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'EARLY" I—lI‘SxTORY OF END'()THELIUM. DEPENl)EN'l‘ RI-::LAXATlOI\l :

<In 1905 Sollman and Brown dlscovered that 1ntraveno§s lngectlons Of[”:
'-eréot into in situ velﬂs°caused’a sudden fall 1n-blood pressure ’ They:'l
) rev1ewed nhe llterature and showed that several 1nvest1gators had shown a

‘simllar fall in blood pressure w1th intravenous ergot This‘was in the
. B ) . .
~ face Hof.,the"~general conviction -at - that. time that ‘ergot was a

Py

vasoconstrictor.;, They also, outlined the problems with othér"ergot

-preparatlons which could ‘account” “for the vasoconstrlctlon Sollman and'

I

‘Brown also noted one 'of the effects of 1ntravenous ergot was a reversal of
- “the vasoconstrictlon 1nduced by adrenallnll" o - ' a - T Z;
In July of 1906 H H: Dale in a rev1ew of the phy51olog1cal effects of

o

eergot concluded that 1t had an . amblguous effect -on the perlpheral

'clrculation.‘ He agreed with the review of Sollman and Brown concernlng thed

,divergent effects of ergot due to the 1mpure preparatlons up to thls ‘time.

e .

.Dale also confirmed the phenombnom noted by Sollman and Brown of the
‘freversal_ of »vasoconstrictlon ‘following» adrenalin 'adminiStration by

.perfuslon w1th ergot2 '_:f_.d
- . 2 s .
In December of 1906 Jhnn: and Tav&au ' from Harvard dlscovered the-

:'compound acetyl choline ,when worklng 'with choline derivatives They”

.‘observed . that sma11~ amounts 'of thls compound - caused a fall;_in ‘blood
Pressure L N S SR

\ . . \ . E e o
. . Lo T : f ’

o By 191& H H ﬁale ldiscovered smallufamOUnts of acetyl chollne jin“
"~preparations of ~ergot aAHe also observed vasodllation of rabblt eat*‘h"

f arteries with perfusion studies using acetyl chollne The=vasod11atidn was



. . . N . . ) §

accomplished with minute amounts of acetyl choline and Dale attnibuted this.l o

. 4
~phenomenom to a. direct vascular event .

In the same year Hunt debated the vasodilation seen by Dale ‘on the

E ba51s of his experlments ‘usi g

igh doses of acetyl choline in perfusates
of rabbit ear arterles ' To fu-ther confuse the 1ssue Hunt attributed the

—

.fall in blood pressure w1th low concentrations of acetyl choline to a

3
3

cardio- 1nh1b1tory rather than a vaso dilatory effect5

-~

T
'acetyl chollne perfusions of isolated limbs was inclined to: accept the

‘

vasodilation v1ew of’ Dale He also tested ‘histamine and. yohimbine ‘both of
which when given after acetyl dholine .and atropine caused vasodilation. He.

also reported the reversal of the vasodilation induced by acetyl choline,'

-

,followlng the addition of atropine to the perfusate indicating a muscarinic‘-

ieffects.

' In 1950 J. Burn agéﬁ;J Robinson repeated Dale s experiments with

1solated perfused rabbit ear arteries These two. investigators again noted'p

b

vasodilation at - low concentrations w1th changes, to -vasoconstriction_‘at--
higher concentrations of-acetyl-choline.' This effect was attributed to two

'differ‘en_t re:cepto'rs on "ar_te_rial smooth, muscle ~wall with .different

.affinitieS"for ’aCetyl¥cho1ine. One receptor w1th a high affinity for

acetyl chollne could bind acetyl choline at 1ow concentrations, while'ap'”

' vasoconstrictor receptor with dow affinities would bind acetyl choline at
[
, S < .

~ .
: e
: Lo

high concentrations7)

s . P2

It remained for-Sz”Kottegoda in.l953 to showfthat the vasoconstrictor
response to high doses of acetyl oholine was due to a nicotine 1like effect

afeleasing an adrenalin like substance from nerve ending38

v
] ~

However by 1917 . Hunt after severalr further experiments with '

... V '{4
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| By 1955 R. ‘Furchgott' in .allclassicvxreview'Aof.lthe‘hliterature

;; contrasted\ﬁhe vasodilation ‘effect of acetyl choline on perfused vascular

4 6 7,

:~.-b d _ vw1th vasoconstrictiorxoby acetyl chollne on- 1solated arterial

6

'91011

12 . ‘., . . r"

preparations was vasoconstriction . >

However the physiological-effects offacetyl-ChOline on vascular‘tissue

'had not been settled " as '1ﬁ, lQGZf'R. Jelliffe repeated Furchgott s

experiments on isolated ‘rabbit ‘aortic ‘strips. Despite Furchgott -

findings Jelliffe con51stently reported vasodilatlon of aortic strips by

'”acetyl~choline Eollow1ng an established‘:contractlon “by .epinephrine,

norepinephrine, o serotonin13

In 1974 Van'outte; in ..a further review of the ~effects of

’ ’

‘acetychholine ‘was a slight, relaxation at- low. c0ncentrations with

‘constriction at'higher cohcentrations. The relaxing effect was exaggerated

~N T~

.by pre constricting the arteries with noradrenalin This was in accordance

o

3with the results from other current investigators14

= ‘-".

In 1979 Furchgott resolved the confusion concerning the effects of

acetyl choline on vascular tone " He showed that the endotbelial surface

h Y

mediated the relaxation phenomenom and that endothelial damage resulted in

: vas0constriction Jgen acetyl choline was - added to the perfusate15

This paper was sooh followed by a further repdrt from Furchgott where

W‘
he showed graded loss of the - relaxation property to - aCetyl choline with

f_lncreasing endothelial cell damage as assessed by electron microscopy

Y

-'njsegments or- strips . 'Furchgott also observed that 1n 'isolated;"_

' rabbit aortic strips the predominant effect of acetyl choline in his:

2l

~acetyl-choline on vascular arteries, observed an ambiguous response in his'.

experiments. - However, he Ffelt " that tthe’ most - ’common' reaction’ 'to'

.

: studies of Jortic strips Unrubbed preparations giving 80 100% relaxation '



‘of moderate tone retained 60 75% of endothelial cells by the end of the

uexperiment Complete loss of relaxation was associated with virtually 100%

-
<

'A»,loss of endgihelial cells 16

lt'_;emained for‘ De‘fheyl andh'Vanhoﬁttevfin- 1982>-to- show ‘thatd in
conparisonntp’the:case in veins endothelium dependent inhibitory responses':
-to.acetyl:choline; adenos1ne\triphosphate thrombin 'andnarachadonic‘acidh
jwéreblmuch _more‘vpronqunced ‘in,:atteries.'. In ‘veins,.sonlyf transient
H,endothelial dependentﬁ"felaxationst to these substances"wete' obsefve& dl

: Endothelial independent inhibitory effects of isoproterenol and adenosine

: and the excitatory effects »of“acetyl-choline and A.TJP. \were"more

pronounced‘in'veinSethan,in arteries In both arteries and veins anoxia-,“

. - :
1ncreased the contractility induced by noradrenalin and this potentiation

. '\\\yas decreased'when the endothelium was removed Furthermore, endothelial
relaxation caused by ‘acetyl-choline . was abolishedey undet .anoxic
conditionslz

4

It should be noted that hypoxic conditions will induce endothelial.-_"

dependent dilatations which are completely reversible upon’ reoxygenation of

»

C the perfusate However, the - mechanism of this dilatiow is prostacyclin!
) 'related and is inhibited by indomethacin which acetyl choline 'induced ;

.;‘dilations are not18 o ,' -8

Furchgott has also conducted experiments'on’several afteries of the

' . rabbit, the thoracxc ~aorta Jdf the rat and. guinea pig, and a variety of

.arteries of the dog and gat | In all the above arteries whichowere tested

‘with- acetyl choline relaxation was:governed by the presence of intact
g : . v . ‘

- endothelial cells



II Recent Discoveries Concerning .
’EndotheliumADegendegt}gelanation“7

v

AQETYLCHOLINE AS AN AGENT OF ENDOTHELIUM DEPENDENT RELAXATION

In 1979 R Furchgott discovered thaé relaxation of strips of rabbit

_ aorta by acetylcholine was determlned by the presence of endothelial cells

Previous in vitro experiments showing either contraction or'. relaxation of ,

-v the complete loss of the endothelium by either mechanlcal rubbing or by a v_”

x"

‘gartefies to exogenOUS ace ylcholine probably resulted from rubbing of ' the

4

‘gintimal surface of the vessell‘. Using scanning electron mlcroscopy and an

X

.en - face silver staining method for light microscopy Furchgott demonstrated

»

.bcollagenase treatment Rings of rabbit aorta which demonstrated good

©

4 relaxation " to acetylchollne were seen to have, at least 70-80%, of the

-endothelial surface undamaged on histologlcal examination16

Acetylcholine was subsequently shown to have ‘a relaxing effect on -

: 20 . '
pre contracted arteries of canine renal vessels‘ - canine pulmonary-‘

16,23,

' 21 22 :
~vessels o canine'coronary’arteries"h and rat aortic strrps ST "Other

species studied“are: the . canine pulmonary, saphenous femoral and spleenic“

_ 17 . : o
arteries as well as veins s rabbit superior mesenteric, pulmonary,‘and ear

arteries as well as thoracic arteries guinea pig thoracic aorta cat

K3

thoracichﬂan 'abdominal' aorta, - cat . cerebralzh superlor' mesenteric,

pulmonary and ekternal iliac arterieslﬁ; ‘The relaxation‘occurs by the

" activation of muscarinic'inreceptors onv the endothelial »dell ,by,

""aCetylcholine . This was. shown in the rabbit aorta by the high ;

16 17,24,26

potency'vof atropine \as a. blocking agent as well as by the relative
Y . .

