.

I*I National Library -
w of Canada v du Canada

Bibliothéque nationale

: Canadian Theses Service  Service des théses can'adiennes

Ottawa, Canada-

K1A ON4 ~

. _
NOTICE.

-The qUaﬁty ofthis microform is heavily dependent onn the
quality of the original thesis submitted=for microfilming.-

- Every effort has been made to ensure théhighest quality of
reproduction possible. SRR .

o

if pages are missing, co.nlact the uni,\’/e'rsity'which;granted
the degree. : [

Some pages may have indistinct priﬁt espe'cially. if the

original pages were typed with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

Previously copyrighted materials (journal articles,, pub-
lished tests, etc.) are not filmed.

Reproduction in full'or in part of this microform is governed
by the Canadian Copyright Act, R.S.C. 1970, ¢. C-30.

<

«~

NL-339 (1.B8/04) - | . &

. AVIS

La qualité de celte microforme dépend grandement d‘eCFa
qualité de lathese soumise au microfiimage. Nou¥wvons
tout fait.pour assurer une qualité supérieure de reproduc-
tion. - ‘ . . .

N
[

S"il*f\mar)que des pages, veuillez communiquer avec -
Funiversite qui a conféré le grade. ‘

La qualite d'impression déAcértai-n’és' pages peut laisser 4,

désirer, surtout si les pages originales ont été dactylogra- - .
phiées a l'aide d'un ruban usé ou si I'université nous afait’ .

parvenir une photocopie de qualité inférieure.

Les documents qui font déja I'objet dun droit d'auteur -
(atticles de revue, tests publiés, etc) ne sont pas
microfilmés.

La reproduction, méme partielle, de cette microforme est

soumise 3 la Loi canadienne sur le droit d'auteur, SRC
1970, ¢.C-30. .. ' .-

S - @



v

: v -+
THE UNIVERSITY OF ALBERTA
ENDOTHELIUM-DEPENDENT RELAXATION IN EXPERIMENTAL

% S ,ATHEROSCLEROSIS IN THE RABBIT

-«

, g by .
< @ RL.JAYAKODY

) - ATHESIS "

' SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE
OF DOCTOR OF PHILOSOPHY

7

‘ "IN
A .« MERICAL SCIENCES (MEDICINE)

EDMONTON, ALBERTA

FALL 1988



Permission has been granted .
to the National Library Jof .
Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (copyright .owner)
has reserved other
publication ‘rights, and
neither  the thesis nor
extensive extracts from it -
may -be printed or otherwise °
reproduced without his/her -
written permission. :

¢

.extraits de

1

L'autorisation a é&té accordée
a la Bibliothd&que nationale
du Canada’ de microfilmer
cette thése et de préter ou

‘de vendre des exemplaires - du

film. -

L'auteur ‘(titulaire du droit
d'auteur) se réserve les
autres droits de publication;
ni la thése ni de longs
celle-ci ne
doivent @&tre imprimés ou
autrement" reproduits sans son
autorisation écrite.

ISBN 0-315-45679-5 . - | &



22 Dec 87.

SR { o ‘
" 'DrM.S.Brown, . : = ’
- Professor in Genetics and Medicine,
University of Dallas, o _ s ' -
‘Health Sciences Centre, o ’ ‘
Dallas, Texas. . :
Dear Sir, : - , ,

I am a student attached .to the University of Alberta,
Edmonton, Alberta, Canada, curren preparing my PhD thésis._I,am
interested in using the Figure 34-1 of Chapter 34 in Goodman, and

" Gilman's textbook The Pharmacological basis of therapeutics. I
would be grateful if you ‘could grant me permission for -this
plegse. ‘ : ' . ' ‘ L
) ? I am writing to the. publisher (Macmillan Publishing Company) -
for their permission also. ’ S

Thanking you,
Yours truly,

,iéirﬁjh“¥4? - .«" B | . _
' : R.L.\Jayako V. - '_“- '3
Address: R.L.Jayakody, ' : SRR Ce

C/0 Dr.C.T.Kappagoda,
2C2.44, Walter Mackenzie Centre, i
University of Alberta Hospitals, - . L.

University of Alberta,
Edmonton, Alberta T6G 2R7.

Canada.
Ayt
\(\4\

¥,



£y
- 1

JAN 05 10gg -

_ The Publisher, o
ompany, -

Macmillan Publishing C
866 Third avenue, -

New York. f

- . N t
-Dear.Sir/Madam, ‘ .
o I am.a student attached to, the
- Edmonton, Alberta,. Canada,

interested in using the Figure 3

"Gilman's tex
would be
please. , .
‘I am ,writing  to
permission also..

tbook The.Pharmacolog
grateful if you

the authors(Dr.

currenty preparing my PhD thesis.
4-1 of Chapter 34 in Goodman and
ical basis
. could grant me permission for this

22 Dec 87.

N

Ry

Uhiversity "of Alberta,.
I am!

of therapeutics. I

M,S.Brown)

for their

‘'Thanking you,.

Yours truly,

R.L,.Jayakody,
C/0 Dr.C.T.Kappagoda), .
- 2C2.44, Walte
University of Alberta Hospitals,
University of Alberta,

Edmonton, Alberta T6G 2R7.
Canada. '

Address:. ‘

' ’

Mackenzie Centre, |

. A,ijffazbéeo€7 .
R.L.J yakodyl -

3 ™

Pérmissiqn granted for thesis use and in all copies to meet degree requirements

‘including University Microfilms edition.
ig later accepted.for publication.
. Attribution must conform to-staggard.practice to ti
> title of book, edition number, éditors,

: !
Best wisbégg . .

A ; S o
L 'L€7—;21'521¢aﬂ~g

Ag es‘Eisheﬁ-

/D'reqtor of Permissions

1/5/88

N S

New permission is required if the thesis

'S

tle of article, author, from
and copyright notice as it appears in book.



N ) SR

. THEUNIVERSITY OF ALBERTA | Co

RELEASE FORM
J
b A
\' ‘ { , . .‘ Q—)
NAME OF AUTHOR; ) Raveendra Laal Jayakody * .
TITLE OF THESIS: - Endothciium—Depcndcnt Relaxaﬁon ih Experimental .

, ~Athcmsclcr_osis in the Rabbit
DEGREE: A - Doctor of Philosophy
- ’YEAR THIS DEGREE GRANTED: 1988

[

Permission is hereby granted to THE UNIVERSITY OF ALBERTA LIBRARY to
reproduce single copies of this thesis and to lend or sell such copies for private, scholarly

or scientific research purposes only.
A : .

The author reserves other publication rights, and neither the thesis nor extensive
’ ]
extracts from it may be printed or otherwise reproduced without the author's written

permission.
X "
Signature
Permanent Address: - h Uggalboda Juncton,
i ’ ‘ Uggalboda
Gampaha (W.P.) -
- Sri Lanka (Ceylon)

Dated: May. 30, 1988



- THE UNIVERSITY OF ALBERTA
FACULTY OF GRADUATE STUDIES AND RESEARCH

The undcmgned ccrnfy that they have read, and recommend to the Facuhy of
Graduate Studies and Rescan:h for acccptance a thesis cnutled Endothehum—Dependent
Relaxauon in Experlmental Atherosclerosis in the Rabbit subrmttcd by Raveendra Laal
Jayakody in partial fulﬁllmgnt of the requirements for the degree of Doctor of Philosophy-
‘in'Medical Sciences. ' 5 . ¥ '

................................

Dr. C. T. Kappagoda .

(Supervisor)

..............................................

Dr. A. B. R. Thomson

Dr. M. W. Wolowyk



F>4

e

+  DEDICATION -

|- CT

I dedicate this thesis to my wife, Lalitha, my two sons, Ruwan and Ranil and to my

parents.

>

»
%
f
Y
58N
%) X
) \~\

iv



‘ ABS’I'RACT .
, - Atherosclcros1s and coronary artcry spasm have been assoc1atcd with abnormalities
in the vascular endothelium. The hypothesis that impaired endothelial fim'ction is an early,
marker during atherosclerosis was tested in young rabbits fed a high cholestgrol diet.
Endothelial function was assessed as endothelium-dependent rc__laxation (EDR) to
acety}lcholine‘. Thg EDR to acc&lcholinc was persistently impaired’ in the aortae of
athcrosclerc;tic rabbits, while no difference was seen inﬁ the relaxant response to the
endothelium-independent vasodilator, sodiwm nitrite. This finding suggests that relaxation
of vascular smooth muscle per se is not im;;aired in the atherosclerotic rabbit aorta. A
bloassay for endothclmm-dependent relaxauon factor (EDRF) suggested that impairment
| of EDR in atherosclerosis arises from impaired production of EDRF. ‘When the
_atherogenic diet was replaced by a normal diet, neither regression of atherosclerotic lesions
nor restoration of EDR to acetylcholine was seen. Thése findings provide. additional

evidence that endothelial function is impaired in atherosclerotic vesséls.

When similar studies were carried out using older animals, an appdrent dissociation
in the extent of atherosclerosis was noted. In the .older rabbits, no development of
atherosclerosis occurred but the EDR remained 1mpa1red Microscopic evidence of
abnormalities of endothelial cells were §een in [hlS group. Thls ﬁndmg suggests that
1_mpa1rment in EDR is an carly r_narker of_athcrosclerosxs.

" In a further scriesiof exp_erimcmé,. _the EDR to acétylchdline wasvassesscd in rabbits
‘méd‘e diabétic with alloxan. These _éni_fﬁais showed rmld hypérchdlestcrqlemi,é, severe
h\mCMgly&ﬁ®Ma and glycosuria but no evidence of atherosclerosis was seen, The EDR
to acetylcholine remained unimpaired. These findings suggest that in the absence of
atherosclerosis, diabetes per se does not impair EDR to acetylcholine.

Finally, the effects of the calcium channel antagonists, nicardipine and diltiazem, on
EDR were assessed. No inhibitory effects were seen. This suggests that calcium channel’

antagonists may not be influencing vasospasm through effects on EDR. | . ¢
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- Thus, there appears to be a close link between atheroma, endothelial function and

control of vascular tone. - ' T ’
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R o "mTRODUCHoN
Atheroscleros;s isa major cause of morbldlty and mortahty, and togethcr wrth
o hypertensxon accounts for about 50% of the mseases afflrcnng the human race (Kannel and
7 Thom, 1986). In humans the atherosclenoue lesions are seen pnedommantly in coronary
~and cerebsa.l artenes and in'the abdommal aona Morphologlcally, these lesmns appear as .
localmed raxsed plaques on the mnmal surface: These lesions, on the1r own or through
dlfferent ,comphcatwns cause narrowmg of arte’nes leadmg to 1schaemla 1’n distal areas.
- The effects of such leslons are seen as clmlcal svndromes of angma pectons myocardlal :
mufarcnon and 1nterrrn5tent claudxcatron L B ‘ i T
| The major risk factors in the development of atherosclero51s in humans ane
- l. hypercholesterolerma s o B o A "
2. hypertenswn | | | | |
30 tobacco smokmg and
4. diabetes mellitus.
Artenal smooth muscle c;lls endothellal cells, platelets and lapoprotems appear to '_
be 1mp0rtant in the pathogeneSts of atheroscler051s (Tttus and’ Klm, 1985) The 1n1t1al.
mnmal lesions of atherosclerosrs are beheved to onglnate at s1tes of endothehal 1njury, '
even though the form of endothellal mJury is not well estabhshed (Ross 1986) The
'consequent exposure of subehdothellal collagen mmates platelet aggregatlon Due to the ]
effects of the different pept1des (mcludmg growth factors) released by the platelets and the'
. . permeauon of low dens1ty lzpoprotems (LDL) from the plasma to the subendothellal layer
the smooth muscle célls of the tunica medla rrugrate to the intima and undergo mitosis. The -

‘ drvrdmg muscle cells in-the i mt1ma appear to produce the collagen elastic ﬁbers of. the tissue

. matnx arid glycosarmnoglycans (Burke and Ross, 1979). Lipids in the plasma, mcludmg

LN
N

" cholesterol, enter the lesmns_ and’ accurnulaté in cellular and extracellular locations’ leadmg.{ to

s



the dcvclopmcnt of atherosclerosis. Some of these lesions result in elcvauon of the 1numal

surfa.cc and are seen as plaques.

>
¥

Among thc risk factors listed above, of parncular interest to thc presem

: .mvcsngatxon is hypercholestcrolerma Different investigators havt postulatcd several ,

mechamsms by. whxch hypercholcsterolcrma may cause injury to thc vascular cndothehum
1. High cholcstcrol concentrations in the serum , may altcr the, cholestero]

phospholipid ratio of the plasma membranes of endotheliz™ :elis a-d alter their

physical properues (Jackson and Gotto, 1976). Such change- ~oulc decrease the ',

malleability of the rndothelial cells leading to cell retraction as seen over fat[) e

streaks in hypercho‘,st rolemic monkeys (Fagglotto et al., 1984). Such sites may

2 act as foci of entry of lipids into the intima and as sites of aggregation of platelets. -

2. Monocytes in the blood stream exposed to chronic hypercholesterolemia have been

shown to migrate’ and penetrate areas of altered endothelium in

hypercholcste.ro‘lemic pigs (Gerrity er al., 1985). Such monocytes. may transform

i-ngfoam cells and ‘participate in the formation of fatty streaks and plaques. -

Monocytes exposed to normocholesterolemia do not appear to have these
properties. - ‘

3. | Cathcart er al., (1985) observed that ldw density lipoproteins (LDL) exposed to
macrophages get ox1d1zed and such oxidized LDL is t0x1c to cultured fibroblasts.
It 1s postulated that LDL oxidized by macrophages in lesions of atherosclerosxs is
tox1g to the endothelium' and could cause endothelial injury (Ross, 1986). In
conditions of hypercholesterolemia, the increased cholesterol is manifested as an
increaseAin LDL. Hence, in conditions where the LDL is increased, endothelial
injury could occur. |

The initial forms of endothelial injury may not be identifiable by light microscopy.

- 3
However, they may be associated with derangements of endothelial function. An example
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" of such a dcmngcmcnt of endothelial f&\nction is the formation and secretion of growth

- 'factors (Ross, 1986).

Onc of the functlons of the vascular endothchum dcscrtbed recently is the
‘_ productlon ofa substancc with vasodllator propemcs referred to as cndothchum-dcrtvcd
relaxation factor (Furchgott and Zawadzki, 1980a Furchgott, 1983). When isolated rings |
of arteries (kept in a pre-contracted state) were studied i in tissue baths, various agents
including acctylcholine, carbachol, thrombin artd calcium ionophore A23187 produced a
rclaxatrtt response (Furchgott, 1983). This relaxant responsc was abolished by removal of
* the endothelium. Thus, it was shown that the endothelial cells were obligatory for this
relaitation. This relaxant response is refefred 1o as endothelium-dependent relaxation
 (EDR) | } f

Thc obllgatory role of endothelial cells was explamcd by the hypothems that the
‘various agents mediating EDR act on the endothelial cells to release a substance whi_ch in
" turn diffuées onto the medial smooth mu.scle layer mediating relaxation. This hypothesis
was confirmed by transferring the vat;odilator substance (endotheliurrt-dcrivcd relaxation
factor - EDRF) from a donor tissue with cndothelium onto a recipienthtissue without
endothelium and showing relaxation in the tattcr (Furchgott, 1980a).

The endothelium appears to be important-in the interactions of platelets with the
vessel wall. Depending on the presence or absence of endothelium, opposite responses
have been seen in pre-contracted canine coronary artcries in response to products of platelet
aggrcgatton (Cohen et al., 1983a). In the presence of intact endothelium, products of
platelct aggregatton (principally- scrotomn and adenosine dtphosphate) produced a
relaxation response. In the presence of endothcltal injury, the products of platelet
aggregation elicited a contractile response. Thus, with endothelial injury (as in
athcrosclttrosis;, it‘is possible that the impaired EDR may result in vasospasm in response

to prodtxcts of platelet aggregation. Smooth muscle contraction mediated by these
¢ - .

metabolites (vasospasm) may limit *the flow of blood to distal areas. These effects will be
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marked at sites of -vascular. narrowing, such as in‘sites\of atherosclerosis in the coronary
circulation. Such vasospasms may contribute to angina pectoris and myocardial infarction.
It is also possible that the endothelial injury seen in atherosclerosis may be associated with
or preceded by impaired production of EDRF To further elucidate the above, it was
decided to investigate the followmg hypotheses .
~ 1. Atherosclerosis mduced by feeding a high cholcsterol diet may be accompanied by
an 1};1'xpau'ment of EDR. - -
2. Any. impairment of EDR in exp\erimental atherosclerosis may be due to failure of
production of EDRF rather than due to tmpalred diffusion of EDRF or 1mpa1red
relaxauon of the vascular smooth muscle 7
3. Impairment of the EDR may precede the development of atherosclerosis and serve

as a marker of the functional abnormality in the endothelium that allows the

"leakage" of lipids from the blood stream to the intima.

4. The susceptibility to ‘atherosclerosis/impairment of EDR may vary as a function of
__ the age of the animals. ’
5. Reversal to a normal diet after an initial period of feeding a high cholesterol diet

may lead to regressioh of the atherosclerotic process and restoration of EDR.
These 'hypotheses were tested on the rabbit model of experimental cholesterol
atherosclerosis. |

As there is a link between atherosclerosis and diabetes mellitus (Beach ahd
Strandness, 1980) ahd since there are endothelial cell abhormalities in diabetes also (Bern
and Busick, 1985), the following hypothesis was tested in rabbits rendered diabetic by
4injecting alloxan.
6. A diabetic state in animals may lead to an i‘mpairment of EDR as di.abetes in humans"

is known to be a risk factor for the development of atherosclerosis.

Administration of calcium channel blockers have been reported to be beneficial in

the treatment of coronary artery spasms (Pepine etal., 1983). Therefore, the following

3



hypothesis relating calcium channel blockers and EDR was tested in aortae of normal

rabbits. ¥

7. Calcium channel blockers may not lead to an impairment of EDR as these drugs are
“ k :own to be bencf.:icial\ in athcro\sclcrotic coronary artery disease in humans.

In the rabbit model of atherosclerosis, endothelial involvement is a consistent
feature (Klimov er al., 1981). Hence as a model of endothelial cell injury, this model
appeared to t;,c particularl-y “suitable.’ .In | addition, foi{ an insidious disease like
atheroécierosis, lesions can be produced over reiative}y’sﬁ/()rt periods of time and these
lésions have beevn well described previously (Duff et al., 1957; Prior et al., 1961; Imai et
al., 1966). Compared to pigs and monkeys, the rabbit model has the additional advantages ’
of being plentiful, easily handled, relatively incxpensive and biologically well characterized
(Clarkson et al., 1974, Jokinen et al., 1985).

" The thoracic abrtae obtained from atherosclerotic Aa/bbits were used in thi§
investi_gatl;on for the following reasons.

’ .
1. In the rabbit model, the thoracic aorta shows the greatest involvement with lesions

of atherosclérosié. ,
2. Rabbit aorta has been morphologically and pharmacologically well characterized

(Wolinsky and Glagov, 1964; Fleisch, 1974; Besse and Fhrthgott, 1976).

(93]

Being a vegsel of considerable diameter, experimental manipulations were possible
~without damaging the endothelium. . |
4. Endothelium-dependent reiaxations to several pharmacological .agents' (e.g.,
acetylcholine, thrombin, calcium ionophore and substance P) have been
demonstrated ip the rabbit aona. (Furchgott, 1983). -
- For induction of atherosclerosis, a diet containing 2% cholesterol and high conteht
. of lipids (24%) Was used. The lipids of‘this diet were high in saturéted and

- monounsaturated fatty acids. Diets with these features (i.e., high in cholesterol and

saturated fatty acids) have been found to be atherogenic in humans.



LITERATURE REVIEW P
ENDOTHELIUM-DEPENDENT R N
Furchgott and Zawadzki (1980a) demonstrated that acctylcholme produccd
relaxation in rings 6f rabbit aorta that had been pre-contracted with noradrenaline. This
relaxation to acetylcholine -was strictly dependent on the presence of endothelial cells.
These same authors showed that cndothelium—dcpendcrng relaxation (EDR) was mediatcd by
a factor which is produced in the endothelial cells, which diffuses onto tﬁc smooth muscle
L. ause‘rclaxation. This _f%ctof is referred to as cndothclium-dcgived\fclaxation factor _
EDRE, e,
The initial experiments reported on EDR were designed with a view of getting
insights into the nature of EDRF. The range of conc'cn;rations over which acetyl\choline
produced relaxation in aortae pre-contracted with noradrenaline was from 0.01 t0 3.0
Hmol/l. At concentrations in excess of 3.0 pmol/l of acetylcholine, a contractile response
was produced. The EDR seen at loyer concentrations of acetylcholine and the contra4,til7
response seen at higher concentrations of acetylcholine were both blocked by atropine
(Furchgott er al., 1981). Using selective muscarinic rec;)tor ligands, it was shown that
EDR to acetylcholine was mediated via muscarinic receptors. Compared to acetylcholine,
other cholinergic muscariniqc receptor agonists such as methacholine and carbachol were
found to be less potent in causing EDR. ‘ 5

Factors affecting endothelium-dependent relaxation _ é

A number of factors have been shown to influence EDR to acetylcholine.
(A) Anoxia- It has been reported that ;noxw conditions inhibited the EDR to acetylchohne
in canine fcmoral arteries and in the rabbit aorta (De Mey and Vanhoutte, 1978; Furch gott,
1983). However, the rclaxatlons produced by the endothelium-independent vasodilators
like sodium nitrite were not inhibited by anoxia,
(B) Quinacrine (Mepacrine) - It was initially believed that EDRF could be a metabolite =

derived from membrane phospholipids released through the action of phospholipase A,.

6



Quinacrine has been shown to be an inhibitor of phospholipase Ay (Flower and Blackwell,
B9

1976). When quinabn'nc was added prior to or after the addition of acetylcholine, it was
observed that it inhibited the EDR (Singer and Pcach 1983). This 1nh1bmon appearcd
selective for the EDR since quinacrine failed to 1nh1b1t the relaxation produccd by
isoproterenol and glycery! trinitrate. . 5

(C) Cyclooxygenase inhibitors - Aspirin (100 mmol/1) and indome%in (40 mmol/1) were
found to have no inhibitory effect on the EDR to ~acety1cholinc (Furchgott, 1983). Hence
cyclooxygenase products' of arachidoniwtabolism were excluded as medjatom of
EDR. B -

(D) 5, 8, 11, 14 - eicosatetraynoic acid (ETYA) - This triple bond analogue of arachidoni:
ac 4 has been used as a combined cyclo- and lipooxygenase ihhibitor (Flower, 1974).
When ETYA was added during the course of an acetylcholine 'induced relaxation of rabbit
aorta that was pm-conﬂac@ with noradrenaline, it rapidly antagonized the EDR (Furchgott
and Zawadzki, 1980a). The action of ETYA was also found to be selective for EDR as it
did not antagonize the relaxant responses produced by isoproterenol and sodium nitrite.
(E) Nordjhydroguaiareﬁc acid (NDGA) - This agent is known to be both an antiox%dant
and an inhibitor of lipooxygcnasc NDGA was reported to be a very effective inhibitor of

‘ cndothchum dependcnt relaxation (Furchgott, 1983).

(F) Hydroquinone - It was initially thought thatER/F may bc a free radical zFurchgott et
al., 1981)_. Results with most of the agents tested were either ncgative or equivocal.

However, hydroquiﬁone with its free radical scavenger properties consistently inhibited

EDR.

Nature of EDRF

The infxibition of EDR by anoxia, atropine, ETYA and quinacrine suggested that
acetylcholine, acting on the muscarinic receptoﬁ of the’cndotheh'al cells, somehow activates
a reaction sequence in which arachidonic acid (or some other unsaturated fatty ac1d) is

liberated from membrane phosphaudes The unsaturated fatty acid liberated is then
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ox1dlzed by hpooxygenase in the endothelial cells to a product (EDRY') which diffuses onto
the smooth muscle, mcdlaung the re’?axanon (Furchgott, 1983). As cyclooxygenase‘
inhibitors like aspirin and 1ndomcthacm were without effect on EDP ¢ acetylcholine,
prostaglandins and prostacychns were excluded as candidates of EDRF Tt was spcculatcd
that the factor might be a lablle hydroperoxide or a free radmal intermediate product.
However all of these ﬁndmgs are not sufficient cwdencc for a firm conclusion that EDRF
is an oxidation product formed via a lipooxygenase pathway. It may be possibl: that th’e
agents listed above could be inhibiting acetylcholine induced relaxation b'y some other
nechanism. For instancc the lipooxygenase inhibitor BW 755C failed to inhibit
acetylcholmc induced EDR of rabbit aorta Also, in addition to the cyclo- and
lipooxygenase pathways a thlrd pathway( wqﬁlvmg cytochrome P450 is thought to be
involved in the metabohsm of arachidonic acid (Vanhoutte et al., 1986). Presently, the
metabolites of this pathway are not well characterized.
T agen ing EDR of

(A) Adenosine triphosphate (ATP) and adenosine dibhosphatc (ADP) - Both these ageﬁrs
haxe been reported to produce EDR. This was demonstrated in the rabbit’aona and dog
fémofal artery (Furchgott and Zawadzki, 1980b; De Mey and Vanhoutte, 1981). HoWever,
thc rclaxatioris’t'o adenosine monophosphate (AMP) and adenosine did not appear to be
dependent on an intact endothelium.

(B) Bradykinin - Bradykinin causes strong EDR in canine arteries i;olatéd from several
?regions (e.g., superior mesenteric, renal, coeliac and sp'leqic) (Cherry et al. 1982).4 In
;:ontrast, the relaxation by bradykinin of supcﬁor mesenteric arteries of the cat and rabbit
, are not completely dependent on the presence of endothelial cells. Moreover, the EDI{;
- observed in the canine—artén'es was not inhibited by cyclooxygenase inhibitors, whereas
relaxations b'y ’bradykjnin of cat and rabbit arteries (with and without intact endothelial

cells) were completely inhibited by cyclooxygenase inhibitors. These results indicate that



there could be differences in the endothehum—dependent relaxant substances liberated from

the vascular beds of dlfferent ammal species (Fostermann et al., 1985). ‘

©) Substance P- Substance P relaxes isolated arteries from rabbits, dogs and cats whrch

are smctly dcpendent on the presence of endothelial cells (Zawadzki et al., 1981)

However, cornpared to acetylcholine, substance P, produces.d smaller maxrmal relaxation

_ on the rabbit aorta. This may be partly because desensitization to substance P occurs
Ve

during the course of exposure. . .

(D) Histamine - In pre-contracted rings of rat thoracic aorta, histamine produces
conccnﬁ‘ation-‘dependerlt relaxation. This relaxation is endothelium-dependent and is |
thought t~ be mediated via H; fdcep}ors (Van de Voorde and Leusen, 1982).

(E) Arachidonic acid -_Arachi'do‘nic acid, at concentrations of 10-100 pmol/, produces
moderate relaxation of noradrenaline-induced contractlons it the rabblt aorta (Singer and -
Peach, 1983) This relaxation was shown to be dependent on the presence of endothehal
cells and was potermated by indomethacin. However in dog femoral arteries, it was found
that mdomethacm (100 umol/l) completely inhibited the EDR by arachidonic acid.
Metabolites formed from 1solated dog femoral arteries showed hxgh concemratlons of 6-
keto PFGy levels in preparatlons where the endothelium was intact. It is known that
prostacyclin is spontancously converted to 6-keto PGF1 ThlS product was almost
completely elumnated by either removing the endothehum or by pretreating the preparation
with indomethacin. Based on these results De Mey and co-workers concluded that
relaxation of dog femoral arteries by arachidonic acid is mediated by prostacyclin (De Mey
et al., 1982). Prostacyclin is believed to be produced in vendothelial cells frorm the added
arachidonic acid. Addition of unsaturated fatty ‘acids have been shown oy other
1 °st1gators to increase the fluidity of cell membranes and enhance the rate of certam

€r. _ymatic reactions in membranes (Orly and Schramm, 1975; Rimon ez al. 1978). Hence,

it has been proposed that EDR by these unsaturated fatty acids may be the result of an
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" increase in ﬂuxdlty of the endothelial cell membrane whlch facxhtatcs reactions lcadmg o

A

formation of EDRF y .

Like acetylcholine, the calcium ionophore A23187 brings about relaxation of

isolated rabbit aortic rings by an endothelium-dependent mechanism. This agent is about
10-30 times more potent than écetylcholinc in ﬁroduk:ing relaxau'onA(‘Zawadzki etal., 1980). i
The maximum relaxation by A23187 0.1 umol/l) had been found to be always greatcr than -
that produced by acetylcholine (1-3 umol/l). Itis beheved that an increase in the calcmm
ions in the region of some key Ca*¥ activated enzyme (perhaps a phosphohpasc) might be
an ea:ly step in the sequence of reacnons mediating the release of EDRF by acerylcholine'
and A23187 (Furchgott, 1983). The compound. A23187. (acting-as an ionoph;)re) and
acefylcholinc (By opgning up‘cElcium channels coupled t6 muscarinic receptors) might
“facilitate Ca*+ influx into the re'g’ion of this enzyme.

y
- e

Furthcr evidence for the crmcal role of galcium ions has come from a stidy by
. Smgcr and Peach (1982). They found that ehrmnatmg Ca** from thve/lncubatlon medium
| inhibited the maximum methacholine induced relaxanons by 67% and A23187 induced
relaxations by 92% They also found that the calcmm channel blockers, verapamil and
nifedipine mhlbltcd maximum methacholme and A23187 induced relaxations by about 40- .
45%. These expcnmcnts suggest that Ca ions play an important role during EDR.

Mechanism of relaxation by EDRF

—

It/%is been reportcd that in certam smooth muscle [ Vparauons there is a pbsmve

rclatlonshlp between increases in cychc guanosme monophosphate (¢<GMP) and nelaxatlon

(Katsuki and Murad 1977; Bohme er al 1978). Guanylate cyclase was markedly

stimulated by hydroperoxides of arachidonic acid and by free radicals, pax:ticularly nitric

-

~
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oxide and hydroxy] fadical. (Hldaka and Asano 1977) Rapoport and Murad (1983)_ -

recenty’ obtamed results in accord “With the speculatlon that EDRF causes an increase m

. 'vascular smooth muscle cGMP They hypothesnz.ed that EDR by acetylcholme as well as

GMP- dependent protem phosphorylanon and dephosphorylatlon of myosm light chains.
Nu:ng oxide and EDRF

' endothehum 1ndependcnt relaxauon by mtmvasodllatqrs was medlated through cycllc

Nltrovasodllators which may act by releasing nitric oxide (NO) mimic the effectsl s

Khan and Furchgott 1987) Acxdlﬁed solunons of sodxum mtrlte (approxxmate pH 2.0)

~

produce transient relaxatlons 1n pre-contracted aortic nngs and these relaxatlons are mmuch

Cof EDRF and it has been suggested that EDRF could be nitric oxide (Furchgott etal, 1987;

larger than the monophasic relaxations produced by neutral solutions of sodium nitrite (0.1

- 10.0 gmol/1). This relaxation is considered 0 be due to.nitn'(; oxide generated frorh

nitrous acid. Transient relaxations have been elicited by dilute anaerobic solutions of nitric

oside also. " Inhibitors of EDR to acetylcholine like: haemoglobin, hydroquinone and -

s

phenidone have been shown to mhlblt relaxauons elicited by nitric oxide. Generatlon of Oy

has been shown to hasten inactivations of EDRE while supelzoaglde dismutase prolongs the

action of EDRF by protecting it from macnvauons These _results have been sited to
propose that EDREF is nitric oxide. In a recent study, Palmer et al. (1987) assayed the

release of EDRF and nitric ox1de as the chermlummescent product of its reaction with

ozone. They reported that nitric oxide released from endothelial cells was indistinguishable )

from EDRF in terms of biological activity, stability and Ysusceptibility to an inhibitor

(haemoglobin) and to a potentiator (superoxide dismutase). They reached the conclusion

that EDREF could be nitfic oxide.

EDR and subg'tanceg involved in haemostasis

Although vascular endothelium does not encounter acetylcholme in vivo, the

{w

phannaCologlcal experiments with acetylcholine have 1nd1r§ated/ﬂm potenual importance of |

the endothelium in vascular spasm. Several substances generated during the proce§s of

=
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haemostasis can cause endothclium-dcpendcnt relaxations. ‘Thrombi: - serated during the
cb_agulation cascédc has been shown to cause EDR in several bloca vessels including
co'ronary arteries (De Mey er ai., 1982; Ku, 1982). The thrombincinduced relaxations can
be prevented by heparin. !

Séveral yascxilar,‘preparagions (includir. canine coronary’ arteries) showed a
contraétilc response when cxposcd to products released during pla&:let aggregation (Cohen
“ etal., 1983 a, 1983 b). Some' of the cffécts mediated by platelets are atm'bugd to. serotonin
and ADP. In canine c'oronéry artery rings, such contractions are greater in the absence of
endothelium. Endothelium—depcnsicnt relaxations haﬁc been elicited by canine and human

platclcfs 1n pre-contracted artcfy rings with endothelium. However, endothelium denuded
rings showed a contractile response under similar 'cxperimentai conditions. Thus,
substances involved in haemostasis (e.g.,-thrombin) and products of platelet aggregation
(e.g.‘ sérotonip, ADP) appear to influence coronary ai'tery tone (Cohen and Vanhoutte,
1985). The vasodilator effects of these agents appear to depend upon an intact
endothelium. Endothelium dysfunction or damage as seen in atherosélcrosis could lead to a
reversal of the vasodilator fcsponsés and thus promote the development of artcrria] spasm
(Heistad et al.‘,'1984; Vanhoutte er al.,1986)

onary art m and en eiia] tion

Atherosclerosis afchtihg the coronary arteries is an irﬁportant cause of angina
pectoris. This symptom is commonly due to a fixed lesion (narrowing) of one of the
céronary arteries. However, in many cases, no fixed lesions are observed at arteriography |
and it has been shown that in the early stages of atherosclerotic disease, spasm may be.a
critical cause of angina pectoris. cheral.rﬁechanisms have been pos;ulated as causing
coronary vasospasm.

