response to

moderate'exeréisq and the absence of 6api11ary growth with more

4



R

-

~ ’ . . : 173

at lower exercise intensities in MI's than in.hegjthy hearts. Since-
. , . [ .-&a )
the capillary supply in the transition.zone has been reduced, the

i 'degree of tissue hypoxia would be greater g this region than’in’

- - TN =7
normally perflsed myocardium. ' Thus, a ﬁower exencise intensity i#

required by+MI's to prqduce hypoxic conditions of sufficient severity

.in the transition’ zone to initiate capillary growth. ’

Neither the theory of shear stress nor that of Jocal tissue

: Bypoxig offéfs a complete énd plausible :§B1§ﬁation fo;:aij the kgsufts
obtained from my exercise experiments. Rathé}, I éuspect that both
metabolic tissue hypogja and mechan{ca1 damage to the endothelium

) acﬁftogether to: promote caPil1dfy growth in the heart - ise. tﬁa
mdgnikude of the mechanical stimu]ﬁs may be' controlled by *the degreé
of tissue hypoxia. The qffectiveness of these two factors is 1imited
_by heart rate, or, moﬁé specifically, by the shortened QUratfon of
'diéstb]e associateq wi%h incyeased heart rate. At. this gritical point,
"the absence of the mechanicé] componen€ of the stimulus overrides the
influence of’metabolic'hypoxia, and capillary growth can no longer -
take place.

. This en&ire line of reasoning is based on two simple

assumptions: . -

Ea (1) heaét rate increases as the méah running speed of the animals
increases. . | R
o {
N (2) heart rate in animals forced to run at a given speed is greater
than in animals running voluntarily_ at the same speed.‘
. Confirmation of these assumbtions?by direct measurement of exercising
~ heart rates would strengthen the hypothesis'considerably.
b "While possible factoré associated with capillary growth have
< ¢ ’ . _ ) i
. ® ‘ .
4 ' ’ ) ! <
¢ ¢ ' ) Y
. ¥ ., {
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previously'been discussed by other authors, no dechanisms to explain
changes in capillary-fiber geometry have peen offered. Thts is not

surprising, as measurements of Fv in response to exercise, hypoxia,

L]

etc. have not appeared in the literature to date{
If the observed decrease in'mean F in the transition zone

represents an_ adaptation to equalize mean 1ntercap111ary distance

and reduce the incidence of hypoxic pockets of tissue, then it is %

reasonab]e to propose that cap11]ary-f1ber geometry is sensitive to

tissue p0,.. If this is true, then it would suggest that the growth

X
of new capillaries (thereby reducing the degree of' tissue hypoxia)

should be accompanied by a return to normal capillary~fiber geometry.

<

This was in fact observed in the voluntary exercise studies, in which

’ } L] 0 - -
increased values of mean V. in the transition zone were accompanied by

f
increases in mean FV values.
Thjs does not explain, however, why in some cases‘increases in”
mean FV were dbserved in the transition zone Qithout evidence of
significant capillary growth (i.e. in the results of the forced
exercise protocol, and group C of the vo]untary exerc1se stud1es, in
wh1ch significant improvements in mean Fv persisted even when_1ncreases
lfin mean Vf had apparently regressed). If the value of Vf observed in
the hee]thy rat heart contains the ‘margin of safety' mentioned
.earlier in the discussfon, per%aps a lower value of mean Vf than is
normally found in the controls (but higher thadmthe Vf value in the'
transition zone of unexercised MI's) is sufficient to increase tissue .
pO2 to the boint at which the protective effect of the rQZuced mean F

is no Tonger required. In other words, s1gn1f1cant 1ncreases n mean

FV could preceed (tHerefore be observed 1d the absence of) stat1st1ca11

)
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sign%ficant increases i mean Vf. Thus, this hypothesis could account
for the résu]ts.of the %orcgﬁ exercise regimg, group C of the vB]untary B
v exercise studies, and the broad peaks obse;ved éonsistent]y in the
graphs of FV és a function of distance run, _ . - .
S 8.6 Sdbgestion; for Further Stuéy -
. As has been'mentioned at several poiﬁts throughout the thesis,
the two primary objectives of my research Were:
(1)_to determine whether or not a transition zone is present in an
animal model of chronic myocardia]yinfarction.‘ ,//’-
(2) @o‘ascertain whether or not exerciag can se}ve ag a stimulus
for nevaséu]arization in the transition zone.
1 be]iege that both of these initial objectives have beeh met. However,
in ?he prqpéss, many additional questions have been raised, and as g ’
.result.this project could easily be extended into a number of possible :

directions.
.¢' For example, in my experiments, values of Vf, Fv and C/F ratio ) -
were measured five/weeks fo]]owjng the occlusion of the left coronary
' artefy. It~woﬁ1d be interestﬁng to measure changés in these variabies,
yj::jas well as the extent of the transition zone, as the necrosis evolves.
(i:e. from six Hours to five weeks following coronary argery Tigation).