’totencies of the muscarinic agonists (acetylcholine > methachollne ;>

- carbachol) . Atropine has b’own subsequently to block relaxatlon by’ :

a



N

.7" 24 25'27 | .

‘acetylcholine in a variety of tissues™ Higher concentrations

,of acetylcholine ‘ean elicit contractions acting directly via muscarinicﬂ
16,26,27, o

g

~receptors on Smooth muscle cells

" In some arterdes at very high concentratious of acetylcholine' (>0 1mmole)~

noradrenaline is released from adrenergic nerve terminals stimulated by
'.nicotinic receptors for acetylcholine30.'_ Different species ’may be.

- subserved. by different muscarinic receptors as in the isolated canine;;

’femoral artery25 2§ ,'and isolated rabbit thoracic aorta25 29

et

’ are mediated. by a low affinity' muscarinic receptor However in intact
canine femoral arteries with intra 1uminal perfusion 'acetylcholine binds

to both high and 1ow affinity muscarinic receptorsz6. Experiments in_

N

,‘-re51stance vessels (rabbit ear artery or. rat mesenteric bed) indicate that'

acetylcholine will provoke proportionatly greater relaxations the smallerf;

the vessel caliber~1 32 ';:'; R | ;/h ;.' eflif' . ’
“The - presence .of the endothelium can modulate the baSal"tonei‘of

kN

'arterialﬂpreparations Studies with tha effluent from rabbit aortas33'or
canine femoral arteries34 will relax bioassay deendothelialized coronary
arteries Vasodilation can be induced by flow increments through arteries~

vin situ35 36'br in /vitro37a” It is ‘known that hemodynamic stress wlllp

of prostacyclin (a prostaglandin vasodilator) from

0

but the vasodilation accompanying perfusion studihs of

increase productior
endothelial'cells38

‘;'arteries is- not prevented by inhibition of . prostacyclin sy’nthesis37

A

"Furthermore endot elial removal will abolish the vasodilation in arteries ?

due to fluid str 553/: . e 'g,’-f'. D

[

tendothelial cell;

. relaxations S

selective alpha'z agonists have 5.to 7 fold enhancement_»a



- - Lo -
: Coe. A '_

| agonists are increased 2 fold after endothelagl denudatfggg nartin has:-
also shown that smooth muscle cells Qf rat aorta are under the spontaneous‘
tonic influenoe of an endothelial dependent relaxation factor preventingf
;contract@ ‘of* the vessel wall e
'f Intraluminal hypoxia also will stimulate endothelial cells ‘to secrete-‘
-l;bOth PGI2 and endothelial dependent relaxation factor (E D R F ) This‘
"'might. provide endothelial cells a- 1oca1 mechanisnl of increa51ng oxygenﬁ_l
:‘delivery in hypoxic situations. | ”
h ‘va the En thelium ah,.; : ll» :jfv.. ;Qilf A:' gli
Itjhas been shown that gentle rubbing of . the intimal surface of blood
. Lvessels cut into rings will remove +all of the endothelial cells ' This,’
method will not affect the sen51t1v1ty of endothelial independent relaxants ;
“ such as glyceryl tr nitrate sodium nitritedasodium azide adeﬁylic aeid _i»,

- . . 5. .
'isoproterenol and near U V ' irradiationzg. The contractilﬁty of the~'

. lpreparation is augmented‘ after endothelial removal19 39, 41 .¥: A second'y

D

'imethod 'for removalv of the endothelial cells from preparations is',by"‘

o preincubating the intimal surface with. a collagenase This method, alsolf
}will not interfere with contraction.sensitivity or the relaxation effect of
-endothelial independent agentsls.: Other reported methods for endothelial

removal with in vivo preparations is by fogarty endarte?ettomy or by a Si

h minute perfusion with a high K buffer (40 mMole. ) . All methods cause_»”

‘the complete loss of the endothelial cell layer as visualized by an en- face‘:l
'vsilver staining technique 29 33 S Visualization by scanning electron
:lmicroscopy in systemic blood vessels will - also aceurately demonstrate the'

presence or- absence of the endothelial cell 1ayer42; Mechanical removal of _"

the endothelium will trigger an. immediate and sustained mobilization of“.

' arachadonic acid which is converted transiently by the subendothelium to

oA . . . PR



e

J.’ "*‘-‘ .‘ ' o ‘ _ Saenn T ‘ , _
prostacyclin This effect lasts only 2 hours after which self inacti@ation _:‘
of«_xclooxygenase occurs with a resultant fall in PGI2 levels 43

Demonstration of the release of E,D,R,E

s

In cultured endothelial cells of the rabbit 8orta acetylcholine has
been shown to-cause hyperpolarization and to augment the levels of cyclicl

nucleotides - This indicates that a transmitter is released ar - there is .

: cell to cell conduction to inhibit ‘«the - contractility of the. intimallA :

1%

‘structures in the vessel wall ' Furthermore the effect of acetylcholine.

: or it s mediators is not- simply hyperpolarization of ‘cell membranes because.'

ouabaln or. potassium free solutions partially inhibit relaxation but'

:completely pre\}nt hyperpolarization Thus), despite the inactivation‘of'

the Na /K pump in vascular 'smooth muscle fthe endothelial dependent

relaxation factor (E. D R F ) still can induce relaxation45

It ‘has been shown that endothelial cells when exposed to acetyloholine

‘ w111 releaSe a diffuseable substance— that will- relax deendothelialized s

blood vessels This was done with "sandw1ch" or layered preparations'éhere
a transverse strip freed of endothelial cells was tested with it's intimal
side facing a\fimilar strip of blood vessel with endothelium present ‘on

it s'igtimal surface The deendothelialized preparation will ‘then regain

it's" ability to relax when. acetylcholine— is-* added : to -the
16, 46 47,

‘preparation o o B o AR " =

1

Further evidense for the release of a relaxing factor comes from’iv

super perfusion studies where the perfusate first passes through a strip of
t

blood vessel with endothelium ‘and then runs' downstream to a

deendothelialized preparation The deendothelialized preparation relaxes

i when ‘the ,perfusate has’ first- contacted .the  blood vessel containing



C

p .

= 58 ,
R : ‘ ' e T
'endothelium It does not reléx when(jhe direction of the perfusate rs
33,48,49, 7 T R
reversed : _ : PRI . A : :
N oo ~ - . A

When cultured porcine endothelial cells are: incubated with cultured_-

porcine smooth muscle cells a rise in cyclic GMP is found in response to
exposure by both A. T P or. methacholine._‘ These two agents are both:H
endothelial dependent vasodilators This rise in cyclic GMP has been shown>

‘to be the final common pathway for smooth muscle relaxation by endothelial‘

dependent and independent relaxing factors Furthermore' thlS rise in.
A

cycliq GMP is blocked by E T.Y.A. (5,8, 11 14 eicosatetreyn01c acid) which

is a cyclooxygqhage and linoxygenase inhibitor these are the main pathways

»

~ for arachadonic acid metabolismsoa‘ . j) i’ _‘ A

Cocks- has also demonstrated that cultured bovine endothelial cells

1
2

seeded onto endothelium denuded rings of canin3 coronary bartery will;

produce relaxation to bradyklnin and A23187 (a calcium ionophore) . The

production of prostacyclin by these cells .was blocked by a cyclooxygenase'

inhibitor wh?le this_relaxation occured Although;bradykinin and A23187,,

are.both endothelial'dependent.relaxants, acetylcholine andvsubstance”P'J'
: . s c o

“could not induce these relax‘at_ions51

ect of Cont n

Most preparationsi have used noradrenalin as 'a 'contracting agent

' against which acetylcholine will induce relaxation Ln the rabbit aorta at ,

Y
-

approximatly 25-50% of maximal contraction by noradrenalin acetylcholine
at l uM. will produce 90-100% relaxation in unrubbed preparations 1f the3l
strip of aorta is fully contracted by noq‘drenalin (30 pM with_rabbit
aorta) acetylcholine will usually produce about 30% relaxationz‘7 |

The sensitivicy ‘of manyv‘other arteries, (rabbit .celiac superior‘.

"

o mesenteric, ear, and renal arteries, cat thoracic and abdominal ?rsa




L b :

superior mesenteric renal, pulmonarygyand external iliac arterie: ;'and dog
femoral superior mesenteric' inferipr mesenteric, celiac renal ' ulmonary-

circumflex and. left anterior descending coronary artery) ‘to the inhibitory

* effec,t; of acetylcholine is’equal or greater than the rabbit brta[n.