(‘1) " Asymmetric activation of sympathetic nerves to the heart leading to a-adrenoceptor

" mediated vasoconstriction (Yasue er al., 1976).
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(2) Incorporation of cholesterol into membranes of smooth muscle cells, rendering the
vessels more susceptible to activation by autonomic ngrves (Marx,‘ 1980).
3) Decrease in number and affinity of a-adrenoceptors located on sympathetic nerves
(Weiss and Smih, 1983). )
4) Platelet aggltggﬁoo and release of vasoactive substances (Sobcl etal., 1Q§1).
Both B1 and a adrenoccptors have been demonstrated in canine corona.\?) aneries.
Both these receptors are acted upon by the released noradrcnalmc Under normal
condmons the\se vessels relax due to the dominance of the B; rcceptors However, in the
presence of B receptor antagonists, a vasoconstrictor response may be produced
(Robertson e; al.,1982). The coronary arteries have been shown to have a cholinergic
innervation also (Feigl, 1969). Acetylcholine released from these terminals acts on the
muscarinic receptors on the sympathetic nerve terminals to reduoe the output of
noradrenaline, and thereby reduce the relaxaton mediated by ) receptors. Thus,
muscarinic agonists can precipitate coronary aftety spasm (Endo er al., 1976). If ghe

smooth muscle of the coronary arteries becomes hypoxic, its responsiveness to B
3ckenoccptor stimulation is lost'anc_l constrictor responses are exaggerated (Van Neuten and
Vanhoutte, 1980).
The healthy endothelial lining of the coronary artery plays an important role in
prevehﬁng coronary artery spasm. Acetylcholine, ADP, ATP, bradykinin, noradrenaline,
~ serotonin and thrombin could all initiate EDR _in coronary arteries (Cocks and Angus,
1983; Vanhoutte and Miller, 1985). In addition, the vascular endothehum produces the

s

vasodilator, prostacyclin. Hence, with a healthy intact eodothelium the effect of all the
above agents is a relaxant response. ’ ’ |

At sites of endothelial disease and injury (e.g., over atherosclerotic plaques), the
geheradon of prostacyclin is decreased (Sobel er al., 1981). Platelet aggregation leads to

release of the vasoconstrictor thromboxane Az. In the absence of endothelium, the effect of

.‘ Y
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all the agents mentioned above (noradrenaline, serotonin and thromb’in) is a contractile

response. Such a situation Wile\promote vasospasm. ' _ ‘ ‘
) , the presence of atherosclerosis

In isolated human epicard)'alcgronary artery ri

has been shown to potentiate the contractile responses to histamine (Gmsburg etal., 1984)

14

Both histamine and serotomn have been shown to provoke coronary artery spasm in

miniature swine at s1tes where the endothelium is denuded (Shlmokawa et al. 1983).
Patients with spontaneous coronary artery spasm have becn shown to have atherosclerotic
lesions at sites of spasm (Dalen et al., 1982). These examples highligfxt the important roie
of the endothelium in reg :lating coronary artery tone.. At sites of endothelial injury (e.g.,
lesions of atherosclerosis), platelet aggregation and vasoconstriction occurs.
Subsequently, there is formation of thr . in and blood clot. As the blood supply to the
myocardlum is reduced, hypoxia and further arterial constriction occurs. Thus, the
endothehum dependent relaxant responses appear to be very 1mportant in preventing
coronary vasospasm (Shepherd and Vanhoutte, 1985).
Endothelium-dependent contractions

In addition to(;"endothelium-dependent relaxations, endothelium—dependem
contractions have been 'descrlbed also (De Mey and Yanhpune, 1982). These are thought
to be meaiated by more than one factor (Hickey et al., 1985). In comparison with EDR,
endothelium—dependent contractions have been seen in a fewer number ¢ * olood vessels
(Vanhoutte, 1987 a). The phenomenon of endothelium-dependent contraction has been
reported in canine pulmonary veins (to arachxdomc amd) aortac of spontaneously
hypertensnve rats (to serotonin) and canine coronary arteries (to anoxia).
CHOLESTEROL ME'I’ABOLISM
| _ The items of food in our diet can be divided into carbohydrates; lipids and proteins.
The important components in dietary lipids include -triglycerides, phospholiplid and
cholesterol. The average consumption of lipids by an individual on a typical American diet

is about 150 g (Rizek ez al., 1974). Among the lipids are a group of substances called
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| sterols. These have a molecular structure called the pcrhydrocyclopcntanophenanmrenc
B nng, whic* is made up of three 6 carbon rings and one 5 carbon ring. Natiral cornpounds

N
w1th alcohol groups attached to tlus rmg structure are called sterols. In the diet, the sterols

come from both animal and plant sources. The important sterol from animal food is-

cholesterol. Eggs, meat, milk and butter are rich sources of cholesterol. The cholesterol
can exist as free and esterified forms. While freg cholesterol has a limited ability to interact
. with water, thf: esterified cholesterol does not interact “;ith water at all.

As m;st dietary lipids are insoluble in water, the solubility of these lipids has to be
increased prior td absorption. The digéstion and absor.ption of lipids één be discussed
under the following headings (Shiau, 1987).

1. Intraluminal digestion’
Micellar solubilization
Permeation from lumen to cell

Intracelular reesterification .-

whn A W N

Chylomicron formation and secretion

1. Intraluminal di'gestioh - The triglycerides are acted upon by-éancrcatic and intestinal
~enzymes and broken down to free fatty acid, monoglycerides and glycerol. The
phospholipids are broken down te lysophospholipids by phospholipase. Cholesterol esters

14
are hydrolysed by pancreatic cholesterol esterase.

2. Micellar solubilization- The products of exocrine chzymt:i action go-through a process
of micellar solubilization (Hofmann and Small, 1967). This process involves mixing with
bile salts. In man, these salts are primarily cholate and deoxycholate conjﬁgated with
glycine or taurine. Bile salts have hydrophilic and hydrophol;ic groups. In the intestinal
lumen, the bil&salts canv form highl)./ charged aggregates called micelles (Carey and Small,
1972). “onversion of water insoluble iipids into soluble micellar aggregates is referred to
as micellar solubﬁizadon. As the products of intraluminal digestion are insoluble in water,

they all go through nucellar solubilization prior to absorption.



3. Permeation from lumen to cell - The digested food and water in the lumen of the

intestine is thought to exist in two phases. These are referred to as bulk phasc-and
unstirred water layer. Bulk phase refers:to food and water in the central areas of the lumen
which is propelled down by peristalsis. The water adjacent to the luminal lining is not in
equilibrium with the bulk phase and is referred to as the unstirred water layer. This layer is
sometimes referred to as mucous barrier or microclimate also. Micelles transport products
of lipid digestion to the absorption site (i.e., intestinal epithelial cell membrane). The
intracellular fatty acid uptake depends on fatty acid concentration in the unstirred water
layer (Thomson, 1980). In addition, the permeability coefficient bf the membrane

influences entry of fatty acids. The fatty acids dissociate from the bile salt micelle. The

~

[;’ -
uptake into the enterocyte (intestinal epithelial cell) appears to be a process of passive

absorption which is concentration dependent. The phoﬂsphol.ipids are absorbed as
- lysophospholipids. |
The ct ... ‘erol in the intestinal lumen could come from three sources.

1. Cholestero: . mgc—sted food.

2. Biliary cholesterol.

3. Cholesterol in desquamated enterocytes.

The latter two sources could account for as much as 50% of the cholesterol in the lumen.
Cholesterol is found in free and esterified fbrms (Treadwell and Vahouny, 1968). For
cholesterol esters to be absorbed, they must be hydrolyzed to free cholesterol. This
~hydrolysis is catalyzed by pancreatic; cholesterol esterase. Cholesterol is absorbed
passivély as a monomer and djssociation_ of cholesterol from micelles must occur before

absorption.
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4. Intracellular recstefiﬁcatign - The long chain fatty acids absorbed into the enterocyte

bind with a fatty acid binding protein. This complex of the fétty acid and binding protein
/\

.gets transported to the endoplasmic reticulum for reesterification to triglycerides. Medium



chain fatty ‘acids do not bind with the bindin_ piotein, but get absorbed into the portal ve
without reesterification. '

The reesterification of fatty acids in the enterocyte can occur predominantly via two
pathways (Johnston, 1978). |
A. Monoglyceride pg;hv;gy - The fatty acids interact with coenzyme A to form acyl
coenzyme A. Tﬁis combines with monoglyccri;: to give diglyccridc’s; The diglycerides
recombine with acyl coenzyme A to give rise to triglycerides. This reesterification pathway
appears to be the major pathway for tnglycende synthesm during absorpnon of lipids.

B. Phosphatidic acid pathway - Two molcculcs of acyl coenzyme A combine with a-

glycerophosphate to give rise to phosphatidic acid. This acid can be used for synthesis qf
triglycerides and phospholipids. This pathway is linked with carbohydrate metabolism and
appears to play an irnportant role during fasting. |

The enterocytes usc the fatty acids for different functions. As described, a part of it
is-used for the synthesis of triglyccridcs. Some fatty acids- become oxidized in the
enterocyte. The enterocyte has also been shown to have the capacity for de novo synthesis
of fatty acids from acetate. This pathway of fatty acid synthesis dees not appear to be
under hormonal control (Shakir ef al., 1978). |

The lysophospholipids are reesterified in the entéroCyte to phosphoiipids. The
cholesterol in the enterocyte could come from three sources. Thesé are, : e
1. the cholesterol absorbed from intestinal lumen
2. the cholesterol filtered from plasma LDL and HDL and
3. de novo synthesis from acyl coenzyme A.
As 80—85% of cholesterol found in the lymph is in the esterified form, the cholesterol in the
enterocyte should also get esterified prior to absorptioh
3. Chylnmlcron formation and secretion - The lipid carrying particle called chylormcron is
formed in the enterocyte. The recstenﬁcd fatty acids (triglycerides), phosphohplds free
and esterified cholesterol and a special class of proteins called apolipoproteins are used for

17
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the synthesis of chylomicrons. Ana1y51s of meésenteric lymph during fat absorption shows
large amounts of chylommns |
g;hylgmlm - This is a spherical particle of 750-6000 A diameter. The hydrated density
(g/ml) is less than 0.95. The composition of this particle is as follows: triglycerides 78%,
cholesterol 10.5%, protcins’ 4% and phospholipids 7.5% (Sabine, 1977). The core of thc
particle contains triglycerides and esterified cholesterol. The surface has a phbspholipid
monolayer, some free cholesterol and the apolipoprotéins. Over 75% of this particle is
formed of triglycerides. When the intestinal lipid load is increased, the number and size of -
the chylomicrons are known to increase.

The intestinal mucosa has been shown to produce VLDL also. The amount of '
\CEDL produced i is small and this fraction is known to increase dunng fasting (Ockner er al,
1969). , ' -

A

Apolipoprotein synthesis in intestine - Although only small amounts of these proteins are

found in thc chylormcrons,\ghcy appear to play an important role. These apolipoproteins
function as receptors and are recg ized at specific sites (e.g., vascular cndothelium, liver).
Apolipoproteins, along with plh spholipids, appear to be important in the release of
lipoproteins from the enterocyte aljo. Apolipoprotein A and B are synthesized in the small
intestine. However, the majority ¢f apolipoproteins in the mesenteric lymph appear to be
derived from cimulaﬁng lipoprotein particles or their remnants (Schaefer er al., 1978).
When the chylomicron particle leaves the enterocyte, it has been shown to have
apolipoproteins A and B. After 'eniering the lymph, this chylomicron particle has been
shown to acquire apolipoprotein E and C. The apolipoprotein C of the chylomicron is
-involved in the activation of the enzyme lipoprotein Iipaéc. The triglycerides in the
chylomicrons are hydrolyzed by this enzyme, especially in capillaries of musge and
adipose tissue, and the particle becomes smaller in size and loses some apolipoprotein also.
This chylomicron remnant is rccogvnizcd‘ and éleared by the liver. Chylofnicrons are the

most important particles carrying absorbed lipid out of the bowel. In this way, much of
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dietary and biliary vcholcsterolv and the component synthesized in the intestine is delivered
directly to the liver. B “

Before the transport and metabolism of lipids and cholesterol is discussed, an
introduction of the different lipoprotein particles will be helpful. 7
Very low density lipoprotein (VI.DL) - This is a spherical particle of 300-700 & diameter.
The dcnsity is about 0.98 - 1.03 g/ml. The composition of this particle is as follows:
Triglycerides 55%, chblestcrol 17%, protcins.S% and phospholipids 19% (Sabine, 1977).
This particle is synthesized primarii_y in the liver and to a lesser extent in the intestine.
Constitutionally and functionally, VLDL can be regarded as-small.chylomicrons.
Compared to chyl'omicrons, the half life of this particle in plasma is much longer (6-12
hours). The primary\function of VLDL is to transport triglycerides away from the liver.
Low denéity lipoprotein (LDL) - This is a spherical particle of 150 - 300 & diameter. The
density range is about 1.03 - 1.09 g/ml. The compositibn of this*particle is as follows:
) triglycéridcs 10%, cholesterol 41%, proteins 21% and phospholipids 28%. LDL is the
most abundant lipoprotein-class in humans. As it is the principal cholesterol carrying
particle, abnormally elevated LDL has been associated with atherosclerosis.
High density lipoprotein (HDL) - This is an elongated or disc shaped particle, 90 - 350 Ain
size.  The density. range is about 1.1 - 1.2 g/ml. The composition of this particle is as
follows: triglycerides 6%, cholesterol 11%, proteins 58% and phospholipids 5.5%.
Apolipoprotein E of HDL has been identified as a cofactor for the enzyme lipoprotein

lipase.

\

The enzymes lipoprotein lipase (LPL)/andﬂlccithin:cholcstcrol acyl transferase
(LCAT) also play an important role in lipid me.tabolism. Their furE:tiOns will be considered -
briefly.
Lipoprotin lipase (LPL)

This enzyme is found in the walls of capillaries. It is anchored to the surface by

proteoglycan chains of heparan sulphate. Under normal conditions, significant amounts of .

)
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this enzyme are not found in the circ :.,latipn. However, ’injcction of heparin lcad;s to release
of this enzyme and clearing of lipids f.om plasma (Mayes, 1988). Both phospholipid and
apolipoprotéin C appear to be cbfactom for this enzyme. Hence, both chylomicrons and
VLDL provide the cofactor and the’substratc. Hydrolysis of lipids occurs while the
enzyme is still attached to the‘capillary endothelium. After the action of LPL, the
chylomicrons lose approximétcly 90% of their triglycerides and apolipoprotein C.
ithin:cholesterol acyl rans

This enzyme is synthesized in the liver and has the function of esterification of
cholesterol in the plasma. ‘The normal substrates of this enzyme appear to be HDL or
unesterified cholesterol. Both these sub:;trates are present in the circulation. The
combination of lécithin and cholesterol is catalysed by this enzyme leading to the formation
of lysolecithin and cholesterol esters (Sabine, 1977). The resulting cholesterol esters are
transferred to other lipoproteins. LCAT participates in transport of cholesterol from the
periphery to the liver also.
Lipoprotein transport

The transport of lipoprotein occurs via gwo pathways.
1. Exogenous pathway
2. Endogenous pathway
A schematic representation of these two pathways is shown in Figure 1.
1. Exogcngdg pathway- This pathWay transports’exogenous lipids that entér the circulation
from the intestine. The chylomicrons secreted into the lymph subscquentlyventer the blood
stream. Triglycerides are hyc\lrolysed by the action of lipoprotein lipase and the fatty acids
removed. The remaining partiée (chylomicron remnant) is taken into the hepatocytes by a
process cal'led receptor mediated endocytosis. Inside the liver cells the remnant is broken
down to release free cholesterol. This cholesterol can be either stored in hepatocytes as

cholesterol esters, excreted into bile or used to form endogenous lipoproteins.
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Model for the metabolism of
pathways for transport of endogenous and exogenous lipids.
CE denotes cholesterol esters; FFA, free fatty acids; TG triglycerides
lipoprotein; IDL, intermediate-density lipoprotei

plasma lipoproteins, showing the separate

; HDL, high-density
; LCAT, lecithin:cholesterol

acyltransferase; LDL, low-density lipoprotein; and VLDL, very-low-density lipoprotein.
A-1, A-2, B-48, B-100, C's and E represent the apoproteins associated with the indicated
lipoprotein particle (Reproduced with permission from author and publisher, Brown MS
and Golds.ein JL, Goodman and Gilman's The Pharmacological Basis of Therapeutics, ed.
7, 1985). -
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2. Endogenous pathway- The cholesterol and triglycerides rich particle called VLbL is
released into the plasma from the ﬁvcr. The triglycerides are removed from VLDL by the

~ action of lipoprotein lipase and through an intermediate density lipoprotein stage becomes
LDL. The LDL particle is rapidly Cleared by ;hc liver by a process of receptor mediated
endocytosis. The LDL not takc'n up by the liver circulates in the blood. These particles are

- eventually degradcd by binding to LDL receptors in the liver and extrahepatic tissues.

The circulating LDL acts as the major source Of cholesterol in the pl‘asma.‘ When
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liver and other tissues require cholesterol, they synthesize LDL receptors and cholesterol is

taken into the cell (Brown and Goldstein, 1985 a, 1985 b). When cholesterol is no;.nccdcd
by the tissues, the LDL receptor synthesis is decreased.

In addition to the specific LDL receptors, the LDL is also taken up by other
pathways which are scén in macrophages and other scavenger cells. ‘When the plasma
cholesterol concentration iricreascs, the degxad?don by these pathways increases also. This
may contribute to deposition of cholesterol in afterial walls leading to atheroéc}erosis.

LDL metabolism |

§ Triglycerides and cholesterol are transported out of the liver by VLDL.. The VLDL
can be metabolized in two ways. It can be metabolized through an intermediate density
lipoprotein (IDL) stage to LDL (Lllis' pathway is thought to predominate in man). In
addition, after the action of lipoprotein lipases and removal of triglycerides, the remnant is
taken up by the liver (this pathway is thought to predominate in the rat). Hence, a variable
proportion of the cholesterol derived from the hepatic sterol pool and incorporated into
VLDL, finally end up circulating in the plasma LDL fraction.

LDL can be internalized by receptor-dependent or receptor-independent mechanisms

(Sinﬁonescu andbSimioncscu, 1986). Receptor-dependent LDL uptake is seen in organs

like the liver and endocrine glands which manifest high rates of LDL uptake. In many
animal species,the liver is thought to account for the uptake of 50 - 75%,;gf all LDL cleared
from the plasma. Using methylated - LDL, it has been/shown that receptor-independent

\\
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LDL uptake occurs in all organs in the body (Spady et al., 1983; Spady er al., 1985). In
the enterocyte,the LDL uptake occurs Mugh both pathw_ays, each contributing to about
50% of entry. In most tissues with low LDL uptake, the entry occurs through receptor-
independent processes.

When LDL concentration is changed, the relative importance of rcceptor;dcpendent
and receptor-independent uptake in each organ is known to change. However, LDL
cholesterol taken up by either of these two processes has been shown to have a similar
suppressive effect on hepatic cholesterol synthesis. When there is overproduction of LDL
- or when .. DL receptor activity is r;:duced, the receptor-independent system appears to play
a~greater role in LDL removal from'plasma (Spady et al., 1983). In these situations,
cholestero!‘balance seems to be achieved by marked elevation of .plasma LDL-cholesterol.

Recepior activity can also be suppressed by feeding cholesterol. Thus, whether a
manipulation alters hepatic LDL clearance (and circulating LDL cholesterl.ol) critically
depends on the capacity of that particular animal to compensate for the manoeuvre by
changing the hepatic cholesterol synthesis. It has been showp that at a normal plasma LDL
concentration, receptor-dcpendent LDL cholesterol uptake accounts for approximately 62%
of total LDL cholesterol degradation. With a loss of LDL receptor activity (types of familial
hypercholesterolemia), th:rc is an associated increascé LDL production rate leading to
elevated serﬁm LDL-cholesterol concentration. The receptor numbers in patients with
familial hypepqholestefolcmia have been shown to be approximately 48% of normal in the

heterozygous group and approximately 4% in the homogenous group (Goldstein and

Brown, 1983).

Function of HDL

HDL serves as a cholesterol acceptor in the periphery. Because of this function of

reverse cholesterol transport, high concentrations of HDL are negatively correlated with

-

ischaemic heart disease.

Crossing of plasma macromolecules through the endothelial barrier
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' Thé transport of molecules across the endothelium is governed by three groups of

factors. > -

1. Plasma driving forces (hydrostatic and osmotic pressures). '

2. Physmochemlcal properues of the permeant molecules (s1ze shape charge and
concentration).

3. Surface properties and specific activities of the endothelial cells.

Endothellum is known to have the basic properues ofa polarized epithelium and is
highly specialized for transport. Endothehal parnmpauon in the blood | trssue exchange
appears to be a refined and dynamic phenomenon (Ste)nberg et al., 1985; Simionescu er a/,
1987). Entry of macromolecules into the endothehal cells can occur through processes of
Gendocytos1s and transcytosis. The process where cells are continuously ingesting bits of
_ their plasma membrane in the form of small ves1cles 1s called endocytosis. The process

where plasma molecules are transported across the cell to the interstitial fluid is referred to
as trans?:ytosrs Both these processes could occur after adsorption of the particles to the
surface (adsorptive) or w1thout adsorption to the surface (bulk phase) Adsorption can be
either non-specific (e. g., electrostatic bmdmg) or specific (e.g., receptors) 1n nature. The
internalized molecules can reach the lysosomal compartment (endocytosis) or can be
ransported across the cell to the interstitial fluid (transcytosis).
Endocytosis c.an occur;:_eith_er' by clathrin-coated pits and coated ve.si'c"le‘s (adsorptive
and receptor-mediated endocytosis) or by fraction of plasmalemmal vesicles (fluid-phase

A

endocytosis or pinocytosis). Transcytosis can be carried out by-plasmalemmal vesicles
y p y § yp
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shuttling between the two endothelial surfaces or by transient transendothelial channels. ,

Transcytosis can occur either in the fluid phase or aftcr"binding to a surface receptor
(receptor-mediated u'anscytosis) : &k

‘It has Been demonstrated that arterial Md(htehum is able to take up LDL bvk
saturable high affinity receptors located in coated pits and by the low affinity receptors

conﬁned to plasmalemmal vesicles. Animal cells that need cholesterol make- the LDL

)
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receptors and'insert them into the plasma membrane. Most of these receptor proteins
’ . : v

4

associate spontaneously with the coated pits and those that do not are induced to'migrate to -

coated pits by the binding of LDL (Alberts er al., 1983). Since coated pits are constantly
pinched off-to form coated. vesiclés, all of the LDL particles that bind to LDL receptors are

rapidly internalized. The coated Vesicles lose their coat and fuse with other vesicles to form

1

larger vesicles called endosomes. These fuse later"with the\ l\ysosomes Within 10-15
A

minutes of binding to the cell surface receptors LDL is delivered to lysosomes where

cholesterol esters are hydrol»yzed to free cholesterol and thereby becomes avallable to the

cell for new membrane synthe51s If excess cholesterol accumulates in the cell, it shuts off

both the cell's own cholesterol synthesrs and 1ts~synthesrs of LDL receptor protems 5o that

less cholesterol is made and less is taken up by thé cell. "' o
Vesicles ongmaung from the luminal surface have been shown to fuﬁ: with internal

vesicles, which had in turn fused w1th vesicles opening to the abluminal surface (Palade et

al., 1979) This leads to the formatlon of a t:ransendothehal channel. These temporary

N

through-and-through channels mlght be a mechamsm for facilitating’ movement of

macromolecules through the endo{hehum How fnequently these channels are formed and-

how long they persist are still uncertain. These gaps could allow rion- -specific tmnsport of
LDL. Whether or not these channels play an important role non-specific ﬂu1d endocytosis
and: rapld movement of endocytic vesicles across the narrow cytoplasmic band of the
capillary endothelium could, in theory, account for much or all of LDL transport.
However, most of these studies were carried out in capillary endothehal cells and whether
these conclusions apply equally to endothelial cells of large arteries, needs to be established
(Steinberg et al., 1985). ‘ !

Regulation of cholesterol metabolism in mammalian cells

~

Most nucleated mammahan cells have the capacity to synthe51ze cholesterol from
acetyl CoA (Bloch, 1965) The spef‘rﬁc factors that regulate flux of cholesterol in specific

cells are diverse, but the final mechanisms ior r-gulation of cholesterol synthesis seem to

25..
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“be similar in most cells (Brown and Goldstein, 1978). In each cell, the regulatory
mechanism senses the adequaCy of the intracellular pool of cholesterol that is available for
metabolic utilization by the cell and adjusts 3-hydroxy-3-methylglutaryl Coenzyme A-

_ reductase (HMG C(m-reductase) activity accordingly (Brown ez al. 1975). This enzyme is

—m -limiting enzyme in intracellular cholesterol SynthCSlS
The metabohcally active cholesterol pool is govemcd by a balance of i 1nput and
output of cholestcrol The mput of cholesterol constitutes uptake from circulating
lipoproteins ‘and de novo synthesis in the cell The output of cholesterol constltutes“
uuhzauon for plasma membrane synthesis during cell growth and division and loss of

cholesterol from thc cell. The cells can lose cholesterol in sevcral ways. These include,

1. l()ss through pass1vc transfer to plasma lipoproteins from the surface mcmbrane
‘ cholesterol |
2. act1vc'secnemon of cholesterol as hpoprotems from cells of the liver and intestinal
epnhehum and _
3'. conversion- to metabohc products like bile amds in the liver or steroid hormones in

endocrine glands. ‘ »

When the cholesterol "output from the cell is constant, there appears to be an inverse
relation between the cho]esterol input from hpoprotcms and intracellular cholesterol -
synthesm The dlfferences among dlfferent cell types are atu'lbuted largely to
1. the naturc of the plasma hpoproteln recogmzed by the cell and
2. the ratc of utilization of cholesterol bylthe cell. . _

In many cells, when the rate of cholesterol output is increased, both the cellular uptake of

¥f

cholesterol and cellular synt.he51s of cholesterol increase. Under these conclmons the LDL

.n,,

receptoxs will increase and transport LDL cholesterol mto the cells (Faum “al 1977)

. ‘3 S
In addmon to frce cholesterol the cells contaln estenﬁed cholcsterol also.

w
Esterification serves to dampen sudden ﬂuctuatlons in free cholestcrol that occur during

sudden alterations in sterol flux. In most cells, the content of esten’f»}ed cholesterol is much

yre



lower than the content of non-esterified cholesterol. However, in steroid hormone

2/

secreting cells, hepatic cells of cholesterol-fed rats and rabbits, and, in phagocytic cells and . ..

vascular smooth muscle cells of tissues that have been exposed to an abnormally high
influx of plasma protcms such as in xanthomas and atheromas, accumulatlon of excess of

cholesterol esters have becn observed (Brown and Goldstein, 1978).

The LDL receptors have been shown to be a major pathway of obtaining cholesterol _

from thc plasma LDL. When LDL receptors are present, célls grown in LDL rich media
suppress HMG- CoA reductase activity. In hpoprotcm deficient serum, the enzyme activity
is increased. This inverse relauon betwccn LDL receptors and HMG-CoA reductase
activity has been found to be absent in homozygous farmhal hypencholesterolcmia where
- the LDL receptor pathway is defective (Brown anc»‘lr Goldstein, 1976).

Diet induced hypercholesterolemia in the rabbit

Rabbits clearly become hypercholesterolemic and atherosclerotic also, when placed

upon a diet rich in cholesterol. The fabbit absorbs more vcholestcrol_than the rat and retains

about 77% of the administered cholesterol However, the more imponant reason for the
masswe Increase of cholesterol in the serum in the rabbit was thought to be its peculiar
1nab111ty to rid its plasma of dietary cholesterol Thus, in the rabbit, the dletary cholest?rol
which is absorbed appears to be isolated in the blood. The entry of cholesterol to the liver,
where it could be stored, then converted into cholic acid and excreted, is prevented. For

these cholesterol carrying chylomicrons to enter thc liver they must be made soluble within

the plasma by some clearing process or ingested by cells capable of phagocytosxs .The

hepatlc Kupfer cells appear to accomplish this latter function. This Kupfer cell systcm in
the rabbit appears to be deficient in 1ts total mass or in its function (Freidman and Byers
1954) This is believed to be the main reason for the massive hypercholesterolerma seen in
thc rebbit after cholesterol feeding. The composition of VLDL 11p1ds from
hypcrcholesterolerruc rabbits has been shown to be similar to that of atherosclerotic plaques

in rabbits. The uptake of lipoproteins from hypercholesterolemic animals into the aortic
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‘wall is :»~—=ased compared to VLDL from control animals. This type of evidence has been
sited to show that VLDL from hypercholesterolemic rabbits has an inherent atherogenicity
(Shore et al 1974; Rodnguez etal., 1976).

Li and a lerosi
\Chroni.cally elevated concentrations of plasma lipoproteins; particularly LDL and

VLDL, Bave long been associated wi_th increased incidence of atherosclerosis.. éince

cholesterol in atherosclerotic lesions is derived primarily from cholesterol in circulating

lipoproteins, it is reasonable to conclude that hyi)erlipobrotcinemia i1s causative of
atherosclerosis by virtue of its delivery of cholesterol to the artery at a high rate. Thus,

high LDL concenuatlons cause high rates of LDL entry to the artery wall The increased
entry of lipids to the artery wall leads to high rates of uptake by cells of the artery wall orto
extracell. ar trapping. This overloads mechanisms that normally preyent cholesterol
accumulation, eventually leading to accelerated atherosclerosis. Howevef the causative
link to atheroscler051s could be different from those discussed above as hlgh plasma LDL is

1mphcated in several other processes 1nvolved in atherosclerosis (Stembcrg et al 1985).

Some of these are discussed below. ‘

1. Causing damégc to endothelial cells. Hyperchbleslerolemia may induce a subtle
form of endothelial "injury”. One such form of injury inclpdes alteration in the
cholesterol:phospholipid ratio of the plasma membranes. Such changes could lead
to increased membrane viscosity Which might decrease the malleability of
endothelial cells. > | \

2. Iﬁﬂuencing migration/metabolism of monocytes‘ and macrophages. Endothelium
expoeed to hypercholesterolemia, may be important in monocyte adhesion and
chemotaxis that precedes the develobrhent of fatty smakg. o, ’

3. Stimullatj'ng growth of smooth muscle cells. It is possible that hypemholeetemlemia
nay induce the endothelium to form growth factors which in turn stimulate smooth

~muscle proliferation.
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4. Serving as a source of free fatty acids due to the action of extracellular lipasgs. ’
R n injury h i ) | _ “

In this hypotfiésis, it is proposed that a form of "injury" to the endothelium
precedes the development of afhcrosclcrosis. This injury to the endothelium can be of
several fonﬁs. The more common form of endothelial mJury is loss of isolated éells. This
isolated cell loss is rapidly replaced by neighbouring cells (Ross, 1985; Ross, 1986).
Replaccmcnf may occur by spreading of adjacent cells or if th;: area is large, by increased
turnover of adjacent cells. In the more subtle forms of endothelial injury no morphological
manifestations may be detected. However, such endothelial injury may stxll be sufficient to

stimulate endothelial cells to form and secrete growth factors. Endothelial surface
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alterations could provide opportunities for interaction with platelets and release of growth _

factors from endothelium, macrophages or platelets. In the presence of endothelial injury,
these growth factors have access to the subendothelium. They attract smooth muscle cells
- from the media into the intima. The proliferation of these smooth muscle cells are believed

to lead to the dcvclopmcnt of athcrésclcrosi§ (Ross et al., 1985). “

‘The principal cells involved in atherosclerosis, viz, endothelium, smooth muscle,

| platelct§ and monbcytc/macrophag%e‘s, either contain or can synthesize a.pd relea... chemo-
| attractants and growth factors. One Sf these is;blatclet—dcﬁved growth factor. It is believed
that such growth factors éould provide the sti:rx‘ulﬁs‘for. autocrine or paracrine stifﬁulation of
smooth muscle proliferation. | |
Acéording to the response to injury hypothesis, hypercholesterolemia may lead to
thedevelopment of atherosclerosis by two pathways. In onhe pa_fhw_ay, monocytes c;cposcd
to hyﬁcrchblgstcrolemia and platelets interact with the injured cndéthelium and stimulate
plaque form;ation by release of growth factors. In the other pathway, there is direct
stimulat’on of the endothelium to release growt}"n factors and these can induce smooth

muscle migration and proliferation (Ross, 1986).‘ TheSc,_pathways’ may be important in
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diabetes mellitus, hypertension and cigarette smoking which are associated with increased

incidence of atherosclerosis.
VA AR SM SCLE CONTRA N AND RELAXATION

Smooth muscle cells are fusiform or branched cells approxirﬂétcly 100 - 500 pm
long and 2 - 6 pm diameter (Somlyo and SonL;lyo, 1986). These cells are embedded in a
matrix of connective tssue. The.connective tissue elements contribute to the distribution of
forces generated by the contracting smooth muscle. Coupling between cells occurs throu gh
rc.gion’s of close apposition between the outer leaflets of the plasma membranes of
neighboﬁring cells. A regular lattice of particles called gap junctions are fOUIlld within these

regions of the plasma membrane. These junctions function as low resistance pathways for

the rapid spread of electrical signals through the tissue.
Contractile apparatus
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Thick filaments (myosin), thin filaments (actin) and intermediate filaments have

been identified in vascular smooth ﬂr?ascle. The thick filaments are made up of collections
of myosin molecules. Each myosin molecule is made up of two components termed as

light and heavy rﬁcromyosin. The light meromyosin component forms the tail component

and is lined up with other similar molecules to form a thick filament, The heavy

-/

meromyosin component appears as prot‘rusior;s from .»thel thick filaments and ‘these
. protrusions form 'crbss bridges with actin filaments during contraction. The heavy
merorhyosin is further fracﬁbnated into a globular S#segrﬁcni ’and a fibrous S-2 segment.
“The S-1 scgrhent is made up of two gldbular heads. sEach’hcad contains attachment sites
for actin, an enzymatic site thm hydrolyzes ATPto hbe;'ate energy used for contraction and
two "myosin lig‘ht chajns'; that are involved in the function,of these segments. The heavy

. ' : 1

meromyosin and the light meromyosin appear to form a "hinge" between them. The S-1

segment of the heavy meromyosin transmits the forces generated by the operational site of

s

.4‘1-‘



the myosin molecule to the light meromybsin (Hartslhorne, 1980; Hartshorne and Goreka,
1980). |

The thin ﬁlaments are made up of f:ontractilc proteins called actin and tropomyosin.
The regulatory protein called troponin found in skeletal muscle is absent in smooth muscle.
The ﬁlarﬁentous actin is a two-stranded helix made up of actin monomers and is found in
all muscle cells. Ac:in binds trbpomyosig that lies in the. groove on either side of the actin
filament. The intenncdi;tc filaments are not directly involved in the contractile process.
These filaments and similar filaments (neuro filaments, glial filaments) are found in several
cell types. The energy requirements of smooth muscle are met by aerobic glycolysis and
oxidative phosphorylation (Somlyo and Somlyo, 1986).
Excitation-contraction coupling

Electromechanical coupling and pharmacomechanical couplmg are two principal

.

forms of excitation-contraction coupling in smooth muscle (Johannason and Somlyo
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1980). These two mechanisms have been shown to operate singly or in combination. The:

primary trigger for contraction in boLh mechanisms is a rise in cytoplasrmc free Ca*+. In
elcctromcchamcal coupling, contracnon is influenced through changes in membrane
potential. While depolarization causes contraction by mc’masing the cytoplasmic free Ca*+,
hyperpolarization of the surfacc membrane leads to relaxation. The rclan've contributions
made by intracellular and extracellular calcium ions for contractions vary accordmg to the
type of muscle and the stimulus (Godfraind er. al., 1986).

