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ABSTRACT

Functional csronary intercapillary distances {ICD's)
under norloxeiia (Pa02 ; 150 amHg) énd hypoxemia (Pa02 < S0
amilqg) vere obtained using the +technique of séog-notion
cinematography of the surface of the beating rat heart in
situ,

Between the age of 49 days and 200 days, the foronary

ICD under normoxemia increased from 15.68 um to 19.37 un

. while the coromary ICD under hypoxemia increased frdl 15.60

uﬁ to 19.91 ua. When these ICD's were converted to
capillary densities, the capillary density under normoxemia
decreased almost exponentially with' left ventricular weight
from 4070/am2 to a plateau of 2670/mn2 while under hypoxemic
conditions, it decreased linearly with left ventricular
veight from 4110/am2 to 2520/nm2. - Consequently, the

capillary reserve varied with  left ventricular weight,

‘appearing when the rat reached 49 days of age, reaching a

‘maximum of 700/ﬁn2 (21%) when the rat was 62 days old and

disappeariné at 200 days of age.

Hh?n the heart was denervated by hetaerotopic
isotransplantation there was no significant difference
between the normoxeamic (18.46 um) and hypoxemic (18.59 unm)

Rean ICD's in-one day tramnsplants. In addition, +these ICD

- iv -~



values were similar to the amean ICD (18.47 um) predicted
from thge left ventricular weight under hypoxemia, suggesting
that the closing of coronary precapillary sphincters‘hight
have been neurally mediated.

In the longer - term . (5 days). heterotopically
isotransplaﬂted-ﬁéarts, cardiac atrophy had aiready started;
the average loss of left ventricular weight was 8%. ' There
was'no significant difference betueeﬁ the normoxemic (17.10
um) and hypoxemic (17.09 um)lnean ICpts. In Addition, these
ICD values were shorter than the mean TICD (17.76 un)
predicted from the left veniricular'veight.under hypoxemia,
suggesting that existing cép;}laries daid -not obliterate
during the process of cardiac atrophy.

When  cardiac - hypertrophy was -induced by
sugdiaphragnatic aortic constriction, 1leading to én average
iincrease of left ventricuiar wéight by 63%, no significant
difference between the nornéxenic (18.89 um). and hypoxemic
{19.33 um) mean ICD's was observéd. Fhrthermoxe, these
ICD's were longer than the mean ICD (16.67 um) predicted
from the body weight under 'Lypoxemia, suggesting that

cardiac hypertrophy caused an increase in ICD and that

coronary capillary reserve wvas exhausted even ander

normoxemia.
Finally, . frequency distributioas of ICD's were

conputed from data obtained under normoxemia and hypoxenia;
The skewness. and kurtosis values indicated normal

distribution.




TABLE OF CONTENTS

ACKNOWLEDGENENTS . . o © o . . . 4 w0 v v w v i .

ABSTRACT L ] - - - - - . - - - L] - - - - - - - - L] - -

Chapter

I. ) I“TRODUCTION - - - - - - - - » - - - - L] - - -
Injection of contrast medium . ‘. . . .

Staining of the trapped red blood cells , .
Staining of the Capillary endothelial lining
Capacity of the terminal vascular bed * e a
In vivo studies . , . , . . . . . .. s e .
Objectives of study . . . . . . . s e 4 e

II. HETHOD o & & o o 0 0 4 4 4 e e e m e ol

ITI« BESULTS ¢ o v o v 4 o o 0 o o w o . . .

o+

Production of cardiac hypertrophy and atrophy
Cardiac hypertrophy . . . . . . .
Cardiac atrophy . . . . . . . .

Experimental protocol . . . ., . .
Normal amd hypertrophied hearts
Transplanted hearts . . . . . .

Optics apd filming . . . . . . .

Oxygen electrode bypass systen .

Data processing and statistics .

- - »

LI B Y

-
-
-
-
-
* -
- -
- -

L]
L]
[ ]
1

Effect of growth on capillary density ., . .

Effect of one day transplantation on capillary

denSitY - - - - - L] - - - - - - - - -

Effect of seven day transplantation on capillary-

density - - L] [ ] - - - - - - - - - - -
Effect of hypertrophy on capillary density .

Cosmparison of capillary densities obtained with

11X and 22X objectives . . . ., . - s .
Prequency distribution of the intercapillary
distances . . . . . 4 4 4 W 0. . .. .
Normal hearts . . . . ., . . .
One day tramnsplanted hearts .
Seven day transplanted hgarts
Hypertrophied hearts ., .' . .

. L N 1 .
. & 8 0
= 5 s @
S & 5
* % 9 »
¢« 2 8

L= yi -

. * L ] . [ ] L] [ ] .

* 8 0 s 0

iis

page

LT I T A}
-
oUW

17
17
17
19
19
26
27
31

« 37

L 46

.« 51
- 53

« 58
« 60
« 60
« 65
. 68



Iv.

v‘

Table

1-

9.

10.

DISCUSSIDH - - - - - - L ] L - L ] - - .‘ - - - L] - - - 74
Effect of grovth on coronary capillary density . .74
Effact of one day transplantation . . . . . . . B6
Effect of seven day tramsplantation- . . . . . . B8
Effect of cardiac hypertrophy. . « ¢v « « «.« . &« 89
Compariscn of capillary densities obtalned with

22X and 11X objectives . ¢« o . &« « « & . < 95
Frequency distributions of the coronary
intercapillary distances . . « . . . . . . 96
NOI.‘Ial hearts - - - - - - - - - - - - - [ - - 97
One day transplanted hearts , « « « « « « « « 98
Seven day transplanted hearts . . + + « « . « 99
Hypertrophied hearts . . . . . . . . . . . 100
SUMMAEY v 4 « o o o o o o o o o o & g 102
BIBLIOGR&PHY - - - - - - - - - L ] - - - - - - - L ] L] - L] 106
LIST OF TABLES .
page
RELATIONSHIP BETWEEN ICD AND LEPT VENTRICULAR WRIGHT IN
NORHAL HEABTS L] b - - - L] - - - - - - - - - - - L ] 39
CAPILLARY RESEEVE IN HOBHAL HEARTS o o« o ¢ o« o o« « « U5
ONE DAY TRANSPLANTED HEARTS . . . ;\EtQJ. e« s o = o 47
SEVEN DAY TRANSPLANTED HEARTS .+ o o o o o o o = o o 52
HYPERTROPHIC HEARTS o o o = o o = o o o o« « o o « . 55
ICD"S OBTAINED WITH 13X and 22X OBJECTIVES . . e o « 59
FREQUENCY DISTRIBUTIONS OF ICD'S IN NORMAL HEARTS . 62
STATISTICAL PAEKAMETERS OF THE COBONARY ICD FPREQUENCY
DISTBIBUTIOHS - - . - - - - s .= - - - - - - - - - 6“
FREQUENCY DISTRIBUTIONS OF ICD'S IN GNF DAY
TRABSPLAHTDD HEAHTS s = * & = - . . + - = P - 66
FBEQUENCY DISTHEIBUTIONS OF ICD*'*S IN SEVEN DAY
TBANSPLANTED HEARTS . . & o 4 ¢ « = a s o = = » « 69

e

- vii -



11. FRfQUENC! DISTRIBUTIONS OF ICD'S IN HYPEETROPHIED
HEABTS - L] .. » - - - - L) - - - L] - - - - - - L .. 72

LIST OF FPIGURES

Figure - . page
1. surgiéal preparation of the animal . + . o o « . . . 21
2. Ray diagram of the opttzélféystem e o 8 = o e e-2 « 29

3. A typical tracing of tX capillary pattern in the rat
subepicardium * " * 2 ¢ ¢ = = s 2 4 4 = s+ e« = e « 34

q. Typical capillary pattern in the rat subepicardium in
vi VO (270’ - - - - - L] - - - - L] - L] - - '. - L] - 36

5. Relationship betveen capillary density and growth in
nO]:la.]. hEartS - L - - - - - - - - - - - - - L] - - u1

6. Helationshié between capillary reserve and LVé . . . 43

7. Belationship between cardiac pressure=-volume work and
age - » * = ¢« o A N L o"- s & s e, u3

8. Capillary densities %? Sne and seven day transplanted
hearts . . . . .

“ + * 4 o s e 4+ i s s e e e - 50
9. Capillary densities in hypertrophied hearts . . . . 57
10. Average ICD histograms in normal hearts . . . . . . 63
11. Average ICD histograms in one day tfanSplaﬁis « « o« 67
12.* Average ICD histograms in séven day transpiants -.« 10

13. Average ICD histograms in hypertrophied hearts . «.e 13

14. Oxygen tension profiles surrounding the veanous end of&i
capillary - - - - - - L] - - - - - - - - - - - - -

15. Individual data fronm hypertroph{%d hearts . . . . 93

-

3 - viii - | f”//



Chapter I

IHTRODUCTIOﬁ

The h?fff//is an'organ which is conti£6usly working
and has a limited 'énaerobic capacity; Just) two to five
minutes of anoxia can lead to’ irreversible damage and
therefore oxygen supply to the bLeart has to bevcontinuously

maintained. This supply is almost enzgzéiszrovided-by the

coronary circulation. A large amount of research work has
been done on the macroscopic 1level of the corcnary
circulation; however, the physiology of the coronary

microcirculation repains relatively unexplored, especially
on tﬁa 1evé1 of the capillaries. The understanding of the
physiology of thé capillaries 1is important because it 1is
whére most of +the exchanges between blooed and tissue occur

and this is where oxygen is transported to the myocardium by

diffusion. The diffusiomnal transport of oxygen was first

described mathenatipally by Erlang at the request of Krogh
in 1919.  Since Krogh, similar mathematical studies have
béen made utilizing more sophisticated models (Blum, 1960,
Hﬂd#on and cCater, 1965, Grunewald and Sowa, 1977). Besides,
Kety (1957)"apd Rakusan (1971b) studied the importangf of
individual—v;riébles in the FKrogh-Erlang's equation. They

found that one of the most important determinants of tissue



oxygen tension was ihe diffusion diﬁﬁance, which cbuld be
described as the radius of the Kroéh's cylinder or half of
the distance between adjacent capill&ries. The in vivo
changes of the coronary infbrcapillary distanceg {ICD*s) in

response to various stimuli is the Subject of this thesis.

N -

) Research on myocardial midrocirculat;on in vivo is
difficult due to many technical problems. First of all, the
heart is an- organ which is constantly poving and therefore
it is difficult to use the standard’ stationary microscopic
systen without external restriction of the cardiac
movements, Secondly, the chief working part of the heart,
the wventricle, is a thick-valled structure which cannot he
studied with the conventional transmission light microscopy.
Laétly, the heart 1is connected to the wmajor blood vessels
and is-covered up partly by the lungs, therefore handlinggaf
the heart can easily damage both 'the lungs and the heart.
Due to these problems, early studies on the coronary
terminal vascular bed could be made only on hearts posé

' mﬁrtem. '

Various methods were used to determine the capiilary
density in the heart. TInitially, they included injection of
the coronary netvofk with suspensions, staining of the
capillafy endothelium and the staining of the trapped red
blood cells. In later studies, a "semi in vivo nethod"‘uas

\devised which involved the . mpeasurement of terainal vascular

capacity after quick arrest and freezing of the heart so.as‘



to obtain the tissue closest to its in vivo state. Finally,
the @most recent method in use has been the stop-motioﬁ
cinematography of the beating heart in situ. The details of
the individual methods mentioned above are outlined imn the

following paragraphs.

1.1  INJECTION OF GONTRAST MEDIUM

Wearn was among the first who successfully infected
the coronary capillaries with India Ink (Wearn, 1928) .
Others later tried Berlin Blue ({Shipley et al., 1937,
Chicago Blue-Gelatin (Roberts and Wearm, 1941), Biological
Ink (Tomanek, 1970), iodized pigmented gelatin (Hales and
~Carrington, 1971, barium sulphate follovéd by X-ray
nicroscopy (Ljunggqvist and Unge,. 1972) and silicone rubber
(Bassingthwaighte et al., 1974). A11 these injections were

done retrogradely throggh the aorta and it was found that

the beating of the heart was important in assisting the

entry of the suspensfon into the capillaries. Injection of
non-beating hearts often yielded very poor results (Brown;
1965) . Concerning the size qf the injected particles, the
following problems arise. When the particles are too big,
they will get trapped in the. precapillary vessels; on the
other ﬁand, when they are too small, they will leave the
capillaries after +the injection when the perfusion stops,
which may be due to the intrinsic instability of the

capillaries. Therefore, a range of particle sizes which

qives optimal results has to be selected for each species.




In addition to the above, Ludwig (1971) 1listed other
possible factors causing inco-plete filling of the coronary
capillary bed such as (a) mechanical alterations during
removal of the heart, (b) presence of air microemboli or
large size particles in the suspension, (c).systolic cardiac
arrest, whereby the contraction of the myocardium could be
s0 strong as to prevent the local penetration of the
suspension, (d) endothelial edema, (e) incomplete ciosure of
the aortic valves  due to excess pressure, causiﬁg the
dilation of the left ventricle which, if severa, could
compress the coromnary arteries to prevent perfusion, {f)
possible loss of the suspension through the thebesian veins
and the arferioluninal vessaels. The question of whether all
capillaries can possibly be injected therefore remaias
unanswvwered., Krogh early in 1919 reported that he had never
observed a capillary containing India Ink withdugj‘
erythrﬁcytes. Willner and Groom in 1977 showed that with
Microfil, even with filling pressure of 450 cm H20, only 85%
filling was obtained. 'Lastly, even if all the capillaries
were filled, it is not certain if all of them are fully
'distended; consequently, thelr diameter may not be the sane
as the diameter in vivo. This is important because their
incomplete expansion may result in false high capillary
densities. In viev of the -;bove, the injection method is

not commonly used at present.



1.2 STAINING OF THE TRARPED BED BLOOD CELLS

This isla relatively udreliaﬁle method because after
the heart stops beating, the blood has a tendency to 1ea§e
the capilla?ies. This pheﬁomenon vas naned by'Nichol et ai.
(1951) as "crit;cal'closing".' Furthermore, even if ail
the blood should “gewmain in the capillaries, the red Qlood
cells im the capillaries would be separated by a column of
plasma, therefore it would be highly unlikely that all the
perfused caplllaries 1in a cross section would .contain-red
blood cells. Reynolds et al. (1958) ©used this method and
‘raported rather low capillary densities. Conéequently, this
ﬁethod is rarely 1in use today. However, a nev method for
counting the perfused capillaries using trapped erythrocytes
as‘ marker has been devised (Hdnig et  al., 1980) . It
involved the use of thick _ frozem tissue blocks with
capillaries cut in cross ﬁ%gction; and tracking for
erythrocytes up to 50 um from +the surface of the block so
that all perfused capillaries would contain erythrocytes
provided that they were not apart nmore than S0 unm. This
nethod was used to study capillary recruitement in skeletal

muscle and could be applied to the study of the coronary

microcirculation as well.