-

. k3 . -
- - This could be cpmbined with & study of the capillary supply in the
- ,.' . . 4' ,
o remaining 'normal' regions of the infarcted hearts. Since most

clinical experiments concerned with salvaging the border zone use a
>

- :
canine model of MI, it might.prove useful to perform a similar sort of
\\S study in the dog. In terms of the exercise-studies, an infinite

selection of exercise protocols could be tested to further definé the

= \
1]
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relationship begygen exercise and revascularization in the transition
. =i <

zone. Specificaiiy, it would be interest'ng'to determine whether

improvements in mean Ve FV and C/F ratio in response té four weeks
of daily exercise are.stab1e, or whether they would also regress }
if the animé]s were keptda]jvgany Q§ longer exercised.

I believe the most intefesting (and most challenging) extension
of my project would be én‘attempt to ident%fy the factor(s) assoc?éted
witﬁ exercise that stimulate cap{1iary growth in the transition zone.
For example, can the trends observed in mean Vf, FV and C/F.rqtio‘as
,é function’ofkﬁstance run’ be duplicated by subjeEting a group of
MI"s to various h&pokic gas mixtures? If a positive correlation was
observed between the results of'these two experiments, ‘this wou[d no; -
~necessarﬂy prove that cgrtain levels of hypoxia act as a direct
stimulus for eapillary growth ‘in the transition zene; many other

. - ‘ e .

factory may also be ‘invglved. However, if no. improvement in capillary

b )
.

supply were produced, hypoxia could effectively be ruled out as a
stimulus for revascu]arization; and other possible explanations
(such as mechanﬁcaivfactors) could be pursued.- This clearly represents

‘an area worthy of further study:




» EXERCISE GROUP'A: 6 days/week x

weeks (n=17)
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301
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APPENDIX: Anatomical Data
" Initial Body Final Body Heart Wt. __ Necrosis: .
Wt. (gm) Wt. (gm) (gm) Hof Left Ventricle
CONTROLS (n=5)
180 250 1.00 -
201 * 354 1.05 -
195 287 1.00 -
225 367 0.98 -
225 359 1.15 -
. MI'S fn=7)
' 180" 300 1.10° | 289
200 €t " n7 1.25 26% -
210 357 1.23 37%
246 °3R7 1.12 23%
254 0o 1.18 32%
160. 304 1.15 26%
256 393 1.12 i
50's (n#2)
© 212 354 14 -
210 377 1.07 -

21%
30%

2%

32%,

23%
25%
28%
31%
24%

O O O OV e s N NN
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‘ Initial Body Final Body _ Heart Wt. Qécrosis:, Distance - "
Wt. (gm) Nt (_(gfﬂ) (gm) % of Left Ventricle ° '(km) .
) : O R - o
EXERCISE, GROUP A: 6 days/week x 4 weéks (cont'd) + - o
v 1700 T 2300 1.19 38% 830
) . 182 343 1.20. “29% - 8.68 -
174" . 330 .07 L, . 26300 . - 9.9
. 185 20 -2, ©30% 11.56. \
191 - » 330 & 1.2 0 733 . 212 86 :
S 180 359 .7 7 1.23 . (26% < 3 *-15.20 @
SN T 308 < 1.10 29% . 24.94 -
203 356 g R 25% © 27.90 oI
\ - ".‘ S 3 . - ,. .'
EXERCISE GROUP B: 3 days/week x 4 weeks (n=9§, I .l
- 220 , 390 1.16 23% . o 2.27
L2222 319 1.02 243} 3l L
200 . .357 1.13 21% BEEE RN
PETIA B 1.09 . 24% 3412 ‘
. 185 - . 261 0.93 25% .~ 7.16
» 177 300 . 103w 0 T 324 o794 e T
- 229 375 JhLTs 20% 8.24 1 ¢
.. . 202 o8 1.6 27% 0% 8756 '
A 218 ;375 112 X T s, 84 o
) A 4 = - . ‘ .
EXERCISE GROUP C: 6 days/week- x 2 weeks + 2 sedentary weéﬁ (n=12)
, 20 (. 370 1.14 . 22% :0.96 .
> 20 382 1.26 . o-.to28y 1.99 -
St 199 302 0.97 . 28% 2,28 -
o921 T 398 1.25 27 .o 2.93 -
5 - Y ‘ P
208 - . 395 1.2 29% (4 3298
R A 3%7 7 1.16 ,23%, .. 4.15
.- 218 34 . 100 T RS S | -
. 222 396 0 1.20 ' /54% /$ >+ 4.9 ,
' 234 .3 .23 fo2 L. 89
© 206 384 s -1.19 1224 6.03 .-
o 7 . S o
\ , . - "—A' . ) . i.\_ g
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Initial Body ~Final Body Heart Wt._ Necrosis:  Distance
Wt. (gm) Wt. (gm) ~» (gm) % of Left Ventricle, (km) - »-

N

>
PIRE

-

EXERCISE GROUP C: 6 days/week x 2 weeks + 2 sedentary weeks -(cant'd) -

218 363 1.10 - 26% ™ 8.29
213 - 355 1,23 ' 31% ) 9.14°

€

EXERCISE GROUP D: 6 days/week x 2 weeks (n=8)

" EXERCISED CONTROLS (n=3)

.97 _28% 0.12 )
.00 31% 2:01 .
.02 30% : 2.8 -
.00 : 25% 3.82
.04 35% 3.95
.98 Ry . 4.80
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