In pharmacomechanical coupling, stimulation of contraction and relaxation is

independent of changes in membrane potential. The drug-induced contractions of Smodth

‘muscle that are’completely depolarized in high potassium solutions and, hence, cannot have

their membrane potentials altered by drugs, represent pure pharmacomechanical coupling.
The physiologically relevant forms of pharmacomechanical coupling occur together with
depolarization when normal, polanzed smooth muscles are stimulated by neurotransrmtters

Pharmacoraechanical coupling has becn shown to occur through the release of Ca*+ from



d
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the sarcoplasmic reticulum. Excitatory transmitters stimulate turnover of

: phosphaﬁdylinositol in the membrane leading to the generation of inositol triphosphate
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(1,4,5 isomer). This compound could act as a second messenger releasmg Ca++ from the

sarcoplasmic reticulum (Rasmusscn 1986 Somlyo and Somlyo 1986).
R n of contraction and laxau n

The sliding-ﬁ]ament theory explaining the conuaction-rcla%(ation of skeletal muscle
is believed to operate in smooth muscles also. The myosin molecules of the thick filaments
are arranged in such a manner that the enzymatically active part of the molecule protrudes
from the body of the filament. These protruding portibns called the cross bridges, bind Eo
actin of the thin filaments during contraction to form sites of tension devélopmcnt.
Magneéium—AT‘P is hydrolyzed during' muscle contraction by the enzyme Mg** -adenosine
triphosphatase (Mg++ ATPase) located in S-1 fraction .of heavy meromyosin of the myosin

molecule. The maximum shortening velocity appears to be correla ith enzyme activity. |

It is now generally accepted that activaton of smooth muscle actdmyosin is initiated by

phosphorylation of the light chains of the myosin mblecule.
In the relaxed muscle, the sarcoplasmic Ca++ is about 100 nmol/] and myosin is

non- phosphorylatcd and thcrc i1s no CToss bridge formation between actin and myosin. An

. " increase in frcc Ca*+ in sarcoplasm activates myosin llght chain kinase, which

- phosphorylates the two light chams of the myosin molecule. When the hght chains are
phosphorylated actin is able to activate the Mg**+ATPase activity of myosin. Hydroly51s
of Mg*+*ATP by this enzyme leads to cross bndgc formation and cross bndge cycling
between actin and myosin. As long as the sarcoplasmic Ca*+ is above the activation
threshold, cross‘bridge cyéling will continue. When the Ca*++ level falls, the myosin light
'-chajn kinase becomes inactivated. This is associated with myosin dephospho’ry)au’on by a
phosphatase with reversal of processes (Van Breemen ez al., 198Q).

The active myosin light chain kinase is composed of two distinct proteins, the

smaller of these subunits, calmodulin, has four Ca** binding sites and is the Ca*+



receptor of this enzyme. When three of the four Ca++ binding sites of calmodulin are
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occupied, the Ca-calmodulin complex interacts with the larger subunit of the enzyme to

form active myosin light chain Kkinase. Myosin light chair; kinase can itself be
phosphorylated at two sites by cyclic-AMP dépcndent protein kinase. Thc activi‘ty of
myosinllight chain kinase declines when both sites are phosphorylated, and it has been
suggested thgt phosphdrylation of myosin light chain kinase by the cyclic-AMP dependent
protein kinase may play a role in B adrenergic rclaxatiqn of smooth muscch. Myosin light
chain phbsphataﬁcs dephosphorylate the phosphorylated myosin. These enzymes appcag; to
be éctivc «during both contracted and relaxed states of smooth muscle. When the
sarcoplasmic Ca** is high, myosindight chain kinase activity overrides the activity of the
phosphatases. When the Ca*+ levels are low, the kinases are inhibited and the ACtivity is

shiftec in favour of the phosphatases.

Polyphosphoinositides and vascular smooth muscle contraction

\
. \
Our understanding of the regulation of Ca** in smooth muscle has ﬁqcrcased

significantly following the discovery of polyphosphoinosi'tidcs. These compourtnds have
~ been shown to function as second messengers (Rasmussen, 1986). The. occupétion'of
) certain cell surface receptors (e.g., a1-adrenoceptors in vascular smooth muscle) by
agonists léads to the ag:tivation of a specific enzyme called phospholipase C. The activated
enzyme phospholipase C, causes hydrolysis of membrane phospholipids leading to the
generation of inositol triphosphate (IP3) and diacylgl.ycerol (DG-). The release of inositol
triphosphate (1, 4, 5 isomer) leads to rﬁobihzadon of Ca** from the endoplasmic reticulum
and rise in cytosolic free Ca++. This Ca*+ corhbines with calmodulin and the Ca+*+-
calmoculin complex activaics the enzyme myosin light chain kinase. Activation of this
enzyme has been known to lead to vascular smooth mﬁsclc contraction.
The contractile response elicited by an agonist can be divided into two components.
Of these two components of the contraction, the initial phasic component is thought to be

due to the in‘racytoplasmic release of Ca+*+. The slow sustained tonic phase of the

“



contraction is thought to be due to the continued entry of Ca** into the cell from outside. It
is now believed that the initial phasic component of the contraction is mediated by inositol
%’iphosphatc and the slower tonic component by diacylglyo&l (Abdcl-Laﬁf, 1986). With
continued occupation of receptors, both limbs of the inositol pathway (inositol
triphosphate and diacylglycerol) are acnvated With continued formation of diacyiglycerol,
there is colntinucd‘ entry of Ca*t into the cell and the contractile response is maintained.
These processes can be terminated By rcmo&el of the receptor-agonist imcraction ultimately
-leading to relaxation of vascular smooth musclé.
clic nucleotides and vascular smooth muscle relaxation

The cyclic nucleotides, cAMP and cGI\:iP have been known to cause vascular
smopih muscle relaxation. Although changes in cAMP are seen in many instances of
contraction and rclaxatiron, convincing evideﬁce that cAMP is causing the relaxation has

been shown only for a few agents. These agents include isoprenaline, adenosine and
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prostacyclin (Kukovetz er al., 1981). The following criteria are used to establish that the

relaxation produced by a specific agent as being mediated by cAMP.

1. The agent causes a rise in CAMP.

2. Close parallelism between cAMP levels and relaxation.

3. Effector response potentiated by phosphodiester«- inhibigors. '
4, Actions mimicked by dibutyryl cAMP. |

During B adrenoceptor mediated vascular smoc’h muscie relaxation by isoprenaliﬁe
the cCAMP is believed to mcdlate its effects by acuva!gpn of cAMP dependent protein
kinases.. This functxon had been described previously. However, 13 addition, cAMP could
decrease sarcoplasmic Ca** by i increasing Ca** uptake into the sarcoplasm reticulum and
increase of Ca*+extrusion through the sarcolemma (Mueller and Van Breem\cn,'l979). The
decreased membrane c;xcitabi‘lity due to hyperpolarizaﬁon of the cell membrane helps in the
relaxation process also. |

v P
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Some vasoactive agents produce vasodilatation through changcs in cGMP
concentranons Such agents include nitrovasodilators and EDRF (Kukovetz et al., 1983;
Rapoport and Murad, 1983). The mlaxations mediated by these agents have been attributed
to cGMP for the following reasons.

\VT.‘/ qumc course expcrimcnts usmg several nitro compounds have shown that changes |

in cGMP always preceded mlaxauon (Kukovetz et al., 1979)

2. The effccts Df CG/MP mimicked by 8-bromo-cGMP.

3. The /éffcctor TESpONSes were potcntxated by the cGMP phosphodiesterase inhib:‘or,

M f& B 22,948.

Although it is likely that cGMP lowers intracellular free Ca++, the exact mcchamsm
is uncertain. Slrmlar to cCAMP,:the entry of Ca++ into mtracellular organelles (mltochondna

and microsomes) and Ca+’ extrusion through the cell membrane may be increased.

.
4 .



METHODS LY .

ENERAL METHOQDS
Animals and Diefy

o I;dale New Zealand White rabbits purchased from a local vendor were used in the

study. AI the ume of weaning (age 8 weeks 1.5-2.5 kg body welght) thk animals were

| brought to the vivarium, numbered and housed 1nd1v1dually Except whére speciai diets

were 1nvolve¢ thé rabbits were given a standard rabbit diet (Baby Rabblt Pellets, M-0662,

Maple Leaf Mills Ltd., Masterfeeds Division, London, Ontario, Canada) and were weighed
at regular in;ewals.

For induction of atherosclerosis, the rabbits were fed a high lipid, high cholesterol
(cholesterol 2% w/w) diet (5799C-9, Rabbit Puriﬁegl Diet, Ralston Purin'a Co.,
Richmond, Indiana, USA). This diet will be referred’\r(‘)\'l as rhe 2% choles;ero}‘ diet
) throughout the text. The eompositions of the two types of diets used ih the study are given
in Table 1. The ingredients used in ’;he formulation of the diets are given in Appendix 1.
Animals randomized to the 2% cholesterol diet will be referred to as the experimental
anirnalé. A separate group of age match its was always selected at this time to goon
the standard rabbit diet. These animals will be referred to as the control animals. Food and
water were given ad libitum to both groups of animals. The food intake was monitored by
welghmg the re51dual food at regular mtervals More animals than the required numbers
were assigned to the i o groups to compensate for any deaths during. the study. Blood
was taken from the central ear artery of the animals at regular intervals for estimation of
serum cholesterol and tnglycendes
~ Anesthesia and dissection of the rabbit

The animals were anesthetized by injecting a solution of sodium pentolrarbitone (25
- mg/kg) through the marginal ear vein. A midline thoracotomy was performed. A sample
| of blood was taken from the heart, centrifuged at 2000 rpm for 10 minutes and the serum

storea\ﬁf -70°C pending analysis. The thoracic viscera were pushed to the right side of the

36
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S
Table 1. The compositions of the control and the experimental diets are given below. The ’( ;

" percentages of the individual fatty acids in the lipids of these two dlcts are given in the -
lower part of the table.

Control Experimental
diet (w/w) diet (w/w)
Proteins , 17.9% ' 18.4%
Lipids 4.0% 24.0%
A (cholesterol 0.06%) (cholesterol 2.0%)
Carbohydrates, minerals ° 78.1% 57.6%
and vitamins , ' ' '
\
/ ;
‘Fauty acid
16:0 Palmitic acid 17.5 ©25.0
18:0 Stearic acid 2.5 12.6
18:1.0leic acid 16.8 . 44.4
18:2 Linoleic acid 437 v 103
18:3 Linolenic acid 16.4 0.5
Others 3.1 7.2
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chest, and 4thc inferior vena cava cut between clamps. "The thor;clcic aorta was identified and
cut betwec;n clamps at thc‘poin‘t'it pierced the diaphragm. The proximal clamp holding the
cut cnd of‘the aorta was lifted up and the aonta was separated from the prevertebral tissues.
‘Thc carotid arteries and the trachea were cut transversely and ‘thc‘v\_/holc mediastinum was
lifted off by cutting onmer ttachments. Care was taken to avoid unnecessary stretéhing
“or trauma co. the aort::l."1 A; excised aorta with the other mediastinal ofgans was
immediately placed in a Iarge buﬂier containing oxygenated, cold, Krebs-bicarbonate buffer
of the followmg composmon (mmol/l), NaCl 116.0, KCl1 5.4, CaCly 1.2, NaHOO3 22.0,
' NaH2PO4 1.2, MgCl.6H20 1.2, glucosc 101, CaNap_EDTA 0.023. Thc abdominal aorta
was dissected and preserved for estimation of cholesterol in aortic tissue.
Preparation of aortic rings
o The mediasﬁnal organs were next transferred to a dissecting tray _containing the
Krebs-bicarbonate ‘buffer. The aorta was dissected free and cut transversely at its root.
The mmaiﬁing viscera were discarded and the dissecting. tray replaced with fresh buffer.
The aorta was pinned at the two ends, inspected and the ‘excess adventitial fat and
connective tissue removed carefully. The long column of clotted blood inéidc the aorta was
gently pulled out with forceps. This usually came out as a single column. Aortic rings
(approx1mately 5 mm long) were prep?red by cutting uansversely across the aorta with a
pair of sharp scissors. The first ring was cut below the origin of the left subclavian artery.
When the rings were cut, an attempt was made to keep them of equal size (Tallarida and
Jacob, 1979). : ‘ &
Tissue bath technique. .

Each aortic ring was mountcd between, two tnangular metal clips and suspended in

SIS

a nssuc bath of 22 ml capac1ty containing Krcbs bxcarbonate buffer. A diagrammatic
reprcscntauon of the tissue bath used is shown in Flgure 2 (Senaratne, 1984) The tissue
bath was kept at 37°C with the aid of a heater circulator (Model No. E 15, Haake Mess-
Technik Gmbt U. o, Karlsruhe, Federal Republic of Germany) which circulatcd heated
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‘Figure 2: A diagrammatic representation of the tis. ue bath ised for experiments on the

isolated rings of rabbit aorta in the present study.
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water through the water jacket in each tissue bath. The Krebs-bicarbonate buffer (pH 7.3 -

7.4) in the tissue bath was maintained at 37°C and continuously aerated with a gas mixture
containing 95% O» and'S% CO3. Fresh buffer was fed into the tissue bath from a
reservoir which was also aerated .and maintained at 37°C. The bath fluid was changed with

“the aid of feeder and drainage tubes and the bath volume was kept constant by an overflow

tube. Both the drainage and overflow tubes were connected to a vacuum apparatus to

ensure cor%ﬂete drainage.” An assembly of eight tissue baths was used in the experiments
described in this thesis. Of the triangular metal clips used to suspend the aortic nng, the
lower clip was attached to a moveable plastic mount_ This enabled fine adjustments to be
made in the lengths of the aortic nngs. 'I‘hei:Jpper clip was connected to a force
- displacement transducer (Model No. FT .03C, Grass Instrument Co., Quincy, Mass.,
USA) for'isometric tension recording The outputs of the transducers were amplified and
recorded (Recorder Model No.. 24OOS Gould Inc Cleveland Oth USA) ‘A fine silk
thread (No. 5-0) was used for all attachments
Determination of optimum basal tension

At the beginning of the study, a length-active tension curve was performed to

-

‘ determine the optimum basal tension for the rabbit aorta (Wyse, 1980). This involved the :

determination of the basal tension at which the contractile response to 4 fixed concentration

) of noradrenaline (-7.0 log mol/l) was a maximum. Starting from a length at which the
tension was zero, the tension of the preparauon was increased by 1 g every 5 minutes.
Following 2 minutes of stalzéllzanon at each tension, the preparation was exposed to a ﬁxed
concentratlon of noradrenaline. With an increase in initial basal - ensmn the response to
noradrenaline mcreased Th1s relaU(;shlp continued until the response to ni adrenaline
reached a plateau. Beyond a certain basal tension, the response to noradrenaline de&reased

if the tension was increased further.  The optimum tension defined as the basal

tension at which the magnitude of the response to norad. . ....ne reached z maximum.
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These experiments shc;wcd that the optimum ‘basal tctﬁion for the rabbit aorta was about -
8.0 grams (g).
| Hence, after mounting the aortic rings, they were stretched to # basal tension of 8.0

g, gradually over the first 30 minutes. The preparations were equilibrated for a total of 90
minutes before the experiment proper was begun. During this period, the tissue bath fluid
was replaced with fresh buffer every 30 minutes. ‘ '
‘t. Concentration-effect curves
| Concentration-effect curves to the a;drenoceptor agonists were obtained in a

cumulative manner, graded dos'cs being added to give the desired concentration of the drug

in the tissue bath (Van Rossum et al., 1963). The total volume of solution added to the

r

. ; .
tissue bath during a cumulative concentration-effect curve was less than 4% of the total bath

volume. Concentrations of tﬁc agonists were increased in half log units each time. Each
dose was added when the responses to the preceding Elose had reached a plateau. After
obtaining a complete conécntration-effcct curve, at least 45 minutes was given for thg'
tissue to recover before a second concentration-effect curve was started.
Removal of endothelium

| In some aortic rings, the endothelium was deiiberately removed by mcchanicél
means. For this purpose the tip of a small tissue forceps was inserted to the I;Jminal
surface of the aortic ring and turned back and forth:for 20 seconds on a filter paper wetted
with Krebs-bicarbonate buffer (De Mey and Vanhoutte, 1982). 'Such rings are referred to
as Ae-endothelialized rings in the text. Scanning electron mic.;roscopy of the luﬁﬁnal surface
of these rings.showed that this procedure produced complete or near complété denudation “
of aortic endothelium. |
Estimatinn of Cholesterol and Triglycerides
' Th= éonc_enuations of cholesterol and triglycerides in the serum were estimated "
using an automated system (Multistat III, Instrumentation Laboratories, L;xingtbn, KY, "g‘%f

: )
USA) that incorporated the methods of Allain et al. (1974) and Pinter et al. (1967)

2/



respectjvely. The tlSSUC cholesterol estimations were performed in the abdommal aorta by
ethod descnbed by Morin (1976). The tissue protein estimations were made usmg the
| method described by, Haruee (1972).
| Red stai in)
Individual aortic rings from the tissue bath cxperi\ments and long segments of
donor aortae obtained after bioassay experimentS (vide infra protocol 2.2) were subjected

to sudan red staining. The specimens were slit open and pinned on pieces of cork exposing

the intimal surface. These were rinsed’ in 70% ethyt alcohol for 1-2 minufes and immersed
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in sudan red solution at room temperarure for 15 minutes The intimal surface was kept

submerged in the stam The solution was agitated intermittently at thig'stage. Next the
specimens were transferred to 80% ethyl alcohol for 20 minutes and washed in running
water for | hour. Finally, the tissues were stored in 10% buffered formalin (Holman er al .
,1958) The methods of preparauon of solunons used in this section are gwen in Appendlx
2. |
- m f hilia

The extent of expenmemal cholesterol atheroscleros1s (in the descendmg thoracic

aorta) shown by the sudanophilia B each animal was wsuallv graded on a scale of 0 to 4.

The method of grading adapted was a modification of the rnethods described by Duff and'

McMillan (1949) and by Kntchevsky etal. (1978).

Grade_O - no lesions séen in the aorta.

Grade!l - lcswm around:orifices of intercostal anenes surface mvolvement less than 5%.

Gradk 2 - lesions between onﬂces of mtemossal arteries in addition to Grade | lesions,
sy

total surface involvement betwefe_n(_S-ﬂZS%. . :

| _ A
Grade 3 - confluent lesions present, total 'surface involvement 25-60%.

. Grade 4 - confluent lesions present, total surface involvement over 60%.
- A’

- Light Microscopy S : -
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The specimens used were pleces of aorta from control and expcnmental animals

obtained before and after tissue bath ami bioassay expenments The t&ssues were ﬁxed in -

10% buffered formalin-for 24 hours. . For lipid staining, the spec1mens were washed in
Millonie"; phosphate buffer for 1 hour and postfixed in 1% osmium tetromde in Millonig's
buffc- *~  “ours. The epecirncns were then trahsferred through a series of \graded ethyl
alcohol suiutions (70, 80, 95 and 100% for | hour in each sthge) and embcdded in paraffin

(Tissue Prep, 56°C). For hematoxylm -eosin stammg, the tissues were transferred from

10% formalin to the a.lcohol dehydratlon state (as above) and embcdded in paraffin.
Sections were cut at 10 um on a rotary rmcrotome (Model No. 820, American Opncal Co,,
Belville, Ontario, Canada) and stamed by the methods modified from those descnbed by
Humason (1979) and Culling (]97.6) and examined under a light microscope. All chemicals
and reagents used in this section. were obtained from ;isher Sciehdﬁe Company (Fair

~ Lawn, NJ, USA). . S

Scanning Electron Microscopy ‘ |

Scanning electron rhicfoscopy was done on two groups of specifnens.

1. Specimens taken from control and experimental animals after fixation by‘pne‘ssure

perfusion. These animals were used only for anatormical studles

2. Specxmens taken before and after tissue bath and bloassay expenments without

fixation by pressure perfusion. )
rfusion method (Russel and Amy, 1986) .
Af‘ter anesthesia, the chest was openéd and q'le aorta was perfused through a
cannula inserted into the left ven'tricle. The tissues were perfused with 1 L of Tyrode's
solution kept at a pressure of 100 mmHg. Later, the perfusien medium was changed to
Tyrode's solution comaining 2.5% glutaraldehyde (electron microstopy grade) and the
perfusian continued with a further 1 L. This procedure allowed the entire animal to be

fixed w1th the shape of the arteries intact. The arteries were dissected and placed in 2. 5%
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glutm'aldehyde in Tyrode's solution for 5 days. The pieces of arteries were processed for | Q
scapning electron microscopy as described below.

The rabbit aortic rings were fixed initially with 2.5% glutaraldehyde in Millonig's
" buffer (48 hotxrs) followed by post fixation with 1% osmium tetroxide (45 minutes). The
spec‘imenjs were dehydrated using ethyl alcohol (15 minutes in 50, 70, 80 and 95% alcohol
followed by three 10 minute periods in 100% alcohol) anid then placed in a critical point
‘dryer (Model No. LPD 100, see VAC, Pittsburg, Penn, USA) for 5 minutes at 41°C and
1200 psi COn. The tissues \%!"ere then mounted in aluminum stubs with silver glue, sputter-
coated with gold, and exarmned in @ scanning electron mlcroscope (Model No. 505,
Philips, Eindhoven, The Netherlands). These methods are modifications of those
descnbed bNy Glauert (1975) and Dawes (1984).
T-r?msmission Electron Microsco opy

As discussed under scanning electron rrucroscopy spec1mens from animals fixed

by pressure perfusion as well as after regular tissue bath and bioassay experiments were

~ used in these studies. The tissues were fixed initially with 2.5% glutaraldehyde in

Millonig's buffer (24—48 hours). They were then washed three times (15 minutes each)
‘WIth Millonig’s buffer and post-fixed for 1 hour in 1% osmium tetroxide i in M1110n1g s
buffer. After washing for three 10 minute penods with double distilled water, the tissues
were deiiydrated through a graded series of ethyl.alcoh.ol solutions (as described under
scanning electron microscopy). Samples were transferred from absolute alcohol to
propylene oxide for three 10 minute periods and then into a 1:1 mixture of propylene oxide
and araldite (CY 212, Mztrivae Limited, Halifax, N.IS.v, Canada) epoxy resin for 3-4 hours.
They were then piaced in pure resin in embedding blocks, left at room temperature
c"."ovemight, and then at 60°C in an oven for 48 hours (Hayat, 1981). Thin sections were cut
on an ultramicrotome (Reichert Jung Ultracut E, C. Reichert Ag, Vienna, Austria), and
mounted on 300 mesh copper grids. The specimens were then counterstained w1th uranyl

acetate and lead citrate and examined in a transmission electron microscope (Model 410,

L
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- Philips, Eindhoven, The Netherlands). The methods of preparation of solutions used in

the electron microscopy studies a‘ng&iven in Appendix 2.
PE METHODS . -.

e

The specific protocols carned out are listed below.

sy

PR L ONE- LESTER LFEEDINWAND EDR

- Protocol 1.1 Determination of the effect of 2% cholesterol diet given for 4, 8 and 10

weeks on EDR to acetylc};oline. The lesions produced in the aortae at the different stages

\

of feeding were studied also

" Protocol 1.2 Determmanon of the effect of subsequent reversal to standard rabbit diet for

14 and 32 weeks, after an initial 6 week period of 2% cholesterol diet, on EDR to
acetylcholine.

Protocol 1.3. Determination of the effect of 2% cholesterol diet on the responses of rabbit
aorta to o ‘ adrenoceptor agonists. 5&

PROTOCOL TWO-BIOASSAY FOR EDRF
Protocol 2.1. Development of a bioassay for EDRF.

Protocol 2.2. Determination of synthesis/release .of EDRF in aortae from control and
cholesterol-fed rabbits. s 5

Protocol 2.3 Determination of syntl:;elg?sﬁ'elease of EDRF in rabbits reversed to standard
rabbit diet for 36 weeks after an initial 6 weeks of cholesterol feeding.

PROTOQOL THREE-EFFECT OF AGE AND CHOLESTEROL FEEDING ON EDR

Protocol 3.1. Determmanon of the combined effect of age and 2% cholesterol diet on EDR

to acetylchohne

PROTCCOL FOUR- CALCIUM CHANNEL BLOCKERS AND EDR

Protocol 4.1. Deterrmnatxon of the effect of chroric oral administration of the calcium
channel bloker, nicardipine, on EDR to acetylcholine. : -
Protocol 4.2. Determination of the effect of incubation of rabbit aorta in vitro with

nicardipine and diltiazemn on EDR to acetylcholine.



Emml_,ﬁ Dctermmauon of the effect of nicardipine on. synthcs:s/mleasc of EDRF and

on the effects of EDRF in rabbit aorta.

Protocol 4.4. Determination of the effects of mcard1p1nc and dlltlazdn on centractions
induced by potassium.

PROTOCOL FIVE-DIABETES AND EDR

Protocol 5.1 Determmauon of the effect of diabetes mellitus on EDR to acctylchohnc

PR L. ONE- TEROQL FEEDING AND EDR

The design of the study is shown in Figure 3. In this protocol, tﬁe EDR to
acetylchbline was z“ﬁscsscd in cholesterol-fed animals at 0, 4, 8 and 10" week intervals.
After complcung the study, the aortic nssues were, stained with sudan. Their histologic
(light mlcroscopy, scanmng and transrmssmn electron microscopy) appearances were
studied at these different stages also. Some animals were'processed for scanning electron
microscopy after pressure perfusion. The EDR to acctylchohnc was assessed in a group of
animals where the diet was reversed to standard rabbit diet after an initial 6 weeks of
cholesterol feeding also. In-addition, the responses to a adrenoceptor agonists at different
stages of chol>cstcrol feeding were investigated. ‘

Protocol 1.1,
In this protocol, the EDR to acetylcholine at 0, 4 8 and 10 week intervals after

" cholesterol fecdmg were studied. A group of 6 animals were killed at the beginning of the
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study (O weeks). Subscquently, 6 ammals from control and experimentz' - "OUpSs were .

killed at 4, 8 and 10 week stages of the study. %
Experimental Protocol '
The responses to acetylcholine were examined in 4 aortic rings from each animal
with each ring being assigned randomly to one of the following procedures.
1., Control with no additional manipulation S
2. Incubaﬁon with indomethacin (-6.0 log mol/)
) %

.3 Incubation with atropine (-8.0 log mol/1)
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[ = 3]

{ordinary rabbit diet) (G_animats) (6 animals) (6 animals) (4 animals) (5 animals)

Control —————p 4 wks—p 8 wks —p 10 wks@ggo wks — 38 wksg
v . -“. Q”

New Zealand White Rabbits
Male 8-10 wks old 0 wks
1.5-2.0 kg body wt (6 animals

Experimental——p 4 wks 8 wks —p 10 wks
(2% cholestero! diet) (6 anmats) \(6 animais) (6animals)

6 wks — 20 wks —# 38 wks
(Put back on ordinary rabbit diet)” (4 anmats) (5 animals)

Figure 3. The design of Protocol One is shown schematically. The number of animals
shown in parentheses were killed at each stage.
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4. Rcmoval of endothelium.
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As described under GENERAL WODS the aort1c Fings were gquubra{ed for

v "*,r\ﬂ
period (total of 90 minutes of equ1hbrat10n) all preparatmns were contracted by addjng

noradrenahne (-6.0 log mol/). Aftelf the contractions rcachgq a plateau, concentration-

effect curves t§ acetylcholine were obtained by adding the d.r%‘gd to the bath in a cumulative -

manner (-9.0 to -4.0 log mol/1).° indomethacm and atropine were present in thc respective
tissue baths throughout the experiments. On completion of the concentration-effect
curves, the tissue bath fluid was replaced with fresh Krebs-bicarbonate buffer and the
tension allowed to return to the baseline value with frequent replacement of the buffer.

After a period of 45 minutes, the concentration-effect curves to acetylcholine were repeated

in the control preparation with the tissue contracted by adding a lower concentration of*

noradrenaline (-7.0 log mbl,/l). This enabled the EDR to be assessed when the initial active
tension was lower than that elicited by -6.0 log mol/l of noradrenaline.
Effects of NDGA, Quinacrine and Hydroquinone

The effect of nord1hydrogua1aret1c acid (NDGA) .on the response to acetylcholine

was assessed by adding it to the tissue bath as a single dose (-4.4 log mol/l1) when the »

relaxation response to acetylcholine was maximal (concentration range -6.0 to -5.5 log
mol/l). In separate rings, the effects of quinacrine (-6.0 log mol/1) and hydroquinone (-4.0
log mol/l) on the EDR to acetylcholine were assessed also. These agents were also added

to separate tissue baths as single doses when the relaxation responses to acetylcholine were

maximal. Effects of quinacrine and hydroquinone were assessed only in the first group of

6 animals killed at the beginning of the study. -
Effect of sodium nitrite '
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The effect of sodium nitrite was investigated in rings with and without endothelium

isolated from rabbits at the 10 week stage of the study. As in the initial part of the protocol,
the ringS were precontracted with noradrenaline (-6.0 ldg mol/l) and sodium nitrite was
added to the tissue bath in concentratfons of -4.6 and - 3.0 1qg mol/1. At the end of each _
experiment, some rings were prepared for histological studies. The remaining rings were
stained with sudan red. -

=y

Protocol 1.2 (reversal study).

This protocol was designed to determine the effect of reversing to standard rabbit
diet after an initial period ( 6 weeks) of cholesterol feeding on EDR to acetylcholine. After
being on the 2% cholesterol diet for 6 weeks, some animals were randomly selected and‘
transferred back to standard laboratory rabbit drete.f These ammals along with their age
matched controls, were killed after 14 and 32 weeks of reversing of the diets, and EDR to
acetylcholine was assessed in tissue baths as described in protocol l;l. Such animals,
where the diet was changed /to standard raf)bit diet after an initial period of 2% cholesterol
feeding, are referred to as reversal animals in the text. | o
Protocol 1.3.

This protocol was designed to determine the effect of:2% cholesterol feeding on
responses to a-adrenoceptor agonists. The non-selective a-adrenoceptor agonists
noradrenaline and clonidine and the selective o] adrenoceptor agonist methoxamine were
used in the study. The responses to these drugs were assessed as %oncentrauon effect
curves. In the three tissue baths where these three adrenoceptor agonists were tested, the
B- adrenoceptor antagomst propranolol (-6.0 log mol/1) was incorporated in the Krebs-
bicarbonate buffer 30 minutes before the adrenoceptor agonists were added.
Concentration-effect curves to the agonists were obtamed In aortic rings from control and
expenmen'al animals at O 4,8 and 10 week stages of the study. This study was extended
to the aortic rings obtained from reversal animals also.

PROTOCOL TWO-BIOASSAY FOR EDRF

K3
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In Protocol One, the EDR to acetylcholine was studied in tissue baths.
AcctyIchohnc stimulates receptors on the cndothchum to syntnesize/release EDRF and this
in turn diffuses to the undcrl}?ng smooth muscle mediating relaxation (Furchgott, 1983).
In the tissue bath the two stages of synthesis/release of EDRF and the relaxation effects of
EDREF could not be separated. Hence, a bioassay tcchﬁlquc was dcvclopcd whxch helped
to investigate synthesis/release of EDRE and the cffects of EDRF separately.

Protocol 2.1. . e
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Development of the bioassay for EDREF is described here. A modification of the -

‘techniques described by Griffith er al (1984) and ..ubanyi er al., (1985) were-used in the
study. The assay was based on transferring the factor (EDRF) released from a donor aortic
tis'suc onto a deendothelialized ring of recipient aorta, in which its biological activity could
be monitored. A rabbit was anesthetized amd a 4-5 cm length of descending thorﬁcic eiofta
removed as the donor tissue. A separate 5 mm long ring of aorta was used as the recipient.