1.3  STAINING OF THE CAPILLARY ENDOTHELIAL LIKING
The Periodic-Acid-Schiff's method (PAS) (Hort and

Hort, 1958) and the alkaline phosphatase staining method



{(Gomori, 1939) hawé been the counsn choice. The PAS method,
in particular, has ﬁeen most often used in studying coromary
capillaries. This approach is superior to the imjection
method im a semse that all capillaries may be revealed
(Hillner&ét al., 1977]7 Oon the other hand, the staieing
method has all £he disadvantages inherent to histologlcal
metheods such as shrinkage and distortion of the tissue
geometry during processing. Also, both the PAS and alkaline
phosphatase stains cannot be used in young aninals .in the
early stage of development because capillaries in this stage
will not take up enough stain to give apn adegquate contrast
for quantitative evaluation. Nevertheless, the staining
method remains the method of choice in postmortem studies.
Besides counting the number of capillaries,. measurement of
the average alkaline phosphatase enzyme activity has also
beea wused as an indicator of <capillary density (Dowell,
1575) . This is.a method wvhich stands between the staining.

and the indirect method as will be discussed below.

1.4  CAPACITY OF THE TEBRMINAL VASCULAR BED

——

Besides the direct observation of the capillary
network there was an indirect approach vhich measured the
capacity of the terminal vascular bed using tracers. If the
tracer was trapped only inside the capillaries and if the
diameter of the <capillary vas known then tha average

capillary density could be calculated. The oldest and still



in use tracer is the radiocactive It!3t-Albumin (Myers and

Honig, 1964) . Other tracers included CrSI-erythrocy%g,

(ﬁyers and Honig, 1964), Fe359-Siderophilin (Weiss and
Winbury, 1974), and Cr31-Albumin (Duram et al., 1977). The
indirect method can give only the average estimate of the
capillary density, but it has the advantage of being less
time - and work consuning‘ and it does not have problgls
inherent to histological techmniques. It was often used for
comparison studies sol that the systemic errors such as
incomplete trapping, et;. uquld be minimized. Finally, this
method is believed- to be one step closer to the 1in vivo
studies than other methods mentioned before hecause the

heart is quickly arrested and frozen so that the state of

the myocardium should reflect the condition in vivo.

1.5 IN VIVO STUDIES

With the advancement of light wmicroscopy and new
techniques of illuminéiion, -the study of the coronary
microcirculation in vivo has been mwmade possible. This
approach igcluded transillumination of the atrium (Tillich
et al., 1971} and epiillumination of the ventricle (Martini
and Honig, 1969, Steipnhausen et 'al., 1978) . In the
transillumination =method, the tip of a 1light conducting
lucite rod was placed inside the atrium; light was then
transmitted from am external sou;ce thrpugh the lucite rod

and was reflected at the 45 degree cut tip of the rod

r



through the atriua to the microscope objective. Since the
magnitude of the atrial movenment vas relatively small, it
could be further wminimized by the transillumimating rod
vhich thus allowed the use of high wmagnification, and red
blood cells inside the capillaries Lould be observed amd the
velocity of their movements measured. This system, however,
could not be applied’ to the vigorously moving ventricles
vithout causing severe mechanical trauma. Nevertheless, the
light transmitting 1lucite rod had - been tried on the
ventricle in a form of needle inserted into the _beating
ventricle (Tillmanns et al., 1974y . Hovever, this approach

was by no means ideal because the $#20 G needle would surely
cause mechanical ' trauma in its iamediate vicinity.
Furthermore, it was the area uhiéh was affected wmost,

) nawmely, the Aayocardium on  top of the needle that was
<:iKW) studied. The degree of damage and " experimental artifact
\\ imposed on the heart was therefore unpredictable. Since the
= ventricles are the main working parts of the heart, better
\. methods bhave to be developed for the study of the
wventricular coronary microciréulation. The first approach
}uas developed by Martini and Homnig in 1969 which was
basically the method used in this projec@. It involved stop-
motion cinematography of the ventricular surface of the in

situ beating heart epiilluminated with a strong source of

stroboscopic light. When the focal point of the objactive

lay between the extremes of the excursions of the heart



novement, soee of the exposures would have the coronary
capillariés in focus., With this method, studies of various
aspects of the physiology of the céronary microcirculation
has been made and it has been hown, that tissue pC02 and pH
had relatively very limited cts on - the coronary
capillary deasity (Bourdeau-Martini and Honig, 1973) whereas
tissue oxygem tension Ead a strong influence on the control
of the density of the coronary capillaries (Bourdeau-Martini
and Honig, 1974y, Tha second apﬁroach of the
epiillumination method was developed by Stéinhausen et al.
in 1978 and vas similar to the first. However, the movement
of the ventricle wvas restricted by inserting into the
ventricular wall a pitchfork type restrainer consiéting of
five steel ﬁéedles. The veatricular wmovement was thus
reduced and ‘higher magnification could be employed.
Steinhausen et al. used this aetkod to study the influenge
of arterial oxygen tension on coronary capillary densities
and unlike the previous authors, they could not observe any
capillary recruitement in hypoxemia. The investigation of
this controversy is one oflthe objectives of this thesis.
The most important advantage of the in vivo’
cinematography of the subepicardium is that coronary
microcirculation can them be studied in its functional
state.. Onfortunately, only the ~ first layer of the
subepicardial capillary metvwork can be studied and the phase

of the cardliac cycle from which the data are obtained is not fi



known. Also, thq mlcrocirculation at the subepicardium nmay
szsihly ahe different from that 'in. other parts of the
ventricle. Since biomicroscopy still cannot be applied to
other veatricular layers, the in vivo cinematography of thé
subepicardium remains the best way to study the coronary
microcirculation in its ifunctional state.

As ﬁentioned before, a modification of the first
epiillu?ination method was utiliz=sd in this project to study
the morphology of the coronary microcirculation in .viwo.
With this method, the basic architecture of the coroﬁary
microcirculatory netﬁork up to the le;el of capillaries
could be revealed. Fronm thg frames of the film where the
subepicardial capillary network is  in focus, the
perpendicular diskance bétueen ad jacent capillaries, " could
be measured and the mean and frequency distribution of the

intercapillary distances (ICD's) calculated.

1.6 oaagér;g;s_g OF STUDY

The objectives of this @roject are: (1) to reexanine
the relationship betﬂ%@n coromary capillary density and
growth of the heart, {(2) to sfudy the density of coromary
capillaries in the short term heterotopically
isotransplanted heart which is used as a nodel of eapty
beating denervatad heart, {3) to study the density of
ceronary <capillaries in the long term heterotopically

isotransplanted heart which is used as a model of cardiac



atrophy induced by reduction ;f ioad, (ﬁ) to study the
density of coronary capillaries in the pressure-overload
hypertrophied heoarts, (5) to investiga;e the existence of
capillary recruitement in ali the above under hypoxeaic
conditions.’ These ‘;139 objec£ives are described in more
detail im the follouing paragraphs...

Henquell et al. {1976) studied the relationship
between coronary imntercapillary distancerand grovth in rat
and reported that throughout thé age 40 and 400 days,
functional ICD's under normoxemia and hypoxemia both
decreased linearly with growth maintaining a constant ICD
difference of 2‘ um betveen theﬁ. '~ Consequently, the
capillary reser;e decreased from 1200/mm2 to uOO/nné. In

“dur case, we decided to reexamine the rélationship batween

functional coromnary capillary density and age under

normoxemia and hypoxemia so as to establish control data ﬁo;
later comparison with results from the experimental groups.
The second objective was the study of "the capillary
density in the short term heterotopically isotransplanted
(‘heart which was basically a deﬁervated empty beating heart.
In skeletal muscle, reports on the importance of neural
innervation on capillary density had been controveréial.
Hudlicka and BHRemnkin (1968) found amn increase in the
capillary diffusion <capacity (permeability surface area of
Eb8¢) in the denervated dog gracilis auscle whereas Honig et

al. (1978), by direct counting, observed no change in



-

'capilliry.density in the‘danarvatéd rat gracilis unséle. Ko
siiilgi studies had been done in the . headrt prob&bl} due to
the technical difficulties involved in the process .g%
denervation. Feldsteip et al. ~ (1978) observed s@orter.
spacing between -capiilary and vein than the nbrial
intercapillary distances in the rat- heart; and since tissue
o%ygen ”tension was ‘loueét aroﬁud the venous and, they
further suggested that diffusion distance wvas influeﬁced b}
local tissue oxygén tension, Therefbre, the‘importance of
neural - feréus local control of the coronary capillary
density wvas- éo far ‘uncertain. This problem may be
investigated by determining the degree of capillary
recruitemeﬁt under hypoxemia in these short tern
transplanted heargs and comparing it to that in the normals.

The third_ objective was the study of the capillary
denéity in the ‘long tern transplanted heart uﬁen it had
already started to atrqphy. Very 1little work had been
reported so far on the capillary density changes in
atrophied hearts probably due to the difficulties in
producing an adequate model of experimental cardiac atrophy.
Roberts, et al. {1941) observed an increase in capillary
density associéted vith cardiac atrophy in pathologic huian
hearté. However, Eakusan'et al. _(196?) reported a decrease
in termimal vascular capacity in atrophied rabbit hearts
induced by protein deprivation. Although the degree of

cardiac atrophy in both studies are similar, it is difficuolt



- to compare the data from these two groups because of the

"differences in both the speciés and methods used. In our
case, cardiac atrophy resulted‘.from load reduction, . which
might be considered a more suitable nmodel of atrophy because
the supply of nutrients to the heart was not altered. Ve
studied the functional capillary density in these htrophied
hearts in order to €£ind out if any obliteration of
preexisting cgﬁillaries' was associated with the process of
atrophy.

The fourth objective was the study of the capillary
density 4in adult pressure overload hypertrophied hearts.
Changes in capillary density associated with increased
cardiac mass has interested researchers for many years.
Shipley et al. in 1937 first reportéd a decrease of
capillary density in adult bypertrophied rabbit bhearts.
Roberts and Wearn lqter in 1941 observed a similar decrease
in capillary deasity im adult hypertrophied human hearts and
Rakusan (1971a) reported a similar decrease in capillary
capacity in aortic-~constricted rat hearts. All reports
therefore suggested that «capillaries did not multiply in

adult hearts; the increase in myocyte diameter merely moved

capillaries further apart, resulting in lower capillary
densities.
Rakusan et al. in 1965 studied the relationship

betwaen the early postnatal development and the growth ana

proliferation of nmuscle fibres and capillaries of the rat



heart. He separated the period of development of the rat
into three stages and showed that coromary capillaries
stopped nultiplying‘in the last stage which was the 7th week
afterr birth while the growth of the mayocytes continued.
This relationship, between the growth of muscle fibres and
capillaries in the later part of the life span night explain -
the decrease in capillary density associated with norsal
postnatal growth amd adult cardiac hypert;ophy. ~ Direct
confirmation was provided by Rakusan and Poupa im 1966 by
comparing young igduced cardiac hypertrophy to adult induced
cardiac'hypertrophy. It was found that cardiomegaly arising
early in 1life was much greater than that arising late in
life and yet the ICD was ﬁot prolonged. Anversa et al. in
1979 in their extensive 1light and electron aicroscopy
studies also demonstrated the igcrease in intercapillary
distance in adult bypertrophied rat hearts. 2All these data,
however, were acquired from hearts postmortem so that they
reflected the total anatomical capillary content of the
heart and how th& functional capillary density changed in
the hypertrophied heart was unknowvn.

Henquell et al. in 1977 mneasured the functiomal and
minimum coronary intércapillary distances in the
hypertensive rats with hypertrophied hearts using in vivo
cinematography and régorted that capillary reserves in thase
hypertrophied hearts were'exhausted even in normoxemia. In

their case, they produced cardiac hypertrophy by salt
o
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' loading amnd unilateral nephrectony.k{ﬁh&ﬁgther commonly used
method for producing cardiac hypertrophy is " aortic
constriction. _ Both nmethods induce cardiac hypertrophy t?’
pressure overloading; however, the onset of cardiac
hyperfrophy in the case of aortic constriction is nmore
sudden. is part of this project, functional and minimum
intércapilléry distances in the hypertrophied rat heart
induced by aoraic constr?étion‘uere measured using the
technique of in vivo stop-motion cinematography.

The last objective was concerned with the existence
of capillary recruitement under hyéoxenia. Bourdeau-Martini
et al. {(1974) showed that in normoxemia, only half of the
total number of subepicardial capillaries were perfﬁsed and'
hypoiegia conld cause the fécruitement of the remaining half
to decrease .the ICD fronm 17 um to 11 um. Hﬁuevef,
steinhapsen et al. (1978), using their-method, could not
observe any capillary recrui%ementJjn hypoxemia. According
to Steinhausen et al., the capillary rec;uitemeég observed
by Boukdeau-Martini et éi. might have been dq? to a better
opticéi penetration im the case of hypoxééiﬁ._ Since
_Bourdeau-Martini et al, used low magnification and their
microscope had a theoretical depph of focué .Qf 20.72 aun
uhich.ias similar to the average fCD, it was possible that
‘more than one iayer of cépillaries might have been focused.

On the : other hand, in Steinhahsen et al.'s experiments,

.capillary recruitement could have been impeded by the
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mechanical trauma induced by the pitchfork type device uhi;h
restrained the amovenment of the heart. It was therefore
uncertain whether coromnary capillary recrultement did exist
and if so how significant it wvas. The regsén vhy Bourdeau-
Martini et al. did not use higher power objectives was that
high power objeciives had such short working distances (2.2
mm for 22X) that thay'coul& not be used on a freq;y beating
heart in sitq.

To resolve this controversy, i£ would be necessary to
have an in’"situ heart which 1s stationary enough to allow
the use :of Bourdeau-fartini et al.'s system with a higher
pover objectives but without the restraining device. As
part of this project, in vivo cinemaéography was applied to
the heterotopically -isotransplanteé hea;ts which were
anastomosed to the two major abdominal vessels where the
beating transplénts were not influenced by the reig;;a#ory
novements of the'lungs. Since the left ventriéie of the
transplanted ﬁeart was practically empty beating, its small
excﬁrsioﬁs‘would allow the use of a high power objective
uith'a-snall deéth of focus. Data could then be obtained
using higg and lou.pouer chjectives on the same heart und;r
the same conditioms. These data would be used to answer the

question of whether 1ow power objectives give higher

capillary density measurements under hypoxia.