StudieS'.have demonstrated that cultured endothelial cells can- evoke
AL

‘ <
relaxations tg contracted Qstrips of rabbit - aorta 'The relaxation was -

-

initiated by A23187 with a cyclooxygenase inhibitor in the bath ; e

> ﬁ%‘. Further studies have shown that acetylcholine will produce endothelium

3
BN

dependent 'relaxation in human splanchnic pulmonary,' cerebral and

. v .
periperal arteries53 Garry has demonstrated that acetylcholine will relax
normal coronary vessels in vivo but will constrict the coronary vessels of

v.patients with a stenosis All vessels” relaxed normally to nitroglycerinjV

~ which demonstrated that the relaxing ability of the vessel . was not g

destroyed by the process causing the stenosissa. This study indicates that'

‘disea e roc es. can affect the - endothelial cells abilit to allow- '
5 P %55 Yy o

relaxation to Ysceur . -

-

Agents other than noradrenalin which have’ been used for contractipn of<

.aortic strips are: the use of a high K buffer (18 24 mM. ) , any alpha 1'

l]or alpha 2 agonist39, or P. G.F. zass.‘ It has also been shown that removal

of the endothelium \\ll enhance contractility to alpha agonists (alpha 2

[ _
~more so than alpha l)hl 39, Furthermore using in vivo preparations ef//

rabbits follow1ng endothelial denudation intimal hyperplasia occurs and 2l

- by day IA there is a 2 6 fold increase in the affinity of alpha 1 receptora o
. & Ty
36 : : '

with no change in receptor density



K'E D. R F has been found to bind extensively to albumin

- i1 »

‘To’ date ‘the exact nature of the E D~R F is stitl not known however :

il .
\\\i:veral of it s characteristics have been determined

l )_Half-life: The half- life of the relaxing factor is fairly short

it ranges between 6- 80 seconds depending on the species studied33/A8 49,
L] 33 -

"1Sn) Path of formation for E.D. R F S T )

.19&9 Furchgott demonstrated that E./D.R.F. " was not formed by the '

enzyme cyclooxygenase because 1nhib1tors of that enzymtijgndomethac1n AO
Y

M. or‘_aspirin 100‘_pM.) "did not..prevent acetyehioline induced

* E — e

'relaxation516; He'postulated that E.B-R.F. was liberated by the activation

of muscarinic receptors by acety&choline which’ 1nitiated a reaction in the-
. S Z :
endothelial cell using arachadonic acid or some .other unsaturated'?htty]’

'facidm Furchgott arrived at this conclusion because E. T Y.A. (5,8; ll,

14 -elcosatetraynoic acid) a lipoxygenase and cyclooxygenase inhibitor would

. block the relaxations of acetylcholine16

‘, is limited to the endothelial 1ayer

2

_prostaglandin synthesis from arachadonic acid in endothelial cells

volver o donic Acid _ . ©

(fékogenous~ ‘arachadonic ;acid' will : evoke endothelial “de endent

relaxations when cyclooxygenase is blocked57 58 59 ' Furthermore

i the

'lipoxygenase pathway is. formative in the synthesis of E.D. R F., studies

-have shown that most of the lipoxygenase act1v1ty in vascular smooth muscle

58 -

S ; _ by o -.
Prostacyclin (PGI ), a known 'vasodilator is the main product of
58,60,v

However despite the potentia for vasodilation by—?GI .the predominate

agent causing vasodilation from endothelial cells in canine ring arterial».

[ 3



P eparations'is not prostacyclins&; Furthermore this vasodilation can be

"@hegaddition of a%etylcholine

channels governing the activity of phospbolipase A

.bIOCked'by E.T.Y.A. (a lipoxygenase and cyclooxygenase inhibitor) “and by
o N.D.G.A; (nordihydroguairaretic acid) which is .a lipoxygenase inhibitorsa.'

Thus this study strongly suggests a role fﬁf lipoxygenase in the formation

of E.D.R.F. 16 - Inhibitors of phospholipase A2 (the calcium sensiti/e

gienzyme that liberates arachadonic ac1d from membrane phospholipids) will

LN

"prevent endothelial dependent relaxations from oocuring after - acetylcholine

. L3

i : ' :
is- added “to ' the | preparation Quinacrine (Mepacrine) a reported

pnsspholipase Aé inhibiton6¥ w111 prevent acetylcholine induced relaxations<'

- .,

in-rabbit'aorta There is no difference if it is added prior to or after
16 62,

- >
I? rat aortas relaxation by acetylcholine or: histdmine was only
. :

_b‘partially reversed by quinacrine Howeverf the final endpoint by all

endothelial dependent and independent relaxants of an elevated cyclic GMP

t

'level in the tissue Was prevented by quinacrine63. In bioassay experiments'

" on rabbit aortas, quinacrine irreversibly inhibited acetylcholine induced'

33

relaxations’ However the other possible sites " of quinacrine

",inactivationare the endothelial cell muscarinic receptor or the calcium

62
2

“B.P.B. v(a-pLDibromoacetophenone) ‘is  another phospholipase A

e

inhibittor64 and a potent inhibitor of acetylcholine induced relaxations in

——

,‘arteries of rats, dogs, cats rabbits and-humans Unfortunatly, it also‘

) causes some endothelial. cell desquamation which interferes with the

usefulness of this drug as an inhibitor ?. Melliten |is a bee. venom .

.pglypeptide which activates' phospholipase‘_AZ‘ on cell ,surfaces‘hto form

rachadonic acid and other unSaturated,fatty acids. Melliten when added to
v P g . ;

unrubbed préparations'will.induce endothelial dependen;‘relaxations sf‘ilar
. S v # . . s o : S

,/ , .4_"

/ : . 2 ‘-'



l'to)ac tylcholine1 Furthermore the relaxations are inhibrted by B P. B

; mepacrine and by lipoxygenase inhibitors but - not by cyclooxygenase

'inhibitors, However, exogenou§ phospholipase A2 1s ineffective in induc1ng 'p

“
- .

i( relaxations65. Glucocorticoids which are reported to induce an lnhlbltorx:-.

"to phospholipase A266 do not pr;bent acetylcholine induced relaxations in -

—

50
rat aorta after pretreatment foroseven days with, dexamethasone

Other known inducers of E.D. R F. which are not inhibited by mepacrine Qéﬁf

. are.A.T P. bradykinin or A23187 in rabbit aorta62 or A:T.P. or thrombin

TS

LIE yggnase E ;ln_« !

\

| experiments with known endproducts of the’ ‘lipoxygenase pathway

thromboxane.Az,’or it can be metabolized through the lipoxygenaSe pathwayéO

'demonstrated inconclusive results as’ regards their relaxing abilities

‘labile 15- hydroperoxy intermediates (15 -HPETE) - have some relaxing eff@cts

An canine femoral arteries67. This _may 1ndicate that there are several

E. D R F. molecules or that multiple pathways for lt ] formation exist

Endothelial cells can metabolize arachaddnic acid4through either the

A cycloexygenase pathway leading to formation of’ PGE PGI PG o PGDZ’ and -

2 7

which is localized to the intimal 1ayer of -the artery _. Unfortunately

« ) 2

on blood vessels 8 but the stabile 12- and 15 HETE do. not68 Furthermore,

1

inhibitors of the sulfidopeptide leukotrienes (LTC LTDa, LTEA,)fdo.not

alter’ ecetylcholine induced relaxations in rabbit aorta69
L

:Ihe unsaturated fatty acids oleic elaidiC' cis- vaccenic and

eis & 7 10,13 26 19- dot@sohex&eaoicfacid will produce endothelial dependent

: The relaxations are not
:.-’;,\ ; : . ‘ o

"inhibited “by cyclooxygenase idﬁ;ﬂiﬂ'rq ‘However it is sw gested that these

L



f\;;ﬂ R ..;h,?r_ . d'i"f,i_ T g

membranes by 1ncreasing membrane fluidity rather than promuting a pathway

like\that of arachadonic acid it has beeri shown that ther membrane':
%) .
A stabilizing agent AZC can produce endothelial dependent relaxations in"

*

, rabbit aorta sand canine superior mesenteric ‘arteries. .These 'relaxations'.

are not inhibited by cyclooxygenase inhib.itorssg.'
Oxidation State of EDRF R . »’

!

e

M

It had earlier been ‘noted” that complete anoxia could inhibit: the’

‘relaxation induced by acetylcholinelﬂ,..’ Furthermore several anti oxidants

. : .
and non- spec1fic radical scavengers could inhibit the acetylcholine induced
relaxation 3>68 . Catecholamines also possess anti- oxidant properties andb

~ .
can inactivate the relaxing factor. in trans:l.tl‘9 It has also been shown in -

70,

vascular .rings pof” rabbit aorta ' d canine femoral arteriesn,_—eb?t oxygen

~_derived freé: radicals are not - e E D. R F. 'Since scavenger_s of  these

prevent relaxation: However oxidized free radicals can

ease of an E.I_).R.f. and affect it s actions on smooth
. s - J
superoxide anions c§n accelerate the destruction of

Y

Do A ° v
. MQF.”? and depress acetylcholine mduced relaxations 72..' From,v these
'/j\lstudies‘ it is concluded that the E D.R. F is probably an oxi'dized‘

¢ -

substance depending ‘on it s oxidized state for it's activity73; ' .' v

- Epoxygenase Pathwa for Fo ation 0 D F

It was known si‘nce 1981 that arachadonic“acid could also be processed_

B > a

through an epoxygenase pathway which ”is dependent on cytochrome PQS'O"":'
monooxygenase60 74, . Inhibitors of the ‘abave enzyme like SKF 525A and,
P '

metyrapone - will antagoniﬂze -the_ : endothelial dependent relaxations of .
-acetylcholine in.ghe' rabbit ao ita70 but\not :Lt\the rat aorta75. E T. Y_.A.
has also ‘been shown to iphibit arachadonic acid metabolism by the :

‘cytochrome Paso pathway 1in rat r'enal cor.tex76; -and N.D..‘G'.‘A. will"block

.
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e

.receptor linkbd tQ these channels79

preparations 79, :However arterlal preparationsghith A23187 will not be~

~..on Ca coupling which would explain it s ineffectiveness w1th A23187

“vu’v"microsomal PASO pathways ?. Thus it is possible that E D R. F 1s formed by--”

the ep:xygenase pathway and this is the 51te oﬁ 1nh1b1ton for E. D R. F. by_:i

E.T. YA\ and: N D.G. A. 73’ = R S S

However SKF- 525A and metyrapone have been shown to prevent activation .