This recipient was de-endothelialized as described previously. A bdiagrammatic

representation of the bioassay apparatus is shown in Figure 4A. The donor aorta (d) was.

Placed in a rectangular plastic chamber (C,10cm x 10 cm x 3 cm) which was enclosed in
~cket and filled with Krebs-bicarbonate buffer. The oppostite walls of this chamber

were pie’.. Yy two stainless steel cannulae (outer diameter 3.2 mm, inner diameter 2.2

mm) whose f  “ons could be adjusted according to the length of the donor aorta. The

donor acrta wa.. - Sunted inside the chamber between the ends of the two cannulae. This
donor aorta w: 5 r zrfused intra-luminally with oxygenated Krebs-bicélrbonatc buffer (95%
- 02-59° 202"t~ 7.4) from a reservoir (R) by means of a positive displacement roller
: pump P, M- .us 2, Gilson Medical Electronics, Villiers, France); A multiple cha.ngllel
-afurion pr y (Ac, Model No. 2212, Harvard Instrument Co. Inc. Newpdrt Beach CA,
U~ <3 used to introduce Krebs-bicarbonate buffer or acetylcholine into the perfusatc at
a point proximal to the donor. The perfusate emerging from the chamber (C) was dnpped

over the recipient ring of rabbit aorta (r) which was connccted to a force djsplacement

1
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A: Diagraminatic representation of the apparatus used for bioassay experiments. R,
reservoir for Krebs-bicarbonate buffer (maintained at 37°C); d, donor tissue; T, recipient
tissue (de-endothelialized); sg, strain gauge for isometric tension recording; Ac, syringe
pump fg; injecting acetylcholine into perfusate; At, syringe pump for injecting atropine
direcfionto the recipient. The donor is perfused intraluminally and the perfusate-is
dire¢ded onto the recipient (7). .
B??}The modified apparatus where responses of two donor tissues (d) from control and
aifferosclerciic animals could be compared. ‘ '
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transducer for recording isomcm'c tension. ‘A second infusion pump (At, Model No. 3014,

” Sagc Instruments, Cambridgc Ma, USA) was usod to ig‘fusc atropine to the superfusate as
shown in Figure 4A. Thus, the rec1plcnt tissue alone was trcatcd W1th amopmc With the

-aid of the three-way stopcock placed between the rcservou (R) and the tissue chambcr it
was possible to introduce a second reservoir as an altcmatc source of perfusate. The
reservoirs and the tissue chamber were maintained at 37°C with the aid of a heater/circulator
(Model No. E 15, Haake AM-ess Tcohnik Gmbt.U.Co.,,Karlsmhc, Federal chublic of
Germany). During the experiments, the chamber C was drained through an outlet at the
side and filled every 45 minutes with fresh Krébs—bicérbonatc buffer kept at 37°C,

The flow rates of the pﬁmps were set as follows. The positive displacement roller
pump P was set to dehver 23 ml/rmn of Krebs-bicarbonate buffer from the resewblr The
multiple channel mfusmn pump Ac dellvcrcd 0.45 ml/min of c1ther Krebs- blcarbonate
buffer or increasing concentratxons of accgylchohne into the perfusate. The second pump
At delivered atropine at a rate of 0. 25 ermn Thus the total flow of superfusatedonto the
recipient was maintained constarit at 3.0 m]/mm. All the connections in the apparatus were
made with polycthylcne, tuﬁﬁg |

A modlﬁed f;r;:a of@thc bloassay apparatus in which the responses elicited in a
common recipient b;’tlwo :donors’ could be compared as shown in Flgure 4B. In this
modification, the chambor C was partitioned into two sections. A donor aorta from a
'control animal was mf)unted in one section wh11e the donor aorta from a cholesterol- fcd
ammal was mounted on the other section. Hence, the perfusatc through either control or
athcrosclcrotlc donors could be dripped on the recipient nssuc Altemauvely, the recipient
could be obtamed from either control or atherosclerotic amma]s
Experimental Protocol

The donor aorta was mounted and perfused w1th Krcbs blcarbonate buffer and a

period of one hour was allowcd for equxhbratmn After mounting thc rcc1p1ent tissue, the

basal tension was set by stretching the vessel over the ﬁrst 30 mmutés During the

e
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§quilibraton period, the recipient was superfused with buffer going through the ~donor.
After one hour, the perfusate was changed to Krebs-bicarbonate buffcrwéor;tmning'
noradrenaline (0.20 pmol/l) delivered from a second reservoir and atropine (10 umol/1) was
added to &e recipient from the pump At. The noradrenaline in the perfusate produccd a
contractile response in the recipient. After the contraction in the récipicnt had reached a
plateau the perfusate from the infusion pump Ac was changed from Krebs-bicarbonate
buffer to progressively increasing concentrations of acetylcholine. The applications of
acetylcholine were interspersed with infusions of Krebs-bicarbonate buffer from the same
pump. |

Madifications for va\lidation of the technique

The following modifications to the basic protocol were completed in order to
Blay
validate the endothelium-dependent nature of the relaxation of the recipient ring.

1. Substitution of carbachol (5.0 pmol/l) or calcium tonophore A 23187 (1.5 pmol/l) in

place of aéctylcholine.

2. Exposure of the donor tissue to atropine (0.8 umol/l) for 30: minutes before
challenge ‘with‘aoetylcholine.

3. Removal of endothelium from the donor. This was achxeved by inserting a cotton

swab on a wire, into the lumen of the aorta and rolling it inside several times.
4. . Application of acetylchohne directly onto the recipient without contact with the

donor.

Caleulatiops

The concentration of n;);adrenallne (0.20 pumol/l) in the reservoir R was dxluted
1.304 times by the fluid entering from the infusion pumps (Ac and. At) resultmg in a final
noradrenahnc concentration of 0.15 umol/l at the recipient. The acetylcholine m%used 0.45

ml/min) mto the perfusate (2.3 ml/min) was diluted approximately six tifnes. The

concentrations of acetylcholine in the infusion pumps were 3.2, 10.0, 31.6 100.0;

1mol/l, and after dilution the respective concentrations achieveduin the fluid perfusing the
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donor were 0.5, 1.6, 5.3 and 16.6 pmol/1 . Atropine infused or:no the recipient was diluted
12 times. The concentrz;tion of atropine in the pump At was lgumom and after dilution,
the ﬁnal concentration on the recipient was 0.83 umol/l.
Protocol 2.2
This protocol compared the synthesis/release 6f EDRF from aortéc obtained from

contsgl and cholesterol-fed amma_ls The design of the protocol is shown in Figure 5. The
modified apparatus shown iﬁ,Figurc 4B was used for this protocol. The responses elicited
In a common recipient by two donofs were comparcd.l In addition, this arrangement
permitted the recipients to be changed as required. |

'New Zealand White rabbits (body weight 2.0 - 2.4 kg, age 8 - 10 weeks) were

assigned randomly to control and experimental groups. .The control group was given the

standard rabbit diet and the experimental group was given the 2% cholesterol diet. Animals
from each group were killed after being on the respective diets for 6 weeks and the aortae
were prepared for bioassay of EDRF. |

Thrc'e series of experiments were done in this protocol. In the first series, the
donor aortae were Obtained from COl:ltI‘Ol and cholesterol-fed animals. The recipient tiséucs
were obtained from c;mtrol animals. In the second series, the donor aortae were obtained
from control ahd cholesterol-fed animals and the recipient tissues were obtained from

cholcsterol fed animals. In the third series a single donor tissue and two recipient tissues

were used The donor tissue was obtamed from control animals. One recipient tissue was

_obtained from the control animals and the other from cholesterol-fed animals. Initially, the

response in the recipient tissue from the control animal was obtained. Next this tissue was
‘ rcmoved and the rec1p1ent obtained from the cholcsterol fed animal was mounted and its
response agamst the same donor tissue was obtained.

In this part of the study the followmg sequences of concentratlon effert curves
relarmg EDR to acetylcholine were obtained.

1. Control response with acetylcholine pcrfusin g the control donor
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Figure 5. The design of Protocols 2.2 and 2.3 are shown schematically.
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2. Test response with acetylcholine perfusing the atherosclerotic donor

3. | Conmol response repeated with acetylcholine perfusing the control donor

Asno mgmficapt differences were seen in the relaxations when acctylcholme was perfused
through the comml donor (responses 1 and 3), the mean relaxauons of these two curves
were compared with the test response.

In the third series of experiments ruenu"ohed above, the responses elicited in two
recipient tissues (against a single conq'ol donor) were compared. In thia experiment,
acetylcholine was perfused through the contrel donor and the response in the recipient
tissue obtained from the control animal was determined first. Next this tissue was removed
and the recipient from the cholesterol fed rabbit was mounted. After 60 minutes of
equilibration, acetylcholiuc was perfused through the control donor and the response in the
recipient tissue was dcfcmﬁned as before.

After complcuon of this part of the study, the remaining animals from the
experimental group were transferred to the same diet as that fed to the control animals.
Thcsc animals were followcd up for a further 36 weeks. At the end of this period, these
ammals along with their age matched controls were killed and aortae prepared for the
bloassay (Protoco] 2.3).

Progocgl 2. ;3

. This protocol compared synthesis/release of EDRF in aortae obtained from conttol
and experimental animals. The experimental animals were on standard rabbit diet for 36
weeks after an mmal 6 week period of cholesterol fccdmg The control animals were fed
the standard rabbit diet throughout The design of this protocol is shown in Flgurc 5. The

modified apparatus with two channels shown in Figure 4B was used for the bioassay

Aortac from the two groups of animals were mounted as described prcv1ously The

({CCIplCl’lt ring was taken frorn a separatc group of New Zealand White rabbits (10-12 weeks

of age; weight 2.3 i 0.2 kg; mean £ see. mcan) Preliminary studies with recipient rings

~ of aorta taken from animals An, the control and experimental groups (i.e., older animals)

’
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failed to produce consistent contmctions with noradrenaline and were deemed unsuitable

for use as recipients in the bioassay. The responses tg agetylcholmc were assessed as
/‘ described prewously (Protocol 2.2) * g
PR L THREE-EFFECT OF AGE AND TEROL FEEDING ONEDR.

It has been reported that older rabbits h; a lesser susceptibility to develop

hypercholesterolemia and atherosclerosis when fed on diets supplemented with cholesterol
(Harman, 1962). Howevcr the influence of age on the impairrhent of the EDR produced
by a hlgh cholesterol diet has not been mvesngated Therefore, this protocol was de51gned. {

to test the hypothesis that the age of the animal influences the effect of cholesterol feedlng
onEDR.

Protocol 3.1
. The design of this protocol is shown in Figure 6. At the time of weanirig, mal'e

New Zealand White rabbits (age 8 - 10 weeks, body weight 1.5 - 2.5 kg) were d_jvide;i‘ihte'
~two batches. The first batch was assigned randenﬂy to control and experi'me'ntal g'roupsx ‘

The control group was given the standard rabbit diet and the experlmental grOUp was glven"“ -

@

the 2% cholesterol diet. & ', -

A second batch of animals was contmued on the standa,rd rabblt d1et er 36 weeks .
At this'time (age of animals - 46 weeks), the ammals _were separated rand@mly mto' |
control and experimental groups. The control and expenmental ammals were glven the
standard rabbit diet and the 2% cholesterol diet, respectJvely The expenmental animals,
along w1th their age matched controls were killed for expenments after 4 weeks on their
respective diets (the control animals were on standard rabbit dlet throughout) The
responses to acetylcholine were studied by the tissue bath technique as described
previously. At the end of thg experiments, the tissues were pxepared for histology and
sudan red staining. o
PROTOCOL FOUR-CALCIUM CHANNEL BLOCKERS AND EDR.

®
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‘Figure 6. The design of Protocol Three is shown échcrnatically. '
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The release of EDRF appears to be associated with entry of"calcium‘ ions into the
endothelial cells. This protocol was designed to investigate the effect of calcium channel
blockers on EDR to acety&choline im the rabbit aort& The effects of the calcium channel
blockers )werc assessed in tissue baths. In addition, the inﬂucnce‘-{‘%calcium channel
- blockers on synthesis/release of EDRF was assessed also. The dihydrobyxﬁdinc derivative,

nicardipine, was the principal calcium channel blocker that was used (Satoh er al., 1980).
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However, in the in vitro tissue bath studies the benzothiazepine derivative, diltiazem, was

tested also (Ito er al., 1978).
Protocol 4.1. o

The effect of chromc oral administration of nicardipine on*EDR to acetylcholine was
assossed in this protocol.
Administration of nicardipine .

‘Male New Zealand White rabbits of 12 weeks of age were randomized into control
and experimental groups. The animals- were numbered and housed under similar
conditions. Both groups were given the standard raboit diet. Nicardipine (60 mg/kg) was
adrrumstcred as two divided doses to the expenmental group. The pure compound was
made into a suspension in water and admmlstercd by the oral infusion technique
(Moreland, 1965). In this techmque, a wooden speculum (15 x 6 x 0.6 cm) with an
adequate sized opening was placcd transversely in the mouth behind the incisors.” The
. suspcnsmn of mcard;pmc 1n water was administered via a rubber tube mserted into the

oesophagus After 5 weeks of administration of nicardipine, the animals were klllcd for

experiments. A samplc of blood was obtained from the hsgﬁ for esnmanon of thc serum

céncentration of mcard1p1ne The blood was centrifuged at 2000 rpm for lO minutes and-

the serum stored at -70°C pending analysis.

PR

'Démonstmtion of EDR

2

from conwol animals and animals fed nicardipine as described under Protocol 1.1 (i.e.,

e
e

" The relaxation responses to acetylcholine were examined in aortic rings isolated
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tissue bath technique). ©  Aortic 'rings with and without endothelium were used All -
preparations were contracted after the 90 minute equilibration period by addmg'

'noradrenalmc (-6.0 log mol/l) to the tissue bath Aftcr the contractlon had reachcd a

plateau, a conccntrauon-cffcct curve to acctvlchohnc was obtained by adding acctylcholmc SR

to the tissue bath in a cumulative manner (-9.0 to -4.0 log.mol/l). At the end of c_ach ; g

experiment, aortic rings were prepared for scannin g electron IIiCTOSCOpy.
The concentration of nicardipine in serum was cstiméted by a capillary column gas
- chromatography tcchniquc (Wu er al.,1987). —Thcscr;sitivity of the assay was 0.002
pumol/l. The assay was carried out by Syntex Research, Palo Alto CA, USA.
Protocol 4.2 : N
D\The effects on EDRv J

y v‘fcubatmg the rabblt aorta in vitro with nicardipine and
diltiazem were asscssed in this protocol. ' |

» Male rabbits, 12 weeks of age, were killcd and the descending thoracic aortae
. removed as described previously. Aortic rings were prepared for tissue bath studies. The
endothelium was removed from one ring as described earlier. Each ring was contracted
with noradrenaline (-6.0 log mol/l) and concentration-t;ffcct curves to acetylc\:holim: were
obtained as described before. After the concentration- effcct curves to acetylcholine were
obtained, the fluid in thc tissue baths was replaced with fresh Krebs-bicarbonate buffer arid
the tension was allowcd to return to the basclmc value w1th frequent replaccmem of the
buffer. At this stage, the calcium channel blockers, dllnazem or nicardipine (-5.0 log mol/l)
were added to the tissue bgths containing ziﬁ#;ortic ring with intact endothelium. Another
ring with endothelium, with no calcium channel blockers add::d to the bath fluid served as
the control. After 30 minutes of incubation with calcium channel blockers, all the rings
were contracted with noradr_gnaliqc (—6.Q log mol/l) and the,concenuation-c‘ffect curves to

acetylcholine repeated as above . The calcium channel blockers were present in the

respective tissue baths throughout the éxpcrimcnt. Only one calcium channel blocker was
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tested in one aortic ring. The concentration-effect curves to acetylcholine, in the presence
of the calc1um channel blockers were compared with the parallel (second) control
concentratlon-effect curve. At the end of the experunem the aortic rings were prepared for
scanning electron microscopy.

i 'Prgtgggl 43, |

| 'I‘he effects of nicardipine on the synthesm/releasc of EDREF by the rabbit aorta.and
: on the response to EDRF on the recipient wereaissessed in this protocol.

The bioassay apparatus shown in F,ig'4A'was used in these experiments. The aortic
tissues were mounted as deséribed in Protocol 21 A period of 60 minutes was allowed for
... equilibration. During the first 30 minutes of this period, a basal tension of 8.0 g was
applied on the recipient.in a stepwise manner. At the end of 60 minutes, prostaglandin Fg
(10 umo]/l) was added to the Krebs blcarbonate buffer (pcrfusate from pump P) to produce
a contractmn in the recipient. When this contraction in the recipient had reached a steady
 state, the perfusate was supplemented with Krebs- blcarbonate buffer frorm pump Ac. The
© pump At was started at the same ume and Krebs-bicarbonate buffer containing atropine (10
| pmol/1) was added dlrectly onto the recipient. With these two mampulatlons (ie.,
infusion of buffer proxrma] to the donor .and mfusron of atropine on recipient), a slight fall
* in the contraction to prostaglandm an was seen in the remplent due to a dJluuon effect.
When the contmctlon had stablhzed acetylcholine was infused proximal to the donor at
four dlfferent concentrations (3.2, 10'.0’, 31.6 and 100 umol/l) Each concentration of
acetylcholine was 'infused for § nﬁnutes Krebs- blcarbonate buffer was infused for 5
minutes between 1nfu510ns of acetylcholme In this way the r:esponses in the rec1p1ent to
the four concentrations of acety]chohne were obtamed |

Over the next 30 minutes, a mixture of atropme (10 umol/l) and nicardipine (1.0
mmol/l) In Krebs blcarbonate buffer was 1nfused onto the rec1p1ent from pump At.
Meanwhlle prostaglandm F2q continued to be 1nfused through the donor and directed

onto the remptent. At the end'of this 30 minute period, acetylcholine was added again in

¥



the above four concentrations from pump Ac proxxmal to the donor and the responscs in the

rcc1p1cnt were determined. During the infusion of acetylcholine, the supplemcnt from At
l.( R . .

containing atropine (10 umol/1) and mcardlpme (1 0 mmol/) was contmucd.
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Next, nicardipine (100 nmol/1) dissolved in Krebs- blcarbonatc buffcr (containihg |

_prostaglandin F¢) was infused through the donor via pump P for 30 minutes. At the end

of this period, acetylcholine was 1nfused as above and the rcsponsc in the rcmpxcnt was

determined while maintaining the infusion of mcardlpme In this part of the study, the-v‘

followmg sequences of concentration-effect curves relaung EDR to acetylcholine were ,

‘obtamcd
1. '\-, " Control curve with atropine alone on recxplent (introduced by pump At)
2. Curve with atropine and mcardi’pmc on recipient (1ntroduccd by pump At)

3. Curve with atropine alone on rcc1p1ent (1mroduccd by pump At) and mcardlpmc in

pcrfusate from reservoir R Thus both the donor and rec1pxem were exposed to °

" nicardipine.
lation ‘

The conccntfation of prostaglandin an m the rcscrvdir R was }l:O Hmol/l. The fluid
in the reservoir was diluted 1. 304 times by the fluid entering from the infusion pumps (Ac
and At) resulting in a final prostaglandm F2a concentration of 7.7 umol/l at the rcc:rplcnt
The acetylcholmc infused (0.45 ml/min) into the perfusate (2.3 ml/mm) was dllutcd
approx1mately 6 times. The concentrations of acetylcholine in the infusion pump were 3 2,
10.0, 31.6 and 100 Hmol/l, and after dilution, the concentrations in the fluid.perfusing the
donor were 0 5, l 6,5.3 and 16.6 pmol/l respectlvcly Atropine infused into the recipient
was dﬂuted 12 times. The concentration of atropine in the pump At was 10 Hmol/l and after
dilution the final conccntratlon on the recipient was 0.83 pmol/l. When nicardipine 1.0
mmol/] was infused on the recipient, after dilution, the ﬁnal conccntratnon on the mc1p1ent

was 83.3 umol/l Similarly, when nicardipine (100 umo]/l) was infused on the donor



Protocol 4.4. ¢

The effects of nicardipine and dlltlazcm on thc contracuons induced by potassium

were asscssed in this protocol. This protocol was included to confirm that nicardipine and
diltiazem indeed had calcium channel blocking properties under the present cxpcrimcntal
conditions. :

Aortic rings were obtained from age matched animals and mounted in tissue baths
for recording ison;etric tension. At'the end of the 90 minute equilibration period, Krebs-
bicarbonate buffer was replaced with a buffer containing 100 mmol/l potassium (see below
for composition of the latter buffer). The contraction induced by potassium was allowed to
reach a plateau. At .this stage the buffer containing 100 mmol/l potassium was removed and
replaced with Ki_'ébs-bicarbonatc buffér. Nicardipine (-5.0 and -4.0 log mol/l) and
diltiazem (-4.0 log mol/l) were added to the tissue baths at this stage (only a single
concentration of calcium channel blocker was tested in one aortic ring). An aortic ring with

no added calcium channejl‘ blocker in the tissue bath served as a control. After 30 minutes
| of incubation with/' the calcium channel blockers, the buffer containing 100 mmol/l
potassium was reintroduced and the respbnse determined in the presence of the calcium
channel blockers. |

In the experiments in which the potassium induced contractions were studied, the
buffer was of the foliowing composition (mmol/1): NaCl 21.0, KC1400.0, CaCl2-2H20
2.5, NaHCO3 22.0, NaH2PO4.H20 1.2, glucose 10.1, MgCl2.6H20 1.2, CaNaEDTA
0.023. | |
PROTOCOL FIVE-DIABETES AND EDR.

¢

Diabetes mellitus is known to be associated with lesions in the microvasculature and

abnormal lipids in the serum. The hypothesis that such lipid abnormalities in the serum z.indA



associated vascular anoxalies could interfere with cndothchum—dcpcndcnt vasodllator
responses was tested in this protocol. ‘\
Protocol 5.1 |

' The effect of diabetes mellitus on EDR to acetylcholine in rabbit aorta
Induction of di |
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Male New Zealand White rabbits, 12-14 weeks of age, were used in the study. The

rabbits were made diabetic by i&iecting alloxan (Bhimyji et al., 1985). Alloxan monohydrate
(140 mg/kg body weight) was dissolved in normal saline as a 5% solution and injected into
the marglna] ear vein under local anesthesm (0.5 ml of 2% lignocaine). Those animals who

were very. ttcstless were sedated thh pcntobarbltonc (15-20 mg/kg) prior to the i injection of

alloxan. (}ycr the first 48 hours, blood glucose estimations were done frequently. Animals
were glvb%r 20 ml of 20% dextrose subcutaneously 3-4 nmcs during this penod To
prevent de?wdrauon normal saline (10 ml/kg) was given mtravenously 2-3 times over the
first 24 to 48 hours also. Three days after alloxan treatment, rabbits were momtored
~ regularly for glycosuria and ketonuria (Keto-Dlastlx strips, Ames Division, Miles
Phamlaceutic_ials Ltd, Rexdale, Ontario, Canada). Blood glucose estimations were dbne
weekly over the next 12 weeks (Beckman glucose analyser 2, Beckman Instruments Inc,
Diagnostic Systems Group, Brea, CA, USA). Blood was collected in capi.llary tubes (1.1 -
1.2 mm ID, Fisher Sciemiﬁc) after puncturing thc.r;larginal ear vein. Insulin was
administered daily as a single dose, subcutaneously. Thé daily doses of insulin varied
between 4-8 units. A mixture of equal parts of soluble insulin (Actapid MC, Coﬁnaught
NOVO, NOVO INDUSTRI A/S, Denmark) and NPH insulin (NPH Insulin, Connaught
NOVO, NOVO Laboraton'cs Ltd, Willowdale, Ontario, Canada) was used. The diabetic
animals showed thirst, polyuria, weight loss, glycosuna ketonuria and elevated blood

glucosc concentrations. The animals were managed in this manner-afid sacrificed for

experiments at thc end of 11 -12 wceks Those animals who did not develop the features

of diabetes were given a second i mjecnon of alloxan (100 mg/kg).
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Demonstration of EDR
The rabbits were diabetic for 10 - 12 weeks at the time of killing. Aortic rings were

obtained as described pcrvidusly and mounted in tissue baths for .recording isometric
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tension. EDR was demonstrated as concentration effect curves to acetylcholine (-9.0 to - -

4.0 log mol/l). In addition, concentration-effect curves to noradrenaline and methoxamine
were obtained also. ‘At the end of the experiments, tissues were prepared for sudan

staining and scanning electron microscopy.

STATISTICAL ANALYSIS

In each protocol, the number of rings studied was also the number of Tabbits used.

The data are expressed as mcansistand‘:ird errors of the mean (s.e. mean). A p value less
than 0.05 was considered signiﬁcant,tfrpr all één;é:lyses. Ihe body weights, the
concentrations of serum cholesterol and 'm:/glyceri(&CS, tissue cholesterol, blood glucose,
mean active tensions generated by noradrenaline afnd the maximal relaxations elicited by
- acetylcholine were all compared by using the Students t- test for unpaircd data. The

gradings of sudanophilia in control and cholesterol fed rabbits were compared using the

Wilcoxon's rank sum test. o
The relaxation responses to acetylcholine were expressed as a percentage of the
contraction produced by noradrenaline (-6.0 log mol/l). Concentration-effect curves to

acetylcholine in control and experimental animals were compared by analysis of covariance

(Snedecor and Cochran, 1980). In this analysis, the concentration of the drug .

(acetylcholine) was used as the covariate. The cholesterol-fed rabbits and control rabbits

were used as two treatnient groups with the magnitude of the relaxation as the dependent

variable.

- Concentration-effect curves to noradrenaline, methoxamine and clonidine were -

compared by analysis of variance (Cook and Bielkiewicz, 1984).- This programme

calculated the slopes and ED5() values of the concentration-effect curves after probit

transformation of the percentage responses. The slopes and ED5Q values of ihc‘



o

concentration-effect curves from control and experimental groups were then compared by

analysis of variance.
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- RESULTS .
In Protocol One, the results will be prcscntcd in the following format_
General observations on the ammals and blochctmcal data
Appearance of the aorta "
Sudan staining and aortic tissue cholesterol conccntrati'ons
Light micmscdpy | \
Scanning Electron Microscopy (SEM) .
Transmission Electron Mlcroscopy (TEM)G%

@ @ myu o w »

Tlssue bath data

In the other protocols also, the same fo ollowed with appropriate

Y

\

modifications.

PROL ONE-EFFECT OF CHOLESTEROL FEEDING ON EDR

Protocol L1.

L

Morphology of aorta and EDR to acetylcholine at 0, 4, 8 and 10 week stages of

-~

cholesterol feeding. } ’

A. General observations on the animals and biochemical data

| At the beginning of the study, the rabbits V\{eighcd 21102 I{g (mean * s.e. mean,
n=6). The control 4nimals on the standard diet gained weight during the study and ‘.
" weighed 3.6 £ 0.5 kg at the end of 10 weeks. The weight gain in the experimental animais
on 2% cholesterol diet was less compared to the controls, and at the end of 10 weeks they
weighed 2.6 £ 0.1 kg. The body weights- of experimental animals given 2% cholesterol
diet for 8 and 10 weeks were signiﬁéamly different from the body weights of the control
animals (p < 0.05). The body weights, serum cholesterol and triglyéeridc concéntrations in
these two groups of animals are summarized in Table 2. The cholesterol and riglycerides
concentrations in the serum in experimentz! animals were siéniﬁcéntly elevated comparéd to

the control animals at 4, 8 and 10 week stages of the study. The serum cholesterol
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Table 2. Body weight, total serum cholesterol and serum triglycerides in control and
experimental rabbits. ’ '
' L

0 weeks (commencement of study)
Body weight (kg) '
Total cholestero] (mg%)
Triglycerides (mg%) 1

O™
W 00 »—
HH+H+
'—‘L’I.O

2
4
8.8

N 00

Length of study o Control 2% Cholesterol

4 Weeks ' o
‘Body weight (kg)
- Total cholesterol (mg%) 78.
Tnglycerides (mg%) - 166.
8 Weeks '
Body weight (kg)
Total cholesterol (mg%)
Triglycerides (mg%)- .
10 Weeks - o
. Body weight (kg)
" Total cholesterol (mg%) ,
Triglycerides (mg%) :
20 Weeks (n=4) o,
(i.e:, 14 weeks after reversal of diet)” °
Body weight (kg)
- Total cholesterol (mg%)
Triglycerides (mg%)
38 Weeks (n=5) . - ,
(i.e., 3% weeks after reversal of diet)
Body weight =~ - '
Total cholesterol (mg%)
" Triglycerides (mg%)
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* Significantly different from control * . . Ce —



— ~

69

Y

concentrations showed considerable variation compared to the triglycerides, which showed
a persistent upward trend throughout the 10 weeks of cholesterol feeding.
B. Appearance of the aorta o | |

When the experimental amrnals on the 2% cholesterol diet were k1lled at 4,8and 10
week stages, these animals showed tleposition of lipids in a generalized manner. The
subcutaneous tissues, liver and the omenta were prominent in this regard. On inspection
of the mnmal surface of the aorta, yellow coloured Spots or streaks were v151b1eal These
spots were of different sizes and were most concentrated in the proximal thoracic aorta
compared to the distal thoracic aorta and abdominal aorta. Lesxons were seen frequently
near the origins of the intercostal arteries. At 8 and 10 week stages larger elevated intimal
plaques were seen. In conrrol animals, the aortic intimal surface was smooth and no fatty
spots, streaks or plaques were seer. : ‘ , o

C. Sudan stammg and aortlc tissue cholesterol concentrations

In the expenmental group, the fatty spots and streaks observed in the aorta, stained
red with sudan. The border between stalned and unstained a area was-abrupt. Occasionally,
in the prox1rnal thoracic aorta, the entire lummal surface was stamed red. :An example of
the aortic tissue sta1ned with sudan red is shown in Plate L C0n51derable variation was

geen in the extent of sudanophilia in the aortae between 1nd1v1dual animals. Along w1th the 4
sudanophlha the tlssue cholesterol ‘concentrations (1n the abdomtnal aorta) were’
31gruﬁcantly higher 11 the cholesterol fed animals compared to the controls (Table 3)..

e
In- control animals, kept on standard laboratory d1et the lurmnal surface of the aorta

A .appeared srnooth and shiny and most of these specunens did not take up the stain (Plate ).

Rarely, a spot of redness was seen in a few. spécimens;
D. Lxght rmcroxopy. 4 ; * . \ e -
~U§‘nder the light microscope, the plaques observed in the aortae of experimental

ammals appeared in<ransverse. seé'uon as crescent shaped elevated structures. These

' plaques were of different thxckness The larger plaques were as thick as the tunica media

% S
' o
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Table 3. Grades of sudanophilia and cholesterol contents of aortae.

Tissue cholesterol

No. of - ‘ content
Stage of study - animals Visual grade nmol/m§ protein
Control 6 0.2 +0.1 : 124+ 25
Experimental | |
4 weeks 2.6+0.3 350+ 62
8 weeks 24+0.3 604+ 66
10 weeks 2.6+0.3 429+ 80
20 . weeks (réversal) 3602 Y1913 % 430
28+0.4. 2084 + 360

38 Weeks (reversal)

The visual grades of sudanophlha at 4, 8, 10, 20, and 38 weeks are different from control
~ (p <0.05, Wilcoxon rank sum test). The tssue chplesterol contents at d1fferent stages of
the study are different from control (p < 0 05 t-test for unpmred data)

wa
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and the tunica adventitia taken together. In the hematoxylin-cosin, stained specimens, the
plaques showed numerous vacuoles from which the lipid had been dissolved away. The
lipid vacuoles appeared as empty spaces with no apparent limiting membrane. The
vacuoles towards the base of the plaque appeared larger than those towards the lumen. The
plaques had vanable combmatmns oi lipid laden cells and extraccllular lxpld The

endothelium was seen rn some areas while it was absent at other sites. It is 11kely that this

- single cell’ layer got damaged during processing. When lipid stains (osmium tetroxide)

§

<3

e

were used, the lipid in the plaque was retained and stained black A transversé section
obtalned through a plaque 1s shown in Plate 2. In control animals, the three layers of the
aortlc wall (tumca intima, tunica media and tumca adventitia) were clearly demarcated. No
elevated lesions were seen. |

E. Scanning Electron Microscopy (SEM)

Appearance of aora in cholesterol fed animals

~ The fartty spots recognized macroscopically and with the li ght rrucroscope appeared

in the 'SEM as elevated areas. The plaques were oval shaped with well deﬁned or uregular
edges The endothehal cell borders could be traced to;these elevatlons In most areas. ‘In
some areas, the endothellal cell borders were mdjsunct as they approached the elevauons

The endothelium was usually intact-but in some areas, patchy loss of endothelial cells was
seen. The cells appeared swollen and in some areas, thm ﬁlamentous pI'O_]CCt]OnS or short
prOJecuons with a broad base were seen. Because the cells were swollen and globular,

they appeamd to be separatmg from each other In such areas, multhle strands or bndgesq
runmng between ‘t’ne cells were . noted Some cells showed holes on their surface and

L TN

sometlmes the ent1re surfac was covered. with one b1g hole or several small holes. k‘fn
areas where -the en'doth 1um was absent, the fibrillar subendothehal layer was seen’
underneath In most of the aortic rings from cholesterol fed rabbits, approxxmately 80% of
the intimal surface appeared mtact There were no s1gmﬁcant dlfferences noted in the

appearances of the 1es1ons (i.e., areas of abnormal endothelium, plaques or endothelial



=

Plate 2. Low power. light micrograph showmg transverse section.through an

atherosclerotic plaque in aorta from a cholesterol fed rabbit (osrmum tetroxide stain).
M =media, P = plaque E = endothelium
Magnification x 60, Bar = 1 mm.
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' Apgeg" rance of aorta in cholesterol fed animals ‘ ' ‘)

ulcers) at 4, 8 and 10 week stages of the study. However, with increasing duration of
cholesterol feeding, the ﬁequency of endothelial abnormalitleis increased. Areas of
apparently normal looking endothelium (i.e, the appearances seen in control animals) were
seen in cholesterol- fed animals also. The SEM appearances of the aortic luminal surface
from cholesterol-fed animals are shown in Plates 3, 4 and 5.
A £ \in control ani |

In control animals, the endothelial surface .was usually uniform and smooth.
Longitudinal folds were seen in a féw areas. Individual cells were identifiable with clear
cell margins in most areas. These cells did not have the swollen appearance or the surface

#
projections that were seen in cholésterol fed animals (Plate 6). -

In the aortic rings from which the endothelium was removed at the beginning of the

experimental protocol, the fibers of the subendotlrelial’fayer were seen. Over 95% of the

. endothelial cells were missing‘from thesclrpreparations (Plate 7). Isolated islands of cells

(less than five cells in each area) were somet1mes noted in these deendothehahzed rings.