P



Lhapter IX

METHOD

2.1  PRODUCTION OF CARDIAC HYPERTROPHY AND ATROPHY

L)
2.%.1 Cardiac hypertrophy

Cardiac hypertrophy - was induced by subdiaphragmatic
aortic constriction. The method was similar to that used by
Beznak et al. in 1969 except that surgical silks instead of

silver rings were used to constrict the abdominal aorta in

our expariments. ‘Male Sprague-Dawley rats between 300 and
350 gms xefe anesthetized vith pentobarbital sodiun
{Nenbutal) i.pe, 5.4 mg/100 g body weight. Mid-line

laparotomy was performed and the abdominal aorta close to
the diaphragm carefully dissected,. A Dblunt #23 G needlé
(diameter 0.8 nm) was placed next to the dissected aorta ' and
a piece of 4-0 silk vas used to ligate #the aorta to the
needle. The needle was then removed and the ligature st;yed
in pl;CE. Since the_heart theg had fo pump agéinst a
greater afterload, .- cardiac hypertrophy developed in about

one week's time.

2.1.2 Cardiac atrophy
Cardiac atrophy was -Induced by heterotopic
isotransplantation of a donor's hea7¢ onto the abdominqe

aorta and inferior vema cava of another inbred recipient.

- 17 -



The surgical procedure was similar to that used by Ono and
Lindsey in 1969. BMale iﬁbred buffalo rats, T0th generatioﬁ,
body wveight 300 - 400 g were anesthetized with
pentobarbital sodium (Nembutal) i.p., 5.4 mg/100 g body
weight, The doﬁor rat vas hepariniied by injecting 0.5 ml
of 1% heparin in saline into the inferior vena cava and five
minutes were allowved for eqﬁilibration. " The thorax of the
donor rat was then quickly open through wmid-line incision,
the superidr and inferior vema cavae draining into the héart
vere ligated, and the ascending aorta and the main bulmonary
5rtery tgre transected. The remaining pulmonary veins and
left atrium vere ligated as a whole and the heart was then
removed. The excisad heart was perfused wifh nornél saline
to Hagh out the residual blood in the coronary circulation
and thea preserved in ice cold normal . saline ready for
transplantation. |

Xid-1line laparotomy was performed on the recipient
rat and the abdomingl aorta and inferior vena cava were
dissected just below the kidneys. The ascending aorta of
the domor's heart was then anastomosed to the recipient
abdominal aorta and the pulmonary artery of the donor's
heart anastomosed to the recipient inferior vena cava. This
way, arterial blood went from the recipient abdominal aorta
to the ascending aorta of the transplanted .- heart and.
‘retrogradely to 1its coronary circulatioa amd finally came

out of the coronary sinus in the right atriuvo. The blood

4
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from the right atrium then flowed into the right ventricle
and was pumped through the' transplant's pulmonary artery to
return to the recipient®s inferior vena cava. Assuming that
the aortic valve of the tramnsplant was competent, the left
ventricle of the transplanted heart was them practically
empty beating performinq a minimum work load represented by
the occasional ejection of outflow froa thebesian veiné and

arterioluminal vessels into the aorta. Consequently, the

left ventricle started to atrophy after' about one week.

2.2 EXPERIMENTAL PROTOCOL

2.2.1 Normal and hypertrophied hearts

Male Sprague-Dawley rats between 300 and 400 grams of
body weight were anesthetized with intraperitoneal injection
of ‘pentobarbital sodium (Nembutal) 5.4 mg/100 g body ueigﬁt.
The trachea, femoral artery, carotid artery aad external
jugular vein were catheterized and the animal was then tied
to the'stage carrier.

The skin- covering the thorax wvas inciéed along the
mid-1line, detached, and ‘reﬁracted to the side. A small
perforation was nade in the diaphragn juéi behind the
xiphoid process and artificial ventilation’ wvas initiated
with a tidal volume of 3 mls, respiratory rate 50/miﬁ. Tvo
long hemostats were used to clamp the two internal namnary

arteries to the sternum by clamping the anterior wall of the

thorax. The thoracic wall was then lifted slightly and wvas

c\




slit open between the two hemostats with a scalpel.
Ligatufes vere placed at the firsbt and sixth intercostal
spaces to ligate the internal aamnary arteries to the halves
of the sternum. The two hemostats were then released and
bilateral cuts were made on the second and fifth intercostal
spaces. The detached rib cages were then clamped and cut
off, qllouing a complete thoracotomy with minimal bleeding.
In case of bleeding, blood from a donor rat was traansfused

through the jugular venous catheter. The f£inal 1layout is

displayed in Pigure 1.

Y
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The beating heart was covered with a piecelof saline-
soaked g#uze and the carrier with the animal was then placed
on a tray vhere the animal could be positioned so that the
left ventricle would face upward to the objective of the
microscope. The tray was quickly transferred to the stage
of the nicroscope'and artificial ventilation resumad with
30% 02 -~ 70% N2 gas mixture and the water recirculating
wvarming under pad connected to warm up the animal. The
feaoral arterial cannula was connected to a Stathaam P23Dd
strain gauge transducer for blood pressure monitoring.
Purtheraore, the animal wvas continuously infused (0.1
ml/min) through the femoral artery with 5% Albumin-Ringer's
solution (Abbott) <containing 20 mg& of héparin to prevent
blood clotting inslde the cannula and to replacg £luid loss
during the éxperinent. The oncotic pressure of éhe infusate
was maintaipned with albumin instead of dextran because
dextran had been found to hava deleterious effects on the

rat hemodynamics (Flaim et al., 1978}.

‘ The blood pressure vas cqnfinuously monitored
thkroughout the experiment to ensuré that the wmean arterial
blood pressure was not lower than 100 em Hg. If necessary,
blood or packed red blood cells were given through the
venous catheter. The rectal temperature of the rat was also
contigously monitored with a thermistor probe <connected to
the telethermometer (Yellow Spring Instrument}. ECG needle

electrodes . were placed subcutaneously and lead I1



electrocardiogram of the animal was occaslonally recorded to
monito? the electrical activity of the heart. |

The gauze covering the heart was then removed and a
coverslip held by a light weight balanced lever system was
placed on the surface of the heart. A warm superfusate
{37°C) with the following composition wvas constantly
dripping betwveen the heart and the covérslip to keep the

cardiac surface moist and warm.

NacCl 128.6 oM
KC1 3.6 nM
Mgso4 1.2 on
C6H1206 " 5.5 oM
NaHCO3 10.0 mM
] cacl2 1.8 o
HEPES 20.0 pM-=——ve-- BOFPERING
NaoH 6.3 aM-=——m=—-u= COMPONENTS

(pH=7.4)
HEPES in combination with HCO3— had been shown to be
an excellent buffer system (Chagnonm and Corbeil, 1973} aad
wvas coanvenient to use in this setting. Since the coverslip
vas well palanced, it adhered to the cardiac surface by
surface tension without exerting mechanical trauma on the
heart and elimipated the excess reflections from the cardiac

surface and thus nade epiilluminating microscopy easier.
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The superquate was not bubbled; therefore the oxygen
tension of the superfusate should be atmospheric. However,
the diffusion of oxygen from the superfusate to the heart
was probably minimal because of the following reasons. First
of all, the preparation was not a usual type of superfusion
because the superfusate between the coverslip and the cardiac
surface was flowing very sluggishly due to surface tension.
Furthermore, the amount of oxygen dissolved in this thin layer
of superfusate Qés also small. Cohsequently, after the initial
warming period, the oxygen tension of the superfu§ate between
the coverslip and the heart was probably similar to that in
the subepicardium. The animal and the coverslip system were
then carefully manipulated so that the heart was immeaiately

béiow the .....

he .
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L objective. In most cases, the rectal temperature of the

‘ animal up to this stage was lower than 37°C and an infrared
lapp was used to warm up the animal to 379C. HNHeanwhile, the
catheters in the common carotid artery and extermal jugular
vein vere connected to the oxygen electrode bypass chamber
for the continuous monitoring of arterial oxygen tension.

The animal was then heparinized with 10 nmg heparin
sodium in 1 ml saline, the clamp on the carotid artery
released -and the extracorporeal bypass perfused. The
arterial dxygen teasion could be read directly from the
Radiometer panel and vwas maintained around 150 mm Hg by
adding oxygen to the breathing wmixture if necessary.
ﬂrteriél oxygen tension ‘ef 150 nonm Hé was chosen. because
Bourdeau-Martini et al. in 1974 reported that the coronary
ICD was 1longest around " this arterial oxygem tension.
Finally, arterial blood pressure, electrocardiogram anad
‘arteriél oxygen temnsion vere also recorded on the Grass
polygraph.

Cinematography was then perfqrmed on different areas
of the left ventricular subepicardium of the beating heart
until approximately half roll of fila (50 ft.) was utilized.
Four samples of 100 microlitres each of plood vere then
vithdrawn for pH, pC02 and hematocrit determination. pH and
pC02 were determined by Radiometer BMS 2 elecirode systenm
interfaced with the Badiometer PHM 71 acid base analyzer.

Hematocrit was determined by the nmicrocapillary centrifuge

- 24 ~



\

- v

International‘gquipment). All of these three measurements were

determined within,three‘ﬁours after the experiment to eng%ke
that no significant meéabolic or physical'chapges had oqthred.

The animal was then ventilated with room air wTEh‘reduced
minute volume so that the arﬁerial oxygen tension decreased to
50 muHg or below. This was consi@ered adequate for the studyiﬁg
of the effect of hypoxemia on coronary ICD.

It would be ideal to have the arterial oxygen tension de-
creased closer to 0 mmnHg. However, this was not feasible because
then the blood pressure of the animal would be low and unstable
and -the animal would probably die before the experiment could be
completed. Nevertheless, this degree of hypoxia is believdd to
be sufficient to open up all precapillary sphincters because
functional capillary density measured under this degree of hypoxia
was simila;fto that obtained by other utiliz;ﬂg histological
technique as will be discussed in‘section 4.Y. In most cases,
the diaphragm in this stage exhibited spontaneous contractions
probably'as a result of CNS hypoxia. This would periodically pull
the big vessels and the Heart,.which would make focusing extermely

difficult and therefore 0.2 ml of curare (Sigma), 3 mg/ml was ad-

ministered intravenously to paralyze the diaphragm. Cinematograbhy

was then resumed on the left ventricular supepicardium during this
hypoxemic period. Four samples of 100 microlitres each of blood
were égain taken for pH, §C02 and hematocrit determinationéu
Finally, the heart was excised and appendages such as the
aorta, atria, etc. were trimmed off. The ventricle was then
divided into right ventricular free wall, septum and -the left

ventricular free wall, the these individual parts were weighéd

and then dried at 85°C for overnight. The dried individual parts

were weighed again for the determination of their water content.
- 25 -



" 2.2.2 Trapsplanted hearts -

The in vivo cinematography of the transplanted heart
was easier to perform than that of  the narmal or
hypertrophied hearts because thoracotomy was not réquired.
After ihe cannulation of;the femoral artery, carotid artery,
jugular vein and the trachea, the abdomen was o along'
the previous mid-line suture from transplantation and the
intestines were retracted aside to expose ‘the transplanted
h2art anastomosed to the aorta and the inferior vena cava of
the recipient. Due to the position of the aorta and the

pulmonary artery of the {traansplant, the left ventricular

surface was féciﬁg upward and no further manmnipulation of the
transplanted heart was necessary.

The animal. was transferred onto the microscope stage,
connacted to the blood pressure transduacer,
electrocardiographic leéds,lreétal thermistor brobe, and the
oxyden electrode Qigﬁss chamber. The electrocardiograms of
the transplant and-th:\rgcipieut's heart vwere monitored with
precordial leads. For the recipient's heart, V4 was used
while for the tramsplant, the éxéloring electrode wvas placed
on the abdomipal wall close to the trgﬁsplant.' This way,
electrical interfere?ces between the two hearts were
minimized. Both ECG's were recordad on the Grass polygraph.
In order to maintain the arterial oxygen tension around 150

mm Hg, artificial 'ventilation was again required. The

coverslip held by  the lever System was then placed-on the



' >

transplanted .heart Hith the warm superfusate dripping .
between the heart and the coverslip. The coverslip was ’
further stabilized by placing cotton v;ols beside thé
transplanted heart.

The resulting preparation was sStable with the

excursion of the coverslip less than 2 am. This allowed the *

-
-—use of a higher magnification objective (22X) wvhich had a
working distance of 2.1 nn. The transplanted heart was

therefore filmed witk 11X and 22X objectives under
normoxenia and hypoxeaia. Since the 22X objective had a
theoretical depth of focus of only 5.95 um, data obtained
with it should therefore be representative of only one la&er
of capillaries. At .the end of each stage of filming,
samples of blood were taken for pH, pC02 and hematocrit
deterd&ﬁaﬁions. Finally, the transplanted heart was removed
from the abdomen, and the left ventricular free wall, =right

ventricular free wall and the septum were weighed and then

dried for the deteraination of water content.

2.3  OPTICS AND PILMING

The optical system used was the Leitz Ortholux
microscope equipped with the %Ultropak™ obijectives. The
source of stroboscopic ligﬁt was the "Chadwick-Helmuth 1?@\
Strobex™ which was <capable of delivering high intensity
xenon discharge 1light with a short duration of 130

midrosecOngé. ° The light frowm the "Strobex” entered the

- 27 -
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microscopé from the side and was reflacted by a mirror to
the objective. Oving to the design of the mirror, the light
came down to the objective as a hollow cylinder and was then
concentrated to a point by the circumferential collimator of
the objective for the epiillumination of the heart . It was
the reflected light from the  heart that ‘entered the
object;ve lens and vas displayed'by the eye piecé. " The ray
diagramhof the optical systenm is shown in Figure 2.

4
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Figure 2: Ray diagram of the optical systen




For the periods of filming during the experiment, the
"Strobex" was triggerad through a photo-electric coupler by

the "Bolex H16" motor-driven camera. The film speed was set
) —

at 24 frames per second ang/’?i%’fgsﬁ\gifkened so that the
cardiac movement could be optically \ "frozen"® by the

"Strobex" during the opening of the shutter

to the short
duration (130 usec) of one stroke of light and\exposed on
the Kodak Ektachrome 7239 (daylight #SA 160) fil Baforae
every experiment, a stage micrometer slide with
um grids was filneﬁj for calibration' purposes.
relatively long working distance (5.8 am for the 11
;bbjective) of the *"Ultropak" objective alloved free
moiements of the heart duripg the experiment without
touching the objective, However, because of these
movements, focusing could only be done in such a vay that
capillaries could be seen in focui’ for a brief moment only.
Theoretically, when the focal point ‘of the objective lay
betveen the extremes of the cardiac movements, one or two

|
focused frames would be obtained from each cycle of the

¢cardiac movemeant., .
The principal cause of the up and down cardiac
‘excursions turaed oat to be the respiratory novements of the
lungs. Since the periéd of stationary phase was longest at
2
the end-wof e;piration, capillaries were mostly focused at

the end of expiration. With the 11X objective, each

focused frame contained about 20 capillaries. One roll of
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100 feef fila was used for each experiment. For
hypertrophied and normal hearts, there were about 20 focused
frames from the 100 feet of film. For the transplanted
hearts, the yield was better, there were about 35 to 40

focused frames from 100 feet of film.