N

v'of relaxation by calcium 1onophores. 3 It i p0551b1e theya,inhibith

relaxation by coupling to catt channels g'or;by;affecting_the_cholinergi03 o

3 A \_.A.‘,. _:- “ -

the formatonhof ED&F'

It has been known 51nce 1980 that the Ca '1onophore A23187 would_r

AN _ R

‘_ﬂelic;t an endothelium dependent relaxation of arterial preparations which :

R

et R

: Was even morer potent .than' that ‘of acetylcholine 4 Furthermore this

I

:relaxation like that of acetylcholine was - 1nh1b1ted by anox1a E.T.Y.Al;

N D G A ; nd B P B. r Bioassay eggwriments w1th A23187 in"»sandwhich

)

preparations p.would.k e1i01t - relaxation Ql from . deendotheliallzed l

N 4

prevented from relaxrng 1f quinacrine 1s added to the medluma?._‘ This

action of quinacrinexmight be explalned as 1nterference with jonic fluxes e

,_/qq

++ . .
It has been known -that membrane -Ca ”‘vchannels are ‘somehow _11nked to

. 'ﬁ

. : 80 " o . .
muscarinic receptors in vmost' cells 0;< Furthermore it 1s known that

phospholipase A2 (the enzyme that liberates arachadonlc acid from membrane'

phospholipids) is calcium dependent61

47

. ++ i S
;- On the bas&a of the above results ‘it was postulated that Ca ' acts a-

a regulator Qor the production or the release of E.D.R. F _ It was thought
; that A3218%\might act: as -an 1onophore to tranggort Ca++ across ‘the cell‘

membrane and acetylcholine might open a Ca++:channel'through'activation of

73
‘a. muscarinic receptor =
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‘Preparations with )Ca e ellminated from the medium' demonstrated

binhibition of cboline induced relaxation by‘ 67% and A23l87 induced i
1re1axation of 92%. Furthermore verapamil and nifedepine (calcium channelf-”
blockers forismooth muscle ) reduced methacholine and A23187 relaxation bye
‘ about AO%.' This flnding is’ unexpected since Ca++ blockers should not

1nh1bit Ca membrane fluxes in the presence of ionophores ‘ It‘is'as yeth

not fully explained79 ' o ?,h‘ T llff

'» Azents Other Than Acetylcholine or A23187 Inducinz the Release oﬁ E,Q;&1?;:

l)A'l’.‘P andADP ‘g‘?
ArTﬁP)"and A D P w1ll exert most of their relaxing effect on |

‘arteries’from rabbits dogs and pigs by the release of an E. D R. F from“
: - 28,67,82, , : - “ and

: endothelial cells . 4In the- dog and the rabbit A.M.P, and

adenosine will 1nduce endothelial independent relaxations while in ‘the pig;

the relaxations by\A M P, and adenosine were endothelial dependent but 120

‘times less so than A T.P. or A-D P 28; The effect of A T.P. and A:D. P on ,

¥

" the smooth muscle cell. may- be a direct action through it s metabolites

" A. M P. and adenosine whereas it still has;a;more powerful effect via»the‘

endothelial cell
v; Ce Inhibitors of A. T P. Induced Relaxation

a) Cyclooxygenase inhibitors do rnot prevent A T. P induced'relaXation
67

in. the rabbit47 -or the dog femoral artery

b) EuT:Y.A (cyclo and lipoxygenase inhibitor) will partially prevent;

I}

‘A.T.P. induéed relaxation in ‘the rabbit aorta47,_butwdovnot prevent such,

rélakation,in'the,dog_femoral‘arterys?.

Y

c)'Lanthanum (an'agent that blocks,trans-membrane calcium'movement83) ‘l

'

blocks, 86Rb efflux in cultured porcine aortic endothelial cells when
\4 :
bradykinin and A.T.P. werevadded4to the medium "It has previously been

+
[N
v

)
.



. Shown 'that f86Rb efflux (an 1nd1cator of K transport) from pre loadedf'

smooch muscle cells was: increased by relaxing agentssaa

: It has been~.shown _that--A T. P., bradykinin ' A23187 '(aii-“kno&nf'
l ' ' 86

endothelial dependent relaxants) 1ncreased the rate of Rb efflux from'fhl'

' cultured endothelial cells while acetylcholine or carbachol did not28

86

' A23187 ‘was the most powerful stimulus. for Rb efflux from. cultured i
‘endothelial cellszs.i It is suggested indirectly from these observations'f
that A T P. D:Ph, A23187 .and bradykinin may activate E D.R.F. by a

S calcium sensitive channel while acetylcholine acts by a different pathway>

or by releasing another E.D. R.F. 28 ﬂ B

2) Bradykinin

-IN 1981 the relaxatant effect of bradykinin on- the canine superlor-;'

-mesenteric arterv was~reported8 _ This ‘'was- soon fol

5_: by reports that_s~
bradykinin induced endothelial dependent relaxations in pig arterieszéi.and

a wide variety of canine arterles These relaxations were not preVented by""

cyclooxygenase inhibitors but were blocked by inhibitors 51m11ar to thosev g

blocking acetylcholine induced relaxations86._ In man (mesenteric and

ovarian vessels) bradykinin will ellicit endothelial dependent vasodllationl

L
’

“with cyclooxygenase inhibitors present47 ' However ;in .the: supeior
) mesenteric or. celiac arteries of the rabbit and cat bradykinin”relaxes the
lartery by formation of PGIZ; probably through the smooth muscle 7.‘ This
difference in relaxation via the prostaglandin pafhway may be species

related47 _ ¢



: from platelets and may also induce endothelial dependent relaxations

3) Thrombin

Thrombin has been known since 1978 to’ release PG12 from cultured
'iendothelial ce11587.p5 Thus " in 1982 it was no surprise: that thrombin
,generated relaxations in canine arterial rings . However the relaxations{

fwere predominatly generated by E. D.R.F. because they were fully present'
\ tw1th cyclooxygenase inhibitors added to the preparation 72.
The relaxation by thrombin is counteracted by a direct contractiled

action on smooth musc1e6?; The binding of thrombin to endothelial cells is

o -
‘prevented by-heparinag and heparin will prevent the relaxation response by
,thrombin73. L'- ‘ ;_7_ B . v--‘ e N S
4) Products of Platelet Aggregation and Serotonin

Experiments with precontracted canine coronary rings and platelets

Sy

.revealed that. in endothelial intact strips platelet aggregations)induce a N

-relaxation that is not cyclooxygenase dependent Im endothelial denuded
fstrips the response of the tissue is a further contractionegf " On of the"f
mediators released by platelets which can - cause - ‘this  rela tion‘ is

"f;Serotonin. However antagonists of serotonin fail ‘to. completely inhibit the :

2 -

relaxationgg. Serotonin induces relaxation by a S1 receptor which is
llblocked by the S2 and S1 antagonist methiopthepin but not - seIective S
: antagonistsgoh Furthermore it is known that A.T. P and A D-P are released'

28,82,

'Apyrase an enzyme ‘that . hydrolyzes A. T P and A D.P. to A. M Pr greatly

_’attenuates the relaxation—induced by platelets Therefore the consensus”
i o

'of opinion is that the predominant platelet agent causing relthﬁ’u

A T.P. A,D.Pl, or thrombingo.- ,i,v"" - .i?’ e



5) Histamine

In 1983 it was . shown that rat thorac1c aorta would demonstrate

" ‘endothelial : dependent' relaxation- to: histamine Release of E:D.R. F. by

histamine’ was’ confirmed by sandwich preparations ”'Histaminez in the rat
) model demonstrated inhibition by tbiej same - drUgs:.”that ’wonld 'aff#t_