E, Transmission Electron Mlgmxggy 'g !EML . "\

"\l

. The most striking feature noted in the aortae of cholestf./rol -fed rabbits was the

vacuolanon in the l:ells of the intima. Most endothehal cells had vacuoles of dlfferent sizes

- .spread throughout the cytoplasm. The subendothelial layer was widened and contained

g fragmented elastic ﬁbers In sections showing plaque/\rmerous lipid laden fpam cells

T were seen. The 11p1ds were in both intracellular and extracellular locatlons The vacuoles

towards the base of the plaque were b1gger compared to those seen towards the “apex

) Some of the vacuoles were filled by concentnc lamellar structures. In addmon to the

s .

- allplds cellular debns were seen in the plaque. The organelles (e. g rrutochondrra) in the

. om

cndothehal cells appeared prormnent The vascular smodth muscle cells n the cholesterol-
fed ammpls also showed vacuolauon of the cytoplasm The TEM appearance through a

plaque is shown i in Plate 8.
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Plate 3. Gcanning electron micrograph of the aortic intima. surface in a specimen from a
‘rabbit givea the 2% cholesterol diet for 8 weeks. Three plagues can be identified. The black
and white baor at the bottom of the picture shows the scale. (tar = lmm x 93)
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Plate 4. Scanning electron micrograph of the -dortic intimal surface in a specimen from a
rabbit given the 2% cholesterol diet for 8 weeks. The. cells appear swollen and fibrous
strands running between cells can be identified. The black and white bar at the bottom of
the picture shows thescale. (bar = 0.1 mm; x 625)
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Plate 5. Scanning electron rmcrograph of thc aortic intimal surface in a specimen from a
fabbit given the 2% cholesterol diet for § weeks. Cells with broken cell surfaces can be

seen. The black and white, bar at bottom of the pxcture shows the scale. (bar = 0.1 mm;
x 625) o :

&
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Plate 6. Scanning electron_‘micrograph of the aortic intiihal'surface in a specimen
control rabbit showing endothelial cells with clear cell margins. The black and whi
- . “the bottom of the picture shows the scale. (bar = 0.1 ‘mm; X 625)
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Plate 7. Scanning elcctron micrograph of the aortic intimal surface in a de-endothelialized
specimen from a control rabbit. The fibers in the subendothelial area can be seen. The black
and white bar at the bottom of the pxcture shows the scale. (bar = 10 um; x 1150)
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Plate 8. Transmission electron micrograph of an aortic specimen from a rabbit given the 2%
cholesterol diet for 4 weeks. Numerous intracellular and extracellular lipid vacuoles can be
i seenin the atherosclerotic plaque in the subendothelial area. (bar = 2um; x 5,600)
" EN = endothelial cell, V = vacuoles *
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late G. Transrmsswn electron micrograph of ar aortic specimen fmm a control rabbit. An
endothellal cell can be identified. (bar 2 um; x 12 ,300) .
" EN= endothelial cell

81



In control ammals the endothchal cell cy:pplasm showed numerous vesicles. The
subendothehal layer was of unlform thickness and showed elongated smooth muscle cells
with branchmg processes altemanng with lamellae of elast1c ftbers. The TEM appearance
of an aortic ring from' a cor;_tml animal is shown in Plate 9. '.

. Ti th
_4En~1im ndent relaxation; ntrol staie<{) w 4\\\
When the aortic .rings from rabbits svese mounted in tissue baths for isemetric

tengion recordmg, they did not exhibit any spontaneous contractions in the basa] state. -
" There wastsﬁ fall in tension during the equilibration penod The tensmn was adjusted
repeatedly to 80 g over the ﬁrst 30 minufes. The aortic preparatlons contracted_, with the
addition of noradreﬂaline (-6.0 log mol/l) to the tissue bath. This contraction reached a
plateapin 10-15 minutes. The mean-tensions attained are shown in I;“i gure 7.

- When acetylcholine was added to the tissue baths contair{ing the pre-contracted

aortic rmgs -the rings w1th 1intact endothehum dcmonstrated a concenuatlon dependent
_-relaxatlon This relaxatlon response commenced atan acetylcholme concentranon of about
-8.0 log mol/l and reached a max1mum atan acetylcholme concentranon of about -6.0 to -

5.5 log mol/l Thc maxlmum relaxanon to acetylcholme was 48 8 + 4. 5% (n*-6 ‘mean

" s.e. mean) of the contractile response to noradrenaline (-6.0 log mol/1). When a Iower

82

concentration of noradrenaline (-7.0- log mol/1) was used to pre-contract the vessel, this o

relaxanon to acetylcholme 1ncreased t0 70.5 + 3.7%. A similar pattern of results (1 e,a .
greater relaxation to acetylcholme when a lower concentration of noradrenaline was used to.
pre-contract the vessel) was seen throu ghout the study (T able 4).

Indomethacin (-6.0 log mol/l) had no si mﬁcam effect on th,w relaxatlon response
produced by acetylcholine. Atropme (-8. O log mol/l) produced a shift to right of the
concenqauon-effect curve for acetylcholme. When'NDGA (-4.4 -log mol/l), quinacrine.
* (6.0 log mol/l) or hydroquinone‘(—4.0 log‘ mol/1) wefe added at _ihe"point'of maximal
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Fxgure 7 - Contractile responses to noradrenahnc (=6.0 log mol/l) in aortic rings from
: control and at.hcrosclcronc animals at 4,8 and 10 week stages of the study (n = 6). Data
for ammals In reversal study are shown at 20 weeks (n = 4) and 38 weeks (n = 5). The
‘ ﬁrst ‘group of ammals leCd at the beginning of the study is shown as 0 weeks. The

: ircsponses at each’ stagc wcrc not dxfferent between control and atherosclerotic animals (p >

0.05).



Table 4 Maxlmum relaxations to acetylchohnc (-5.5 log mol/1) followmg precomracuon R

s

wnh noradmnahne 1n control and cxpcnmcntal ammals

Relaxation to écetylcholinc

~

145+3.8%

' AT (g)- -6.0logmo/INA  -7.0log mol/l NA"
. . - :
k-
0 weeks (n = 6)
control = 8.84+0.9 488 +4.5% 705+ 3.7%
4 weeks (n*= 6) _‘ , ) . .
Control 7.5+08 45.4 + 3.6% 562t 58%
Experimental 6.6+ 0.7 232+ 58% 330t 8.6%
8 weeks (n =6) - \ ) :
Control 7.6+ 0.8 445 +5.1% © 506 12.5% -
- Experimental 6.0 % 0.6 20.1 + 8.7% 243+ 51%
10 weeks (n=6) ' o _ o
Control 9.3+ 0.6 39.0 + 5.8% 560+ 12.2% °
" Experimental 7.8+ 0.9 18.5 +8.7% 320+ 7.0%
.20 weeks (n =4) : ‘ . : _
Control 7.3+09 498 +11.3% 1658+ 12.3%
- Experimental 6.6 0.6 203+7.1% 320+ 11.0% »
- 38 weeks (n =5) . : : o
Control 8.2+ 1.0 34.6%39% -
‘Experimental 72407 ° -

E
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‘AT = Acnve Tension generated by nomdmnahne (-6. 0 log mol/l)
NA = Noradrenaline -

- = Tesponse not obtam_ed -
- ; R

R
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relaxation to aoctylchohnc (-6.0 to -5.5 log mol/1) cach caused an almost immediate rcvcrsal
of this relaxation. The rclaxanons aftcr addmg the threc compounds \gcrc NDGA 0. 0%

- qumacrmc 14. 9 :t 6. 4% and’ hyquumonc 0.0% (n=6 p <0. 05 for cach)

Effect of acetylcholi sidothcliglized aortic specimens -
- 'No rclaxanon to acctylcholmc was secn in rmgs from which thc cndot.hchum was

dchbcratcly removed at the commcnccmcnt of the cxpcnmcntal protocol (ma:umumv \

rclaxanon 0. O% n=6) thn the conccntrauon of acctylchohnc was 1ncrcascd above -5.0

: log molll a comraculc rcsponsc was sccn-m thcsc rmgs

<Aortic rings from control animals on standard rabbitdict and cxpcrimcntal animals
. on 2% cholcstcrol dlct showed a comraculc response to, noradrcnahnc The mean tcnsmns
gencratcd are shown in Figure 7 Congactwns at cach stage were not d1fferent betwccn
control and cxpcnmcntal animals (p>0 05) Thc max1mum rclaxatlons to acctylchohnc m. '
control animals at 4, 8 and 10: wecks were 45 4+ 3 6%, 44 5%5. 1% and 39 0+£5. 8% of
_the contracnon produccd by noradrenahnc rcspcctwcly The correspondlng values in. thc o
- cholesterol fed ammals were 232t 5. 8%, 20.1 + 8.7%, -and 18 S5+ 8. 7%. Thus EDR -
- was reduced by at lcast 50% after cholcsterol feedmg Exarnples of EDR to acetylc))olme
in aortic rings from control and atherosclcronc ammals are. shown in Flgurc 8. The rcsults. .
of the relaxations to. acctylchohnc and the conccnn'anon effect curves for acetylcholmc in: -
_ the two groups of anuna,ls are glvcn in Tablc 4 and Fxgure 9 respect:wcly
In control animals, the maximum rclaxatlons to acetylchohnc at 4,8 and 10 chksf

wci‘e not 51gn1ﬁcantly different from each othcr (p >O‘05 ). In the cxpenmcntal ammals\"',

also no significant differences were seen in thc relaxatlon responscs at the three stages of -

study (p >0 05) 'I'hc rclaxauons ehcncd whcn 7.0 log mol/l nor:adrcnalmc was used to
pre~comract the vesscls are also given in Tablc 4. - -
~ Indomethacin (- 6. 0 log mol/l) had no s1gmﬁcant effect on the EDR in both control
and cxpenmental ammals (n—6) Atropmc ( 8 0 log mol/l) produccd a shift to nght or'A

-3
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Figure 8. Rcsponses to acetylchohne (- QO\tg ,,4 0 log mo]/l) in aortic rmgs with
endothelium from control and atherosclerotic animals and from de-endothelialized rings.
_The rings are precontracted with noradrcnahne (NA, -6.0 log mol/1) and acetylcholine is
added in cumulative manner at pomts marked'}-11 to giye specific concentrations in the -
tissue bath. The concentrations of acctylchohnc (in log mol/l) were as follows: 1. -9.0,
2.-853804755«706657608559-501045 11

-4.0, W =wash. = =~ - P .



Figure 9. Endqthchum dcpcndcnt rclaxanon to acctylcholme dunng contractions to
noradrcnalmc At dlffcn:m stagcs of 2% cholesterol fecdmg Abscissa shows log mol/l
concentration of noradrenaﬁme and the ordinate shows rclaxauon expressed as percent
of contraction of noradrcnalmc (-6.0 log mol/l).. .Responses at 4, 8 and 10 weeks of
cholesterol feeding are different from control (p <0.05, n = 6 for each). ’
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‘ ._ .completely 1nh1b1ted the concentrauon-effect curve f0r acetylchohne in both control and
expenmental ammals (n—6) Addluon of WA 1nh1b1ted the- relaxauon /9oduced by
acetylchohne The re51dual relaxauon observed after addmon of NDGA was 0. 0% (n—6
foreachgroup p<005) - s s e R ".' " N
‘ Aoruc Tings w1th and w1thout endothehum from control and expenmental rabblts
showed a relaxatmn response to sodxum mtme (-4.0 Iog mol/l and -3. O log mol/l) No
- SIgmficant dlfference was seen in thls rela,xauon between the two' groups of ammals (n“6
A p >O 05) These results are summanzed in. Flgure 10 No relaxatlon to acetylcholme was
scaen in nngs devord of endOthehum from both control and expenmental ammals at4,8and" |
10 weeks of study At concentrauons of acetylcholme -5: 0 IOg mol/l and above, a
contracttle response was seen (n—6 fory each groupr) ‘ P ‘
' 0112 evrsa]Protocl v _' -
After an mmal 6 weeks of cho]esterol feedmg, the diets of the rabblts were "
reversed 10 standard rabbtt diet and the ammals were\kllled after I4 and 32 weeks for '
- demonstration ofEDR | "

‘ ‘A“
N =
B s v T

| When the ammals on the 2% cholesterol dlet were reversed to standard rabblt dlet
the_tr food 1ntake 1ncreased and they gamed we”lght At the end of 14 weeks on the
. standard rabblt d1et the reversal ammals wetghed 3.9 +0. 2 kg The age matched controI
anlmals who were on standard rabblt d1et throughout the study wetghed 4 l + 0.1 kga No
mgmﬁcant’d‘tfferences Were seen 1n the body welghts and serum cholesterol and
N . tnglycendes coneenuauons betweeh the control and reversal ammals (T able 2)
B Appearance. of the aorta” | | |
Qesplte bemg on the standard rabblt d1et for 14'and 32 weeks the ammals that had

been fed the 2% cholesterol dlet stil] showed deposition of hplds in the v1scera at the time

R

B . of kxlling The aorta appeared thickened and the lumma,l surface was almost completely

covered w1th fatty streaks and plaques. o
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Figure 10. Rclaxation_rcsponses to sodium nitrite in control and atherosclerotic vessels _
- with and without endothelium. Ordinate shows the relaxation and is expressed as

percent of contraction to noradrenaline (-6.0 log mol/1). Response to sodium nitrite
(-4.0 log mol/l) in control ring with endothelium (endo +), is compared with responses in

.atherosclerotic rings with endothelium. Similarly, responses to -3.0 log mol/l in contfol is

compared with réSpohsc n the at.herqsclc_rotic vessel. Responses to sodium nitrite in_
. control and atherosclerotic vessels‘with.an,d without endothelium are not diffcr\én; from .
.each other (n = 6, p > 0.05). Data were obtained at the 10 week stage of the study.
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The aortae of. expenmental ammals (reversal group) showed 1ncreased'

s sudanophrha Some specrmens were stamed w1th sudan completely Sudanophlha in these

ammals was even greater than that seen in ammals who were on the 2% cholesterol d1et and
o 4

krlled at 4, 8 and 10 weeks (T able 3). The vrsual gradmg of 'sudanophilia in the arurnals of

4
the reversal study (20'week stage) was srgmﬁcantly more than that of the cholesterol fed

| group at'the 8 week stage. of the study (p <0.05). However this grading was not

srgmﬁcantly deferent from the gradmg at 4 and 10 week stages of the study (p >O 05, Table

3). ’

X

-~ The tissue cholesterol concentrations were significantly elevated in these animals

. and thrs was cons1stent wuh the 1ncreased sudanophlha The appearance of the aortae

S

‘ obtamed from control amrnals wege similar to the appearances descnbed previously. In the ..

experimental animals, the vxsual grading of sudanophrha was significantly different from
that in the control ammals (p >0.05). ' " g |

D. §cann1ng Electron Mlmxgpy iy
‘ ®

SEM of the intimal surface of aortae from*the re\@rsal group showed a contmuous‘

.5

lining of endothelxum in most areas. Cell borders were more distinct and fewer surface
projections were seen compared to ammals who were sull on the 2% cholesterol diet at the
time of ldlhng(Plate 10). Also fewer holes were seen’ on the cell surfaces in this group of
' _amrnals ' J ‘ |
E. Transmisgign Electron Microscopy |

Under the TEM the vacuolation of the endothelxal and muscle cells were st111

¢

present The appearances were similar to those seen in ammals who were snll on the 2%

~

cholesterol dret at the nme of ldllmg (Protocol 1. l)

- Endolh;humil_e;m @ nt rel g)_(ang ‘ _,
Aortic rin gs from both control and expenmental animals comracted to noradnenahne

(-6.0 log mol/l) wuh no si gmﬁcant dlfference between the acnve tensrons attamed (Flgure
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Plate 10. Scanning_oelcctmn micrograph of the aortic intimal surface in a specimen from a

rabbit given the 2% cholesterol diet for 6 weeks and put back on standard diet for further -

14 weeks. The swollen appearance of the cells is less compared to the appearance of cells

‘in animals killed while on the high cholesterol diet (plate 4) and the cell margins can be -

identified ik most areas. (bar = 0.1 mm; x 625)
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' 7) When acetylchohnc was addcd, thq aortic nngs showed a rclaxatxon response that was

,.3'~

Thc maxlmum rclaxatlons in thc control‘ ammals were 49 8+ 11.3% and 34.6 £

A

maximal ‘at concentratnon&of -6.0 10 -5.5 log mol/l A

3. 9% (mean % s.e. mean) Uf the contraction to noradrenalme at 20 and 38 weeks,

e
"respcct1vcly Thé@ laxati in experimental animals were 51 ificantly impaired and
o in expe y

( .
amoumed to 20.3 :t 7. 1% and 145 £ 3. 8% of ﬂfé\tontracﬁon rcspccthely (p <0.05, Table
. Concentratlon effect c curves to acctylcholmc in control and experimental ammals are

g1v¢n in Flgures 11 and 12 Thus, the loss of EDR as a rcsult of feeding the 2%

,cholestcrol dJet persxsted for 32 weeks after the animals were nctumcd to the standard
i e . 4

a rabblt dlCL

—

Y

_ Sxx‘animals~in thc,,,gf_oupistancd on the 2% cholesterol diet, died. Three were
jaundiced at the time b?deathjand the other three were apparently healthy. .‘Expcrimcnts in

three others were discontinued due to starvation. No deaths occurred in the reversal and

control groups. *

t,oll

Thc responses of aortic rmgs from control and cxpcnmcntal ammals to o

-

,adrcnoceptor agbmsts were studied in this pmtocol

Responses to noradrenaline |

thr{ studied at 4 weeks, the basal tenswns in aortic nngs from control and

Ty

r

cholesterol- fcd ammals were 6.0+ 0.6 gand 50110 ¢ respectlvely (mean  ;.e. mean,

s

n=6). There was no statistically significant dlffcrence in the basal tensions in the aortic

2

a

_rings between the two gr\oups of ahifn’als"(p>0 05). The aortic nngs did not CXhlblt any )

spontancous contractions in the basal st‘ate The nor-selective o aﬂrenoccptor agomst

noradrenalmc (:9:0 to -4.0 log mol/l) produccd a conccntranon dependent contracuon

‘ \
" The contr: acnons reached a maximum at concentrations of noradrcnalmc of 4.5t0-4.0 log

rnol/] (max1mum contractlon 10.9 % 0.6 g for control, 9.9+ 1.3 g for cholcstcrol fed mean

- T se. meann6p>005} _ ' o

-t '
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Figure 11. _Endothcl'iu'm-dependcny relaxauon to acctylcholme durmg contractmns o
noradrenaline. Animals in reversal study were put back on standard rabbit diet for 14 o
weeks>after being on 2% cholcsterol diet for 6 weeks. Absc1ssa shows log moln™
conccntrauon of acetylcholine; ordmate shows rclaxauon cxprcssed as percent of
contrﬁctlon to- noradrcnalmc (-6.0 log mol/1). Rcsponscs in the rcvcrsal group are-""
!

: mgmﬁcanr.ly d1ffe¥)cnt from control (n 4,p<0. 05) P
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"Figufé 12. Eridothelium~depcndcnt relaxation to accrylchohnc dunng contracnons to

noradrenaline. Animals in reversal study were put back on standard rabbit diet for 32

- weeks after . being on 2% cholesterol diet for 6 weeks. ‘Abscissa shows ‘log mol/l
concentration of acctylcholme and ordinate shows relaxation expressed- as pcrccnt of

~coatraction to noradrcnalme (-6.0 log mol/l). Responses in reversal group are mgmﬁcantly
:defen:nt from control (n = 5 p <0.05), T : L Ca
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The ED5() values obtained from the concentration effcct curves at different stages of
the study (4 8 and 10 weeks protocol L1) are given m Table 5. The slopes and EDj5(

values of the concemrauon-effect curves between control and cholesterol-fed rabbits were

not significantly diffemach other (p >0. 05) The eoncenu'anon effect curves

95

obtamed for noradrenalincNu@ o wn in Figure 13. The only stansncally significant .

.

ﬁndmg was an increased contractility (max1mum contraction in grams) of aortxc rings frorr\)

atherosclerotic animals at 8 week- stage compared to their age matched controls. However,
no differences in contracuhty were seen at 4, 10, 20 and 38 week stages of the study (p

-

>0.05).

Rgspgn'sgg to methoxamine

The selective o] adrenoceptor agonist methoxamine, (-8.0 to -3.5 log mol/l)
produced a concentrati‘on"-dcpendent eontraction in the rabbit aovr‘ta..» In cemparison with
noradrenaline, the contractions elicited by rchhoxamine developed slowly, taking about 60

minutes to complete a con'centration-effect curve. The ED50 values obtamed from'
concentration effect curves obtained at dlfferent stages of the study are given in Table 6
These vaJues were not significantly different from the correspondm g values in the comrols
(p >0.05).
R nses to ¢l 'ni i ‘

The effect of clomdme was tested in the rabbit aorta also. Similar to methoxamine,
the contractions ehcned by clomdme (-8.0 to -4.0 log m01/1) were slow to' develop. The
responses to clonidine between aortic rin gs from control and atherosclerotic animals were

| not significantly different (p >0.05).
SUMMARY
| Atherosclerosis was induced in rabbits by' feeding a diet supplemented with
cholesterol and iip’ids. The abnormalities noted in the endothelium and subendothelial areas

are described. Scannin g electron micfoscopy revealed endothelial cell swellin g, cell loss

and plaques. When viewed in the transmissjon electron microscope vacuolation of ‘
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Figure 13. Concentration effect curves for noradrenaline in aortic rings from control and
atherosclerotic rabbits. The abscissa shows the concentration of noradrenaline in log mol/1
and the ordinate shows the ccontraction expressed as percent of the maximum contraction.
The control refers to data obt2’ned in control ammals at 4 week stage. of the study. The
concentrat.on-effect curves ... atherosclerotic ammals at 4, 8 and 10 weeks are not
‘significantly different from =niol (n = 6, p > 0.05). 1\9
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Table 5. EDsq values for noradrenaline in log mol/l."

A

Rk

Stage of study Control animals -~ Expcnmental animals |
0 weeks (n=6) 669 Ai. 0.08 :
4 weeks (n = 6) -6.64 £ 0.08 -6.49 £ 0.10
8 weeks (n = 6) -(‘).3‘6 £0.15 -6.58 + 0.09
10 weeks (n = 6) -6.54 + 0.11 6.66%0.14
20 weeks (reversal study) " -6.49 i 0.15 -6.30 £ 0.06
38 weeks (reversa’ study) 6.25 +0.20 - -6.1v8 +0.01

-(n = 4 for 20 week stage and n= 5 for 38 week stage, p > 0.05)\‘

@.



Table 6. EDsq values for mcthoxaminé"in log mdl/'lv.“

- Stage of study - - Control

Experimental

10

.20

“weeks (n = 6) g ,\ R

weeks (n = 6). 4 -5.98 £ 0.05

~

weeks (a=6) . 5854005

weeks (n=6)  -5.9710.10

weeks (reversal study) , -5.95 +£0.17

5774008

S o007
-5.80 +0.10

-5.98 £ 0.12

5983017 .

(n = 4 for 20 week stage, p > 0.05)
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cytoplasm of fxradothchal oells accumulation of, 11p1ds and foam cells in the subendothellal
amas were observed. ‘The EDR to acetylcholme was 1mpa1red after 4, 8 and 10 weeks on
 the high cholesterol diet. o ’

-

w

*~ When rabbits were put back on standard rabblt dJct for 14 and 32 weeks after an

initial 6 weeks of 2% cholesterol feedvng, thc aortae m these ammals accumulated

o cholesterol The extent of atherosclerosi:. was 31gmﬁcantly higher, compared to ammals

who were snll on the 2% cholesterol diet at the umc of kllhng The surface abnormalmes

" 99

were less compared to those seen in ammals who were sull on the 2% cholesterol d1et at the

R time of klllmg(Protocol l ). The: EDR to acetylcholme contlnued to be 1mpa1red in the

reversal ammals comparedto controls. . B

No change in sensmvny to noradrenahne methoxa 'ine or clomdme were seen in
aortae obtained from control rabblts and rabblts gwen 2% hf)leste"ol diet for 4,8 and 10
weeks ; |

PRO’IOCOL TWC N

-In this protocol, a bioassay for EDRF was“developed Thxs enabled

synthesxs/relcase of EDRF and the effects of EDRF to be sdeed separately.
Protocol 2.1 ‘ - X

rvations on animals

— For developmg the bloassay for EDRF aortae from controj rabblts on standard

rabbit diet were used.

Bioassa a

. Following equilibration, the recipient aortic rings had a mean basal tens1on of 5.7 +"

0. 3 g (mean ¢ se. mean, n—lO) ‘When noradrenaline (O 20 umol/l) was added, the

recipient aomc rings demonstrated a contractile response, Wthh reached a plateau in 10-15 ‘

minutes. The actwe tensmn generated was 3.2 + 0.2 g, and it could-be maintained at a
} ¢

stable level for over two haurs.
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‘ W_ilcn the recipient tissue was supérfuscd with Krebs-bicarbonate buffer containing

acetylcholine through the donor tissuc a relaxatiof response was seen within 90-128.

r

" seconds. ThlS mlaxauon response reached a plateau w1thm 5 minutes. Followmg removal

of a@ctylcholme from the supcrfusate the tension retumcd to the baseline valuc When
Ny

mcrcasmg conccntratxons<of acetylcholine were 1ntroduccd into the pcrfusatc a

concentration-dependent relaxation was seen in the remplent (Flgure 14). Thc rclaxatlons

obtained with 0.5, 1.6, 5.3 and 16.6 umol/l of acetylcholmc amoumcd to 16 02 7%
22 31+ 4.0%, 30 8 t 5 O% and 32.7 + 5.3% of the contracuon resgecuvcly All the

1rclax,at10n rcsponscs were expressed as a pcrcentagc of the conUacnon obtamed by |

noradrcnalmc (O 20 pmol/1).

[

Effg} K‘Qf Atroping ’
~ Inthe bioassay experiments atropine, (0.83 umol/l) was infused onto the recipient
aortic ring séparately. When the éxpcrimént was performed without infusion of atropine
f Ontd the recipient, a pattern of results similar to the above (i.e., c0hccnuation depéndent
relaxation to each dose of acetylcholine) was seen. However, before the’?claxatibn
appeai’éd-a contractile phase was seen. This contractile response Was‘morc prominent with
higher concentrations (5.3 and 16. 6 pumol/1) of acctylcholmc Whert™ atropme was infused
) onto the recipient separately and the’experiment repeated, this contractile phase was ‘
- abohshcd and only the reiaXanon was seen.
Valida ﬁgn'gf the bioassay technique
Be51dcs acetylcholme other chohncrglc agonists like methacholine (5.0 pmol/l) and
carbachol (5.0 p.mo]/l) and the calcium 10n0phore (1.5 pmol/1), when infused prox1mal to
the donor produced a rclaxauon response in the recipient. This rclaxaﬁon\responsc in the
r301p1¢=nt was ev1dcnt even when the contraction was produced by prostaglandin F2¢ (10
umol/l) instead of noradrenahnc (n—4) -
Incub_atlon of the donor tissue with atropine (0.8 pmol/) for 30 fninutes and
* removal of the ichdothclium from the donor tissue abolished the relaxation to acetylcholine

¢ -
e
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. Figure 14. An example of the cohccn'tration»dcpcndcm'rclaxation' in a recipient ring
(obtained from control animals), produced by acetylcholine introduced into the perfusate .
proximal to the donor aorta. A, response from a control donor (initial control response); B,
rcsponéc from an atherosclerotic donor (test response); C, response from same control
donor as in A (final control response). (A) gtaxﬁng times of the acetylcholine infusion.
The infusions were terminated at the nadirs of the relaxations. 1. 0.5 umol/l; 2. 1.6
Hmol/l; 3.5.3 umol/l; 4. 16.6 umol/L. ' ‘ '
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_ ~in the \plem (n—3 for each) Superfusion of Lhe rg:xplent directly with acetylchohne
(w1thout prior exposure to the perfusate from the donpr aorta) produced no relaxation in the
‘recipient. Infus1on of indomethacin €1.0 . nol/1) directly onto the recipient or onto the
perfusate proximal to the donor were without effect upon the’ relaxant response o
acetylcholme (n=3)
Pro#col 2.2
| The synthesis/release of EDRF from control rabbits and rabbits given 2%
cholesterol diet for 6 weeks were compared in thls protocol.
A. >§Lpneral Q_bxrvag'gns' on animals and biochemical data
' The cofitrol animals on standard rabbit diet and-experirriental--ar{i'mals on 1;.%

cholesterol diet gained weight on their respective diets and at the end of 6 weeks weighed
3.3+ 0l ‘and 2.6 * 0.1 kg (mean + se. mean, n=10) respectively. The body weight,
serum total cholesterol and triglycerides concentranons in these animals are given in Table
7 At the nme of the study, the serum cholesterol and trlglycendes concentrations in the

: ammals fed the 2% cholesterol diet were 51gmﬁcantly hlgher than those in control ammals

Llpld deposits were seen in the abdormnal organs, espemally the llver in these animals.

'B. A],gpe,ay_'gr_lge1 of donor aortae o : ¢
Segments of thoracic aorta (4-5 c¢m in length) obtained from ch_olesterol-fed and

-

‘. contrdl rabbits were used as donors. ‘Macroscopic examination of the aortae from
cholesterol-fed rabbits showed yellow colouned fatty spots and streaks on the mnmal .
surface. These lesmns were sumlar to those described previously. (Protocol 1.1). The

<@

appearance of the control aorta. was ‘similar to those described in protocol L 1
warm_g_ -

The rec1p1ent tissues were 5 mm rlngs of aorta obtzuned from cholesterol fed or
com:rol animals. Fatty spots and streak’s were seen on the murna in reC1p1ent tissues taken

from cholesterol fed animals. When stained with sudan patches of sudanophilia were seen

. .-
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Table 7. Effect of feeding diet supplemented “'f'itth% cholesterol for 6 weeks.

Control ~ - Experimental
.
Age (weeks) | 14-16 14- 16
weight (kg) | 33401 2.6+ 0.1
Total serum cholesterol 84.0+ 10 2109.0 + 157.0*
(mg%)
- Total serum triglycerides 128.0+ 7 751.0 £ 209.0%
(mg%) |
Sudanophilia 0.0+0.0 21+£02*
@
Tissue Cholesterol ‘ . ‘ : N
nmol/mg protein ! 920+ 11 278.0 £ 18.0*
mg/100g wet weight : : 258.0+ 36 610.0 + 47.0*

Valués are mean i\s.e. mean, n = 17 for each group
* significantly different from control, p <0.05
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in the recipient rings taken from cholesterol-fed tabbits The recipient tissue from centrol
animals did not show any abnormalmes externally ahd they de not take up sudan stain.
[ Sg@ §ta1mng o

- The extent of sudanophlha in the donor aort:lc segments were mgmﬁcantly greater in -

Id

the cholesterol-fed anlmals, compan:d to conrrols (Table 7). The hght and electron
TiCroscopic appearances were similar to those descnbed prcv10usly (Protocol 1. l)
D. Blggssaxd m,- ‘ S - S

Ex rxmn

Followmg equ111brat10n for 60 tmnutes the aorttc rmgs (rec1p1ent tlssues) from
'control ammals had a mean basal tensmn of 5 7 +£0. 3 g (mean + s.e. mean n=10).

"Noradrenahne (O 20 umol/l) produced a contxactlle response in these nngs

» 7
The mean- tensmns prod,ueed\Qy noradrenahne in the reC1p1ent nngs were not
sxgmﬁcantly dlfferent dunng control andtest responses (control 3. 2 + 0. 4 g; test, 4 0+ *

0 6 £.p >O 05) When acetylcholme was 1ntroduced into the perfusate prox1mal to clth(:r

<

~donor (obtalned from cholesterol fed or control animals), a concentratton dependent
" relaxatlon was observed in the mclplent Examples of, such nesponses obtamed by four
dlfferent concentratlons of acetylchohne are shown in Figure 14 It was found that the
’ relaxatlon responses produced in rec1p1ent nssues obtamed from control anlmals by
acetylchohne acnng on control donors, were 51gntﬁcantly greater than those generated from
o 'atherosclerotlc donors (thure 15) The maxunum relaxanons to acetylcholme obtalned
’_ from control and atherosclerot?c ammals were 32 7 +5.3% and 16. 5 + 4 9% respectlvely
‘ (relaxanon expressed asa percentage of the contracnon to noradrenahne C 0 umol/l)
- .E_Ml:nents ugmg _teglplent from athmlemng ammal o ‘ ,2 '
N | In the second senes of expenments the rec1p1ent .tlSSUCS ‘were obtamed from
! atherosclerotlc ammals The aortlc rxngs had a mean basal te%mn of 50%0. 3 g (n=9).
'The acuve tensmn generated in the nec1p1ent by noradrenahne (J‘O 20 umol/l) was 4 1+ 0. 5

- As 1n t}‘e ﬁrst ‘series, the relaxatlon responées to, acetylcholme ehcued from
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Flgurc 15 Rcsponscs obtained for acerylchohne when perfused via a control donor and

. -an atherosclerotic donor. Ordinate;.relaxation expressed as a perccm of the contraction
produccd by noradrenaline (0.2 ymol/l) on a log scale. A - , atherosclerotic animals;
-; , control animals; (n = 10). The rcsponses are mgmﬁcantly dlffcrcnt between
thc two groups of arumals (p<005) ; - :
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atherosclerouc donors remained s1gmﬁcantly smaller than those gencrated from control
donors (p <0.05). The maximum nelaxat:ons to acetylchohnc obtalned from control and

expcnmental ammals were 27:2+ 4.4% and 19.8 + 4. 9% respectively.