2.4 OXYGEN ELECTRODE BYPASS SYSTEHM

- This system was designed and built for continuous
monitoring of arterial oxygem temsion during the experiment.
A Clark type oxygen electrode (Radiometer ES50u46) uasusecured
in a small electrode chamber which was in turn housed inla
water recirculating chamber maintained .at 379C and had a
total internal volume of about 1 ml. This swmall volume
allowed fast exchange of blood inside the electrode chanmber
and it also would not cause severe|pooling of blood from the
animal vhen the bypass was opened. The spiral shape of the
polyethylene tubing inside the water recirculating chamber
allowed the warming of the blood back to its in vivo
temperature (37°C).

The systen vas caiibrated by flushidg gas-
equilibrated solution of 30% glycerol in water into . the
electrode chamber. Gaé .mixtures containing either 100%
oxygen or 10.3% oxygen 1n niﬁrogen vere used to bubble the
glycerol solutiom in a vater Jjacketed 'muscle chamber
maintained at _37°C. The glycerol solution was chosen

instead of blood because it had been shown that 30X glycerol



in uaterl_had very similar oxygen diffusion characteristics
as blood (Hulagds et al., 1970). Furthermore, this solution
had several advantages over blood as it was readily
available, would not foam, was not subject to bactérial
contamination and it could be reused.

With the adpinistratiom of. heparin 5 mg per 45
minutes to the animal during the experiment, the
extracorporeal circulation could be maintained without blood
clotting. Since the Bajor blood vessels were all ligatéd or

&E}amped, heparinization of the animal to this degree‘did not
-cause severe bleeding problenms, Finally, the rubber segument
of the venous side to the bypass allowed administration of
drugs, packed red blood cells and withdrawal of blood

samples using hypodermic needles.

2.5 DATA PROCESSING AND STATISTICS

Twmages of the subepicardium obtained in tﬁe form of
1€ mm Ektachrome microfilm strips were projected with the
Zeiss DL2Z  microfilm projector onto a blank paper for
tracing. The ba%ibration grid was first projected, the
final magnification adjusted to €00X and then fécused frames
were 'projectef on the blank paper and the network of
capillaries traced by drawing lines along the imége of the
centre of the capillaries. Ever& traced frame was codedlto
allow future retrieval. <Capillaries were defined as vessels

vhose diameter were less than 7um (Sobin and Tremer, 1972) .



4

-
The area on the tracing suitable for further measurements
was selected based on the sharpness of focus and then sets
of auxiliary lines approximately perpendicular to the
capillaries were drawn gandonly on the identified area.
Pigure 3 showus é typical tracing of the capillary
pattern in the rat subepicardium with the auxiliary lines.
The lines were not absolutely parallel since the capillaries
were not absolutely para%lel either. The space betueén
adjacent random lines was wmaintained at approximate egqual
distance;. Individual centre to centre distances on the
random auxiliary 1lines intersected by adjacent capillaries
were measured ﬁnd recogged as ICD's, The data wvwere furé%er
separated into two groups, those obtained during normoxemia
and hypoxemia. Since‘the total nuanber of ICD measuremants
involved was in the order of hundreds in each experiment,
the data were punched on coamputer cards and processed in the
IBM 360 computer to calculate the mean Icﬁ, standard
deviation, standard error and coefficient of varijiation of
the ICD's, skewness (/B1) and kurtosis (B2) of the ICD
frequency distribution and fimally to plot the histogram of
the ICD frequency distribution. This was the basic
statistics performed on all raw experimental &ata. Finally,

paired and standard t-tests were used for testing the

significance of difference between means.



A typical tracing of the capillary pattern im the

rat subepicardiua

?igure 3z
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Chapter IXI

RESULTS

Figure . 4 shows the characteristic pattern of the
capillary net work in the rat subepicardiuam. The
corresponding pencil tracing has been shown in Pigure 3.
The photograph was developed from a negative made from an
Ektachrome film strip. Pata presented in this thesis ware
obtaimed from such capillary patterns;l however, the
photograph as presented uds_,/é;t_ normally. developed.
Instead, pencil tracings of projected images as shown 1in
Figure 3 were used for measurenent. In average, each of
such pencil tracing yielded measurement of about 100 ICD's
and up to 20 tracings were obtained from each experiment.
Cénsequently, the total number of ICD data 'for each
experiment ranged from 100 to 2000 - 3000 aﬁd computer was

used for all subsequent evaluation of data.

-



{The horizontal bar at the bottom of the photographk represents
50 um.)

}

Figure 4: Typical caplllary pattern in the rat
subepicardium in vivo (270)



3.1 EFFECT OF GROWTH ON CAPILLARY DENSITY

As mentionad in the 'introductiop, Henquell -at al.
(1976) studied the change of coronary intercapillary
distance with growth. They found a relationship betwveen
left ventricular weight and céronary intercapiilary distance

wvhereby both the functional and wmipimum ICD decreased

linearly with 1left ventricular weight,. @maintaining a
constant ICD differemce of 2 um between them. coronary
capillary demnsity (CD) in this case was again plotted

against left ventricular weight (LV¥). The established
relationship between capillary density and left ventricular
wveight would also be useful for later.comparisons ;ith data
obtained from experimental groups because the change in
heart weight after snbdiaphragnaﬁic aortic coanstriction or
after heterotopic isotransplantation was observed mainly on
the left ventricle.

In, our experiments, capillary densities vas

calculated from ICD's using the following formula,
cCb = 1000000,/1ICDZ

where CD was in capillaries/ma2 and ICD in um, assuming a
square model which implies that the cross section of the
cylinder supplied by a single capillary was a square with

sides equal to half of the intercapillary distance.



The reason why capillary density ,was used im addiiion
to ICD was two fold. PFirst of all, some authors defined ICD
as the distance between the centres of adjacént capillaries
vhile others defined ICD as only the distance between the
walls of adjacent capigléries. To avoid confusion, all
ICD's nmeasured ‘(centfg to centre) vere convertad to
capillary demsities. The second reasom was that most of the
earlier uoriers preseﬁted their findings in capillary
densities only because they‘actualif counted the number of
.capillaries per sectioan. Therefore, presenting our data és
capillary densities would make them comparable with reported
findings and perhaps would also make them easier to
visualize.

The data obtained under npormoxemia and hypoxemia are

shown in Table 1.
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TABLE 1

RELATIONSHIP BETWEEN ICD AND LEFT VENTEICOLAR WEIGHT IN
NORHMAL HEARTS

1 NORMOXEMIA 1 HYPOXEMIA
Lva 11 ICD cD T ICD
(@9 " {um) (#/mn2) 1l (um) (#am2)

1 H

0.263 |} b 15.40 4217

0.311 :: 15. 68 4067 :: 15.60 4109

0.315 :: 16,49 3678 ::_ |

0.351 :: 18.22 3012 :: 17.06 7 304 .

0.385 :: 18.98 2776 :: 17.35 3322

0.401 :: 18.69 2863 ::

0.417 {: :: 16.63 3616

0.422 :{ 20.12 2470 ::

0.460 }: 19.93 2518 ::

0.522 :: 20. 15 2063 :: 18.69 2863

0.526 :: 20. 56 2366 :: 18.51 2919

0.536 :: 19.64 2592 :: 17.90 3121
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As shown in Table 1, in normoxenia, functional
capillary demsity in normal hearts decreased with growth
when the left vepiricular veight was between 0.27 - 0.45 g;
however, as the left ventricular weight increased further,
capillary density remained relatively unchangad. The data

points were well fitted with the following eqhation:

CD = 2516 ¢+ 0.7432/(LVNH)®e3929
uith,cb in per mm2 and.LV# in gram (see Figure -5). The
correlation coefficient (r) was -0.9524 when the relationship
vas lipearized by plotting 1ln(CD - 2516) against 1ln (LVYW).
In hypéxemia, houeve;, the,'fEIationship between capillary
density and left ventricular weight did not show a plateau.
Instead, capillary dgnsity decreased 1linearly with 1left
ventricdlar weight throughout the entire range of left
ventricular weight studied. The relationship could be

expressed by the following equation:
CD = —-4285,78(LVYW) + 5229.85

with CD in per mm2 - and LVW in gram (see Fiqure 5). The

correlation coefficient (r) was -0.945u4,
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(The above abscissa is linear with respect to left ventricular
weight; however, due to limited space for labelling the

axis, only the age and body weight scales are displayed.

The two points where the two graphs intersect correspond to
left ventricular weights of approximately 0.30 g and 0.65 g.)

FPigure 5: Relationship between capillary density and groﬁth

!



These two _established regression lines as shown in
Pigure 5 would be useful for comparing data obtained from
experimental groups to that obtained from "the normals. The
difference in capillary demsity obtained under anormoxenia
and ‘hypoxenia was defined as the capillary 'reserve.
Therefgre, by substracting the normoxemic capi;lary density
from the hypoxemic capillary density usiné‘Figure 5, the
relationship between capillary reserve and left ventricular
weiéht vas obtained, as shown 1in Figure 6.

".In contrary to uhat'Henguell et al. (1976) chad found,
the differences betwaeén hypoxemic and normoiemic ICD's. was
not constant throughout this age range. _ The capillary
‘reserve vaf@ed with left ventricular weight in a parabolic
relationship with a - maximum, and there was no reserve when
fhé animal was either relativeiy young or relatively old, as
shown in Figure 6. -

" Figure 7, shovn' immediately below Figure 6, vas
modified from data reported by Vizek and Albrecht (1973).
The cpmparison of the two figures 1is i portaﬁt for.later

discussion on the relationship between illary reserve and

’//] ! left ventricular weight.

-
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Figure 6:

Figure 7:
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Figure 6 shows that when the rat is young {up to 49
days), there is practically no capillary reserve.“ Then
capillary reserve starts to appear and gradually increases
and reaches a maximum of 740 capillaries/nm2 (21%‘;;\total
number of capillaries) when the rat is 62 days o1ld.

Subsequently, capillary reserve begins to decline and

finally .approaches zero when the f%ft ventricular weight is-

'0.630 g which is normally in a rat of about 560 gq. The age
of the rat at this body weight is difficult to estimate from
the bhody weight becaus% it lies on the plateau region of the
growth curve, but it is probably betuéen 150 - 180 days.

To demonstrate the appearance and disappearance of a
significant capillary resérve in the rat heart, Stu&ent's t-
tests are performed to compare the paired mean ICD's
obtained under normoxemia and hypoxemia from rats of
-different ages. The results are displayed in Table 2. The
t values indicate that the difference between mean ICD's
obtained wunder normoxemia and hygoxemia is® highly
significant in the middle and is relatively insignificant in
both extremes of left ventricular weight. Furthermora, the
capillary reserves in ghe tvo largest hearts were actually
negatié@. This "negative capillary reserve™ phenomencn was
a4 result of decreased capillary density in hypoxemia.
Interestingly, scere of the hypertrophied ‘hearts show up
similar tendencies; further discussion of the phénomenon

will be made in section 4.4.




\
TABLE‘Z
CAPILLARY BESERVE IN NORMAL HEARTS

LW | NORMOXEMIA |  HYPOXENIA 1§ CAPILLARY

(g) | ICD S.D. N i ICD S.D. N | t | RESERVE

i | | ! l

0.311 | 15.68 7.27 673 | 15.60 7.91 108 ! 0.10u48 | 42
0.351 : 18.22 7.32 2319 : 17.04 €6.05 95 : 1.5496 : 432
0.385 : 18.§B 8.11 336 : 17.35 8.37 141 : 1,9841 : 84 €
0.522-: 20.15 8.17 276 : 18.69 7.29 136 : 1. 7660 : 400’
0.52¢ : 20.56 5.63 252 : 18.51 6.07 191 : 3.6692 : 553
0.536 : 19.648 7.00 1067 : 17.90 €.88 158 : 2.9224 : 529
O.Eig : 19.82 7.16 1140 : 19.87 6.47 258 : 0.1030 : - 13 *
0.645 : 19.37 6.52 638 : 19.91 6.81 360 : 1. 23€3 : -143 = ‘

ICD refers to the mean ICD in um, ¥ stands for number of observations
obtained from each heart and CAPILLARY BRESERVE is in capillaries/am2
* - "negative capillary reserve 2"

’
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3.2  EPFECT OF ONE DAY TRANSPLANTATION ON CAPILLARY
DENSITY:

The one day transplanted hearts in the abdom?n vere
beating regularly although at a slower rate thaﬁ the
recipient hearts probably as a regult of injury done to: the
sinoatrial node during the suargery. Capillary patterm in
the one day tramsplanted hearts appeared basically the same
as that in the normal hearts as displayed in Figure 4. Data
obtained from the omne day hefarotbpically isotrahsplanted
hearts are shown in Table 3. The "LVW in X" refers to the
ratio of actual. left ventricular weight to the expected left
ventricular weight. The expected left ventricular weight
(LVW) vas calculated from body weight (BW) using the
_folloﬁing equation:

log (LV¥) = 0.7451l0g(BR) + 0.752
where LVW is in mg, BW is in g (r=0.971, SEE=0.066)
This relationship wvwas established in our laboratory

using over 500 rats.



TABLE 3

OHE DAY TRANSPLANTED HEARTS

L T T T T e P L T T - = b T F

EXPECTED | NORMOXEMIA . | HYPOIEMIA
LYW (g) LV¥(g) LYW in % | ICD(um) CD | ICD(um) CD
| TTTTY T
0.482  0.477, 101% | 17.65 3210 | 19.22 2707
0.487  0.451 108% : 17.11 3416 : 17.18 3388
0.520  0.452 115% : 18.25 3002 : 17.10 3420
0.556  0.8€3 120% : 21.60 2143 : 20.43 2396
0.571  0.u457 125% : 16.86 3518 : 16.64 3612
0.587  0.524 112% : 19.31 2682 E 20.98 2272
, .
MEAN 0.534  0.471 114% : 18.4€6 2995 : 18.59 2966
Sp  0.044  0.028 9% : 1.77 514 : 1.87 - 579
SEm 0.018 0.011 3% : 0.72 210 : 0.76 236

o — i D i e Pl A S S S D G P S SR S e SIS SPYSTI ED WS S eys e e R G e S WD CHE S A S M TR D MNP S SR R Sk e

1YW - left ventricular weight, LVW in % - ratio of found to
expected LVW expressed im X wvhen expegted LVW equals 100%
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Since the transplanted heart was almost empty beating

and the transaission of respiratory movements was minimal,

e d
=~

the excursions of the heart were so small that the higher
povwer objective (22X) could be used and data from the
transplanted hearts vere therefore obtained uith both the
22X and 11X objectives. Only the data qbtained with the 11X
objective have been presented in Table 3 for the folloving
reasons. First of all, the differences between data
obtained by both Llenses had been found to be statistically
insignificant as would be discussed in section 4.5.