, . _acetylcholine ,induced relaxation. Histamine exerts it s vasodilator effect
on endothelial 'eén;‘ via- Hl receptorsg1 | . |
6) Substance P and related peptides
g _Isglated. arter'ies ‘ff;,,(n;.mt;s, rabbits, _do.g_s,' ,a‘n~d .rcats, wi'11 . ;sho'w _'
end"otheli‘:dm“;dependent lire’lai{ati'on' to . suhstance iP ‘ (yasoa‘ctiye ) i‘\ntest‘ina’ll ‘

polypeptide and calcitonin gene related peptide23_ 92, 93 . ll-iy,steresis" or

desensitisization will occur with ‘these compounds but "fo}’lowing‘ a wash;out |
. of» the ‘prepa-ration .full =>sensitization : would» .be< restored. Furthermore

t k4

after desensitization there was no loss of spnsitivn:y to relaxation by":
- acetylcholine A23187~ _'or bradykinin.- " ThlS would indicate receptor"
desensitization.;: for substance P and related peptldesv : Inhibitors for .
'substance P allﬁave the same characteristics as for acetylcholineaz.u.
7) Vasopressin .
‘_-The effect ~on .peripheral‘.: yessels to;-.,'vaso.p_r'e'ssin" is ,,c“ontractijon;'
' _howeyer "m 'canine " cerebral yessels, | and‘_‘to“‘ a_. 'les‘ser" ektent‘-‘: in .c.o_ronary
.‘:Veségls;v yasopressin’_l ,causes "endo"thel.i‘al-’ dependent ‘- relaaation .via' V1
| :'."vrecepto"rs’ Teleologically this may favor the brain and the heart follow1ng

shock or hemorrahge by redistributing blood to central compartments from

the periphery



. ) 'l."‘.' ’ .@’ ' .
' V Inhibitors of E.D:R.F.

o Inhibitors of Formation o y ':._. . Z.;. | ff', Ah {'ki:‘:;

‘«;? ‘J" ?_ Lipoxygenase Pathway N.b.C;Ai and“ phenidone‘;are 'i}poxyéenase_::ﬁv 5
”-{gphibi¢5}§l and‘n.vill ‘ PlQCk,T.endothellal debendent .‘reiaiation: ‘to\\
' aeetylcholine;IA23187, bradykinin and A, { P. 20, 33 47 57 . BW{/}C another

R 1ip62ygenase‘_inhibitor1 -did not- prevent lthe“ relaxation*‘indueed_ by

'acetylcholipe in rabbit aorta59 Hut“did so'in rat aortaga,"

-

However _in transfer experiments it Qas been shown that N.D. G A ~and

B mphenidone possess both -anti oxidant pfopertiesi as‘ well sf being.‘
: S AT o~
non- spec1fic radical scavengers -and these agents can affect the E D R F in

: tran51t33' This might explain the faiIute of aoetylcholine._to induee

jrelaxation with anoxia47;' .

-_Furthermoreolanox1a w111 augment the contractility of’ the .vessel wall
.

--and removal of the endothelium w111 reduce this anoxic potentiation : These

iexperiments suggest that a relaaation factor genevated by the endothelimn 4
' ’ ’59 98’

.l

is’ 1nterrupted under anoxic conditionSI‘ . Hypoxia (40 to 10 mm. Hg )'
- on the other hand Wlll 1nduce dilatation by the formation of P61218 .Asﬂ»
‘fthe Km of cyclooxygenase is 1& mm. ,of Hg,vit is evident*that’under,anoXic

.h conditions the formation of PGI2 is:inhibitedlai

Stalcup'et al. in 1982 have shown that angiotensin convertlng enzyme-b

on endothelial cells is inhibited in’ a linear relationship below pOz-of '

2100 At a pO2 of 30mm Hg there was no detectable enzyme activity :Thei :'fm
'importance of this is that as ‘well as converting Angiotensin I to
vAngiotensin II it degrade? systemic bradykinin> Therefore under hypoxic -'_} i

251tuaE}ons bradykinin '.aAr vasodilator,1 and. inducer ‘of endotheliai"

¢

‘permeabilityh is. inoreased;1“:Furt§ermore when*'intraluminal; @ozf was

y,



‘underscoring cne role of the endothellum : Thus endothellum dysfunctlon f{hfl

o

»

.7
-~

: occurs_thhvpathologlc c0ndrt10ns,“and-thls,may create unusual c1rculatory

o~ v ;

-h¢q1sturbance595, _'v . R R S R

b) Llpoxygenase and Cyclooxygenase Pathway -

' E T Y. A w111 block relaxatlon by almost all 1nducers of E. D TR, F

S

lnduced relaxatlon in- the dog femoral arteryl7,bor_re1axatfon by A23187 in
47,63, | .

'relaiation 1n many canine’vessels86 and relaxatlon 1nduced by Substance P

®

' %R rabbit and cat vessels92

P

obv1ates it’ s effectiveness on phosphollpase A247

-

«formation of E D.R.F.’ in ‘the rabblt by" acetylchollne 79. However it has

. B. P B is a second 1nh1b1tor of phosphollpase A2 and;it‘will preyent‘.

. N
endothelial dependent relaxatlon in ‘arteries from dogs, cats, rabblts “and

man but it concomitantly caused endothelial desquamation whlch p0551bly

9 .
‘Epoxygenase Path from;Arachadonlc Acid

76,77,

tlssues to block the epoxygenase pathway from arachadonic acid’" SKF -

525A and metyrapone are two other epoxygenase 1nh1b1tors which w1ll prevent--

,been sugested that SKF SZSA and metyrapone canjhlso blgpk calcium channels

which would block E. D. R. F release72 The Ca'. 1onophore A23187 lS blocked

from‘ releasing E.D.R.F. ' by anoxlat_ E,T.Y.A.,~ N.D.G.A.,' and BPB 7

.-
~

Q-

_'normoxemic with extraluminal hypoxia mo, dilptlon of’ the vessel occured )

. multltude of species save - the dog pulmonary artery w1th acetylcholrneZI;vn”

’dthefzrabblt or rat aorta - qulnacrlne will prevent bradyklnln )

-

_vThe agents- N.D.G-A." and. E.T;Y.AL<.have .been }demonstratedA in ;sonef

-the’ dog femoral artery with A. I P 17 . and thromblnss e
: c) Phospholipase A2 Inhlbltors ' ':"' . ; ..; 'h,' h.‘~ J~ %::;
Quinacrlne wxll prevent endothellal dependent relaxtlon ln)all anlmals
:'tested with acetylchollnel§ 17 47,63, " Agpwever it does not prevent A.I;Rkb o

o e



AU - N

'Purthermore the calcium ~channel blockers (nifedepine and verapamil) will;“

possibly. mitigate the release of E. D R F. 79 . U

Inactlvatlon»ln-Tran51t.

N Y | ' ' :
As exple}ned above, anoxia - and agents w1th antl oridant propertles
, 4 . : g
or non- specific radlcal scavengers w111 inactivate E.D. R F. in trans;t 3
Catecholamlnes _also . possess fanti~oxidant-(properties ‘and ‘can inactivate

'E D. R F afteriit's”releasehg; Free hemoglobln can 1nagtivate E.D. R. F in_

s . .

transit;»nsince‘ hemoglobin is : a’ 1arge molecule and cah not pass cell
: membranes Bt must 1nteract w1th E D. R F. 1n. Ltfs passage through fthe‘
: 59» : '

extracellular space . ~From the above observations it is sUggested that

“E.D. R*g is probably derived from arachadontﬁ acid and that there is
P A

lnvolvement of the llpoxygenase pathway ‘Ca++ is‘lmportant perhaps in -

t

actlvating or accentuatlng a cell receptor or an enzymatlc process in the

_ formatlon of Efﬁ R. F.. The formatlon of E. D R. F -may be thr?ughwseveral
: v $E ‘

' : w8 ;
_‘pathways or alternatively there may be several E.D.REF.‘(molecules.

'(Prostacyclin is, ‘in effeCt,.an auxillary,EvD.R.F.). However‘ the E.D.R.F.
found- is probably an- oxidlzed molecule whlch depends on it’ s oxidized state
- 73 S

»for itls, blologlcal activ1ty .? ‘ N

'Inactivation at the Level of the Smooth Muscle

e

The relaxatlon induced by acetylcholine bradykinln and’ A23187 fs
. _
assoc1ated w1th eleva ed levels of cycllc GMP in the smooth muscle cells of

i the arteries of rabbits, rats,rbov;ne coronary arteries; and canine femoral
' - 59,80,96, ’ ‘ '

arteries™ " r. -Furthermore when co-cultured, endothelial -.cells and

. smooth muscle cells are exposed to methachollne eleVated“levels(pf cyclic

v,

'GMP dare found 1n the smooth muscle cells

v

The endothellal 1ndependent vasodllators NaNO2 glycerol trinltrate}

“and nitroprusside willv also cause elevatlons of‘_cyclic' GMP in muscle



(S ‘- Loete ¢

" concomitant 'with'(relaxation' of the arter§97b‘ When endothellal denuded
' - - A ¢

e

‘préﬁar tions are hsed‘ the relaxation and accumulatlon of cycllc GMP wa%:

prevente when acetylchollne was added to the bath However
\ L] T "‘,"z~ o ;
nitroprus ide was able to relax deendothellallzed preparatlons and 1n thkse

.preparatlons examlnation of the muscle cells revealed high levels of cyclrch

.,GMP7S.‘ Furthermore methylene blue is a known:cycllc GMP 1nhib1tor for

'NaNOZ, glycerol trinltrate and sodlum nltropru551de97._ It has also been“?h:?