B:oassay with a single donor from control ammg!s and diffemn; recipients frgm m;ﬂ
_control and gmmlmtjg anim@g I

The relaxauon resporises obtamed in both control and atheroscleronc remprents '
when superfused with Krebs- blcarbonate buffer contammé acetylcho"h.nc passed through A
control donors did not differ srgnlficantly The maximum relaxauons ‘were 33 2+5. 9% '

and 27.2 + 4.4 % for control and atherosclerotlc rec1p1ents respecuvely (p >0. 05 n—9) v,

‘-1

These results are shown in Figure 16
Protocol 2.3

T - ’

s

The synthe51s/release of EDREF in control amrnals and ammals Wthh were put back |

on standard rabblt diet for 36 weeks after an mmal 6 weeks of cholesterole feedmg, were

K} ’

compared in t}us protocol

At the end of 36 weeks no srgmﬁcant dlfferences were’ seemn the body welghts or '

| serum cholesterol concentratmns between the two groups of ammals (Table 8). The hver '
. “) v

and retropentoneal nssues in the expenmental amma]s drd not show the severe lipid

depOsruon that was qu1te prormnent m ammals who were still on the 2% cholesterol diet at

’he time of ldllmg (protocol 2 2)

.B_Am&Lmﬂ_gLna[; e | EERN

3

The aortae of the expenmental ammals appeared thlckened and were coveréngnh

fatty srreaks and plaques ’

.

C Sudan stalmng g ,' . e ‘ ) , _
W‘)en stamed with sudan red these aortae stalned red umformly (T able 8). Thls

1ncreased sudanophlha was consistent with the ﬁndmg of increased IJSSUC cholesterol

\ ' VY
concentratmns in these’ ammals

4"~ .

-

- .
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Figure 16. Responses obtained for. acetleholme when perfused viaa control donor. One
recipient ring was obtained from a control animal. The other recipient ring was obtained
from an animal given 2% cholesterol for 6 weeks. Ordinate: Relaxation expressed as

percent of the . contraction produced by noradrenaline (0.2 pmol/1). Abscm‘sa.l

Concentration of acetylchohnc (umol/l) on a log scale.m recipient from control animal;
A , recipient § from cholesterol fed animal al (n=9). The responses are-apt significantlv
different (p.: > 0.05). - S — i

107

‘)..




, " .)V- . . v' . . L | . . 108

BV

' Table 8. Effect of reversal to standard rabbit diet for 36 weeks after an initial 6 weeks of
2% cholestcrol fcedmg : .

Y
B

Control . . . 'Expéﬁmemal‘

Agetwecks) T ;s s s
Weight (kg) . 44403 45+ 03
- Total serum cholesterol B6%33 D 41gs a7
o (mg%) | Rt S
B Serum mglycendes oo 1158+ 84 . 2238* 436
"Sudanophilia 100£0.0 - - 361 0.3*
Tissue cholesterol - S s
-mmol/mg protein : . 81+ 6 : 963 £ 250*
mg/100g wet weight - - 236% 20 . 2516+ 730*
. ‘ : ‘ N | /i | i
Values are means + s.esmean, n = § for each
* Significantly different from control |
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D. Light microscopy ‘
| Fatty spota and streaks were not sc/cn in thésc_ animals. Most of tnc intimal surface
was covered with atherosclerotic plaques of diffcﬁng thickness. ."I‘he‘ extent of
-atherosclerosis was greater in animals where the diets had b-=n reversed.
- E. Electron Mlmgggpx . -
' Appearances of experimental cholesterol atherosc}erésis similar to those described
previoqsly under Protocol 1.2, were seen in these animals Under the scanning electron
. microscope, -the endothelial cells w ere found to have a continuous lining and the cell
margins were. clear in most areas. Elc ated plaques were seen. Thesarface projections
were not consplcuous in thc aortae from reversal animals. Under the transrmssmn electron
microscope, vacuolation of endothelial cells and lipid deposits in the subendothchal areas
were seen. |
F. Bioassay daia
The r‘ccipicnt'tissue:s for the bioassay were obtained from young control rabbits (age
10-12 weeks, body weight 2.3+ 0.2 kg) Followmg equxhbratnon thc recipient aortic rings
" had a mean basal tension 035 5% 0.2 g (mean  s.e. mean, n=5). The contractions
'produccd by noradrenaline during control and test rcsponscs were 6.0 + 1.2 g. When
acetylcholine was introduced into the perfusate, proximal to the donor (from control or
athcroscierotic animals), a,concentration dependcnt relaxau'_on was observc:d. The
resposses obtained from control and atherosclerotic donors are shown in-Figure 17 Aa
. seen in Protocol 2.2, the relaxan 1 TeSponses produced in recipient by acctylcholme acting
on. control donors were 51gmﬁcantly greater than thosc generatcd by atherosclerotic donors.
. The maximum relaxations to acetylcholine observed from control and experimental animals
were 36.0 + 4.2% and 26.0 + 8.5% respectively (n=5, p <0.05).' As explained under |,
"METHODS, thc relaxation resp()nsés elicited by' a common donor; on different recipients
could not be obtamed ThlS yvas due to-the poor contractlle*responses obtamed in these

rings.

/,\
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Figure :7. Responses obtained for acetylcholine, when perfused via a donor from a
control animal and a donor from a reversal animal. The reversal animals were on standard
rabbit diet for 36 weeks after an initial 6 weeks period of high cholesterol diet. Ordinate:
Relaxation uxpressed as percent of the contraction produced by noradrenaline (0.2 pmol/1).
Abscissa: Ccncentration of acetylchokine (tmol/1) on a logscale. 4 , reversal anim-
als; m , conrol animals (n = 5). The responses are significantly different between the
two groups of animals (p < O.i)S). '
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- Three animals on the 2% cholcstqrol diet became jaundiced and were discontinued
from the study. Two animals showed persistent weight loss .and hcn§c were discontinued.
No deaths occiirred in the control animals and in the animals where diets were reversed.
SUMMARY |
A bioassay technique for EDRF was deileloped. Perfusion of acetylcholine cvokes '
release of EDRF {rom a segment of donoy aorta with intact endothelium. The biological
activiiy of EDRFkvMon\itg}"cd, on a recipient picce. of deendothelialized rabbit aorta.
Using this technique, the synthesis/mieaéc of EDRF f;)m aortae of control and cholgsterol-
fed rabbits was compared. The synthesis/release of EDRF was significantly impaired in
_-aortae of atherosclerotic animals compared to control animals. The ability of vascular
smooth muscle of the aorta to respond to ED«F appeared to be similar between control and
atherosclerotic animals. Synthesis/release of EDRF contmued to be 1mpa1red in the .aortae
of animals wr:ere the dJets ‘were reversed for 36 weeks. ’
PR L THREE
The combined inflt .n. = of age and 2% cholesterol diet on EDR was examined in

e,

this protocol.
Protocol 3.1.
12 Week Old Rabbits

A. General dbservations on animals z;nd biochemical data

At Lﬂc commencement of the study, this batch of rabblts wc1ghcd 21%0.2 kg
(n=16). The control animals (age: 8 weeks) on the standard rabblt diet, gained weight '
during the study and weighed 2.9 £ 0.3 kg (n=8, mean * s.e. mean) at the end of 4 weeks.
The experimental animals on 2% cholesterol diet also gained =ight at a similar rate and
these animals also weighed 2‘.‘9 t+ 0.2 kg (n=8) at the end of 4 .weeks. At the time of
kiliing, these animals were 12 weeks of age. The body weights, serurn cholesterol-and

.-/

triglycerides estimations in these animals are summarized in Table 9. Compared to the

3
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Tablc 9. Body wc1ght total serum cholesterol and serum triglycerides conccntranons in
control and experimental rabbits (mean + s.e. mcan) * significantly different from control
(p <0.05, t-test for unpaired data).

YOUNG ANIMALS

A)

ommencement of the study (age 8 weeks, n = 16)

Body weight (kg) . 21%02

Total serum cholesterol (mg%) ' 685+ 5.2

‘Serum mglycendes (mg%) " 1455+ 0.4

Aftcr 4 wceks feeding ~ Control (h =8) 2% Cholesterol (n = 8)
' Y ' N

Body‘wcight kg) 29+ 0.3 29+ 0.2

Total serum cholesterol (mg) - - 76,6 3.1 *1908.3 + 149.1

Serum triglycerides (mg) 164.6 £ 12.6 *407.3 + 104.8

OLDER ANIMALS

Commencement of the study (age 46 weeks, n = 18)

Body weight (kg) | . 43+01

Total serum cholesterol (mg%) - 472+ 29

Serum triglycerides (mg%) ' 1139 +7.2 _

After 4 weeks feeding Control (n =9) 2% Cholesteron = 9)

Body weight (kg) 42+0.1 *29+ 0.1

Total serum cholesterol (mg) - 48.7% 6.0 *570.7 £ 164.7

Serum triglycerides (mg) 121.0x 7.9

*3120% 71.6
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control ammals the cholesterol and mglyccndes estimations in the serum in experimental
’ * animals were 51gmﬁcantly elevated (p <O 05).

After 4 weeks on the 2% cholesterol -diet, the experimental animals showed
deposition of lipids throughout the organs in the body in pvam'cular', the liver. - -
Lépmm_egf_m@ | -

The aortae from the experimental animals showed yellow spots and streaks on the
intimal surface. In some anirrlals, confluent yellow lesions covering a large area of the
i.ntlmal surface were seen. Such lesions were "cemmon'in the proximal parts of the thoracic
aorta compared to the. abdominal aorta. No fatty spots or streaks were seen in the aortae
fr,om control animals. |
C. Sugan staining

Aortic rings from the yourlg animals g_i_ven the 2% cholesterol diet took up the

~sudan stain. An occasional aortic ring stained red uniformly. However, considerable

variation was seen in the extent of sudanophilia in the specimens from the experimental

N

0
animals. No sudan staining lesions were sec\r\l in the control animals. The extent of

sudanophilia was significantly greater in the aortae taken from cxpenmental animals
compared to control animals (Table 10, p<0.05). The sudan red stained appearances of
thes ‘u ‘od vessels are shown in Plate 11.

D. Lipnt Migg§cgp_i 4‘

The app‘earances of the aortae from the young rabbits given cholesterol were similar
to those described previously (Protocol L.1). Fatty streaks and plaques were seen in the
proxunal parts of the descending aorta in these animals. Lipid laden foam cells were seen
in the plaques In aortic rings from control animals the thin endothelial lining was seen.
The subendothelial layer extending up to the mtemal elastic lamina was of uniform -
thlckness and had collagen and elastic ﬁbcrs Accumulations of hpld laden cells or plaques

were not seen in these aneas

E. Scanning Elg_mn l;];g;Q scopy (SEM) '
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Table 10. Summary of results from control and 2% cholesterol fed animals of 12 weeks of
age. The grades of sudanophilia and the tissue cholesterol content refer to those obscrvcd
in the rabbit aortic rings. * significant! different from control, p < 0.05.

Animal group v‘ : Comr}l Experimental
; / ,
Age in weeks, number of 12 (®) 12 (8)
animals in parentheses
Sudanophilia .01 01 26+ 03+
(visual grade) ‘ -
Tissue cholesterol - | 1142 £ 22.1 4175+ 75.4%
(nmol/mg protein) - ‘ ’ -

Active tension (g) for

noradrenaline (-6.0 log 75+ 0.8 66+ 0.7
mol/1) : '
Maximum relaxation to %

acetylcholine (-5.5 log 464 29% 240t 43%*

msl/1) _ ¢
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Plate 11. Pieces of rabbit adrtic tissue stained wi
experiments. ' These specimens belong to young
cholesterol diet for 4 weeks. Sudanophilia was pro

th sudan red at the end of tissue bath
animals (12 weeks of age) given 2%
minent in this group of animals.

!



SEM of the i'ntimaly surface of the aortic rings from experimental animals
demonstr;ted several abnormalities. As described in protocol L], these abnormalities
Jincluded isolated cell loss, cell swelling and a%pearance of boles on the cell surface. Some 5
areas of apparently normal looking endcthelium (i.e., éi_milar to those seen in control
animals) were observed in cholesterol-fed animals also. )
F. Transmi inEly n Mi¢rosco M b
| In the experimental animals, the endothelial cells showed vacuoles of different sizes
spread throughdut ifs cytoplasm. The subendothelial layer was not of uniform thickness
and demonstrated foam cells. Lipid deposition was found inside these foam cells and in
extracellular locations. Th_e vacuoles towards the base of the plaque appedred larger than
those at the~apex. The majority of the ;/acuoles were circular and did not appear to be
limited by a membrane. ‘Most of these vacuoles were empty, while-a few contained
concentrically arranged irregular structures. Vacuole; were seen interspersed between the
smooth muscle cells of the tunica media also. |
\ In control animals, the endothelial cells formed a continuous layer. The cytoplasm
of these cells coniained numerous vesicles. The subendothelial layer was of uniform
thickness and shon/ed elongatedvsm_o'oth muscle cells with branching processes an‘d
lamellae of elyas,‘tic fibers in between these cells. The TEM appearances of the aortae in
these animals are similar to that shown in Platc 8.
. Ti ath data " ' S
Aortic rirngs from control and experimental animals weie studied in tissue baths.
Preparations from both control and experimental animals contracted w1th the addition of
noradrenalme neachmg a plateau within 10-15 :nmutes The mean tensions attained in the
rings fmm control and experimental groups‘were not significantly different from each other

(n=8§, P >0.05). These results are shown in Table 10.

When acetylcholine was added the control rings demonstrated a concentration-

)
dependent relaxation. This relaxanon commenced at an acetylcholme concentration of -8.0

]
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log mol/1 and reached a maximum about 6.01to0 -5.5 log mol/l. A further increase in the
concentration of acetylcholine led to a reversal of the relaxation response. The maximum
relaxation to acctylcholme in control pmparauons was 46.4 + 2.9% (mean t s.e. mean) of
the contraculc nesponsc to -6.0 log rml/l noradrenaline (Figure 18). Indomethacin (-6.0
log mol/l) had no significan: inhibitory effect on this relaxation response to acetylcholine.
Atropine (-8.0 .log~ mol/l) produced a parallel shift to right or complete inhibition of the
‘concentration-effect curve to acetylcholine. No relaxatjons to acetylcholine were seen in
aortic rings in which the endothelium was deliberately removed at the commencement of the
experimental protocol.
The aortic rings from the experimental animals demonstrated an endothelium-

dependent relaxation to acetylcholine. However, the relaxant respohses to acetylcholine in
thé éxpeﬁmcpta] group were significantly less than that observed in the control group (n=8§,

p <0.05, Figun: 18). The maximum relaxation was 24.0 * 4.3% (mean * s.e. mean) of
. < ,

the contractile response to noradrenaline (-6.0 log mol/l).
50 Week Old Rabbits —_

A._General rvations on animals and biochemi a]dgta

At the beginning of 46 weeks, the rabbits (before being randomized to control and
experimental groups) weighed 4.3 + 0.1 kg. When the éxperimental group of rabbits ?vére
comxﬁcnced on a diet containing 2% cholesterol at 46 weeks of age, their food intake
decreased c0n51derab1y, resulting in ‘loss of weight. At the cnd of the 4 weeks the weight
of the rabblts in the experimental group was 2.9 £ 0.1- kg (n—9 mean * s.e. mean). The
weight of the control{ group on standard rabbit diet remained stable. Their weight at the end
of 4 weeks was 4.2 + 01 kg, (n=9, mean + s.e. mean). The body weight in the control
group was significantly greater éomparcd to the experimental group at the end of feeding
the respective diefs for 4 weeks (p <0.05, Table 9). The c‘holesterol-and triglycerides
concentrations in the serum in cxpenmental amma]s were sxgmﬁcantly elevatcd compared to

" the control amma]s (Table 9, p <0.05). However, the serum cholesterol concentration in
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Figure 18. Endothelium-dependent relaxations to acetylcholine during contractions to
noradresaline in young rabbits (8 weeks of age) give}l 2% cholesterol diet for. 4 weeks.
Abscissa shows log mol/l.concentration of acetylcholine and the ‘ordinate shows the
relaxation expressed as percent of contraction to noradrenaline(-6.0 log mol/1). . The
responses between control and atherosclerotic animals are significantly different from each
- other (n= 8, ) < 0.05). The rings- without endothelium showe

d a contractile response at
higher concentrations of acetylcholine. -: Relaxation; +: Contraction. '
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the rabbm fed a 2% cholesterol dxct commencmg at 46 weeks of age was 51gruﬁcantly less
'than that m rabbits fed this same diet commencing at 8 weeks of age for 4 weeks (p <0. 05)

4 After 4 weeks of feedmg w1th a 2% cholesterol diet, the experimental group of |
.ammals showed ewdence of deposmon of 11p1ds in th\ver However the amount of
hplds in the subcutaneous nssue mesentery and the retropentonea] tlSSllC appeared to be.

less than that oobserved in thc younger expenmental amrnals (no quantltanve data are

available). > | |
‘Béf_\pmmnge'_gf_asm‘ o : . 1 -

N

The aortae fmm 8 out of 9 older expenmental ammals did not show any cv1dence of
fatty streaks or plaques In‘one animal, fatty spots and streaks were seen.
C. Sudan_ 'nin | ‘

A In aortae from 8 out of 9 expenmental ammals no evxdence of sudanoph111a was -
seen. The single anlmal showmg fatty spots and st:reaks showed posmve sudan stmnlng of
the aorta. The extent of sudanophlha in ﬁte aorta in the expenmental group was not

sxgmﬁcantly dlfferent from the controls (Table I, p >O 05) The sudan red stamed
| appearances of these aortae are shown in'Plate 12 ) c

D. nght mlg'gxopy

Under the hght rrucroscope, the appearances of the aortic rings from e

~ animals were snmlar to those of control ammals Except for one ammal 1e51 ns of
. atherosclerosis were not seen in these animals. Atherosclerotic plaques containin 11p1d |
Aaden‘ cells were not seeniln the subendothelial areas. c '
E. Scanning Electron Mi -
) The SEM appearances of\the aortic intima in these expenmental ammals (59 weeks |
of age) were smula: to the appearances seen in the young experimental ammals Celll
' swelhng, loss of isolated cells, loss of cell margms and cells with surface prOJecnons were.

seen. In the control animals the endothelium forrned a continuous linin g and cells with

clear margins were seen.
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, Tablc 11. Summary of results from the control and 2% cholesterol fed animals of 50,
weeks of age. The grades of sudanophilia and the tissue cholesterol content refer to

_ those. observed in the rabbit aortic rings. * 51gmﬁcant1y different from control,
- p< 0.05. '

Animal group . Control " Experimental
* Age in weeks, number of . 50 (9 50 (9)
animals in parentheses
\ ’ . » -
Sudanophilia ' 00+ 0.0 o 0.2+ 0.2
. (visual grade) N C ' : '
Tissue cholesterol T 889+ 114 1812+ 29.7*

(nmol/mg protein)

Active tension (g) for ' .
noradrenahne (-6.0 log L . 89% 07 - 8.1+ 04
mol/l) ' ' g ' iy '

Maximum relaxation to : _ O T -
acetylcholine ( 5.5log - U318% 399 ) 9.1+ 1.5%*
mol/1) - 3 ' ]




Plate 12. Pieces of rab
" experiments. These s
cholesterol diet

for 4 weeks. Only one of

1

these animal

. .
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bit aortic tissue stained with sudan red at the end of tissue bath ¢
pegimens belong to older rabbits (50 weeks of age) given 2%
s showed sudan staining. _



o e w2

/F._Transmission Electron Microscopy - L
' The expenmental animals of 50 weeks of age did not show the prominent changes

of atherosclerosis which were seen in the younger (12 week) expenmental ammals

Although the endothehal cells showed abnormal vacuolation, the subendothehal changes

were less conspicuous compared to those seen in younger expenmental animals. Very few
Ve

lipid laden cells were seen in the subendothelial - layers of the aortae of these ammals
Appearances in"aortae from control animals were similar to those described pnewously

- The TEM appearance of the inoma and the adjacent media of the aorta from a cholesterol-

fed animal is shown in I;late 13.

G. Tissue bath data

3 i i ‘ . . ’ -~ N : . )
Preparations from both control and experimental groups contracted .with the

’

addition of noradrenaline (-6.0 log mol/1). The mean tensions attained in the two grou.ps

were not sigiificantly dlfferent from each other (Table 11, p >0.05). When acetylcholme("

was. added the control rings demonstrated a concentration-4pendent relaxation similar to

4

“1hat observed in the younger gontrol animals. The maximum relaxation observed v was 31.8

o+ 3.9% (mean * s.e. mean) of the contractile response to -6.0 log mol/l of noradre’naline
(n=9, Figure 19). No relaxation to acEIylcholine was seen in deendothelialized rings

- The relaxatlon response to acetylcholine i in the experrmental group was less than
that observed in the control group (n=9, p. <0.05, Figure 19) The maximum relaxation

observed was 9.1 £ 1.5% of the contractile response to nofadrenaline.

Both young and older rabbits fed on 'atherogenic diet showed an impairment of

EDR to acetylcholine. The extent of atherosclerosis was significantly less in the older
- animals compared to the young animals. SEM appearances of the aortic endethelium were
si}nﬁlar in both age groups. However, the TEM appearances of classical atherosclerosis

) (subendothelial plaques) were seen only on young animals. In the older animals, only

!



Plate 13. Transmission electron rmcrograph of an aortic specimen from an older rabbit (50
weeks of age) given the 2% cholesterol diet for 4 weeks. Prominent vacuoles can be seen
in the endothelial cells. In contrast to Plate 8, no subendothehal hpld vacuoles are seen (bar
=2 um). ‘ .

EN = endothelial cell

x 7,200 '
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Figure 19. Endothelium-dependent relaxations to acetylcholine during contractions to
noradrenzline in old rabbits (46 weeks of age) given 2% cholesterol diet for 4 weeks.
Abscissa shows log mol/l concentration of acctylchohnc and the ordinate shows the
relaxation expressed as percent of the contraction to noradrenaline (-6.0 log mol/1). The
responses between control and atherosclerotic animals are significantly different (n = _

- p < 0.05). T-e rings without endothelium showed a contractile responsc at hlghcr, -
concentrations of acctylchohne - Rclaxauon +: Contraction.
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endothelial abnormalities were seen. In addition, a significant weight loss was seen'in the
older animals.
~ The effects of calcium chaﬁra. blockers, nicardipine and diltiazem on EDR to
acetylcholine were investigated in this protocol. Control rabbits on standard rabbit diet
were used thrbughout this protocol. : .
Protocol 4. |
- The effect of chromc oral admlmsuauon of nicardipine on EDR to acetyleholmc
‘A' n rvations on animals hrmal ta
At the commencement of the study, the rabblts weighed 2.1+ 0.2 kg (n=12). Both
cohtrol animals and animals fed niéandjpine 60 rrig/kg/dayvfor 5 weeks gained weighf on the
| standard rabbit diet over the penod of srudy and at the time thev were killed, weighed'3.2 +
0.2 kg (n—6) and 3.1+ 0.6 kg (n—6) respectively. The gain in weight in control and
mcapchpme fed animals were not significantly different from each other (p>0.05).
" B. Tissue bath data
The aortic rings from both control and mcardeme fed groups did not exhibit any
spontaneous contracuons in thc basal state. Preparations from both groups of ammals
comracted with the addition of noradrcnahnc (-6.0 log mol/l) machmg a plateau within 10-
15 minutes. The mean tensmns attained in control and mcardeme fed animals were 7.7 +
09¢g and 70+ O 5 g respectively (mean + s.e. mean n=6, p >0.05). When acetylcholine
was added aortic rings from both groups demonstrated a concentration dependent
| relaxation. Thxs relaxation commenced at an aoetylcholmc concentration of approxnnately
-8.0 log mol/1 and reached a maximum at an acetylcholine COnccntration of -6.0t0-5.5log
mol/l. The maximum relaxau'bns to acetylcholinc in aortic rings from coatr\ol and
nicardipine fed ammals were 43.6 £ 5.5% and 53.8 £ 6.7% (m?aan * s.e. mean) of the
contractile response to noradrenaline (n—6) chce nicardipine had no significant

- 1nh1b1tory effect on EDR to acetylchohnc (p>0 05). The conccntratlon-cffcct curves to
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Figure 20. Cumulative concentration-effect curves to acetylcholine in-control animals and
animals fed nicardipine (60 mg/kg/day) for five weeks. The abscissa shows the
~ concentration of acetylcholine and the ordinate shows the relaxation expressed as pcrf:eht of
the contruction to noradrenaline (-6.0 log mol/l). There was no significant inhibitory effect
of nicardiyine on endothelium-dependent relaxation to acetylcholine (n = 6, p > 0.05).
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Table 12. The concentrations of nicardipine (tmol/1) in serum from rabbits fcd’n'jcardipine‘

60 mg/kg/day (as two divided doses) for 5 weeks (Rabbit Nos. CN1 - CN6). The last”

dose of nicardipine was given at 20:00 hours and the blood collected at 08:00 hours the
next day at the time the rabbit was killed. No nicardipine was detected in the serum of
+ control animals (Rabbit Nos. C2 and C4) which were not given nicardipine.

¢

‘ Serum nicardipine
Rabbit No. o (nmol/l)
CN1 - 0.02 o .
CN2 ' 0.06 -
CN3 0.02
CN4 - 0.02 .
CN5 - - 0.01
CN6 ' . 0.09
C2 0.00

C4 . 0.00
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'acctylcholing in the two groups of animals are shown in Figure 20 (n=6, p>0.05). No
relaxation to acctylcholine was seen in the rings in which the endothelium was removed
deliberately (maximum relaxations 0.0%, n=12). '

The serum nicardipine concentr:ations in the two groups of animals are shown in
Table 12. The detection of nicardipine in the serum of the animals orally fed nicardipine
confirmed that the drug was absorbed into the circulation.
Protocol 4.2 | |

The effect on EDR of incubating the rabbit aorta in vitro with nicaidipi’nc and

- diltiazem.

Tissue bath data fornicardipine

" The aortic rinrgs'on expc;s&rc to noradrenaline (-6.0 log mol/l) showed a contractile
< responée and the active tension generated was 7.6 + 0.6 g (n=11). In the presence of
nicardipine (-5.0 log mol/l), the active tension generated by the same concentration of
noradrenaline was 7.3 £ 0.6 g. The responses observed without and with nicardipine were
not significantly different (p >0.055. The relaxant‘response to acetylcholine Was not
significantly altered by nicar.dipine (Figure 21, p>0.05). The maximum relaxations without
and with nicafdipine were 32.4 = 4.2% and 28.0 * 3.1% of the contractile response to
noradrenaline respectively (n=l, p >0.05). \
"I‘i‘§' sue bath data for diltiazem '

- Concentration-effect curves to acetylcholine were obtained before énd after
incubation with diltiazem (-5.0 log mol/1). The dctive tensions ‘gcncratcd by noradrenaline
before and after incubation with dj]tiazem were 5.7 £ 0.4 g and 7.6 + 0.4 g respectively-
(n=ll, p <0.05). The maximum relaxations to aoctylchplinc before and after diltiazem were
" 42.14£5.7% and 36.4 £7.3% of the céntractile response to noradn;:naline (Figure 22). The

difference. between these rcsulié were not statistica_ily significant (p >0.05).

-
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Figure 21. Cumulative concentration-effect curves to acetylcholine in control aortic rings
and aortic rings exposed to nicardipine (-5.0 log mol/l) for 30 minutes. The abscissa
shows the concentration of acetylcholine in log mol/l and the ordinate shows relaxation
expressed as percent of the contraction to ngradrcnalinc (-6.0 log mol/1). There was no
significant difference between the two curves (n=11, p>0.09).
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~Figure 22. Cumulative concentration effect curves to acetylcholine in control aortic rings
and aortic rings exposed to diltiazem (-5.0 log mol/t) for 30 minutes. The abscissa shows

the concentration of acetylcholine in log mol/l and the ordinate shows the relaxation
expressed as a percentage of the contraction to noradrenaline (-6.0log mol/l) The msults
are not mgnmcantly different from each other (n =11, p > 0.05).

130



131

Scanning electron microscopy showed that in the rings where the endothelium was
not mechanically removed, over 80% of the endothelial surface was still intact at the end of

the experiments. The endothelial surface appeared smooth/with discernible cell margins.

- Protocol 4.3

The effects of mcardxpme on the synthesis/release of EDRF and on the effects of

EDREF were assessed in this protocol.
Bioassay data
N

The protocol was completed in six preparations. Thus, six concentration-effect -

curves were generated in the control state, six curves were generated with the recipient

_alone exposed to nicardipine and six curves with nicardipine on both the donor and the

recipient. Therefore, three sets of concentration-effect curves were compared in the final
staﬁstical analysié. The active tensions produccd by prostagllz'mdin F2q in the thn:e curves
were 452 + 0.43 g, 445+ 042 ¢ and 4.43 + 0.44 g respectively. The maximum
relaxations to acetylcholine were 23.5 + 4.7%, 26.8 + 5 0% and 27.2 + 4.2% of the
contractile response to prostaglandin Fq, respectively (T ablc 13). These results were not
significantly different (p->0.05). The relaxation responses to acetylcholine are shown in
Figure 23.

Protocol 4.4 -

This protocol was 1ncluded to confirm the calc1um channel blocklng propcrtles of

nicardipine and dlltlazem under the present experimental condmons

The aortic rings comractcd on exposure to 100 mmol/l potassium. The active.
tension generated was 11.4 + 1.3 g (n=6). In the presence of nicardipine (-5.0 log mol/1) the

active tension generatcd by the same corcentration of potassium was 6.4 + L0 g. This

; ten510n was significantly different from tha* withou nicardipine (p <0.05). Slrmlarly, the

acnve tensions gcnerated by potassium (100 mmol/l) before incubating with nicardipine

( 4.0 log mol/l) and diltiazem (-4.0 log mol/l) wcre 10.0 £ 0. 9 g and 14. 5 t 17 g



Table 13. Effects of nicardipine on recipient and on donor plus recipient. Relaxant .
responses to acetylcholine in recipient rings of rabbit aorta are expressed as a percent of the
contraction to prostaglandin Fy,.

Concentration of acetylcholine

(umol/l) . :
0.5 16 5.3 16.6
Control(%) C L4209 102226 131%17 223452
Nicardipine 0}\[ . S .
- recipien, (%} 17207 136%35 148+28 267+55
)‘))_. . :._‘ .
Nica.rc{ipine on

donor + recipient(%) 1.2+ 0.6 78+ 34 127+ 2.7. 272+ 47

" Responses are mean + s.e. mean, n = 6. ProStaglandin Faq at a concentration of 7.7
umol/l was used. The control responses and the responses with nica{dipinc (83.8 p.rbol/l )
on recipient and the responses with nicardipine (71.3 nmol/1) on donor (+ recipient) are
shown. v R o
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Figure 23. Responses obtained for acetylcholine from the bioassay protocol. The abscissa

~ shows the concentration of acetylcholine (umol/1) 7 a log scale and the ordinate shows the
relaxation expressed as a percent of the contraction to prostaglandin Foq (7.7 umol/1). The
responses to acetylcholine when nicardipine was infused on the recipient only, and on the
dogor and recipient were not significantly different from cantrol (n=6, p>0.05).
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respectively. The corresponding values after incubation with nicardipine and dilti:tzem

were'3.3+£0.9 g and 7.8 £1.0 g (n=6, p <0.05 for each).

SUMMARY o v ‘
The EDR to acetylcholine in the aorta was not inhibited by feeding rabbits with the

-calcium channel b.locker nicardipine at a dose of 60 mg/kg/day for 5 tveeks. The EDR te |

acetylcholine was not influericed significantly by incubation with calcium channcl blockers,

mcardeme and dlluazem ( 5.0 log mol/1) under in vitro conditions. The synthesxs/release ’

of EDRF and the relaxation effects of EDRF on vascularsfnooth muscle were not inhibited ;g;%

by mcardlpme Under the present expenmental conditions, mcard1p1ne and diltiazem
inhibited the contractions elicited by 100 mmol/l potassmm

' PROTOCOL FIVE

< : ' ' .
In this protocol, the EDR to acetylcholine was studied in the aortae of diabetic

W

rabbits. The respenSes to noradrenaline and methoxamine were assessed also.
_ T
~ . .

Protocol 5.1 ‘ | . | Y

A. Observations on animals and biochemical data

After injection of alloxan, within two days.these animals showed glycosuria and
elevated blood glucose concentrations. Over the next 14 days, they showed features of a -
complete diabetic syndrome including thirst, polyuria, weight loss, glycosuria, ketonuria
and elevated blood glucose cén’centrations Those animals who did not turn dlabetxc'
1nmally, when treated wuh a second injection of alloxan, showed features of diabetes
mellitus. H0wever some ammals were resistant even after two injections of alloxan.

Of the animals who developed diabetes, different grades of severity of the disease
were seea. Some anirnals had fasting blood glucose concentrations of 450 mg%, while
others had concentratlons between 150-200 mg%. The weekly fluctuations of blood
glucose concvntranons in these animals are shown in Figure 24.