Secondly, the number of ICD neasurements acquired with the

11f objective ‘was higher so that the mean ICD calculated

would be also more reliable. Last;y, the illumination under
the 11X objective was better baecause of the greater
numerical apertu;é of the lens so that the quality .of the
inmage was also better. i

As shown in Table 3,  the average "LVW in %" of the
one day transplants was 113% ¢ 3% (SEN). Consider%ng the
possible difference in heart weight among different strains
of rats and the inherent variability of the relationship
between left ventricular weight and body weight, this degree
of deviation is not statistically significant. Concerning
the extent of capillary reserve - in the one day transplanted
hearts, paired t-teéts showed that the difference between

capillary densities obtained under normoxemia and hypoxemia

was insignificant (paired t = 0.0797).



The averages of the above data were plotted on the
background of data obtained from normal animals: they lay
dldse to the line representing the hypoxemic values. This

is shown in Pigure 8.
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Pigure 8: Capillary densities in one and saven day
: transplanted hearts
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3.3  EFPECT OF SEVEN DAY TRANSRLANTATION ON
GAPILLARY DENSITY

The saeven day transplanted hearts looked essentially
the sa;e as the one day transplants except that some fibrous
tissue bad already grown over the pericardial surface.
Consequently, focusing of the seven day transplanted hearts
was more difficult due to greater reflections and
backscatters of 1light amd yield of acceptable images was
smaller.w_ However, .the capillary pattern in the seven day
transplanted hearts showed similarc morpholégical
characteristics as that in normal hearts as disp?ayed in
Pigure 4. Againm, only the data obtained with the 11X
objective are preseanted heré in Table 4 since no significant
difference has been found between results obtained with 11X

and 22X objectives as will be discussed in section 4.5.



TABLE 4

SEVEN DAY TRANSPLANTED HEARTS

R S S N T S T T T S T S T T S I I . e o o e e e e e e e ———— e

EXPECTED [ NORMOXEMIA [ HYPOXEMIA

LvW(g) 1LVW(g) LVW in X | ICD(um) CD i ICD(um) CD
|

0.435 0.483 90X | 16.40 3718 | 17.40 3303

‘ py | uj-

0.439 0.u482 91% ] 17.02 3452 | 16.0 3887
i ’ B |

0.482 0.455 . _ 106% [- 16.70 3586 t 17.38 3311
. 7 ! I

0.559 0.682 82% I 18.27 2996 I 17.55 3247
| {
i |

MEAN 0.479 0. 526 92% [ 17.10 3438 1 17.09 3437
[ 1

SD 0.058 0. 105 10% | 0.82 314 1 0.71 301
i i

SEM 0.029 0.053 5% { 0.81 157 | 0.35 151

o o o o o I 0 e o ey - o . —— . ———— - " i

LVW - left ventricular weight, LVW in % -~ ratio of found to
expected LVW expressed in X vhen expected LVW equals 100%
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The "LVH in—l".of 92% ¢+ 5% (SEN) as shown in Table 4
indicated that a small degree of atrbphy had already occured
in the tramsplanted hearts seven days after transplantation.
It would be more interesting to study the transplanted
hearts after 1longer period of transplantation because they
would then have atrophied to about 30% of its initial weight
(pittmer and Goss, 1973). However, the growth of connective
tissue on top of their pericardial surface made it
imposéible to study them nmore than seven days after
transplantation.

| Concerning .the extent of capillary reserve in the
seven day transplanted hearts, paired t-tests showved that
the difference between chpillary densities obtained wunder
normoxemia and hypoxemia was insignificant (t = 0.0025).
Por comparison to the data from norpal hearts, the means (%
SEM) of the above data were plotted on the background of

data obtained from normal amimals as shown in Figure 8.

3.4 EPFECT OF HYPERTROPHY ON CAPILLARY DENSITY

Siﬁce the pressure overloaded hearts had undergone
concentric hypertrophy, the apparent size of the
hypertrophied heart was not changed puch. It was only at
the end of each experiment when the heart was dissected that
the increased myocardial wall thickness of the left
ventricle leading to hypertrophy could be seen,. In other

words, only after completing the entire experimental



procedure would one know whether +the heart hypertrophied by
at least +35%. This arbitrary va;ue vas selecteéd to ensure
that the average degree of hypertrophy would be great emough
“for observing its effect on the cofonary ICD's.
Furthermore, it was more difficult to work with the
hypertrophied hearts than the normal ones because they vere
more susceptible to cardiac failure during the dperation.
'Finally, the blood pressure in the uppef Body was higﬁer due
to aortic contriction so that bleeding wé; also more severe.

Data obtained from this experimental group are shown in

Table 5.



“_ v

" TABLE 5 '

HYPERTROPHIC HEARTS

B EXPECTED |  NORMOXEWIA | . HYPOXEMIA
IVu(g) LVW(g) LVW im % { ICD(um) CD { ICP(um) CD

- P S G

— . A A oy S oo

LVW - left ventricular ueight. LVd in % - ratio of found to
expected LVW expressed in % when expected LVW equals 100%

3N

e
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The "LYW in %® of 163% & 11% (SEM) as shown in Table
5 indicated that a relatively high degree of hypertrophy
developed in the heérés of this experimental 4group.
Conceraing the extent of capillarg reserve, pailred t-tests
showed that the difference between capillary densities
obtained under normoxemia and hypoxemia was insignificant (t
= 0.3341).

The means  of the above data are plotted on the
background of data obtained from normal amimals according to
body weight and left ventricular weight respeétively gsee
Figgre.Q). The pair on the right side is plotted according
to average body weight (360 g) while Fhe lattegl pair is
plotted accord?nél ta left ventricular weight (740  ag).
s Since the nérpal relatidnship between caﬁillary density and
left ventricﬁlar veight is disturbed by cardiac hypértfophy,
"this separate Jplotting‘is important for +the interpretation

=of data as will be discussed later.

-

1
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Figure 9: Capillary densities in hypertrophied hearts
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3.5 GCOMPAEISON OF CAPILLARY DENSITIES OBTAINED
H1TH _l. AND 22X OBJECTIVES .

As mentloned in the #"introduction® wsection.
Steinhausen et al. (1978) s&ﬁé&sted that the capillary
rec;uitement observed by Bourdeau-Martinpi et al. m}gﬁt have
héen due to the greater penetration <%over of the optical

System during hypoxemia so that more than one layer of

~Capillaries might be observed since the theoretical depth of

focus of the 11X #"Ultropak" objective wvas 20.72 um.
However, under the"experimental_condiéion. it is doubtful if
the penetration of the 1light into the subepicardium will
ever reach the theoretical depth of focus. To test this,
data obtained with ‘11X and 2Ek\-p eétives from the sanme
heart under hypoxemia were compared. Hitﬁ the 22X objective
one could be ceﬁtain that only one layer of capillary
netvwork was filmed because the 22X objectlive had a
theoretical depth of focus of only 5.95 um. All data shown

s

6 were obtaiped <from the transplanted hearts

becduse it was impossible to use 22X objective on the hearts

in 'situ due to their movements which are larger than the
~ .

wor%izg distance (2.1 mm) of the objective. In addition,

data—obtaimed in noimoxenia are also tabulated in Table 6

for comparison. T
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TABLE 6

ICD*S OBTAINED WITH 11X and 22X OBJECTIVES

-'-\‘

TYPES OF HEART HYPOXEMIA DIFFERENCE
(11%) um (22X) (22X - 11X)

ONE DAY TRANSPLANT 17.18 19.11 - +1.93

20.98 19,59 -1.39

“ 16.64 17.33 +0.69

SEVEN DAY TRANSPLANT - 16.04 15.56 -0.48

' . ' 17.40 16.24 -1.16

17.38 16. 37 -1.01

MEAN  17.83 17.54 ~0.29

SD 1.70 1.57 1.19
TYPES OF HEART N NORMOXEMIA DIFFERENCE
‘/) (11X) um (22X) (22X = 11X)
______________________ e

ONE DAY TRANSPLANT 21.60 21.18 -0.482

17.11 18.340 ¢1.23

17.65 17.56 -0.09

16.86 17.75 +0.89

SEVEN DAY TRANSPLANT : 17.02 15.80 -1.22

16.40 16.35 -0.05

16.70 16.59 -0.11

' MEAN 17.62 17.65 «0.03

SD 1.80 1.79 0.81
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3.6 PREQUENCY ION OF THE INTERCAPILLARY
DISTANGES

The large number of IéD measuresents obtdined from
each experiment Justified the plotting of ICD histograas.
An interval width of 4 um, used to group the ICD's_from 0 to
60 um, was chosen for tvo reasons, first of all, for easier

. ;

comparison with data obtained by Bourdeau-Martini et al. in

1974 who grouped their data im 4 um intervals. Secondly,

the average diameter of the coronary capillaries was’

approximately 4 um, and because ICD's in this thesis are
measured from centre to centre of adjacent capillaries, the

shortesi distance was therefore approximately 4% um. Average

ICDP histograms vere computed for each experimental grogp . .

v

under normoxemia .and hypoxemia by' averaging the relative

frequencies in each interval of histograms obtained from

v -~

-each expfglment. The numerical results are shoun in tahles

f’\.,—

7, 91‘10, 11, and the histograms are displayed in flgures(;O
to 13. PFinally, skewvness and'kurtosis vere compdged for the
two average histograms using the mid-class ICD values.énd
the relative frequencies as shown in Table 8.
-

3.6.1 - Normal hearts y .

For better comparison, - fregquency distributions of
ICD's were computed only for those experiments fron vhich
data were obtained under both normoxemia and hypoxemia in
the: same heart. Table 7 shows individual fregquency
distributions of the ICD's. Sbtained from experiments

% 60 -

‘f



performed oq} the 8 normal hearts under mnormoxemia and-
hypoxemia. ; The two average histograms (means) vere
Edléulated. apd ara also displayed in graphical fora in
Figure 10. ;'Their skevpess and iurtosis are shovn in Table
8. Oonly fhe skewness of the normoxic ICD histogram was
significantly differemt (p = 0.05)  froam the ideag:_\ralue of
zero for normal distribution while the othe! differences

were anot sigpificant.

-
)
"
™
N
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TABLE 7

FEEQUENCY DISTERIBUTIONS OF ICD'S IN NORMAL HEARTS

D D D L L L R e S A S i e S s S, A T D A A D i Y e G w0 PP T D i g

|0| 41 8|12|16|2o|2a|2a|32|36;uo|nu|ua152|56|
i TO (ua)
LVH(g) 141 B11211612028}28132136]140j44]148]52(56]601

- | D o D S T W — W S —— —— A P . P e i —n

0.31 81131211271101 6§ 21 04 O 0) 04 0] O Oy f
0.35113N\ 3] 9420429114110 44 1§ 11 0f Oy -0y Of O}
0.385141 S| 9113{26116111) 8y 21 2] O} 0] 01+ 0) O}
0.522101 S| 5119125115112 61 6§ 0] 0 Of 0y 0O Of

- 0.526101 O 3116133125110 51 21 1] O] 0§ 01 0] 0}
0.536111 2] 511912916111 71 21 1} 01 O 0| 0] O
0.619174 3] 5116129115514 61 31 1] 0] Oy 0 0] 0]
0.64511F 2§ 8119126120112} 51 2¢ 0] 0§ 0| 0] O O

MEAN (201 41 7418128165111 5S¢ 2} 1| 01 0y 0Oy 0] 0}

e —--—————-——-———————-——--------—-———---—-—-—

; 0] 41 8|12|16|20|2u|28|32|36|u0|uu|u8|52|56|
TO (um)
LVH(g)[ 4§ 8112116)20124128132136|480)44158(152]56]

- ——— ——--—— -—-- A — VD i . —— . —— — - o i ] i i p -y

0. 311;121 8F11412131111§101 21 0y 0§ 0 O} 0y’
0.351] 4] 2| B125135114] 64 2§ 0] 1} 0}- 0] 01
0.385} 4] 7114121118116110} 3| 14 0] 0] 01
0.522] 21 5| 51211281151111 5] 2{ 0] O] 0y
0.5261 Of 3112422123118 144 5] 1§ 0f 0} 0]
0.536] 1| 5]110{26422112]11] 6.0} 0] 0j
L0.679) 21 2f 3117131120113 4] 34 ¥t 0} 0}
0.645] 04 1] 8116131117112] 7| 0| 0]. 0}

T L Dl e S S e i S o S S —— Y W ol — . - —

MEAN | 31 41 912001271151111 4) 11 0 0 0] 0] Ot 0}



R.F

NORMAL HEARTS

HYPOXIA

_ | RE
0'3l_ ’. NORMOXIA 0.3

1 o2} o}

|

l o1} 01}

| 4_{—

| 0 B 16 24 32 40 0

Figure 10:

ICDum)

@

- 53 -

8

16 24 32 40
ICD(um)

Average ICD histograms in normal

hearts




~u

TABLE 8

STATISTICAL PARAMETERS OF THE CORONARY ICD FREQUENCY

"DISTRIBUTIONS
A
N . (NORMAL)
Vo NORMOXIA HYPOXIA
"N MBEAN = 17.48 u MEAN = 16.56 u
\_ ' SeDe = 6.71-1 S.D. = 6.41 u
/B1 = 0.5973 = /B1 = 0.3653
B2 = 3.3549 B2 = 2.9295
(ONE DAY TRANSPLANTATION)
N NORMOXIA HYPOXIA
MEAN = 17.91 u MEAN = 18.13 nu
5.D. = 7T.14 1 S.De = T7.26 u
/B1 = 0.2056 /B1 = 0.2106
B2 = 3.1989 ‘B2 = 3.0258
(SEVEN DAY TRANSPLANTATION) .
NORMOXIA ' - HYPOXIA
MEAN = 16.50 u MEAN = 16.36 u
S.D.. = 6.57 u S.D. = 5.61 u
/B1 = 0.4284 =* B1 = 0.1747
BZ = 3.8829 = . B2 = 3,8023 =
(CARDIAC HYPERTROPHY)
NOEMOITIA ‘ HYPOXIA
MEAN = 18.49 u MEAN = 18.84 u
"S.D. = 6.85 u ’ S.D. = 6.06 u
/B1 = 0.0809 /B1 = =0.1009
B2 = .3,4295 ° B2 =

3.6198-

/Bl = Skewness, B2 = Kurtosis.
* - statistically significant, p=0.05

-



3.6.2 one day transplanted hearts
Table 9 shows individual frequency distributions of
the ICD*s obtained’ from experiments performed on one day

transplanted hearts under normoxemia and hypoxemia. The two

average histograms ({aeans) vere calculated and are also

displayed in graphical form in Pigure 11. Thelr skewness
\

and kurtosis are shown in Table 8. The skewness and

kxurtosis values of the normoxic and ﬁypoxic ICcDh histograms
were all not significantly differeant (p = 0.05) from the

ideal values for normal dlstribution.