* shown :to ,grevent endothellal _dependent-_relaxatlon”:and cyolic- GMP
accumulation in -bovine-'coronary arteties?s. ' Inhibitors ‘of cycllé GMP
phosphodiesterase (M-B 22, 9&8)_ will ”augment. the' relaxatlon -seeﬁ wmfh

, acetylchollne and also lncreases the levels of smooth muscle cycllc GMP96
- . . \ 3
Thus the E.D.R.F. and endothellal 1ndependent vasodllators most llkely_

e -

have a similar endpo1nt to create a rise in the -smooth muscle cyclic GMP-

level. The elevated cyclic GMP probably then activates a proteln kinase to.

ta al ered protein phosphorylation and dephosphorylatlon of the my051n‘

light chain and thereby relax the . artery97
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3 g

The contraction of vascular smooth_muscle cells depends on an increase_

: : -
in cytoplasmic concentrations of Ca .- At rest. the intracellular Ca

3 : ;
concentration is less than-lO * M., while- the extracellular concentration

L) -3 )

of"Cal ' is_aboutHIJS'x.lO M.. To initiate contraction of smooth muscle

N . . ks

,?cells'the'intracellular codéentration of Ca++ rises by a factor of 100,

g -
Thms lS caused by an opening b Ca channels in the plasma membrane of the‘
s ‘
oell Smooth musc}e{depends largely on external sources of calcium for

B - T -

; . ‘1-0
thls internal incre

I”Caf+.A In skeletal muscle the Ca f is largely

- v 0 - -
.‘\recycleﬂ between the sarcoplasglc reticulum and the cytoplasmlo . However;_ .

@x

' there are several 51tes of calcium storage -in smooth musvle"cells;

o )
Mltochondria are known to store Ca ', but studies by Somlyo et al.- have

++ ' :
-revealed that the«Ca content of mitochondria in smooth muscle cells ‘is

" low. Somlyo has shown that in active. smooth muscle cells mitochondria play,_

A G om e ¥
LA

little role 1in the nrise “of intracellular~'calcium. associated with

;A

"-contractionlOl;' Fufthermore Somlyo et al " have described in smooth muscle;

¥

I

W

‘released .by ‘agonists: acting on thé plasma .membrane to initiate S
’ ' o N

5o

[ . ,——_

cells close connections between the sarcoplasmic reticulum and the plasma

membrane?oz. It i' thought that calcium in the sarcoplasmic reticulum is“'

B B ' .

’ SN A
degranulation of ‘the sarcoplasmic reticulum and thus induce a contraction'

+102 ' E

through the increased intracytoplasmip Ca .

"-1"

Another source of calcium present in the cell is thht which is bound

_ to contractile proteins and other calsium\binding proteinS : This calcium.

w1ll exchange rapidly w1th external Ca*+ during,potaSSium induced smooth'
' 100 | | |

i

-muscle cogtractions . T o



T

. ( In L979 Bolton proposed that there were two mechanisms of increa51ng
k'myoplasmie calcium to cause a contraction The influx of extracellular
'C§f+ could arise from two sorts of plasma membrane receptors The first is

called a ~potentia1 -operated channel and' is opened by membrane

depolarization The second is linked to spec1f1c receptors and is called a -

’r

v . .
103

S

'receptor operated channel :L The opening'ofvreceptor,operatedachannels

f pharma

would »'be 'called*

-mechanical 'coupling"_as ‘opposed to

" 25,

electro mechan1ca1 coupling for membrane depolarization ‘ Furthermore 'the )

N ' v

receptor operated channels would release intracellular calcxum from the"

sarcoplasmic reticulum which’ would be’ refilled by absorbing Ca++ from
’ extracellular storess"i is suggested that the lnltlal vphase of . -a

noradrenalin contraction is caused by the receptor operated channel with
<

A : e -
. the ensu1ng maintained contraction due to the release of Ca - from the

100

sarcoplasmic reticulum The rise in m oplasmic ca then all four
reoprasn wram H

~

calcium molecules to bind to a protein called calmodulin which then binds

)

to a myosin.light chain kinase. This~Caf14-calmodulin myosinplightichain'

o,

kinase COmplex then acts on’ the .light heads of myosin molecules to

phosphorylate them }t is only in this form ‘that the my051n heﬁﬁs can

,w%nteract withvactin., Thus the thick fllament binds to the thin fllam/pt in

v e
~

Y the contraction 'process Termination " of: contraction , occurs . with

' dephosphorylation of the myosin light chain by a myosin light chain

phophorylase aft§§%Ca has been removed from the contractile filamentsloa.’

The | primary difference between smooth and striated muscle in the -

LR

process of contraction is the lack of . troponin on the actin filament of

'smooth muscle _.Thev troponin of skeletal muscle ‘will bind the ca'™”

"calmodulin complex and then switch on. a region of the thin filament to

‘ allow actin to bind to ‘phosphorylated myosin heads In smooth musclepthere

s
. PR ;4
P SO ’

cw



(Ff?) . . , : .
1sUﬁb toponin to regulate the activation of actin by calcium in sm oth
T uscle contractionld,. < : : _ L '

L
re are a number of hypothesis[forythe~contrql7offsmoot muscle
) . . Lo . . . - . "
contraction:

Kt '

‘1) Experiments have shown .that phosphorylation of myosin light chain"

kinase by a cycllc AMP dependent ‘kinase will decrease it s affinity for

' blnding to the Ca 4~calmodulin complex It has been suggested that Beta

receptor activation might lead to increased levels of cyclic AMP which

' would then mitigate the contractiow processlos. v

e

2) There have also been reports of an actin 11nked pro@m ‘called -’

_leiotonin which function like troponin to .act 1ike an on- off switchl 6 A

107

second troponin like molecule has also been 1solated . A fuither

- p0551ble‘Caﬁ§ binding Slte for sensxtlve control of contraction ‘is the
5 17 ' * X .
‘my051n light chaln itself

‘s
3

. X

. . L4
e ,discovered -a large prOtein called‘ caldesmon which interacts with

tropomyOSid bound actin to prevent my051n binding : Ca++A-Calmodulin
¢ oo

3) Another'possible mechanism of~Ca++_control'is pastulated by ' Sobue .. .

. -

complexes ‘'would bind to. caldesmon and then liberate actin sites for my051n"

bindlngl %. - . ' .‘»‘ o - _y f? o

/

IN 197 Murad proposed elevated levels of myoplasmic cij;}e\GMP as the
y

'signal fo muscle relaxation He noted that exogenous cyc 1c GMP or 8-

o-cyclic GMP would relax smooth muscle preparations Furthermore he
L4

3mediated by cyclic GMP accumulationloge In closely related experiments it

t on to speculate that smooth muscle relaxation by nitrous compounds was -

was‘noticed thatvphosphodiesteraseiinhibitors added to th&ﬂnedium wOuld_.

4,



shift the dose response curve for nitropru551de to the left when either‘

“ 110
gvels were examined = .

’\relaxation or cyclic GMff

°.

. By 1983 evidence forwthefrolewoffcyclic GMPf;p-rélaxation of smooth

‘muséle was overwhelmingiW ' -
R
a) Nitroprusside and other nitrate vasodilators produced t1me and dose-

»

dependent increases in cyclic GMP in smooth muscle cells . i . o

a £

}-b)tf

.~

¢ 3 . . -

: smooth fxusébi%a V

¢) Activation of cyclic ‘GMP protein kinase is observed w1th hlgh
S W,J ,

e concentrations of nitropruSSLde Lo S s L

B

d) Su@strates (proteins) for cyclic GMP dependent proteln kinase have .

Q. . :
-been observed in vascular smooth muscle o \.

e) PhosphodiesteraEE selective ' for the inhibition

iofivcyclic‘ GMP
vdrolvsis will Felax earamerd | 110 '
hydrolysis will relax coronary smooth muscle” .

’

~ Furthermore distinction shoul{wbe'made about the'effects of receptor‘
v o L+ 110-
stimulated cyclic GMP productioh which required the 1nf1ux of Ca

" This process was probabl] caused by acetylchollne actlng on smooth cells to

initiate contractions which were attenuated by c%ﬁégc GMP elevations by

;-E.D.R.F release from endothelial cellslll. o

Murad et al have also discovered that nitroprussade and endothelial

pendent vasodilators (acetylcholine histamine, A23187 A;T.P. thrombin

.

"and trypsin) will- all increase cyclic GMP levels in smooth muscle cellS'of

rat aorta They will all also increffse cyclic CMP dependent protein.kinase

¢

5 .
activity and alter the 1ncorporation of 3 P intiznumerous smooth muscle
' proteins Furthermore _ various . inhibitors

' lipoxygenase will prevent the endothelial\dependent effects from occurlng
P
Finally a smooth muscle protein identified as myosin light chain was found

L gt . . _ , ,

s . - .
F. . : . o -

'h-cyclic GMP given(\thenously would pfoduce relaxation “in

£ phosphollpase _and



to. have v'dec're'ased'azP mcorporation after either« type of vasodilator was®
givenllz.f What. is still not known is how’ the myoplasmic Ca~ is decreased
i

and whether the elevated cyc11c GMP levels act to. increase myosin light
i« ’ .
' ch§1n phosphatase or’ to dgcrease myosin Iight chain kinase

v



oyArchitecture*and'Ultrastructre of Arteries”ff S &
~”"Arterie57‘are generally subdivided 1nto either elastrc ~or muscular :
arteries Elastic arteries comprise large diameter vessels wlth both smooth S