P WON

At the beginning of the study (before injecting alloxan) rabblts randormzed to

P

control and experimental groups weighed 2.6 £ 0.2 and 2.7 + 0.1 kg respecnvely (mean *
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s.e. mean, n=6 for cach).' At the time of killing the control and diabetic rabbits‘wcighed 417
+ 0 2 and 3.0 £ 0.3 kg I'CSpCCthCIy In addition to the elevated blood glucose
concentrations, anothcr interesting fcaturc seen in the diabetic rabbits was the markcdly
“elevated serum tnglyccndcs concentrations. Thesc results are shown in Table. 14. The
diabetic rabbits also had slightly elevated cholesterol concentrations compared to controls.
However, these concentrations '§vcrt: very much lower than those found in animals given

the 2% cholesterol diet. . e

Except for the asthenic appcarancc of the diabetic rabbits no other differences were

appamnt externally. The external anans were similar between

the two groups of animals. : _ o~
B. App_ga'rangc of aorta
| The appcar/a - of the aortae from diabctic rabbits were sirrﬁlar to the appearance .

from co.n‘trol rab,-bits. The intimal surface appeared smooth and no fatty spots or stréafcs
were s¢en. o ‘ ~ ~ |
C. §u@g'§t§jning

Despltc the elevated serum cholestcrol and tnglyccmdes concentrations, no
sudanophlhc areas were seen in the aortae of d1abet1c rabbits. o -
Electron Mlg,mggpx . | |

_The scannmg and Uansmlssmn electron mxcroscoplc appearances of mé aortic
endgthchum in dm,betlc rabbits were similar to the appcarances of control animals. These

ﬁ»‘m"‘
[

l

%

d peen described previously (protocol 1.1). >

[y

When exan;med In tissue baths, the aortic rings from control and diabetic rabbits
had a mean basal tension of 6.5 + 0.8 gand 5.8 + 0.7 g, respectively (mean = s.e. _meah,v
n=6, p > 0.05). No spontaneous contractions were seen in t‘hesc rin"g-s. ‘th;l
noradrenaline (-6.0 log mol/l) was  '=d to the tissue bath, the aortic rings showed a

contractile response. The active ten... generated in aortic rings from control and diabetic
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Tabic 14. Data on control and diabetic rabbits.

Control Diabetic
Initial weight (kg) ° | 2.6 £0.2 (n = 6) 27+ 0.1 (n=6)
Atthe time of killing .~ | o
Weight (kg) 41 £0.2 30 + 0.3*%
Blood glucose (mmol/1) - 8.2 £0.7 272 + 4.0*
. Glycosuria - +
"Ketonuria wt
Serum cholesterol (mg%) 479 + 39 134.8 +24 3%
‘ Serum triglycerides (g/l) 1.86 + 0.40 22.20 * 6.00 *
A%mc rings’ _ v
Basal tcnsmn (g) 6.5 £ 0.8 58+ 0.7
Acnve tension (g) 54 %+ 0.8 53+ 0.4

*p> O 05, Acuve tension refers
mol/1). :

(- = absent; + = present)

to the tension generated vby noradrenaline  (-6.0 log
B N
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aniri;als \\;crc 5.4+ 0.8 gand 5.3 0.4 g respectively (p >0." 7). With the addition of
acetylcholine, a concentration dependent relaxation was seen. At concentrations higher
than ;5.0 log m'plfl acetylcholine, the relaxation response reversed and a contractile
response was seen. The ..aximum relaxations to aéetylchoh'nc 1n aortic rings from contrdl
and diabetic animals were 731+ 7.9% and 74.8 1 7.6% of the contraction to noradrenaline
respectively. The concentration-effect curves for acetylcholine in the aortae of the two '
animal groups are shown in Figure 25. These curves \:/crc not signiﬁcargt]); | different from

-each other (p >0.05). | |

Effect of sodium nitrite

No significant differences were seen in the relaxant responses to sodium nitrite (-
4.0 and -3,0 log mol/l) in aortic rings from control and diabetic animals (n = 6, p > 0.05).
The maximum relaxations eticitc;i by sodium nitrite (—3.0 log mol/1) in aortae from control ,
and diabetic rabbits were 74.7 £ 10.4% and 73.9 % 10.0% of the contracfion to
noradrenaline, respectively. _ | o |
R nses : th n tOr agonists

The basal tension in aortic rings from control and diabetic animals were 5.8 i 13g
and 6.2 1.0' g réspccﬁvely (mean + s.e. mean, n = 5). With the addition of noradrenaline,
thé aortic rings produced a contractilf; response which reached a maximum at a
noradrenaline concentration of -4.0 log rhol/l. ;I he maximum tension vgcnerated by aortic
rings from control and diabetic animals were 9.4 + 0.4 g and 11.2 + 2.0 g respectively (b
>0.05). The slopes and ED35( values obtained from conccntration-effect ‘curves of the
- percentage responses of control and diabetic ani;rl\als were not significantly different from
| each other (ED50 values: control, 0.55 pmol/l; diabetic, 0.65 ﬂmol/l). |

Methoxamine produced a concentration dependent contraction in the aortae of

diabetic rabbits which was not signiﬁcantly different from the control (p > 0.05)" The
. ,

alcti\}c tensions generated by methoxamine in aortic rings from.c’ontrol and diabétic animals
were 7.4 + 14 g and 9.8 + 1.9 g respectively. The slopes and ED5( .values of the

V6
a4
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Figure 25. Cumulative concentration-effect curves to acetylcholine during contractions to

“.noradrepaline in control and diabetic rabbits. : The abscissa shows the log ‘mol/l

concentration of acetylcholine and the ordinate:shows the relaxation expressed as percent of
the contraction to noradrenaline (-6.0 log mol/1). The responses between control and
diabetic animals were not significantly different (n = 6, p > 0.05).. The rings without
endothelium showed a contractile response at higher concentrations of acetylc'olire.

-: relaxation, +: contraction. =
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conce- :ration-effect curves between control and diabetic animals were not significantly
d1ffcrent from each other (p SQ 05). The EDS() values for control and diabetic animals

.f
{

were 2.71 and 2.37 pmol/l respectively.
Contmculc responses elicited by the selective oy admnocéptor agonist mcthoxaminc |
and the non- selccnfc o adn:noccptor agonist noradmnalmc were not mgmﬁcantly dlfferent
between control and diabetic ammals (p >O 05). . 4 . ‘
In the rabblt model of experimental diabetes mellitus, thc EDR to acctylchohne was

"ot 1mpa1rcd in the aorta.
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The results described in the preceding protocols can be summarized as follows.

" Effect of 2% cholesterol feeding on EDR to acetylcholine

Atherosclerosis was induced in rabbits by feeding a dlet contammg 2% cholesterol

¥

and lipids. The vascular lesmns produced by atherosclerosis were studied by sudan -
~-staining, light and electron microscopy. Fatty spots, streaks and plaques were seen in the
aortae of animals given this diet. These abnormalities were not seen in aortae of control
rabblts given standard rabbit diet..
When studied at 4, 8 and 10 weeks WhllC on the 2% cholesterol dxet the EDR to
‘ aoetylchohnc was impaired in the aortae of these ammals )

In some rabbits, the food was reversed to standard rabbit diet after an mmal 6
wecks of 2% cholesterol feeding and studied after 14 and 32 weeks (reversal study). The
‘EDR to acetylcholine was persistently impaired in the aortae of these rabbits.-

Bioassay Nx rimen | | |

A bioassay technique for measurement of acti‘vity of EDRF was developed. The
bioassay experiments suggested that impairment of EDR in cholesterol-fed mbbigs was due
to‘an impairment in synthesis/release of EDRF. This’impaired synthesis/release of EDRF
persisted for 36 weeks after reversal of diets.

Effoct of age and 2% cholestcrol diet on EDR to acetylcholine

-ht

Young (8 weeks of age) and older (46 weeks of age) rabbits were given the 2%
cholesterol dlet for 4 weeks and the EDR to acctylchohne was asscssed The EDR to
acetylcholme was impaired in the aortae of both young and older rabbits. In the young
rabblts the i 1mpa1rment of EDR was associated with intimal and subintimal lesions seen in
classical atherosclerosm In the older animals, the impairment of EDR was not associated
with 0bv10us mumal and subintimal lesmns seen with atheroscler051s Only rrucroscoplc

evidence of endothelial cell damage was scen

Effect of calcium charnel blockers on EDR to acetylcholine

-
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“In\_ the rabbit aortz;.,'thc calcium channel blockers nicardipine and diltiazem were
found to have no significant inhibitory effect on EDR to acetylcholine.
Di EDR ‘

Unlike in éxpen'mcntal atherosclerosis, the EDR to acetylcholine was not impaired
" in the aortae of rabbits made diabetic by injecting alloxan,

. &

.
e



DISCUSSION

The present mvestlganon has demonsu;ated that pre-contracted aortic rings taken
from control and atherosclerotic rabbxts, when studle'ct. in tissue baths shOwed a relaxant
response to acetylcholme This relaxation was found to be maximal at acetylcholine
concentrations of -6.0 to -5.5 log mol/I The concentrauon-effect curves for aefetylchohne
were shifted to the right by atropme (-8.0 log mol/l) . The cyclooxygenaSe inhibitor
indomethacin {‘ 6.0 log mol/1) had no significant mfubltory effect on this relaxation. The
llpooxygenase inhibitor NDGA (4.4 log mol/l) antagonized the relaxation. Also, the EDR |
was lost on removal of the endothelium. All these features suggest that the relaxant
response observed in the aortae in the present study is consistent with the EDR descnbed

by Furchgott (1983).

Impairment of EDR to acetylchbline in rcholesterol-fed rabbits |
The experimegts described in Protocol One of this study were designed to test the
hypothesis that atherosclerosis induced by .fe.eding a high cholesterol diet may be
accompanied by an unpaerent of EDR. The results of this protocol showed that there was
.a per51stent !mpalrment of EDR to acetylcholme in the aortae of rabblts fed the high
cholesterol diet. Similar results have been pubhshed by Chappell er ax' (1987). ThlS
lmpan'ment could be due to one or more of several causes:
1. Destruction of isolated endothehal cel]s
2 Impaired productlon of EDRF.
3 Impaired diffusion and enhanced degradation of EDRF during transit from
endothelium to underlying smooth muscle. | |
.4. Impaired relaxation of aortic smooth muscle to EDRF.
1. Destrucdon of isolated endothelial cells, ,
An intact functionin g endothehum has been shown to be essential for eliciting EDR
to acetylcholine in the rabbit aorta (Furchgott and Zawadzki, 1980a). However Peacher

' al. (1985) have concluded that in large arteries 30 - 35% of endothelial cell loss is tolerated

143
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without unpamnent in EDR. In smaller arteries, this value may go up to about 65 - 75%.
In the present study, scanning electron mic_roséopy of the atherosclerotic aortic preparations
where the EDR to acetylcﬁohnc was found to be impaired, showed that over 80% of the
endothelium was intact. Hence loss of 1solated endothelial ciclls 1S unhkcly to be the cause
for the impairment of EDR seen in this study. !
2. Impaired production of EDRF.

In the present study, several abnormalmcs in the cr}dotheha] cells were n:vcalcd by

scanning and transmission elecn'on MiCroscopy. Thesc anomalies were of a diffuse nature.

The endothelial cells showed accumulation of hplds in their cytoplasm and appeared

ocdematous In some cells, the nuclei showed features suggesnve of dcgcneranon %ge :

. accumulations of mtra and extracellular lipids were seen in the subendothehal tissues.
Lipid laden foam cells were seen also. These features are smular to‘those dcscnbed by
previous investigators (Imai er al., '1966; Parker and Odland, 196/6)‘. These abnormalities
in the endothelial cells coul¢1nﬂuencc the synthetlc machinery in-the cells leading to an

impaired production of EDRF and hence to an unpa1md rclaxanon to acetylchohnc

3. Impaired diffusion and enhanced degradation of 4
.. As described previously, numerous lipid deposns were seen in the subintimal
tissues of the atherosclcfotic arteries. Under the light microscope, several layers of lipid
laden cells were seen between the cndof;i]elium and vascular smooth muscle. These
changes caused an actual thickening of the subintimal tissues. Such lipid deposits C(;uld act
as a diffusion barri(;r and delay the EDRF from reaching the vascular smooth muscle. As
EDRF has been shown to be an unstable métabolite with a half life of about 6 seconds, it is
- likely to undergo degradatlon during transit (Griffith er al., 1984). Hénce in
atherosclerotic aortae w1th structurally altered subintima, impaired diffusion and enhanced
degradatlm of EDRF can occur. This will mamfcst as. 1mpamcd EDR to acetylcholme as

seen in the prescnt study

- 4, Impaircd relaxation of vascular smooth muscle. ‘

N
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Although changes dueto atherosclerosis were prominent in the subintimal tissues,
changes were seen in the tunica media of the atherosclerotic arteries also. i)cposits of lipids
were seen in the sarcoplasm and between muscle cells. Foci of degeneration of fibrous
tissqe- were seen also. Such changes éodld influence smooth muscle .funcu'on lcading'to
" impaired relaxation to EDRF. .

' Hence, cxcept for the dest ion of isolated cndothehal cclls a{l the other three

Y
seen in the present study The bloassayﬁprotocol was de

W . AT o

causes d1scussed above could havc acco@mcd for‘@% imy a1rmcnt of % to acctylcholme

: [Ny .
. . . . > . . . oo ety
aortic preparations obtained from control and athérosclerotic animals ‘were gssayed on a

single common recipient. The deendothelialized recipient tissue was obtained from a

contrpl rabbit. The principal finding in this prot&:;()l was that the relaxant responses
produced in the rccuﬁcm by acetylcholine acting on atherosclerotlc donors were
significantly impaired compared to those produced by control donorsQ

As the flow rates of the pumps were kept constant and equal sized donor aortae

" L)
\

were used, it is assumed that each donor aorta is stimulated in an equal fashion to release

similar amounts of EDRF. On release of EDRF it is,carriod in the perfusate to act on the .

recipient. As tubings of equal length .and diameter were used between the two donors and
'_ the recipient, whatever inactivation of EDRF-that occurred srlould be similar ir1 both limbs
. | of the bioassay system. Hence, the differences in EDR elicited in the recipient is likely to
be due to différcnccs in the amount of EDRF released from the two donors.

The relaxant rcsponscs obtained in t_hc_: recipient for each concentration of
acetylcholine tested on atherosclerotic donors were less corrrpared to those tested on
control donors (niaximum relaxation 16.5 * 4.9% for atherosclerotic doriord; 32.7 +5.3%
for control donors, n = 10, p < 0.05). This finding suggested that, the prodoctio“n of
EDREF in atherosclerotic aortae may be about 50% less compared to control aortac. When

the experiment was repeated with the recipient assay tissue from an atherosclerotic animal,
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a sirhilar pattern of results (i.e., the relaxation obtained by the athcroscicrotic donor aorta
was impaircd compared to the relaxation obtained by the control donor aorta) was seen.
These results confirmed that the producnon of EDREF is 1mpa1red in the aortac showing
h atherosclerosis.

Verbeuren er al. (1986))’using the rabbit aorta in a b‘ioassay‘ system failed to
demonstratc any deferenccs in the production of EDRF bctwcen control and atherosclerotic
arteries. Howevcr in their study, instead of the thoracic aona, the abdominal aorta was
used. The d1ffcrencc in results reported by Vcrbeuncn et al., compared with results of this
study may be due to differences.in the extent of atherosclcrosxs seen between the thoracic
ao[rta and the abddthinal aorta. In.the rabbit model of experimental atherosclerosis the
thoracic aorta is diseased to a greater extent compared to the abdominal aorta. In a
subsequent study, using the thoracic aorta as the donor tissue of EDRF, the same authors
showed that prbducﬁon of EDRF is impaired in atllcrosciérosis (Verbeuren et al., 1987).

Bossaller et al. (1987) in a study using atherosclcrotic rabbit aorta and
athcrosclerotlc human coronary artenes qshowed that EDR to acetylcholine W;.S impaired in
these vesscls However, they also founﬁ that the EDR to the calcmm ionophore A23187
was not impaired in the same vessels. On this evidence, they concludcd that there is a
selective cholinergic impairmént in atherosclerotic blood Vcsselé. However, others have .
shown that EDR to both acetylcholine and A23187 are impaired in .atherosclemtic rabbit
aortae (Goodwin et al., 1987). The ionophore is thought to by-pass the receptor and
stimulate release of EDRF. Hénce, the latter experiments éuggest that the defect lcédin gto
impz;innent of EDR is distal to the ievcl‘of the muscarinic receptors.

One of the reasons discussed as a cause of impairment in EDR to acetylcholine i»n
Jf atheroscleros.is was impaired diffusion and increased degradation of EDRF. However,
evidence from a recent study by Cocks et al. (1987) argucs' againét iﬁ)pamncnt of diffusion

of EDRF as a cause for impairment of EDR. In their study, the releéSe of EDRF was

examined in the rabbit carotid artery 6 weeks after denudation with a balloon catheter in
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vivo. A conccntric‘ﬁbromuscuiar intimal thickening of variable thickness developed in all
areas lined with regenerated endothelium. These reendothelialized areas with large
concentric ;thlckemng (between 20 - 30 cells thick) relaxed with a similar sensmvnty and
maximum to methacholine compared wmb:ontrol areas. Hence, it was shown that the
prescncc of a large fibromuscular intima dld\not prevent EDRF from rcachmg the media to
cause relaxation. However, these authors stat=_ :hat in models of hypercholesterolemia,
the barrier produced by the large lipid deposits could bc different compared to the large
brémuscular intima in the above situation. Such lipid deposits may function as physical
barriers for diffusion of EDRF from endothelium to smooth muscles
The data from PrOtocol 22 of the present study also argue against an impaired
d.lffLSlOl’l of EDRF from cndothchurf) to the underlylng smooth muscle as a cause for
impairment of EDR to acetylchohne As part of this protocol the relaxant responses elicited
by a cornmon control donor in twc Aifferent recipient tissues (one from control and the
other fnom atherosclerotic animals) were cornpared In this experiment no difference in the
degree of relaxation was seen between the two recipients. If impaired diffusion of EDRF
were an 1mportan} cause for 1g1bpa.1red relaxation to acctylcholipe, then, the relaxations in the
recipient tissues obtained from the atherosclerotic animals should have been impaired. As
no such impairment in relaxation was noted, impaired diffusion and mcreased degradatxon
of EDRF does not appear to be an 1mp0nam cause leading to impaired EDR eE

In the present study the f_unctlon of the vascular smooth muscle of .athcrosclerotic ~

. arteries was studied also. The contractile function was assessed as concentration-effect

curves to the o adrenoceptor agonists. No significant di emn/ces in sensitivity to

radrenaline, methoxamine and blonidjna(protocol 1.3) were séen between the aortae of
cc. rol and atherosclerotic rabbits. Hence, thc contractile function' of the vascular smooth
mu  le did not appear to be influenced by athcrosclero51s Similarly, no difference was
se:  In the relaxation response to the endothelium- 1ndcpendcnt vasodilator, sodlum nitrite.’

‘is finding suggests that relaxation of vascular smooth muscle per se is not impaired in

1
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the atherosclerotic rabbi_z: aorta. In the study by Bossallcr et dl. (1987), no diffen:nces were
seen in the amounts of relaxation to sodJum n1tropru551de between control and
atherosclerotic arteries. In their study the amount of cGMP .generated by control al d
atherosclerotic arteries were also found to be not different. These findings are in agreement
with those of the present study.

Fmdmgsdlfferent from above have been reported by Verbeuren etal. (1986) In
their study, impaired relaxatlons to both acetylcholme and mtroglycerm were reported in
the arch of the aorta of atherosclerotic rabbits. As the relaxation to the endothelium-
independent vasodilator, nitroglycerip, was impaired also, these authors concluded that
smooth muscle relaxation is impaired in the more severely affected aortic arch.A It must be

' mentioned that the findings pertaining to the aortigc arch may not be represer}’tz{dve of the
smooth muscle function of the rest of the aorta, especially because the sa(ﬁe z;uthors found
no impairment in relaxation to nitroglycerin in the abdominal aorta.

} The experiments addressing this issue of smooth muscle funcddn of atherosclerotic
arteries have been conducted without making appnoprlate corrections for phy51cal properties
of tissues like. length and weight. Hence, proper compansons may not be possible between
control and atherosclerotic vessels. Further studies will be needed to resolve this partlcular
issue. " |

The results discussed in this sectiop confirm the hypothesis that impairment of EDR
in g;xpenmenml atheroscleros1s is due to 1mpalred producnon of EDRF. Impaired diffusion

.‘«"

of EDRF has been sﬁqw;idnot to be an important reason for impairment in EDR to

acetylchohne in atheroscleronc arteries.
, t
1 Before proceedmg further w1th the d15cussmn a critique of the bioassay techmque

usedin the present study: seems. appropnate In this technique, _the following measures
f*were taken t0 minimize vanauon in the expenments enablmg valid comparisons to be made.
q/ v 1. The flow rates of the pumps were kept constant throughout the expenment This

- enabled equal amount of intra-luminal perfusate to be delivered onto the recipient.

i
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The donor aortac from control and atherosclerotic animals were cut to equal lcngths

from correspondmg areas of the descending thoracic aorta.

- Fixed conccnuaudns of drugs (noradrenaline, acetylcholine and atropine) were used

throughout the study. ‘

The initial preload on the recipier;t was kept codstant

When two mc1p1cnts wcre used, the initial length at which the i 1somctnc preparation
was set and the dcgree of induced co‘hhtracuon were kept within comparablc limits.

Recipient tissues of equal length were used.

Limitations of the technique * .

1.

-.drugs are added 1

A major limitation of the technique is that a rcpfoduciblc do'sc—response’relationship

“has not been demonstrated. In these experiments, responses to only four

concentrations of acetylcholine were assessed. Usage of concentrations to cover

both lower and hvig.hdr ranges of the concentration-effect relation for acgtylcholine

would havc been more useful. However, as continuous stimulaticn of the

endothehum to m]case EDRF for sevcral hours could lead to. anomahes in release of

. this substancc the protocol was kept short.

In tJSsue bath expcrm}?nts the tissue is incubated in a bath of fixed volume and

_.the tissue bath. As rapid equilibration occurs due to O,- -COy

bubbhng, the exact concentration of the drug can be deduced. However, in the

bloass%;/ techmque drugs are injected into the perfusate and it is assumed that-

c%lctg .mixing and equlhbrauon occurs inside the lumen of the donor, in the

can;nectmg tubcs and on the rec1p1ent tissue. However these assumptions may not .

be. met'bn every occasion. .« =

In?Protocol Three, the hypothe51s that u'npaumcnt of EDR to acetylcholme 1s an

early rnarkcr of atheroscleros1s was testcd In tfus protocol the effect of the at.herogemc

. diet on rabbits of two age groups [8 wceks of age (young) and 46 weeks of age (older)]

was assessed. The appearances of the aonae of the. young rabbits given Lhc atherogenic

149
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diet were typical of experimental ¢holesterol atherosclerosis. The EDR to acctylcholme was
found to be impaired in these aortae. When the oldeﬁabblts were given the atherogemc
diet for 4 weeks, the results appearca to differ from those in the young rabbits. The_
- consumpuon of food by the older rabbits was less compared to the young rabblts resultmg
in a lesser degree of hypercholesterolemm. Fatty spots, streaks and plaques were not seen i
in the aorta. The sudan gradmg of these specuncns was 0.2 with only one specimen out of |
nine demonstrating positive sudan staining. Under the light microscope,. no sub-
endothelial lipid deposits were seen in these animals. In fact, the light rr1icro§copic
appearances were similar to those of control animals given a standard rabbit diet.
However, scanning electron microscopy mvealed an abnormal endothelial surface; The
}’a-lppearances were s.imilar to those described on the endomeli:mj of young rabbits fed a high
cholesterol diet (Rodman et al., 1979). When viewed under the. fransmission electron
microscope, the endothelial cells showed v.acuolau'on of C);toplasm The several Iayers of
11p1d laden cells seen in the subendothehal areas of the young rabbits glven the atherogenic -
| diet were not seen in these older rabbits. Hence, the ulprastructural abnbrmalmes were
mainly restricted to the endotheBiym of the older animals. When the EDR to acetylcholine

was assessed this was found to be unpaued in the aorta.

Thus, in thls protocol, in the young rabblts the impairment of EDR was associated

with the occurrence of changes of classical atherosclerosis in the aorta. However, in the

older rabbits, the impairment of EDR was dlssocmted from the occurrence of changes of
N,

classical arherosclerosm in the aorta. It may be said, that in young rabbits, 1mpa1rment of

EDR was associated with both hypercholesterolemia and atherosclerosis while, in older _

rabbits, the impairment of EDR was assocxat@ with ‘hypercholesterolemia without

ather’oscleroSis

h

~ In the present study, the aortic endothehum of the older rabbits ppeared
. structurally abnormal. The i 1mpa1rmem of EDR in these aortic rings suggests an impairment

in the: synthesis/release of EDRF from the endotheljal cells. :Ahmpau'ment in diffusion -
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and/or an increased degradation of the relaxation factor during transit from the endothehal
cells to the smooth muscle appcars lcss hkely in view of the paucity of demonstrable
changes in the subendothelial layer. Hence, impairment of EDR may occur at an early
stage in the process of atherosclerosis. These results support the hypothesis that
impairment of EDR is an earl}? marker of ath‘erosclerosis However, as the older'\animals
had significant loss of weight, it is possible tl:ztt impairment of EDR is completely
independent of atherosclerosis also. .
Mitchell et al. (1986) postulated that, since veins exposed to hypercholesteroleniia
do not develop atherosclerosis, the effect 'of hyperelolesterolemja per se on EDR could be
- best assessed in venous preparations.." Henee, the responses to acetylcholine in jugular
veins from monkbys wrth arterial atherosclerosis (mduced by feeding an atherogenrc diet
for 18 months) and normal monkeys were studied. No srgmﬁcant drffenence was seen in
the EDR to acetylcholine between these two groups of vessels Ina slmllar study using
normolipidemic and hyperlipidemic dogs, the same authors obtained similar results. They
concluded that 1mpa1red EDR in atherosclerosis was not due to hypercholesterolemia
alone,'-but required the presence of atherosclerosis. They also postulated. that the
abnormality of EDR in atherosclerotic arteries may be due to an intimal barrier or to
'endothelial damage related to atherosclerosis. These results in the monkey and dog models
| appear to be different 'from theA ﬁndings in the older rabbits. However, in the study by
Mitchell et al., no information about the endothelial cell morphology was provided.
| | -The effect of age on susceptibility of rabbits to experimental atherosclerosis is
clear. In a study feeding 1% cholesterol and 5% vegetable oil to rabbits, Harman (1962)
concluded that young, raprdly growing rabbits developed more aortic atherosclerosis on an
.ad Izbztum diet compared to older, more slowly growing rabbits. He postulated that there
was a greater affinity of newly forrned tissue to lipids. In another study ‘on rabbits, using
0.1 g of cholesterol per 600 g body welght given over 30, 45 and 60 days, Poliak (1947)

» concluded that older rabbits were more susceptible to atherosclerosis.
& ©m P
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In the present study (Protocol Three). a greater susceptibility of youn’g rabbits fo;r ,

developing hypercholesterolemia and athe -oscl=rosis (when fed a diet supplemented with

cholesterol) compared to older rabbits was ~otec. This effect has been. shown prewously

‘also (West er al, 1982). The findings in the present study are comphcateq‘»by the fact that

older rabbits demonstrated a significant loss of weight during thc penod of hlgh
cholesterol feeding. This effect could be attributed to a reduced 1ntakerpf food (and

cholesterol) during the period of study leading to a lower serum cholesterol con\f:entranon

and a lesser degree of atherosclero51s In addition, it has been reported that oldzer!'yﬁ?)blis L

have a reduced absorption of cholestcrol (Thomson, 1981) "The effect of loss of wei ght on~ 'p

4 \

the morphological changes observed in the endothelium remains unclear at present. .

Hypercholesterolerrua has been shown to occur wrth welght loss in rabbits (Swaner and

Connor, 197»5) Thus, the loss of welght observed in the present study may have

contributed to the hypercholesterolemia Wthh in turn contributed to the loss of EDR

demonstrated in thls study.

The results discussed above favour the hypothesis that the susceptibility to

__atherosclerosxs varies as a function of the age of the animal and p0551b1y the plasma

cholesterol levels. The young rabblts had a greater SuSCCptlbllltV to atherosclerosis

compared to older rabbits. However the results pertammg to the older rabblts were

~.

confounded by the loss of weight in these animals.

Non-regression of atheroma and persistent impaimment of EDR

In the precéding sections, it was shown that feeding an atherogenic diet to New
Zealand White rabbits led to hypercholesterolemia and eve'ntually%‘ro a form of

atherosclerosis. In this model, the EDR to acetylcholine was found to be impaired in the

-

aorta. This impairment was ShOWn to be due to an impaired production of EDRF.

In Protocols 1-2 and 2- 3 after an initial six weeks of cholesterol feeding, the diet

was reversed to standard rabbit fooa and the animals followed up for a further 14, 32 and

~36 weeks. Two questions were addressed in these 'reversal’ experiments.
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1. Is thcrc a rccovcry in the produetion of EDRF in rcvcrsal animals?

2. Is there regmssmn of atherosclerosis in the rabbit aorta?

1. Is there a recovery in the production of EDRF in reversal animals?

When studied in tissue baths, the EDR to acetylcholine was found to be impaired
after 32 weeks following the reversal of diets. Further, the bioassay method demonstrated
that the impairment of EDR was due to decreased productlon of EDRF. This pcmstcnt
funcuonal impairment may be due to the followmg reasons: ‘

(1) slew turnover of endothelial cells ( e
‘37 \

" (ii) regeneration with diseased cells and

(iii) continuing damage to regenci‘ated normal endothelium.
(1) Slow turnover of endothelial cclls

The rate of tumovcr of endothelial cells has been determined usmg the tritiated

thyrmdme tcchmque Itis gencrally believed that the rate of cell turnover of vascular

endothchum is slow (Schwartz, 1983). In young rabbits (6—10 weeks of age), the life span s

of an endothelial cell is believed to be about .7 - 8 weeks while in adult rabbits (16-48

“weeks of age), it is believed to be about 24 weeks (Kunz, 1983) The incorporation of

thyrmdmc in older animals is a measure of cell renewal (replacement of dead cells) while in
the young animals, it represents a proliferative process (due to growth of tissue) as well as
cell renewal (K~unz 1983).

. Athough the overall cell turnover rate in the ‘normal endothelium is slow, foci of
hlgh spontaneous cell turnover has been described (Schwartz et al., 1980) In addition, the
cell turnover has bcen shown to bc increased in conditions of hyperlipidemia (Florentin ez
al., 1969; Hassler, 1971). When animals initially fed a high ¢ olcsterol diet are put back
on standard diet, a mild hypercholesterolerma 1§ reported to persm for some time (Albrecht :

and Schulcr 1965). However, w1th time, the cholesterol concentrauons return to those of

. / .
control ammals. In the present study, the serum cholesterol concentrations in the reversal

animals declined to values seen in control animals after 12 weeks of reversal of diets.
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Under the‘ experimental conditions of this study, the prolonged hypercholesterolemia would?
act as a stimulus for increased cell tumover in the mversal animals. In addition, a sufficient
period of time (36 weeks) was allowed to lapse after reversal of diets. Hence, under these
; cqnditions the cell turnover rate will not be slow, if at all, it will be fast .

Therefore, a slow tumbvcr of endothelial cells is unlikely to be the mechanism
behind the persistent‘impairment of EDR in the ,;%vcmal ammals
(i) Regeneration with diseased ce“lls”_:»‘g} ;

Autoradiography of the eudethelium has shown the preeence of replicating cells
. (Florentin et al, 1969). Studies from several laboratories have suggested that areas of high
endothelial turnover may occur at sites in the arterial tree that are prone to the development L
of atherosclerosis (Wright, 1972; Caplan and ~Schv:/artz, 1973). Under ,the present |
experimental conditions, it is possible that the increased level of serum cholesterol might
have caused permanent damage to the nuclei of replicating cells lead:jn\g to the productiort
v‘('{)f abnormal new cells. Such abnormal new cells may be deficient in their ability t\c;
produce EDRF. Thus, hegeneration with diseased endothelial cells may be a memanism for
the persistent impairment of production of EDRF'seen in the reversal animals.