TABLE 9

FREQUENCY DISTRIBUTIONS OF ICD'S IN ONE DAY TRANSPLANTED
HEARTS

1 01 4] Bl12|16|20|24|28|32|36|ﬂ01ﬂ&|"8152]56|
{ TO {um)
LYR(g) ] &1 8§12]116120124}328132136140544]14B8152156160]

——— e —— S e S — S — 0 — b ol Tl e ke S e s

0.4821 2] 41101251271 14¢ 81 41
0.487] 6] 61151251201 8] 3F 61
0.5200 21 41 8123§{281141 9| 3|
0.556] 31 41 4110121115§21]10]
0.571] 3] 5110127128311} 8] 2|
0.5871- 1] 31 5116133118110] 4]

D Y —— W P — . Y P U T A D e e . ——— ——————— v | ———— .

MEAR | 3| &) 91211264131101 51 2§ 1| 0t 01 01 0] 04

(HYPOXIA)

T . o R YR D R T

1 04 4} B|12|16|20124]28|32|36|u0|au|u8|52|56|
A | T (um)
LYA(g) 1l 4] 8112116120]208128]325136]401441u48]152]156]1601

A N N o W . . o S  ——— T —— - —— " — . — o ————

‘0.482] 21 41 7112§125117118F 8] 21 11 01 0} Oy 0] Oy
0.4874 3§ 5115127{17111| 8] 5] 4} 0| 0] G 0| Of Of
02520 4} 51 9125{281114 9} 31 1| 0§ O] 0f 0} 0] 0}
0.556f 2| 4§ 7112125117.418] 8} 21 1] 0] O O] 0} 0§
0.5711 21 7110128126{12] S| 21 1) 0] O} 01 O| Of Oy
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Figure 11: Average ICD histograms in one day transplants
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3.6.3 Seven day transplanted hearts
Table 10 showvs inqﬂgﬁdual frequency distributions of

the ICD*'s obtained frona experiments performed on seven day
trénsplanted hearts under normoxemia and hypoxemia. The two
average histograms (means) vere calculated and are also
displayed in graphical fora in Pigure 12. Their skewness
and kurtosis uege calculated and is shown in Table 8. The
skewness and_kurtosis values.of the normoxic ICD histogram
were both signifi&antly different from the ideél values for
normal distribution. On the other hand, only the kurtosis
value of the hypoxic ICP histogram was significantly
different (p = 0.05) from the ideal value for normale

distribution.
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TABLE 10 (

PREQUENCY DISTRIBUTIONS OF ICD*S 'IN SEVER DAY TRANSPLANTED
HERRTS
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306.4  Hypertrophied heacts

Table 11 shous indiiidual frequency distributions of
the = ICD's _ obtalned fronm expeE;nents per;ormed on
hypertrophied hearts under normoxemia ‘and hypoxemia. The
two average histograms (means) were calculated an& are also
displayed in graphical form in Figqure 13. Their skewness
and kuftosis vere calculated and are shown in Table 8. The .
skewness and kurtosis values of the -normoxic and hypoxic ICD
histograms were all uwnot significantly-different (p = 0.05)

from the ideal values for normal distribution.
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FREQUENCY DISTRIBUTIONS OF ICD*S IN HYPERTROPHIED HEARTS

| 01 4§ a|12|16:20:24128132135|u0|au|ua|52|56|
' TO -
LVW(g) | 4] 8112116120126 }28]32]36140)44{48152]56160]

T — - N S T A - —— s R S - A A A AN

0.4981 31 4110120126114 9§ 3¢ 1) 14 0] 0| 01 01 O}
O.6141 & 3] 9126130111 110] 2] 14 0] 0] O} Of O] O}
0.6541 3] 31 6119127119411] 61 1] 0§ 0f Oy Oy O O}
0.728) 21 3| 7116124116311} 9] 31 2| 0] O] 01 0} 0O}y
0.8951 11 21 3113127122118 61 2| 0] 0y 0] Ot 0] 0}
1.0220 20 2| 41201381171 9| 31 14 0) 0} 01 01 0] O}

i A T —— i S ol S b — S —p T W Y VI RS A A S i W =l -

MEAR | 31 3¢ T120129117111] 51 21 1) 05 0] 0§ 01 0O}

s (KYPOXIA)

T —— o —— W A i whe o — - - - Ay o —

l --------------------------------- - -

| 01 4} Bl12116]20[2ui28|32|361u0|uu|ﬂ8|52156| .

I TO (um)
LVW (g)] 4} 8]12|16{2012u|28|32]36[&0[&U|H8|52|56|60|

0.4981 11 11 3]14§35118§12] 3| 31 G} O] 1§ 11 0} 0f
0.€144 2§ 31 614437424 7] 21 O] Of Of 0| 0] O] Of
0.654] 31 3] 3}1512642011643 71 3| Of Of 0] Of Of O}
0.728] SI 21 791211231211 71 71 31 1} 0f 0] 0§ 0} O]
0.895) 11 2§ 4116130421151 %] 11 11 1] 0] 0§ 0} Oy
1.0221 21 2§ 5125436115} 8f 21 11 0} 0f 0f 0| 0§ Of

N S S S A e o T P T e iy e ol Y T g . ST W W W N T S e b sk e

P P SN R W VS S R T D R W A A el A T I D vk ke e ——— A ————— o W Y .

-72- a



/

HYPERTROPHIC HEARTS

RE NORMOXIA RE  HYPOXIA
o3y ~ o3 B

-

. 0.2} r 02f |

0.t 01F
T 1
0 8 16 24 32 40 o 8 16 24 32 40
1C D{um) ICD{um)
' r'd
Q—.-’

<h

Figure 13: Average ICD histogranms in hypertrophied hearts
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Chapter IV

DISCUSSION

4.1 EPFFECT OF GROWTH ON CORONARY CAPILLARY DENSITY

-

The present finding of am almost n ive exponential
P g (ﬂﬁkg P

relationship between normoxemic coronary capillary ansity
and left ventricular weight is rather umexpected as &ompared
to reported data. In 1976, Henguell et al. used in vivo
cinematography (similar to the present hethod) to study the
effect of left ventriculagﬂgngggEtgfjcoronary ICD in the rat
heart. They found an ianverse linear rélationship betwesn
coropnary ICD fndlleft ventricular weight throughout the\age
"of 40 to 480 days. When their ICD's were converted Ep
capillary densities, the relationship between coronary
capillary density.and left ventricular :eiﬁht vas .still

approximately linear, In our case, in rats between the age

of ‘49 days to 62 days, ve observed a decrease of functional

capillary density from about 4000/nm almost negative

exponentially to a plateau of 2500/mmi. vother hand,
'-they fiound a linear decrease of functional capillary density
.fron about 3300/mm2 to 2600/mm2 in this age range. - Since
they did not tabulate all their numerical results, it is
diéficult to offer any explanation for the difference

A ,
between our and their findings.

£



For the minimam ICD, at is, --the hypoxenic Icp,
assuming that all precapillary sphincters are open uader

this degree of hypoxemla (Pad2 < 50 nmmHg), there has been

many reports on the efifect of cardiac growth on the

anatomical c

onary capiliary density and our present

2

finding of an inverse linear relationship between maximunm

coronary capillary density. and 1left ventricular weight

basically agrees with the findings of most érevious workers

in this field. In 1963, Rakusan and Poupa studied the

anatomical coronary ICD changes in the rat heart during

development and reported an similar inverse linear

relationship between anatomical coronary capillary density

and heart weight. They found a similar decrease of

capillary demsity (3800 - 2700/mm2) to . ours (3900 -

2500/mm2) for the similar span of age. Since they vere

using histological techniqhes, their caé;:EEEg density
. —
should reflect the total anatomical capillary density of the

heart. This therefore gives positive support to our

assumption that the hypoxemic capillary density represents

-the entire anatomical capillary density. Rakusan et al.

(1967) , using It3t-Albumin as an intravascular tracer, found

that the maximal coronary vascular éapacity decreased

linearly with body weight. Heaquell et al. in 1976 used in
vivo cinematography (similar to the present method) to stﬁdy
the effect of growth on capillary density and found a linmear

relationship between -minimum ICD and left ventricular



veight. When their ICD's vere converted +to capillary
densities, the relatiomship between coroharyl capillary
density and left ventricular Heiéht was s£111 apérdxinately
ligear. However, throughout thé sinilaf- span of left
ventricular weight to ours, théy found a decréasé of
capzlt”hi density from 4630 to 3300/mm2. Intereétinély,

their decrement in caplllary den51ty (1330/am2) is similar

.to ours (1u00/mm21; therefore, it appears that our

regression line and theirs are different  only in the

intercepts. In fact, the regression of their cOrdnary

capillary density,6 omn left ventricular wveight gives a very
.‘ L i

similar slope (4135) to ours (uzés). The difference in

interaepts may be due to the fact that they used female

Sprague-bDawvley rats while we used the males., -
The relatlonshlp between caplllary reserve and left

ventricular weight is-obtained by subtracting the normoxemic

curve from the hypoxemic line as displayéd in Figure 5.

This parabolic relationship between capillary reserve and
left ventricular weight derived from Table 2 and illustrated
in Pigure g can perhaps be explained ir terms of a

relatiohship ngtueeq age dependent mporphological and

functional: developaent of precapillary-sphincters,.gfouth of

individual muscle fibres and changes in oxygen consumption

-

of the myocardium per unit of' its mass (MVO2/q).
In the first period of. 1life the precapillary
., w

sphincters might not have been present or if present

-
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. part of the second period

were inactive, consequently all capillaries were open all
the time.. Alternativelyr the MvV02 of the myocardius might

-
have been so high that all j

capillaries were open? unger
- - T
normoxenic conditions_.é;g;’;f sphincters wvere ptesént and

functional. b

The initial part of the second period when the

capillary reserve started to ppear and grédﬂally increased

could have been due either o anatomical development of

precapillary sphincters orC th ir-activation.- This 1led to
closure of some of the capik aries under normoxemia'due to

the age dependent decrease of cardiac MVO02/g. In the latter

after the recruitement capacity

peaked the 'growing diameters of the

myofibres pﬁshed the
existing capillariés .futther

apart thus increasing the
diffusion pathwvay " Since the length of thé diffusion
distance is a major determinaﬁt of oxygen delivery,' nore
capillaries had to stay open under normoxemia, which led- to
decreased recruitement in hypoiemia. ‘" Whem a critical
digtapce was reached ail

capillaries remained open even

under normoxemia in order to supply the ' ia issue

myoqardlal tissue
because of a long diffusion pathwvay, irréspeétively of the

. . . "
existence of functional precapillary sphlncters.

Althdugh the existence of precapillary sphmncters in

the heart is. still coatroversial,

there is histo gical

evldence suggestlng that precaplllary sphlncters do exist in

the coronary- nicroczrculation (Provenza and Scherlzs. 1959) .

Pl
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Iu the following paragraphs, the initial rise of capillary
reserve with left ventricular growth from zero to the
maximum reserve Qf 740 capillaries/mm2 will be discussed in
mofe datail and .sunmariéed. This will be inmediately
followed by the discussiof on the subssequent exbaustion of
the capillary reserve vwith %ufther ventricular grgﬁth.

The initial increase of capillary reserve with left
ventricular growth wvas unexpected because tﬁe increase in
muscle diameter associated vith growth wounld move the
existing caplllarles further apart, resulting in prolonge&
intercapillary distances and decreased”capillary densify.
Therefore the heart uould‘be ‘éxpeéted to recru?t&&more
‘capillaries even in ‘nornoxenia to saintain an optinai.
capillary density to avoid'tissﬁe hypoxia, ﬁ&uever, the
contrary was found, more capillaries were actdally.kept as
‘reserve as the heart increased in size. There are two

‘possible explanations. Flrstly, the Tecruitement a paratus,
. E\ P

that is, _the precapillary sphiancters, may be not avallable

—_—

wvhen ~the animal is relatively young 350 that the heart
operates with maximal capillary density ]éven though it does
not need it. Later in ‘1ife.as'the predapillary sphincters
develop.@some of the capillaries then becbme inoperative and
are kept as a reserve. The second-Possibie explanation is
that ‘the heart majy indeed require such a high capillary

den51ty for adequate- oxygen supply when the animal is young

so that all the apatomically available capillaries are.
- . e ) .



functional, But with advancing age, . it then does not .need

such a high capillary demsity and the excess capillaries are

-

Kept as a reserve. In other words, g it is speculated that
N _ .

vhen the animal is relatively young,. myocardial oxygen

A
a

//j consumption per gram tissue (MV02/qg) may be so high that the

AV .

h pecessitates all capillaries to be functional in order
to achieve an adequate oxygen) supply. With advancing age,

Mvo2/q decrqiseé so that lgss capillaries are required and -

the éxcésgxgpes are kgpt As a reserve,

- -t . .
.Thlfirst hy pothEsis is not very %“robable hecause at
the age wbhéen the capillary'resérve starts to appeat,“’that
is, thé 7th week, the rat is already a young adult with a

body weight of around 200 gms ‘and all its physiologic

capillary recruitement at this stage. The second hygfothesi

seems to be more probable because of the following. First
of all, the relationship betveen cardiac pressure-voiune
work and age imn the rat as shown in Pigure 7 provides
indirect support since the age of 7 weeks at which cardiac
vork decreases dramatically coincides with the first
appearance of capillary reserve.’ Secondly, \Et‘\gsfs age,
proliferation of coronarf' capillaries cedses (Rakué&n et
al., 5965) wvhich suggests tyat capillarx.p:oliferatiqn and

g

capillary recruitement may be closely related.’

®
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Based En the above, the second hypothesis is,advanced
and the following - events are postulated. Shortly after
h;ntﬁf HVO2/9‘£irst increases with age probably as a result
’ 4

of neurohumoral influence (Gold et a\ll., 1968) in order to

cope with the increase in the whole dy oxygen consumption

(Brody, 19u45) ast;ciated with growth This 3Jincrease in

MvV02/q somehow trié ers the prolifera @ activity of the

coronary capillarie% perhaps ' as'a r¢sult of transitional

tissue hypoxia. up ge, e functional capillary
density is the same as the anat _{Sﬁl capillary density with
nc capillary reserve becaqse the heart necessitates all the
éxistipg capillaries to avoid tissue hypoxia. As the animal
grows - further, HNV02/g ®starts +to decline: consequently,
transitional tissue hypoxia ;o loenger occurs under ncrmal

conditions and capillary pro%iferation stops in this stage.

As the MV02/9 declines fuftherf the heart will be’

-~

oversupplied with oxygen }ith the ;}isting high nunber(sf

cabillaries so that some of the capillaries are closed and
kept as a reserve, The closing of capillaries continues
with the decrease of;£§02/9~until the NMV02/g reaches a more
or(iess plateau @minisum and the corona£y° capiliary raserve

reaches its naxinunz Recently, Olivetti et al._'(1980)

showed +that the mean intercapillary .dlistance wvas reduced

-from 32.0 um wvhen the rat vas one day old té‘ 17.6 um wvhen
. - ] ExY

the rat was 11 days old. Since the MVO2/q9q is still

I

incgéaSing,in'the 1 to 11 days sttnatél period in the rat,

P
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the decrease of Iép in this period ﬁherefo;e gives further
support to our MvV02/g increaéé triggered capillary proliferation
hypothesis. However, this finding of lack of coronary

caplllary reserve in young animals seems to dontradict the

fact that young anlmals are actually more tolerant to hypoxia.
Slnce oxygen supply depends on blood flow and diffusion,

young animals therefore probably have mechanlsms to substan-
tially increase myocardlal blood flow to colpensate for this

lipitation.. The mechahism is likely to be related'to the

overall resistance of the éoronary rRetwork.