.~,muscle cells and elastic lamina in the. medra As vessels extend peripherally
ftheir caliber diminishes and %he predominant arteries 1n the periphery arek~?
;_mdscular arteries These arteries have more smooth muscle and less elastlc
'lamina in. their media ' As one extends perlpherally along an. elastic arteryllt
-”:may change. into‘ a muscular artery ‘or, remaln elastlc as in the ‘vertebrali
.arteries ; The media of arteries decreasesbas the dlameter decreases where
Q;the media‘contains only 1- 2 Iayers of smooth muscle cells the vessels.are now, ‘
. fcalled arterioles | "
:j”blood_vessel walls areucomposed'of‘3 layers tunlca 1nt1ma tunica-media
V;.tunica'adventia' The intlma con51sts of a 51ngle layer of. endothelial.cells
' a basal lamina 80 nm. thick and a subendothelial 1ayer . B
Tunica Intima," D ‘l..‘ d ' i }" . _'-'ifu
‘The endothelium consists -of a’ 51ngle.layer oé‘squamous cells with a. .
n{thickness“of 0. 2-0. 5 um. They form a continuous layer and are’ connected to- f'>§_
_.1each other by junctional Acomplexes {‘Th junctional complexes ‘include |
fﬁoccluding junctions and gap junctions which are possible s;\ES of cell to. cell
3comunication There are pinocytic vesicles Wlthin the endothelial cell whlch : “V
- are implicated in transendothelial transport | |
The subendothelial Iayer is composed. of collagenous bundlles elastic
Ifibrils, smooth muscle cells and occa51onal fibroblasts With age this layer . éé
undergoes a progressive thickening by hyalization and fibrosis As‘vessels y'.y%ﬂ

Lo
M AN
by



30,

_become smaller to form arteries and arterioles the intima is composed of only

“endothelial cells and a basal lamina l . “:_- B

~.

‘51 Tunica Mediaz
This layer consists of smooth muscle cells; elastic 1amina;vcollagenous,

"

,fibrils and a network of elastic fibrils~ Theaonly cell presentvinmthe media

lS the smooth muscle cell

In large arteries there are 40-60 fenestrated elastic lamina and this
fnumber decreases as the vessels become more pef&pheral Smooth muscle»cells_’ |
are arraigned between the laminae in the shape of a spiral The whole.networki

v;“of structures is held together by: collagenous fibrils In muscular arteriesf-,-
.” ' : :
'gfere is a distinct internal elastic lamina between the intima and the media:
7,and an, external elastic lamina between the mediaiand the adventitia Between
fthe two lamina are several layers of elastic lamina and ‘as the vessel size
: decreases there are fewer layers of elastic laminae in the media | Smooth
vmuscle cells of muscular arteries ~rorm a spiral and -thoserdclose ’to -the.
sinternal or external*elastic laminae are attached'to these 1aminaeA _There is
"less connectiye tissue present in the media of muscular as compared to elastic
.arteriesr ‘Small arteries ‘and arterioles either lack ‘elastic 1amina or have
1ndistinct internal elastic laminai
| Tunica Adventitia.
The outermost arterial layer is’dependent on the location and type of the
g artery In the cerebral circulation an adventitia is non- existant In all
.other arteries the adventitia is composed of dense fibroelastic tissue without ‘

smooth muscle cells. In elastic arteries this layer comprises about 10% of

- the" vessel wall.f In-muscular arteries.the‘proportion of the wall consisting

"gf,the‘adventitia;can be,up to 50%. In arterioles and:venules the adyentitiaf __“

3.



e R : : :
forms a continuous narrow sleeve of collagen fibers which merge 1mpe ceptibly

:‘with‘thE'sﬁffoﬁhding connective tisSue;13}

' Ehyéidlogical Function of Normal Endotbelial Cells »
- Endothelial cells individually have a surface area of 20x50 micronlxh;
114 '

'however collectively their surface .area 18 1000 2. S Ultrastructurally{_a

there .are. two types of endothelial cells continuous_ endotheliumv‘seen' in

; elastic and muscular afteries and_veins, and fenestrated endothelium which is
A;characteristic of visceral”capillarieslls.

, Endothelial cells come in constant contact w1th the entire circulating

N\

blood volume ’ In the protection ‘of their basal surface endothelial cells = -

serve two functions

' l) a selective permeability for - molecules and a nonthrombotic covering

of the basal surface from platelets and clotting factorsllsg

: -2) synthesis of collagen fibronectin and other protelns for maintenance.

of the basal membrane as’ well as collagenase for remodelling of the basal

.vlamina . *:i; - -:- v .f'
Markers of Endothelial Cells. v
_The_Weibel.a Palade body is a’ specific organelle for endothelial cells

’however there is a variation init's frequency and ease of demonstration from

speciesrto specieaniA more universal marker is Von Willebrand factor (VIIIj
VW.)Aantigenlla,
Permeability Properties of Endothelial Cells

. There are several studies which support the ex15tence of' 2 types of

’

. lipophylic pores- from the luminal ‘to -adluminal surface of endothelial ‘

N\

-115

ﬁcells . The smaller Jbut, more . ubiquitous pore measures’ 60 90 A° in diameter»’

.with larger but fewer pores ‘of the order of 500 AollS ' There are two types of

o

,

N
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*junctions between' oells the gapv Junction .and ,the- tight junction (macula

I . , ’ ) g
_ occludens) Studies have shown_ that’.these, junctional ‘areas,-may ube-

functionally dynamiclls

e e

o e

Furthermore,a there are two known transport systemS"‘through 63115--

v 116, 117 : 2
endocytosis an& trancytosis . .5 Endocytosis may be receptor mediated or

-

'non-receptOrvmediated;, Low density lippOproteins (LDL) may interact with the
SR 116, 117,

:

ES
v

carbohydrate matrix surrounding the the endothelial cell S In the junctionﬂgf‘,

» ’.(

_between cells i; is known as intercellular cement115.v It is known thatffv

N i

v_certain alterations of the glycocalyx will result in increased permeabilitv
118

'through ‘the endothelial cell layer, : Endothelial cells can also be actively
vstimulated to increase their permeabilty by kinins histamine PGE2, Pélzr;and:
the leukotrienes C ‘and E.ll9 B AT

Preventionfoﬁ/Coagulation;

NN

_The:‘major pathway for . e”‘endobhelial Cell -to prevent plateletf"”.vl

| aggregation. on it s surface is - ‘the vsynthesis of heparin sulfate on it s

‘

glycocalyx ' These heparin molecules activate anti thrombin III tm deactivate

'.thrombin. During platelet aggregation an endoglycosidase is released which-‘

\ .

degrades endothelial cell surface heparin Thus a balance is struck whereby a o

_ communal relationship between platelets and endothelial cells exists However

- imbalances favoring platelets could seriously harm endothelial cells The,

A
4

endothelial cells also secrete Protein (nghich is activated by thrombin -

formation and which acts ‘to limit coagulation by preventing the activation of

factors V. and VIII which accelerate the formation of - thrombin Patients who

are. deficient in Proteinx'b 'are subject ;tOQ spontaneouS‘ epiSOdes ‘ofA

wthrombophlebitislzgg-ﬁ."L,u“ ' - 'j .;' o ;.f g

a.

+

PR

transport system v1a all three mechanisms ' . The glycocalyx is a S



a3l

Furthetmore PG12, ‘a potent anti platelet aggregator is synthesized and .
' 114

‘ released from endothelial cells e The endothelial cell also will secrete:‘

v

' tissue plasminogen activator to form" anti thrombin III thls synthesrs isg!f

"downgraded by thrombin

. Animals deficient in this factd;

,ZIdiet induced atherosclerosis

3

On the converse side endothelial cells @1so secrete - “Von Willebrandj:.l'h

.' factor (VIII VW.) wgich is necessary for the binding of platelets ‘to collagen

}y\ve a marked reductlon in spontaneous and’
"o e

115

Metabolic Agents of Endothelial CeLls ¢

: ' PN SRty -
.Besides 'Von Willebrand factor endodhelial ?cellsf‘also. synthe51ze

-angiotensinJ cdnvErting enzyme for the production of the vasoconstrictor -

:angiotensin 11 and the inactivation of the vasodilator and. permeability agent“be

114

' bradykinin e They also secrete a growth factor simllar to platelet derived;1'

-~

L)

o 114

growth factor (P D.G.F. ) ‘and ‘a growth factor for endothelial cells e They;

AR

will also synthesize colony stimulating activity for granulocyteq-'macrophage

§ colonies during endotoxemia this colony stimulating activity is increased

Control of Vascular Tone

There ‘are three well known mechanisms by which endothelial cells exert an‘

M

-influence over vascular tone The first is" extracellular and depends on an ,‘

t

llenzyme 1ocalized to. the surface of the- endothelial cell : This is called:

”'angiotensin converting enzyme and it combines the two functlons of activatlng.