(iii) Con'u'nuiug damage to regenerated normal endothelium M‘ ,

It is possible that following reversal of dlets the endothehum underwent :
regenerauon and new cells were produced. These regenerated normal endothehal cells
might have allowed continued em:rynef hpxds mto the regenerated endothellum and to the .
undcrlymg intima. Such a state could’ lead to contmued damage€ to the endothehal cells
This proposmon has been mvesugated by studymg the negenerauon of the endothehum
after balloon. catheter injury. " Such studJes have shown that m rabblts 11p1d accumulates
preferentially in areas covered by regenerated endothehurn (Mlmck et aI 1977 Rosenfeld
- etal., 1983). This accumulation of lipids appears to be due to rnetabohc deferences in the
reendothehahzed areas.- Such differences are thought 0 pers1st for up to one year tera

single balluon cathete /de—endothehahzauon and ne-endothehahzauon cycle. This continued
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cntry of lipids will damage the negencrated cndothehum Such a state could lead to-
continued impairment of production of EDRF.

| In the preceding dxscussxon three factors were consrdcred %pﬁuses for the
persistent 1mpa1rment of productlon of EDRF in the reversal animals. Of these three
factors, slow turnover of endothelial cells does not appear to be an important conmbutory
factor. The data presented in this study does not help to separate which of the other twg
factors (i.e.; regeneranon with diseased cells and continuing damage to regenerated normal
" endothelium) are respon31b1e for the impaired productlon of EDREF in the reversal ammals
However, considering the ﬁndmgs of the "balloon catheter - injury model” experiments, it
is likely that there is continuing damage to the regenerated endothelium ]eadmg to 1mpa1red

:1’

2. Isthere regressmn 6f athrroscldrosm in the rabbit aorta?

production of EDRF.

v,*iu_\“

As mentioned prevxously, in the reversal animals, the serum cholesterol and
triglycerides concentrations retumed to values found in control rabbits about 12 weeks after
reversal of diets. Hence, as the endothelium is no longer exposed to tﬂ% high
concentratlons of lipids, one could expect the atherosclerotic changes in the intima and
media to either regress or at least not progress further. However, no regression of
4 atherosclerosis was seen in these animals. In fact, a further accumulation of cholesterol
and lipids was seen in the aorta after revexsal of diets. This was conﬂmzed by the increased
aortic tissue cholestei/;oncennanon and Lhe worsening of the grading of sudanophlha in
these animals. Tgles_e ﬁndu_! £, are‘q@nsastent with the observations of McMillan ez al.,
a9ss). T R | s

' When studied under the scanning”electron microscope, some features of 'rcleaﬁ'ng"'
of the abnormalities of the intimal surface were seen in the aorme of reversal ammals The
endothelium formed a continuous lining in most areas and the cell borders were becomm g
dlstmct These features are similar to those described by Weber et al. (1975). However

under the light rmcroscope, the intimal surface was snll covered with plaques. Under the
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transmission electron microscope, persistent structural abnormalities were seen in the

endothelium. Vacuol'aﬁon of endothelial cells and foam cells in the subepdothelial areas
were still seen. It could be postulated that the abnormal endothelium allowed the entry of, |
11p1ds from the lummal surface into the intima and medla Thus, although the serum
cholesterol concentration retumed to control values, continued accumulation of lipids
occurred. Hence, under the present experimental conditions, no ’regression of
atheroscle'rosis was ssen in the mboit model. Similar results have oeen obset'ved by Adams
et al., (1973). These results ‘support the hypothesis that abnormalities in the endothelium
may allow continued aceumulation of lipids in the sub:\e}dothelial cell layers There is a
clear clinical implication if this hypothesis is correct: the prevention of endothelial cell
abnormalmes would be of paramount 1mportance smce the correction of
hypercholesterolemia after the initiation of endothelial cell injury may be insufficient to
prevent the progression of the atherosclerotic lesions. _

| In the studies discussed here, the 2% cholesterol diet was given to the animals for 6
weeks. It would be interesting to 1nvest1gate whether reversal could be demonstrated
with a shorter initial exposure to the high cholesterol diet. ‘

These observations are in contrast with those reported by Armstrong ez al., (1970)
in the monkey. In the monkey, reversal of a diet containing high concentrations of
cholesterol was accompamed by regréssion of atherosclerotlc lesions (Armstrong and
Megan 1972)." This process of regression was accompamed by a reduction m the
*: thlckness of the tunica intima with ﬁbrosxs within the intima (Arrnstrong etal., 1970)
Recent studles fnom the same group demonstrated a restoration of EDR to acetylchohne in
iliac arteries taken from monkeys fed a high lipid (0.7% cholesterol, 40% lipids) diet for 18
- months followed by standard monkey chow for a further . 18-20 months (Freiman et al.,
| 1986) Further, the relaxant response to thrombin was restored to- normal in these animals.

Although the ﬁndmgs in the monkey dlffered%fmm those observed in the rabbit it is not

2

2
.
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known which of the§c two animal modcls of athcrosclc{osis morc‘closciy mimics the
hl%man condition.
D/tH Melli EDR »

In humaos, diabetes mellitus isa risk factor associated with incrcéscd incidence of
atherosclerosis and myoc;ardial 'mfamn'on (Ross, 1986). .

The mcchamsms as to how diabetes mediates its effects remain poorly understood.
The cffccts of diabetes - may be mediated through abnormal hpoprotcms that are usually seen
in uncontrolled diabetes. Altcmauvcly, the influence of diabetes may be mdcpcndcnt of- thc
lipid profile in the blood. In Protocol Five, the hypothes15 that a diabetic’ state may lead o

an impairment of EDR was tested in the rabbn model of d1abetcs The dxabctlc statc may

-.“\'-«";I

influence EDR in several ways. ‘ ' .‘ v “ Lot

".

1. It has already been shown that hypercholesterolenna and athcroscler051s mﬂuenco'
EDR. Hencc the lipid abnormalmcs assoc1atcd w1th dxabetcs (Ganda 1985) could'
mﬂuenoe EDR also. o

2. One of the agents postulated to be EDRF is a métabolite of the’ hpooxygcnase;

pathway of‘ 1 “‘fildomc acid metabohsm In dJabctes it has been suggcstcd that

therc are changcs in the conversion of linoleic acid to arachidonic acid in dlffcrent- . :
tissues (Huang er al:, 1984). Such changcs in vascular tissues could influence EDR.
3. . One of the primary pathologlcal features in diabetes is-seen in the capillary basement
membrane. The basement membranes have been shown to be thickened in the
microvasculature (Johnson, 1985)i It is possible that simiiar changes could oocur in
the large blood vessels also. Diécase of small blood vessels may imenéify disease in
larger blood vessels b’)" impairing microvascular olood flow and/or by involvement
. Of vasa vasorum in the larg§ arteries. Such changes could influence both endothelial
' and smooth muscle function and inﬂuencc EDR.
- The dJabetlz: rabbxts of this series had markedly elevated concentrations of serum

tnglycendes compared to control rabblts A mild hypercholesterolemia was seen also.
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These abnormalities are 51m1lar to those described previously (Kloeze and Abdcllanf. 1975;
Altura et al., 1981). Despite these abnormalmcs in lipids i in the serum, ﬂ@thcrosclerosm N
was seen in the aortae of diabetic rabbits. The scanning clcctron microscopic appearances
of the aortic endothelium of diabetic rabbits were similar to the appearances of the aomc
endothelium in control rabbits. In this study, no impairmcnt in EDR'to acetylcholir.> vas
seen in the aortae of the diabetic rabbits. These results are similar to those published by
Head et ‘al., (1987). S |

‘Ina study by (;yama et al (1986), the EDR to acctylcholine?‘and histamine were
impa‘iréd in the aortae of Wistar rats made diabetic with streptozotocin (50 mg/kg, iv.).
No endothehal abnormahtlcs were seen at scanning electron microscopy of the intima of
R these aortae On the contrary Hcad et al., (1987) found no impairment in the EDR to
acetylchohne in the aortae of Sprague -Dawley rats ' made diabetic with streptozotocin (65
mg/kg, 1.p.) Except for the strain of rats the dose and routc of administration of ,
strcptozotocm the above two studies had many ‘similarities, especially the duration of |
diabetes and the range of blood glucose concentrations achieved. The reasons for the
dlfferences in rcsults (i.e., 1mpa1red EDR to acetylchohne in the former study and lack of
unpamnent of EDR in the latter) between these two studies are unclear. J

In a study usmg thc aortae from genetically diabetic biobreeding rats (BB rats), the
prcsent investigators found the EDR to. actylchohne and histamine impaired in comparison.
with aortae from non- dlabctlc controls (Mcrap etal., 1987) Howevcr in the diabetic
animals of [hlS variety endotggllal_ cell abnormalities wcre dctected by scanning electron
microscgpy. "Ih‘c)sé appea’mné_és included broken ccll‘-surfaces and appearance of holes on |
“cells. These stiuctural ‘abnormaliticé were th'ought to be respbnsiblc for the functional
defect leadmg to the nnpalrcd EDR As cndothehal cell abnormahnes were seen only in the
aortae of geneueally dlabetm BB rats and not In the aortae of rats and rabbits with chemical
'dJabetcs it appears that the cndothehal cell abnormalmcs in thc BB rat are probably related

to genetic factms and not to the hypcrglzycxerma
, o
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The endothelial function of the diabetic rabbits of the present study can be
influenced by two factors. '
1. The state of diabetes per se could influence endothelium function.
2. The state of diabetescould predispose to the development of atherosclerosis and -
hence influence endothelial function. | ' '

When studied by scanning and tranmission electron microscopy, no abnormalities ’
were seen in‘the aortic endothelium of the diabetic rabbits of the present study The
'appearances of the cells were similar to those of non-dlabetlc controls The EDR t6 o
acetylcholine was not impaired. also. Hence, the state of diabetes per se may not haye
produced any injurious effect on the endothelial cells. | |

Similarly, changes suggestive 6f atherosclerosis were not seen in the- aortae of the -
diabetic rabbits. The serum cholesterol estimations in the diabetic rabbits were significantly
lower compared to those seen in cholesterol-fed rabbits. In fact, some authors have
suggested that in rabblts the state of diabetes has a protective ef;ect on the endothellum
and mhlblts atherosclerosxs (Duff and Mchllan 1949). The results dlSCUSSGd in- this
protocol do not agree w1th the initial hypothesis that diabetes mellitus i n rabblts may lead to

an impairment of EDR Instead, these results suggest that in the absence of atheroscler051s

el
~

diabetes per se does not 1rnpa1r EDR.

Calcium Channel Blockers and EDR

‘Calcium channel blockers are used in the m:atment of Pﬁnzmetal's angina (Pepine
et al 1983) Iti 1s believed that coronary artery spasm ‘has a prominent pathogemc role in
this disease. In addition, calcium channel blockers are used with beneﬁt in the treatment of '
stable angina pectoris (Jenkins et al., 1981) This symptom is belleved to be due to an
imbalance in myocardial oxygen supply and demand. Calcium channelublockers may be
;mprov1ng stable angma by augmenttng the oxygen supply or reducmg the oxygen dcmand

- or both In addition, as 1t 1s postulated that loss, of EDR is an early marker of

. atherosclerosis, the effect of-calcmm channel blockers on EDR was of interest. 'Based on
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the abovc consxdcrathnfs ;t was hypothcswed that calcium channcl blockcrs will not lead to

" an impairment of EDR "Tﬁc ﬁndm gs of Protocol Four conﬁrmcd this hypothcsm "“‘

{\ .
The link’between ,

1. Calcium ior:oph""
.2. - Calcium agonist B.ay« ;
3. It was initially believ
the action of phospholip; 2. Calcium jons facﬂltatc thc action of this cnzyme
and hence could increase pmcill;c00n of EDRF (Furchgott, 1983) ,
In order to consolidate the llqic between Ca**t and EDR, scvcyal investigators have
examined the influence of zero calcium buffers and calcium channel blockers upon this
phenoménon. For instance, Singer and Pcac?l (1982) showed that c‘?xtraccllular calcium
depletion inhibited the. methacholine induced mlaxa;ion. They also showed that the calcium
channel blockers nifedipine and verapamil inhibited methacholine and A23187 induced
relaxations. Similarly, Long and.-Stone ( 1985) using a bioassay system have shown that
- the acetylcholine coned release and probably also the basal release of EDREF is dependent
upon the presence of extragellular Ca++. Other investigators have failed to abolish the EDR
to acetylcholine with the calcium channel I;IOCkers verapamil and nifedipine (Winquist er
al., 1985). . |
In the experiments described in the bmsént study, the calcium channel blockers
- nicardipine and diltiazem had no inhibitory effect on the EDR to acetylcholiné. This could
be dué to one of several factors..
1. Nicardipine and diltiazem may not have calcium channel blockin g properties in the
rabbit aorta.
This explanation is .unlikely as both nicardipine aﬁd diltiazem inhibited the
potassiuin induced contraction under thc- preseiit experimental conditions. Also,

nicardipine had been previously shown to inhibit 45 Ca++ uptake and the contractile

response induced by high extracellular potassium concentrations in the rabbit aorta (Terai et
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al., 1981). Similar studies with diltiazem support its action as a calcium channel blocker in
the rabbit aorta (Ito er al., 1978; YVan Breemen et al., 1981). It must be remembered that
the above studies refer to calcium cnannels in vascular smooth muscle. The assumption
that these compounds may exert a similar calcium channel blocking action on the cell °
membranes of the endothelial cells remains to be proven.
2. Calcium ioks are not involved in the EDR to acetylcholine in the rabbit aorta.
| This appears unlikely as the EDR to acetylcholine has been shown to b inhibited

by 'exposing the tissue to zero Ca++ bnffer in vitro (Singer and Peach, 1982). . Tecent
study Collins et al., (1986) monitorecl the changes in tension and 45Ca*++ movc aents in
the rabbit aorta during relaxations mediated by EDRF, sodium nitroprusside and 8-bromo-
cyclic guanosine monophosphate (8-bromo‘cGMP). During EDR by acetylcholine the
noradrenaline indu&ed increase in calcium inl‘lux was reduced. Sodium nitroprusside and
8-bromo-cGMP had similar effects on deendothelialized preparations. EDRF also inhibited
. noradrenaline induced calcium efflux. Sodium nitrbprnsside ‘ancl 8-bromo -cGMP had
smular effects in deendothelialized rings both in the presence and absenee of extracellular
calcmrn Hence, it was concluded that the vascular smeoth muscle relaxant effect of EDRF
and nitro vasodilators may be produced by a cyclic-GMP medlated reduction of cytosohc
bcalcmm through both inhibition of calcium influx and reductlon of intracellular calcmm
release. Further, the induction of EDR by the calcium ionophore A23187 and the calcium

agonist Bay K 8644, make the proposition that calc1um 1ons are not involved in EDR to

acetylcholine an unlikely one (Rubanyi er al., 1986) ,»(
/. -
3. Calcium translocation during release of EDRF is not blocked by nicardipine and
diltiazem.

Although both these drugs have been shown to inhibit Ca*++ influx induced by high
extracellular potassinm in the rabbit aorta, these drugs (as well as other calcium channel
blockers), do not block all calcium channels. Itis generally believed that there are at least

three types of calcium channels in the sarcolemma: (1) voltage operated channels which
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" allow influx of calcium when the cell fnembrane is dcpolari‘zcd, (2) receptor operated
channels which allow ca]cinm influx following occupation of receptors by agonists without
a necessary change in the rn;emb'ran_c potential and (3) channels mediating calcium influx in
the resting state. (Weiss, 1981)‘ |

Of these channels, depending on the vascular bed and animal species, thc calcium.
channel blockers could act predominantly on voltage operated channels or receptor
operated channels (Cauvin et al., 1983). The Cat++ influx induced by depolarization of'
most cell membranes with high extracellular po’tassium 1s inhibis’cd by these drugs

| (Vanhoutte, 1981). How,'cver, the contractile rcsponscs produced by e;cogcnous
noradrenahne are often resistant to the action of calcium channel blockers (Vanhoutte and
leelc 1982 Jayakody et al., 1986). Thug, it is possxhle that any Ca** influx associated
with EDR to acetylcholine in the rabbit aorta may UdllZ‘E calcium channcls not blocked by
these drugs. }

Findings similar to this study have beén-reportcd by Winquist er al. (1985) in rat
and rabbit aortao, where endothelium-dependent relaxations were not altered appreciably by
verapamil (10 pmol/l) and only affected modestly by a single concentration of nifedipine
(0.5 pmolA). These authors concluded that although the presence of extracellular calcium
1s required critically for the expression of EDR, the associated calcium translocation is not
blocked by organic calcium channel blockers. ‘

The findings of the present study suggest that the calciunl channels which are
blocked by nicardipine (which is a dihydropyridine compound) do not appear to be
involved in tlie production of EDRF by acetylcholme as well as the relaxant responses
mediated by EDRF in the rabbit aorta. In addition, diltiazem (which is a benzothiazepine
compound) is also without cffect on 'V EDR. Fina114y,‘ verapamil (which is a
phenylalizylamine compound) has been shown to have no effect on release of EDRF in
bioassay oxpcrimcnts (Vanhout;e, 198;7b). As drugS from three structurally di- =rent

classes of calzium channel blockers have shown no signiﬁcant inhibitory effect on EDR to
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acetylcholine in the rabbit aorta it is concluded that the calcium translocation which is
believed to occur during (1) production of EDRF by acetylchohne (2) relaxation produced
by EDREF is not blocked by orgamc calcmm channel blockers.

Similar conclusions have been arrived at by Vanhoutte (1987b). He concludes
that the release of EDREF evoked by acetylcholine is medxawd by muscarinic receptors-and
appears to be a Ca++acnvated process. However it is not due to activation of calcium
channels sensmve to veraparml or dihydropyridines, although acnvauon of these channels
and calcium jionophores can evoke release of EDRF. A

\Y ' ium channel block

'Vasospasm' can be deﬁned as an abnormal or exaggerated consmctlon of the

“ blood vessel wall (V anhoutte 1978; Van Neuten and Vanhoutte, 1981). It can occur as a

generahzed or a localized phenomenon Since contracuon of vascular smooth muscle
depends on an 1ncnease of cytoplasmlc calcium, occurrence of spasm must be related to
calcium handling by the cell Dunng vascular smooth muscle contractlon both entry of
!

extracellular calcium and release of calcium from intracellular stores are known to occur.
Different blood vessels appear to depend on the external source of activator calcium to
different degrees during contractions.

| The clinical entity “variant angina' was thought to have a basis of underlying

Ccoronary artery spasm (Prinzmetal er al., 1959) Clinical studies suggest that cbronary

vasospasm is relatively frequent and can be supenrnposed on pama} occlusion\of the

- coronary arteries due to atherosclerosis (Maseri et aI 1979).

High extracellular potassxum induced contractions in coronary vascular smooth
muscle, which is due to influx of extracellular calcmm are inhibited by calcium channel
blockers (Van Neuten and Vanhoutte, 1980) leoﬂazme (a calcium channel blocker) has |
been shown to inhibit contractions of isolated coronary arteries by noradrenaline,

serotonin, ergonovine maleate and anoxia (Van Neuten e al., 1980). These expenments

on 1solated roronary arteries suggest that calcium channel blockers are beneﬁc1al in the -

» . ~
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treatment of coronary’ vasospasm. ow it is the accepted practice to treat cardiovascular

‘pathology caused by myocardial ischaemia and coronary vasospasm with calcium channcl

blockers. In the light of the above practical significance, it is reassuring to note that

calcium charinel blockers had no sxgmﬁcant inhibitory cffcct upon EDR to acetylcholine.

Thus, calcmm channel blockers may not be influencing vasosgasrn through effects on,

'EDR.

Conclusions

- The ﬁndings and conclusions of the present inve_stigation can be summarized as follows

. Feedihg a diet containing 2% cholesterol and lipids to rabbits leads}to the
dcvclopmént of atherosclerbsis. In this model of expcrimcntal ather(%;le;osis,a '
structural abnormalities in the aortic endothelium were associated "i@ith an

.
impairment in EDR to acetylcholing: dn the aorta.

3. When the animals were put back dard rabbit diet after an initial 6 weeks of

feeding the 2% cholesterol diet, no regression of athcrosclerosm was seen in the

. aortae  When studied 36 weeks after reversal of dieLﬁ increased deposition of
lipids was seen in the aortae. In addi}tion, the EDR to acetylcholine was found to be
persistently impaired.

4. When the z:thchgcnic diet was g;vcn to young and older rabbits, a dissociation in

~ the extent of atherosclerosis was seen between the two animal groups. The young
iabbits showed features of classical athgrosclcrdsis and the EDR to aCt’:tylchoilgin;

. was found to be impaired in the aortae. In the older rabbits, features of classical
atherosclerosis were not seen in the aortae. Only electron microscopic evidence of
cn'dot_helial celi damage was seen. However, the EDR to acctylcholine was found
to be impaired. This result suggests that impairment of EDR could be an eafly

marker of atherosclerosis.
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5. The EDR to acetylcholine was found to' be preserved in aortae of rabbits made
diabetic with alloxan. Hence diabetes mellitus per se, in the absence of
athcrosclerosis does fot lead to an impairment in E‘ |

6. .The calcium channel blockers, nicardjpine and diltiazem, were found to have no
inhibitory effect on EDR to acetylcholine in the rabbit aorta. The bencﬁcml effect of
c\ﬁlcxum channel blockers in coronary vasospasm mdy be medlated through
mechanisms independent of EDR. »

Fu irections |
The present investigation has demonstrated that feedjng a diet containing 2%

~ cholesterol and lipids to rabbits leads to the development of atherosclerosis. In this mod.el'

of atheroselerosis, structural a,l)normalities in the endotheliom were associated with
impziirment in EIjR to acetylcholine in the aorta. ‘Evidence was also prese‘nted suggestin'g
that impairment in EljR is an ea‘flt marker of atherosclerosis. =

The nature and extent 0f=¥.‘f‘¢ eurly changes in the endothelial eells which lead to

" impaired production of EDRF are unknown. These changes in the endothelial cells may

occur graduallypver several weeks or'occur abruptly over 1-2 days. More basic questions

oty

like: is the impairment of EDR in some way relatedto a particular.dose of ingested -

9

cholesterol orto a particular serum coneentratron of cholesterol ? can be raised.
Altematlvely, the i 1mpa1rment of EDR may not be nélatéd to the eoncentmtlon of serum
cholesterol at all but related to thém‘bncentratlon of aomc tissue’ cholesterol. In order to

1nvest1gate these possrbllmes a senes of expenments relatrng the amounts of 1ngestetl

- "cholesterol serum cholesterol aortic tissue cholesterol EDR and ultrastructure need to be

performed In the atherosclerouc rabb1ts of the present study, a considerable vanatlon in .

the extent of atherosclerosm was seen among the ammals An }mportant rcason for thls_

was thé vanat10n in the 1ntake of food. For future StUdJCS thls s aspect has 0 be controlled
In the present study, no regression of atherosclcrosg was seen in the rabblts A."

scrutmy of the ava11ab1e literature on [hlS subJect (regression ofjlherosclerosrs in rabblts)

-

& T
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suggests that when a sufficient concentration of -cholesterol is given for a sufficient

* duration, the atheroscler051s in the’ rabblt may not be reversible. However, few authors
‘ have shown regression of atherosclerosm in the rabbit also (Bortz 1968). According to
Bortz, in the rabbit model of experimental cholesterol atherosclerosis, there is an early
reversible phase before fibrous tissue reaction is severe, where reversal of diets will lead to
‘ *r'egression of atherosclerosis. In.the present experiments, the 2% cholesterol diet was ‘
given to the rabbits for 6 weeks. It may be possible that, by feeding a diet containing a
lesser concentration of cholesterol for at shorter period-of time, a reproducible model
showing regression of Aratherosclerosis can be developed. With such a model, one can
ascertain whether there is restoration of EDR with .regression of atherosclerosis. This
possibility has been shown to be true in the monkey model (Freiman er al., 1986). ‘The
effects of deferent agents like oils obtained from marine fish (fish oils) and calcium channel
blockers can also be tested on this model showing regression of atherosclerosis.
There has been considerable interest in the potential role of dtetary fatty acids in'the
prevention of atherosclerosis (Carroll, 1986) These fatty acids (derived from fish oils) not'
\ anly lower the blood cholesterol-but also influence the proportions of unsaturated fatty
ac‘f‘ds' in’the membranes of ’cells It has been argued that alteration in membrane fluidity
. may underhe the development of atherosclero51s (Jackson and Gotto 1976). It would be
/ mteresung to examine the ability of dletary supplements of unsaturated fatty acids in fish
* oils to protect agamst the atherogenic effect of a thh cholesterol diet. | .
Several studles have shown that the atherogemc effect of cholesterol feedm g cap be
attenuated by the administration of, calcium channel blockers (Whittington: C‘Coleman and .
Carrier, 1970; Henry and Bentley, 1981 Parmley et al., 1985) Thes’e studies have bcen
critic' _.c on the’ grounds that the doses of the drugs used were greatly in excess of those
employed in the treatment of chmcal syndromes assoc1ated wifh athero?c?lerosxs and
: :llvascular spaSm in- hti'mans However if the loss of EDR precedes the development of

A

classwal atherosclerosxs (as shown in the present study) it would be i unportant to estabhsh

o .
) 4 P v, . ' -
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whether these drugs protected against the loas of EDR produced by cholesterol feeding. It
is conceivable that the dose of calcium channel blocker required for thia purpose could be
smaller /And hence, in a clinically relevant range. |
/Tﬂe/@mf dlfferent components of the dlet on the extent of atherosclcrosxs seen
in rabbits remains uncIear. In some studies, no significant correlation had been noted
| between the amount of cholesterol in the diet and the sevt:rity of induced atherosclerosis
(Sgebat ef‘al., 1964). Lambert e al, (1958) showed that cholesterol was not needed at all,
bu that diets high in fatty acids,’plarticularly the saturated fatty acids by themseh:fes will
..{:indauce atherosclerosis. The athefoLgenic diet used in the present study had 2% cholesterol
and was high in saturated fats. The effects of the cho’lesterol cc')mponent per se and the
fatty' acid component per se on the extent of atheroscl®rosis and EDR would be interesting
- to investigate. Also, the compositions of the fatty acids in the diet can be changed (e.g.,
. high in polyunsaturated fatty acids) and their effects on atherosclerosis and EDR studied
' (Cherxy et al.,1983). Some of the experimental protocols described in this thesis have been
already repeated using a diet supplemented only with 2% cholesterol. These expen'ments
have revealed{' results similar to those descn'bed in the thesis.
The protocol where the effect of age on the suscept1b111ty of rabbits to
.atherosclerosis was investigated (Protocol Three) was confounded by the persistent loss of
welght in these ammals The loss of welght in these rabbits was thought to be due to the
| poor palatablhty of the high cholesterol high fat diet. The palatablllty of the diet. may be.
" 1mproved by reducmg the lipid content of the diet.. ThlS protocol should be repeated
(without loss of welght in animals§ while controlhng the amount of food ingested.

8 Andrews et al., (1987) have $hown that contmuous exposure of the endothehum to
x -3 '.‘\ .
' high concentranons of LDL leads to 1mpa1rmen/£ of EDR in the normal rabblt aorta.

"

Incubatlon of normal aortic rmgs with LDL 1nh1b1ted EDR to acetylcholme and A23187
R 'As chtrmcal mode' 1cation of LDL d1d not mﬂuence the relaxatlon to acetylcholme Té

~authors coneluded that the mhlbmon of EDR is medxated through aLDL receptor dependent A -
: { : : |

4
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" mechanism. In the rabbit model of atherosclerosis, an abnormal lipoprotein profile is

—

found (Shore er al., 1974_,:,.Rodrigucz etal., 197é). After a 1% cholesterol 51iet the VLDL
and LDL fractions were found increased and the HDL decreased. The VLDL particles were
larger in size artd had elevated cholesterol esters and decreased glyééﬁdf:s compared to
VLDL of cpntrol rabbits. The arginine-rich glycoprotein was greatly' incrcased. The
hypercholestcrolcmlc VLDL also contained a protein that may correspond in pan at least to
the B proteins of human VLDL (Shore er a1 1974). These changes in the serum lipid
profile of cholesterol-fed raoblts may influence EDR. As different llpoprotems have been
shown to have proatherogemc and antiatherogenic propdrties, the separate influence of

-

these fractions of lipoproteins on EDR would

’ Finally,_ investigations may bc; diret:tcd at identifying EDRF. Recent reports
suggest that this substance is nitric oxide (Palmer ez aI.», 1987). There is no definitive
informatipn about the source of the nitric oxide radicél in the cell. Indeed, Vanhoutte ('19’87
¢) has sugge“stt\:d that the nitric oxide radical may be one of a series of sut:h labile factors |
which are produced within endothelial cells. It would be interesting to investigate the

R Y

Y, f; the cndothehal cells apd the effects of cholesterol feedmg on

generation gf

these cellul¥

they determined the nitric ox1de as the chcmllummescent product of its reaction W1th ozone,

could be used for this type of investigation.

s
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APPENDIX1

2 The ingredjgnts used in -.t}ie formulatioh of the 2% cholesterol diet were as folldws:_ _

e oo
-V'Sucrose _ S 1500% " DR
- Solka Floc | ‘ 13.00% L
Vltamlix S 2.00% |
s [
;:,DLMet}.xion‘ine‘:"? S 015% - \
Lard .o ,' 20.00%. .‘ _ "

A

3
PV,

Dextrin - 2165%

-"C'hdle_g_teroi | / 200%, 7

The mgledieﬁm u‘se;d in the formulation of Lile éta;ldafd_rabbit diet Wcre as follows:

| 7 Debydmedafaa o o

 Barley | ’

"‘Soymeai;

Mill-by-product

. Oars

Limestone,
thy'powdc;

- Methion_iqe_ .~ o
| ' Choline chloride -
s c

O Mimerts . - - }

Vitamins



APPENDIX 2
Details of preparation of solutions used in METHODS section.

' The Millonig's buffer used for TEM studies was prcparcd in the followmg manncr
500 ml water was placed in a liter beaker with a large magnetic stirrer, and anothcr 500 ml |
of water was measured in a cylinder. Amoums of 168 g NaH2PO4 H20 3.85 g NaOH
and 5.4 g gluco;e were weighed in separate cups and dissolved in the water in the beaker
‘Then, 300 ml of water from the cylinder was added to thc beaker and mixed. Calcium
chloride (CaCly) 0.05 g was dlSSOlVCd in 3-5 ml of water in a small beakcr Wlth a Pasteur

‘ plpettc the CaCl; 'solution' was added drop-wise to the chemicals in the beaker. The
remaining 200 ml of water in the cylinder was also added to the beaker and the buffcr‘
solution was kept at a pH of 7.25 - 7.40 and stored in a refngerator after. mlxmg
thoroughly. The water used was double ‘dlsullcd for electron rmcroScopy work.

The urany] acetate solurlon was prepared in the following way. Uranyl acetate was
added to a dark bottlc containing 100 ml of water. Once the solution was totally \saturated

- 100 ml of absoluté alcohol was added and mixed. ThlS solution was allov ed to settlc for
3-4 days and was stored at room temperature. |

- The lcad citraté solution was prepared by dlssolvmg 352 ¢ of sodium citrate
(Na;CgH507.2H,0) in 80 ml of water. To this solution 2 66 g of lead citrate was added.

A white ﬂocculauon formcd This solutron was stm‘cd with a magnenc stirrer for 30

-~ minutes and then, 20 ml of 1 M NaOH was added to remove the ﬂocculatron This : olutlon

was allowcd to settle for 4-5 days and was stored at room temperature.
The Sudan Rcd solution was prepared by mixing 5.0 g of Sudan Red w1Lh 500 ml
70% ethyl alcohol and 500 mi of acetone. This solunon was filtered three nmes ‘before use.

\\
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APPENDIX 3

Drugs and chemicals used in the study and their sources are given below.

1.

11.
12.
13.
14.

15.

16,
17.

18.
19

20.

O 00 N O

Acetylcholine chloriae: Mol. Wt. 181.7, Sigma Chemical Co., St. Louis, USA.
Alloxan monohydrate: Formula Wt. 160.1, Sigma Chemical Co St. Louis, USA.
Ascorbic acid: Mol. Wt. 176._1, Sigma Cherr;icaj Co., St. Louis, USA.

Atropine: Mol. Wt. 289.4, Sigma Chemical Co., St. Lpuis, USA.

Caldium ionophore A23187: Mol. Wt. 523.6; Sigma Chemical Co., St. Louis,
USA. . v :

- Carbamylchiniine chlon'de: Mol. Wt. 182.6, g-igma Chemical Co., St. Louis, USA.
Clonidine Hyarochloride: Mol. Wt. 266.6, Sigma Chemical Co., St. Louis, USA.

Diltiazem hydrochloridc: Mol. Wt. 451.0, Sigma Chemical Co., St. Lox?s, USA."

- Dimethylsulfoxide (DMSO): Mol. Wt. 84.14, Sigma Chemical Co.,"St. Louis,
~ USA. : |

-Disodium calcium ethylenediaminetetraacetic acid: Mol. Wt. 374.3, Sigma
- Chemical Co., St. Louis, USA.

Hydroquinone: Mol. Wt. 110.1, Sigma Chemical Co., St. Louis, USA.
Indomethacin: Mol. Wt. 357.8, Sigma Chemical Co., St. Louis, USA,
Methé.cholinc chloride: Mol. Wt. 195.7, Sigma Chemical Co., St. Louis, USA.

Methoxamine hydrochloride: Mol. 'Wt. 247.7, Burroughs Wellcome Ltd.,
Montreal, Canada. -

‘Nicardipine hydrochloride: Mol. Wt. 516.04, Syntex Research, Palo Alto, CA.,

USA
Noradrenaline bitartarate: Mc'. Wt. 319.3, Sigma Chemical Co., St. Louis, USA.

Nordihydrogﬁa_iaretic acic ‘N DGA): Mol. Wt. 302.4, Sigma Chemic@ Co., St.
Louis, USA. ‘ ' ‘

Penfobarbitone sodium (somnotol): M.T.C. Pharmaceuticals, Mississauga,
Ontario, Canada. T
|

Pronranolol hydrochloride: Mol.\Wt. 295.8, Sigma Chemical Co., St. Louis,

S USa.

Prostaglandin Fpq (Prostin Fpgq, Ijinoprost tromethamine): Mol. W 475.6,
Upjohn Company ot Canada, Don Mills, Ontario, Canada. N
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'21.  Quinacrine hydrochloride: Mol. Wt. 472.88, Sigma Chemical Co., St. Louis, USA
22" Sodium nitrite: Mol. Wt. 69.00, Sigma Chemical Co., St. Louis. USA.

Thc concentratcd stock soluuons (-4.0 log mol/l in most cases) of the drugs were

prepared in dlsulled water. Sod1um metabisulphite (1.0 mg) was addcd to each 10 ml of

the stock solutions to minimize oxidation in the casc of easily ox1d18ablc drugs. Sultable :

dilutions of the drugs were prepared in Krebs- blcarbonatc buffer soluuon each day.

Indomethacm was dissolved in an equimolar Na2C03 solution. NDGA and

A23187 were dissolved in dimethylsulfoxide (DMSO). Subsequent dilutions were made in
dJs‘ulled water. Thc final bath concentration of DMSO did not exceed 0.025 mol% DMSO -

in- this concentration had no effect on the rabbit aorta, on thc contractllc response to
noradrenaline or on the relaxation io acetylcholmc All drugs were added in 20-146 ul
allquots to the tissue bath to producc the dcsued concentration in the bath fluid. All

conccntranons are expressed as.;_the final concentration in the tissue bath fluid.

LS

194