L . - 80 (a) -



Fhis paragraph suggests an eiplénatidn for the
subsequent recruitement and final exhanstion of the
capillary reserve with age. In orﬁer to explain the
decrease of .capillary reserve with left ventricular growth,
it is important to ﬁote that there are two opposing forces
determining the myocardial tissue oxygég tension during

growth. One of them has been discussed in the last

paragraph which is the decresase in MBV02/g resulting 1in a-

relative increase of tissue oxygen tension. .- The opposing

force is the increase in djiameter of cardiac” myocytes
associated with growth, wmoving capillaries further apart to
decrease tissue oxygen temsion. Since it has been assuméd
that capillary recruitement is_cohtrolled by {issue'oxygen
tension, capillary reserve will therefore decrease or

b

increase according to “the balance between the two forces.

Accordingly, the following events are postulatﬁ%} for the

subsequent exhaustion of capilléry. reserves. After the

MVO2/9 decreaseh ‘to a low lavel later 1in life, the main'

determinant of the myocardial tissue oxygen tehsion is the

increésing diffusion pdthway dué te hypertrophy of existing

myocytes which will move the capillaries further apart. The

prdgress of this brocess‘hay cause tissue hypoxia and this

may cause recruitement of more capillaries under normoxemia.
i S e .

1 . ' ’
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This may be the reason why further growth of ayocytes is

accompanied by exhaustion of the capillary reserve.
In sunnary. therefore, the initial ipncrease of
capillary reserva with left ventricular growth 1is believed

LS

to be due td the dramatic decrease of MYy02/g during the
- -

first period. . The subsequent recruitement of spare

‘reserve to 2150 .cap/mm2 as reported.

capillaries under normoxemia and final axhaustion gf " the
capillary reserve 1is believed to be due to the continual

increase in the diameter of cardiac myocytes assoclated ulth
.
further grouth ST the heart.

-

The special ;elatlonship betveen functional coronary
capillary density‘ and left ventricular weight as discussed
Sbo;e‘may also explain the controversy about the existence
of'c;biliary reserve in‘the heart. Recalllng Figure S, the
capiilcry densities -gnder normoxemia and lhypoxenla hoth
varied extensiicly_uith left ventricular welght. Since

Bourdeau-Martini et al. " in 1974 were’ ‘u51ng dlfferento

s

an;mals for normoxenﬂc and hypoxenlc experlments, there was

a possibility that their. hypoxemic capillary density

=

(uQOO/mmZ) might be obtaided frgﬁkiflatlvely joung ‘aninmals

uhlle their normoxemic capillary density (2250/mn2) gight be

obtained \ from relatively older{agf/cls because they vere

using rats with a relatively wide rang f body weights (180

.

-~ 300qg). These 'logethgr thus/%n Gnified the capillary

i

S
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Steinhausen eugal. id/¥978 were using animals with
relatively small range of body welghts (250 - 300 gq) and
performed both the normoxemic and hypoxemic experiments on

the same animals. Interestingly, the coronary capillary

densities reported by them lay closely +to our normoxeaic

curve. Therefore, it appeared’that capillary recruitement

was handicapped in their preparation. This could-be due to
at least two reasons. Pirstly, hypoxemia in their case

eright not be severe encugh to éaﬁge capillary recruitenent.

Since they did not amention for how long their amlmals were

breathing 5% oxygen, the degree of hypoiémia vas uncertain.
Secondly, it was also possible that their heart réstrainer
might ﬁavé interféred with the recruitesent methanise of the
.coronarf capillaries.

Fi;allx;dﬁtd show the functional significance of the
capillary reserve of 553/mm2 established from our data
(Table 2), ' Krogh-Erlang's equation was- applied to calculate
the profile of .the oxygen teéﬁifn around tha‘venous end of a
capilla;y under theoretical normoxemia and hypoxemia. ' The
venous end was chosen because this is where anoxic°zonés
were most likely to occur. ' Since the ICD's r;}o;ted in
Table é referred toc the mean vwalues oely, the roxygen
profiles were also calculated for tissue cylinders with an
arbitrary ICD of'BOS'above the average value to represent
profiles in areas with longer actual ICD's. Hovever, since

the coefficient of variation of the ICD's in our experiments

[

[
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was- around 30%, =no more than 16% of capillaries wera

separated by more than 1.3 tineé mean value of ICD.
Thereforel' the oxygen profiles calculated should be
repfesentative of ghe lowest p02 profiles for at least 84%
of the coronary-capillaria;. Finally, normoxealia was
represented by a venous .902 of 31 mmHg and hypoxemia was
represented by a venous p02 of 18 moHg, These values were
taken from a study by Holtz et al. in 1977. For the othar
variablés of the Krogh-Erlang's equation, capillary diameter
of 4 um was assumed (Sobin and Tremer, 1972y, ‘Krogh's
diffusion coefficient of 2.1¥1O~6/min*ﬁmﬂg vas adopted
(Rety, 1957) and lastly, -the oiygen consumpiion of the rat
heart was taken as 6.5%10-3 -ml/g*sec (Honig 'énd'Bourdeau-
Martini, 1973, Duvelleroy et al., 1976, Kissling, 1980).
The calculated oxygen tension prefiles, around the ven;us

ends of the capillaries are displayed in Figure 14,
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The profiles of oxygen tension displayed in Figure 14

L]

clearly sHow tﬁat the qabillary reserve of 553/am2 (changing.

- the neaan CD from 20.56 um to 18.51 um) is indeed ifiportant

Vfor the njygen supply to the nyocardiun. - Under normoxemia

(vepous pO2 31 mmHg), both the longer and shorter ICD's are
adequate for satisfylng the oxygen demand of the heart,
However, under hypoxemla (venous po2 18 amidg), the longer

ICD is 'mot adequate for satisfying the oxygen demand of the

heart, resulting in an anoxic zone occupying over half of

the radius of the tissue cylinder, whereas under, the shorter

iCD,'.a minimal tissue oxygen tension of Q.4 momfAg is still

S s

"maintained which is barely sufficient for oxidative

phosphorylation in the mitochomdria (Wittenberg, 1970). _; .

»

Besides facilitating diffusional transport as

111qstrated above, capillary recruitement is also important

-1n/&ecrea51ng the overall coromary vascular resistance since

3
it hqs been shown that one~third to one~half of the minimum

coronary vascular resiétance 1s due to capillary resistance
(Archie, 1978b5. In o;her ‘words, c;pillary recruitement
facilitates- both the bulk a&@_ diffusional tranﬁport of
oxygen to the tissue by decreasing the coronary vascular

resistance-and the intercapillary distance..

4.2  EFPECT OF ONE DAY TRANSPLANTATION

Since the one day. isotransplanted heart ¥vas

essentially a denervated heart performing very little vork,



\\

Pl

= .

thé lack- of reserve as shown in Table 3 suggested thaf the
surgichl' éperation might havé strong influence on tle
capillary recfhitalent mechanisms either through denervatién
or'as a general surgical traéla. Since the average "LVW in
X" vas within normal range amd the appéarance of the one day
transplants uag-nbt different from normal, the causal factof
seéled likely to be caié;;;-denervation. - &

This was contrary io the concept. . that capillary
recruitement was primarily mediated through local humoral"
factors (Honig et al., 1970; Granger et al., 1975, Henquell

and Homig, 1978; Belloni, 1979). Hoﬁever, there was also

evidence that neural mechanism was important for capillary

. recruitements in intestines {(Lautt " and Graham, 1977,

skeletal muscles (Hudlicka and Renkin, 1968) and the heart
(L*Abbate et Adl., 1976}. There were also reports showing
that ox;ben/gnd lactate utilization’ihcreased after cardiac
denervation {Drake, 1976) ; . this could be due to the
increased availabil;%} of substrate and oxygen as a result
of opening of all coronary rprecapillaryjsph{ncteps after
denervation gince capillary exchange wvas believed to be the
bottleneck of myocardial 6xyq9n consumption (Kammernéier and

Kammermeler, 1975). also, myocardial tissue oxygenm tension

had been shovn to be strongly influenced by sympathetic -

- stimulation (Peigl, 1975).

Anatomically, nerve terminals had beer found in

proximity to precapillary sphincters (Kisch, 1958, Uchizono,



1964, Forbes et al., 1975, Forbes et al., 1977). Therefore,
tﬁe closing\of precapillary sphincters appeared to be mainly
if not é:tirely under neural control since present data
showed that c;plete denervation could cause the opening pf
all tapillary«\fphincters. There may be similar tomnic
sym;athetic discﬁé{ges to the precapillary sphincte:#ias—tq
the arterioles undgh_ndrnoxia. This is not to mean that
19ca1 fapﬁo;s-dq not{hav? a role in capillary recruitement;
rather, gzey may“act by modifying the effect of this tonic
sympathetic iti ulation. Cobbold et al. (1963} -sugédsted
that vasodila  metabolites, when in high concentration,
could actual y overcome the sympathetic constriction of
precapillary sphincters. Therefore, -regarding the opening

of coronary precapillary sphincfers, the possible

. . -
participation of local factors can not be excluded.

N

4.3 EFPECT OF SEVEN DAY TRANSPLANTATION

Since it . had been S:SFB that 8 days after

transplantation, " the- transplanted rat ‘heart was still
completely denervated (Lun{ et al., 1978), the seaeven day

transplanted heart could be considered a denervated heart in

- . )
the early- stage of - the process of atrophy.  The w=lack of
capillary recruitement in these transplants as shown in
Table 4 could then be explained in terms of cardiac

denervation as in the previous section. Furthermore, as

shown in_ Figﬁre 8, the means of the data lay above the
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‘hypoxemic line, indicating am increase in capillary demsity

in the seven day transplants.. This suggested - that savén
days after transp;antation. the preéxisting cépillaries ‘vere
not obliterated so that the decrease in the diameter of the
cardiac myocytes associated with cardiéc atrophy simply

moved the capillaries closer, resulting imn- a “higher

" capillary density.

The averags increase im caplllary density was 7%

il

"which was in good agreement with the expected increase (6%)

calculated fréh the average decrease in left ventriculér
weight. This is,contrary to what Rakusan et al. had found
in 1967 since they reportgd decreased vascular capacity im
atrophied hearts. ' However, cardiac étrophy in their case
was induced by protein deprivation instead of de&feased
uorking'load’as in our case, and the degree of atrophy was

more severe in their case (-18%), so that it is rather

difficult to compare the praesemt finding with theirs.

4,4  EPPECT OF CARDIAC HYPERTROPHY

The position of the mean capillary densities élétted
against - left ventfiqular ueiéht as shown 1in Figure 9
snggested that capillary demsities at the subepicardium of
the hypertrophied hearts had not changed significantly fronm
normal. There are two possible-hyPothetical‘éxplanations.
Pirstly, capillary proliferation might have occured during

the \prdcess of hypertrophy so that the final capillary

-
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density was wraintalned at the normal level. The second

possibility is that the subepicardiun aight not be
\

-

'
representative of the entire myocardiuam during the krocassﬂ‘

of stimulated growth. In other words, perhaps the dégfeg;of
" hypertrophy was less imn the subepicardium than the ;;;;age
so that the capillary density at the-sﬁbepicardiul renained
relatively unchanged. o '

The first explanation.is not very likely since it is
generally acceptad that capillary -proliferation does not
axist in the adult rat heartsz | on ‘fhe other hand, the
second hypothesis is supported by the following evidence.
Firstly, it had been calculated that the subepicardium was
the layer in the heart where wall stress and pressure were
approaching zero (Streeter et al., .1970,f Wikman-Coffelt et
.al, 1979). If muscle hypertrophy was caused ﬁy increased
stress and tension, then it will be expected that the
subepicardiun will bhypertrophy to a lesser degree.
Secondly, theoretical calculation indicated that, in

concentric cardiac hypértrophy, which was the case in

pressure overload cardiac hypertrophy, the subepicardius

should hypertrophy to a lesser degree than other layers of

~

the heart.” Lastly, the second hypothesis was also supported
by experimental studies (Dowell, 1977, Lund and Tomanek,
1978, Hatt, et al., 1979) Qemonstrating a lesser degree of
hypertrophy in the sﬁgepicardium. -Based on the above, the

second hypothesis 1is advanced and’ consequently it is

™~

[P



‘\ , ~
.
pa—y

expected that the subeplcardium will also have a smaller
decrease in capillary; densiéy than 6ther layers of the
Heart.

If the subepicaf&iun was indeed nonrepresentative of
the entire hypertrophic myocardium, tﬁen "perhaps plotting
subepicardial- capilléry density’ agéinsé the hypertrophied
left ventricular Qeight was not justified. This léd tou
plottin?ffaf'suhepicardial capillary density against body
weight because the body weight, like the\subepicardiun, was
rqlatively 1less affected during the process leading to
cardiac hy;éitrpphy. ' The -two average data points were
" ‘plotted against fhe body weight which is shown as the right
pair in Pigure 9. This time, they were well below the
hypoxemic line uﬁich suggestad that cardiac hypertrophy
induced a decrease in anatomical .capillary demsity in fhe
subepicardium assuming that all available capillaries vere
open under hypoxemic conditions.’ Purthermore, assuming
harqonic-grouth of cardiac ayocytes (Korecky and Rakusan,
1978), the expectéﬂkgecrease in capillary density was 28%;
however, the actual aecrease in capillary density in the
hypertrophied hearts was only 17%. This therefore further
supports 6ur hypothesis that cardiac hypertrophy 3induces a
smaller decrease im capillary density im the subepicardium
than other regloas of the hsart. Since Henquell et al.
k1972) reported similar findings on the hxpertension induced
"hypertraphied heafts, pressure-overload cardiac hypertrophy

T
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induced by hypertension and aortic constriction therefore
appearad similar ir teras of aexhaustion of capillary reserve

and capiilary density changes in the subepicardiu=s.

As shown im Table 5, capillary reserve wvas absent-in‘

the hypertrophied hearts since the difference betwaen
éapillary densities obtained under normoxemia and hypoxeamia

wvas insignificant. This implied the recruitemeat of all

existing capillaries even under normoxemia in . the

hypertropﬁied hgarts. if éépilla:y prolifefation dld stop
after the 7th postnatal week (Rakusan et al.,1965), then it
would not be: surprising that, even‘under . normoxemia, the
hypertrophied hearts needed to yéve all the caéillaries open

to sustain an adequate oxygen supply. | However, the

./fécruitement " patterns .im individual hypertrophied - hearts

were actually quite inhomogeneous. Paired data poiats are

shown in Pigure 15.

o
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Figure 15: Individual data from hypertrophied hearts




As shown in FPigure 15,.1n the smaller hearts in teras
of left ventricular ‘weight, the direction of capillary
density changes in hypoxemia was actually reversed, Fhat is,
- coronary .capillary dénsit}es in | these ﬁearts actually
decreased in hyp&ienia. But as the'heart hypertrophied

more, the diffarence in capillary dengity became smaller amnd
- finalli returned to tﬁe normal direction, that is, increase
in capillary deasity in hypoxenmia. However, capillary
reserves in:+ these hearts were very small ‘ and were
statistically insignificant.

Thé decrease in capillary density .in hypoxemia in
smaller hearts might be a continuation of the trend uithf
further groutﬂ’as displayed in Pigure 5 and Tablae 2. This
miéht be due to coronar} steal from thel subepicardiva by
other layers of the heart, In fact, coronary steal in cage
of coronary occlusion‘had been uell‘dbcumented (Wichmann et
al., 1978). Infranyocardial steallhad also been showvwn to
" exist in the geart (Reves et al., 1977). The mechanisna
behind this stealiung éhenonenom might be due to differeqt.
vasodilatbrg capacity in different layers of the heart
(Flohr et al., 1977, Archie, 1978a). It Ha& been shown that
the  SUBENDO/SUBEPI  perfusion ratio increased under
synpathetic stimulation ({Schwartz and Stone, 1977) .

H

Therefore, it was probably the dilatiom of thé ,coronary

vessels in the inner layer of the heart which cagosed the

collapse of the subepicardial capillaries.
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As shown in Figure 15, coromary steal did not occur
in all hypertrophi@d hearts; capillary reserve was simply
absent in hypertrophied hearts of larger size, This aight
be explained as follows. It was thought that-coroqary steal

froa the subepicardium could occur only if the subepicardium

‘could afford it, in a sense that it would not cause severe

tissue hypoxia. As theé size of the hypertrophied hearts

] increased.nbre, the changes in the subepicardium -would also

beconme more significant such as increased intercapillary
distances and incraased systolic compression; so that, to
4 -

avoid further impairment of oxygen supply, coronary steal

could no longer be permissiblae.

In summary, there was no capillary racruitexent in

hypoxemia in the hypertrophied hearts. When the size of

hypertrophied hearts were relatively small, coronary steal

- : T
occurred im the subepicardiom; uﬁén the size of the

hypertrophied hearts increased mdne, coronary steal could no

longer occur and capillary reserves were siaply absent.

4.5 COMPABISON OF CAPILLARY DENSITIES OBTAINED
WITH 22X AND 11X OB3ECTIVES

As mentioned in the introductioh, capilliary
recruitement observed by Honig et al. could have .beenpan
artifact resulting froz the use of optical systensguith low
magnification and deeper penetration. Therefor;; data

obtained by low power (11X) and high power (22X) objectives‘

under normoxemic and hypoxemic conditions from the same

‘3
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énimals as shown in Table 6 were comparéd-using paired t-
tests but the differenceé were'fﬁuﬁd to be insignificant
(ﬁormoxemia, t=0.0370; hypoxemia, t=0.243771(indi¢ating that
'thgre was no difference between capillary de sitieé ogtained
with 11X or‘22x objectives. Since the‘22x oi?ectivé had a
theoretical depth of focus of only 5.95 um which could cover
o;ly one layer of caﬁillary network in the subepicardium,¢££.
was concluded that é;ta obtained with the llX'object%ve

under the outlined experimental coggfzibas was also a valid
representation of one layer of capillary network in the
.éubepicardiuﬁ despite the fact that the depth of focus of the
11X objective is greater than tHat offghe 22X objective. In
other words, the increase in depth of focus achieved by the 11X
objeqtive did not bring into focus any more capillaries.

This iﬁplies‘that capillaries are indeed arranged predomiﬁantly
in layers across the myocardium. Thereforey an increase in depth
of fodus less than oﬁe interbapillary distaﬁce will not cause

the focusing of any niore capillarieé since there are prabably
only few capillaries situated between the predominant layers.
This also implied that the observed capillary reserves did

indeed exist in normal hearts and could not be explained as

an artifact. 1In fact, besides the report from Eourdeau—Martini
et al.'s grode various indirect studies have'also suggested

the presénée of capillary rgcruitement in hypoxemia (Duran et
al., 1977, Marsicano et’al., 1977, Kreutz et al., 1978; Wei§$

and Cohen, 1978, Briden et al., 1979; Martin et al., 1979).

Our data therefore gives further support to the existence of

capillary reserve in normal hearts.
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4.6

FREQUENCY DISTRIBUTIONS OF THE CORONARY
INTERCAPILLARY DISTANCES

One of the advantages of the method used in this

project is that it allows for the computation of the frequency

distribution of the coronary intercapillary distances.

The
numerous intercapillary anastomoses will

y ¢

\\
» >
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help distributing the oxygen:suppy evenly to different
regions of tha heart by COlléteral circulation; however, if
the ICD distribution is extremely skeved, focal hypoxic
ar2as will be expected to exist. By comparing the éaronary
ICD frequency distribuéions of the paired data from

normoxenia and hypoxemia, it is also possible to understand

how the change of mea®n intercapillary distance is attained, ..,

that‘is, which range of ICD's has actually changed.
The following paragraphs describe the changes in the
coronary ICD frequency distribution from normoxemia to

hypoxemia in the noreal and the different experimental

groups of hearts. -

b.6.1 Normal hearts

Several points\vere apparent in comparing the two
"average ICD histograms in Pigure 10 . First of all, thg
range of ICD wvas from 0 to 40 um for normoxemia and only 0
to 36 ur for hypoxemia, indicating that some extremely long

ICb's actually disappeared. Secondly the relative

frequencies for the shorter ICD's increased in hypoxemia;

the obvious ones were the intervals of 8 — 12 um and 12 - 16
um. ° These two observations £ogether demonstrated the
recruitement of capillaries in hyéoxenia, changing the
longer ICD'Q into shorter ICD's. To examine ‘it

quantitatively, skewness and kurtosis of the two average

‘histograms, as shown im Table 8, are dompared. The



\ .
diffefénce in skevness between the two average h{f}ograls
indicafed that there were more 1o£ger-ICDfs under pormoxemia
than hypogenia and that the frequency distribution of'iCD's
under hypoienia_ ﬁas closer to COmplete'Syﬁnetry than that
under normoxemia. Furthermore, the ICcDp frequency
distribution under hypoxemia had a kurtosis value closer t;
the ideal value of.3 for normal distribution. Therefore, it
a red that the an§tonical coronary capillary netwvork was
sizzZtured in such a way that the resulting intercapillary
distances were normally distributed. Under normoxenia, some
capillaries were closed and kept aé capillary reserves,

resulting in a slightly skewed ICD frequency distribution.

However, the degree of skewness was small so that the

numerous intercapillary anastomoses could lbrohably ggill
maintain the even ‘distribution of oxygen supply acrosé tﬂe
layer of ﬁyocardiun (Goresky and Goldsmith, 1973). This was
basically in agreement with what Bourdeau-Martini et al.
(197“) .héd found, that is, roughly normal ICD frequency

distributions under both normoxemia and hypoxemia.

4.6.2 One day transplanted hearts
L] .
As shown im Figure 11, the frequency distributions of

the coromnary ICD's under normoxemia and hypoxemia were very

similar with a ixture of slight positive ‘and nedative
th

deviations in bo des of the modal interval. To examine

it gquantitatively, skewness and kurtosis of the twvo

ad



histograas, as shown in Table 8, are compared. Both
.—~—skewness and’ urtosis of the tuo- distributions were vefy
| similar. Purthermore, the values of skevness and kurtesis
vere also nqbkélgnlflcantly dlfferent fron the 1dea1 values
for normal distribution. . As shown in Pigure 8, it had been
found that the mean capillary densities of the one da&
transplants lay practically on the hypoxemic level; now the
frequency distributions ware also simlilar to the ICD
frequency distributions of the gnormal animals 4in hypﬁxenia:
It apeared therefore that the anatomical arrangement of the

capillaries in the one day 'transplanted hearts wvas the same

as that in normal hearts.

u;6.3 Seven day transplanted hearts

As shown in Figure;%z, the two average ICD histograms
appeared quite similar. Again the skevness and kurfosis of
the two histograms, as shown in Table 8, are compared. The
skewness and especially‘ tha kurtosls values of the two
histograms were.very similar. The slight difference between
the two skewness values was probably due to artifacts in
histogram grouping since the mean ICD's were arouand 16 um
which happéned to Be the common boundary of the—12 - 16 un
and 16 - 20 um intervals. Comparing the skewness and
kurtosis values of the seven day transplants to that of the
6ne day traansplants, the major difference wvas the kurtosi;.

The kurtosis value .for the 7 day tramsplants was
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significantly diffefant fro-h;Qe ideal value of 3 for amormal
distribution.’ This  indicated that the coronary ICD
frequency distribution of the 7 day transplants was mora
peaked.. than the normal distribution, or  slightly
leptokaurtic, This might be explained imn the fbllouing‘uay.
The seven day transplanted hearts had already started to
atrophy; however, vith the same degree of atrophy, the
decrease in diameter would probably be more for the larger
myocytes than for the smaller myocytes. Similarly, the
decrease in ICD would also probably be more for the longer
ICD*'s than for the shorter ICD's. The disappearance of a
substantial number of the long ICD's together with a
moderate iﬁcrease in the number of extremely short ICD's
would make the middle ICD classes very peaked, resulting in
a leptokurtic distribution. This might also explain the low
fréqnencies of the extremely long ICD classes 32 - 36 unm anq-

4.6.4 Hypertrophied hearts

To explain the difference between the two average

histograms as shown in F;gure 13, the coronary steal
1

phenomenon had to be taken into account because the coronary

steal phonomenon becase especially prominent after the

averaging process., Comparison of the two histograms
indicated that, in average, hypoxemia actaally caused the
reduction of the relative frequencies of shorter
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intercapillary distances. To examine the phenonenon
¥ quantitatively, skewness and kurtosis as shown in Table 8

. A -~ '
are again conmpared. The most noticeable difference was the

‘changé of directiom of skewness. The coronary ICD frequency
distribution changed fronm pbs&;ﬁve skevness (modal ICD <
mean ICD) under normoxeaia to slightly negative skewness
{modal ICD > mean'ICD) under h}poxénia.' This therefore
further 1illustratad the  coronary steal phenbmenén as

described before, that is, the increase of the-relative

frequencies of longer ICD's in hypoxemia.

.

-
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Chapter Vv 'r‘fJ
Jr
. SUMMARY

- " f
Functional coronary—idkercapillapy distances (ICD's)
under ,normoxeaila and hypoxemia were obtained using the

technique of stop-motion cinematography of the surface of

the beating rat heart in situ.‘

Between the age of 49 days and 200 days, the coronary
ICD under ‘Aornoxelia increased from 15.68 um to 19.37 um
while the coronarl_ICD under hypoxemia increased from 15.60
am to 19.91 um;' When these ICD's were converted to
capillary densities, the ‘capillary density under normoxenmia
decreased almost exponentially with left ventricular weight
from 4070/am2 to a plateau of 2670/nm2 while under hypoxeaic
conpnditions, it decreased lineafly with left ventricular
weight from 4110/nm2 to 2520/om2. Coasequently; the
capillary reserve varied with 1left ventricular weight,
appearing when the rat reached 49 days of ‘ age, reaching a
maximum of qu/mmZ which was 21%-of the total capillary
densxty vhen the rat was 62 days old and disappearing at 200
days of age. The inltlal increase of capillary reserve with
age was explained im terms of the rapid decredse of
myocardial oxygea consumption per gram tissue iﬁ the early
postnatal period. The subsequent decrease o ) capillary

§

/
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reserve with age was explained in terans of‘ myocytic
hypertroéhy associated with cardiac growth.

Cardiac demervation and subsequently cardiac atrophy
was induced by heterotobic&lly isotrénspl&ptatio: of a donor
rat's heart onto the abdoainal vessels fof -an inbred
recipient rat. In the shoft ‘term (1 day) heterotopically
~isotrénsplanted hearts, there was no significant difference
between the normoxemic (18.46 un) and hyéoxemlc {18.59 um)
mean ICD's. In addition, these average.values lay almost
exactly on the graph rebresenting the hypoxemic data of
uormai hearts, suggesting that the .closing of coronary
precapillary sphincteré was primsarily neurally mediated. 1In
the longer “tern (7 days) heterotopically isqﬁransPLanted
hearts, cardiac atrophy had already started; the éverage
decrease of left ventricular veight was B3. There was no
significant difference between the normoxemic' (17.10 um) and
hypoxemic (17.09 um) mean ICD®'s. 1In addition, these average
values sxdAre above the hypoxemic 1line for normal hearts,
indicating an increase in capillary deasity in the seven day
transplants. This then suggested that seven days after
transplantatioa, the preexisting capillaries in the
transplanted heart did mnot obliterate and that due to
decrease.in diameters of cardiac myocytes associated with
cardiac atrophy, capillaries vete closer to each other,

resulting in a higher capillary density.
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~Cardiac hypertéhphy wvas induced by subdiaphragmatic

~:aortic comnstriction, The average increase in left

‘ventricular weight ‘was 63%. There was no significant

difference between the norloxanic"(18.89 um) and Eypoxenic

(19.35 nnm) mean ICD*s, Purthermore, these two average

values were below thé h poxemic 1line of normal hearts,

*

suggesting that cardiac hypertr?phy caused an increase.in

ICD and that coronary capillary reserve in the hypertrophied

heart was exhausted even under normoxemia. However, the

' *decrease of caplllary density in the subepicardiunm (17%) was

smaller_than the calculated overall average decrease (28%)
in the Heart, suggesting <that the degree of hypertrophy
might have been less in the subépicardiun than else where.
Capillary densities obtained vith 11X and 22X
objéétives wera compared in the same heart under various
conditions but no differénca was found. Since the 22X

objectife had a depth of focus of only '5.95 unm, data

obtained with the 11X objective were therefore .also
representative of one layereof corcnary’ capillaries. Tha
existence of <capillary reserve was thereforg confirmed and
the cause of the controversy s&ggested.

Finmally, frequency distributions of ICD's were

computed from data obtained under noraoxemia and‘hypoxenia

in all the above groups of hearts. They were all

-approximately normal. The skewness and kurtosis values

ipdicated that the anatomical coropary capillary network in
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the normal rat heart was Structured in ﬁuch ; way that the
resulting intercapilla;y distances wvere normally
distribate ; Under normoxemia, some capillaries were closed
and "kept s capillary reservés, resulting in a slightly

skewed IdD fi?gueucy distribution.
I'd

/

-
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