-~

_angiotensin I to the active form angiotensin II as well as degrading active

"

bradykinin to .an inactive form The Km for oxygen for this enyme is 30 ‘mm, ;'

"Hg and thus it {is possible that under hypoxic conditions thlS enyme could ‘be

inhibited rendering ‘the vessel susceptible to vasodilation from bradykinin

: which would be unopposed by angiotensin II The other two known agents fori

:‘control of vasodilation are PGIzvand EDRF

Lo

18 180. Rubanyi has reportéd that_

114 L
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] ‘-h'yp'oxia induces 'th‘_l : endothelial cell?s to_ . secrete ~.a ~“'Vasoc.onst.r1}<:'_tor ”

,SubStancelm'{ although Busse has reported opposite findingslso}‘

Endothelial Cell Receptors

NS
ST
dat

Endothelial cells have receptors for mumerdus age,nts such as growth'_,"
‘factors beta LDL HDL‘,; acetyﬂ. LDL chylomicrons ;lnsulin, angiotensin‘-
' ’converting enzyme, and 1ipoprotein 1ipase | There are also binding sites for-,q

: polymorphonuclear le\.kocytegand lymphocytes _and as fwell endothelial Cells
114, 120,

B

can express blood group antigen

The hormonal receptors Kchscovered so far on end&‘elial cells ars:e
_catecholamines (al, az, ﬂl, ﬁz,), serotonin (S‘HTI, SHT ), angiotensin II
oxytoc1n, vasopressin ' klnins (bradykinin, metheonylysy‘lbradykinin ' -

"1ysylbradyk1n1n,), histamine» (H' , HZ)' ‘-p‘rostanoids.__ader}osine ATP ADP N{P ‘

: and two cholinergic receptors (M , M )

.



.atherdmatous transformation This was rebutted by the infiltrative theory of PR &

Ny

!

'advanced;_and’complicated.lesions. - S yl, R

f‘insudative process In small intimal 1esions the edema consists of albumin'

orpho '. of “Lesion

- g/,fv o — R
¢ .. “.VIL Atherosclerosis -

) ) . hd

S

fSince*the‘mid‘7 nineteenth century pathologiSCS have argued about the

; ;pathogenesis of. atherosclerosis In 1844 Rokitansky proposed a thrombogenic

-theory whereby blood elements encrusted on the vessel wall could undergo -

LVirchow in 1853 in which early lesions of atherosclerosis -were based on aj.
v’loosening of the connective tissue ground substance’of the'intima due to an1

‘iinfiltration of plasma constituents This begat a- neoplastic proliferation ofn..'

connective tissue and ground substance following which degenerative phanges~
occured121 , R ' ' e

" To understasnd the theories for the pathogenesis of atheroscler051s it. 157'

4 necessary to understand the morphology of lesions and the natural history of

the dlsease This is well reviewed by Haust in "The Natural History of Humani'-

Atherosclerotic Lesionslzz}

[

"3j.There‘are three broad claSsificationS‘of’atheromatous'lesions: early,
: Early'Lesions. o

Early 1esions can begin in the intima of either elastic or muscular.‘

arteries in one of three forms

l) » Gelatinous ; Elevations' i These : lesions' ‘are grey gelatinousi'h
: e > o .

'”circumscribed elevated areas consisting of focal edema of‘tissue due to an

v

;_containing fluid and stretches only beneath the superficial layers In 1arger

’lesions the insudation may extend to the internal elastic lamina and may. havei

. figrin_mixed-with it s serous component.-
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2) Fatty Dots or Streaks - These are tiny yellow dots or . streaks and if

large are elevated above the intimal surface In the subendothelial layer are

found smooth muscle cells w1th fat droplets within their cytoplasm _ Fattyf

-

streaks have 9 times the 1ip1d content of lesion free intima and 65 80% of
.thlS lipld» is cholesterol 23 : Larger 1esions' may have 'numbers 6f<

:intracellular fat droplets to the point where the cell is practically composed‘

;‘of fat droplets Thesec%re called myogenic foam cells and may disintigrate

- N

spilling their fat droplets into the ground substance Mononuclear—cells-and;

——

’histiocytes may then phagocytose the fat to become macrophagic foam cells
'}‘ 3) Microthrombl - These are either platelets fibrin oY, - mixed attachments
‘to the intima by either a pedicle or extend over: the surface in a mushroom

lshape.’

AdvancediLesions These are of two types - S S S

1

l) Pearly White Fibrous Plaques - These plaqdes consist of layers of

At

avascular fiberous tissue consisting of collagen and elastic tissue fibers

‘embedded ‘in a glycoaminoglycan rich substance'-with smooth muscle cells
K .

'1nterspersed throughout . The plaques may be covered by mural thrombii which

' may encourage granulation tissue to form at the base of the lesion ‘The

C 3l

“origin of the_‘capillaries in the granufgtion tissue’ is,,uncertain ‘as no,;;”

'capillaries are present in the inner arterial media

2) Atheromatous Plaques - These are. composed of an. atheromatous pool, of

S

accellular amorphous proteinaceous ‘and fatty Jhbstances intermingled with'

_lipoid bodies and cholesterol crystals : Smooth-muscle cells in the vicinity'y"

.vof the atheroma contain fat droplets and have the appearance of. foam cells

' ThlS pool is covered by a fiberous cap with an architecture akin to the pearly. -

o white fiberous plaques



Complicated Lesions These can.occur'infthree Forms: -.

1) Calcification - Dystrophic ca1c1f1cation occurs in. eithe the'atheroma L

"or the fiberous plaque or both leadlng to stiffness and loss of last1c1ty of

' the vessel.wall Lo

2) Ulceration - This occurs when there is ‘an increase in the size of the .
'atheroma relative to the fibrous qlaque causing a break in the fiberous\cap
It may occur by relatlvely greater atheroma enlargement than cap - enlargement |

leading to breakdown by hemodynamic forces or by hemorrhage into an atheroma

~

3) Thrombosis kX Thromb051s of the - artery can occur due to deposition of :

-thrombit—on -an ulcerated or lacerated fiberous plaque

4) Hemorrhage - Bleeding from capillaries in the core of the-atheroma'may

‘occur since these capillaries lack structukal sﬁpport other thanfghe atheroma
- ‘ M

- This may cause. ulceration of the plaque by enlarging the atheroma or it may
lead to vessel thrombosis o ,‘ ‘uv : (),
Pathogen sis At e osclerosis : v Kl

These'lesionsfare believed to form a continuousTSpectrum‘of'a disease
4.._

process This precursor product relationghip %s supported by studies by Stary

'who examined the coronary vessels in' a series of children and young adults

. N $é e a .
He found fatty streaks at the same anatomical sites as flbrous plaques in
- older aged vesselslza,' Furthermore McGill h7 demostrated that .severe -

v
v

coronary atherosclerosis is preceeded by fibrous plaques in’ adulthood which

. are also preceeded by fatty streaks in teenagersl

“There are Several theories concerning~ he pathogenesis of atherosclerosis

and "each one tends to ‘focus on onefasped
e 2

4
)

of cell injury In‘all likelihood.

components of all these represent the ultimate cause of atherOSCIGIOSLS

s
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A 1) Monoclonal Theory . “' | -‘_c A. »'H,"-‘: ,ij':.h" . ‘ .é»i.:
VT: The smooth muscle cell by ic's proliferation repxesents a large part ofs>.
'.the intimal hyperpla51a accompanying atherosclerosis However examination of
'lisoenzymes of glucose -6~ phosphate dehydrogenase inl women heterozygous forl__g

glucose -6- phosphate deficency have shown that of two possible isoenzymes only
. Y
one was found in the proliferating smooth muscle cells in the atheromalgﬁ. '

-~ ,("
v M : : \

,1This 1nd1cates a berign smooth muscle cell tumor selected by growth factors or

‘a mutation for the inV1deous process that caused the atherosclerosis

2) Lysosomal Theory

N : . : . » .. Lo } .

Lysosomal dysfunctlon results in an accumulation of 1ipid in cells in the"'

' atheroma Further increase in lipid would further impair lysosomal activity"
y hus’ creating a viscous cycle until the cell burst5126g

3) Clonal Senescence Theory

This theory is based on a failure of cell to ckll regulation of growth-
‘Organ si?e is determined by growth factors and inhibitory factors called
-chalones Advocates of this theory believe that there is a selective loss ofv
cHalone produc1ng smooth muscle cells leading to’ an imbalance of growth
bpromoting smboth muscle cellslzst | :

4) The Response to Injury Theory

’ This theory championed by Russel Ross has received most of ‘the atteqtiou 4

jfrom investigators of atherosclerosis d It s credibility stems from the fact

'that it can draw" together most of the known theories for atherosclerosis and
. } —
' array them in a. neat argument for the etiology of atherosclerosis

In it's most basic form this théory proposes that endothelial injury is

. the initiating factor in the genesis of atherosclerosis FoIlowing the'-

T endothelial injury a variety of factors can ensue to promote atheroscfhrosis

f | N
They have been recently regdewed by Rosslg7 but will be mentioned here in a

G

P



condeﬂSed form

Monocyte;_and Macrophages

‘Studies by Faggiotto et al’ have demonstrated in animals with diet induced

atherosclerosis the attachment of monocytes -to-'junctional areas between

';endothelial cells throughout the aortic tree. These monocytes then seemed to

move to the subendothelial spaces and then accumulate lipids to becd e foam

-

‘vcells These lesions closely resemble the fatty streaks seen in humans.

gl

Progression of these lesions,leads to further subendothelial mlgratien by

monocytes which 1ater become macrophages Enlargement of the lesion would

'also occur by the migration of smooth muscle cells into the lesion
hAFaggiotto also showed ghat these 1esions first occured at branches and
'ibifurcations of the aorta‘ however they 1ater occured in other anatomic 51tes

_Furthermore the‘extent and stage of the disease was directlw correlated ‘with

-

the increase in hypercholesterolemia the 1evel of blood cholesterol and thevi

duration of the hypercholesterolemia128 129, ub The same sequence of events

. has been described in rats on a high cholesterol diet and the precipitatlng

event is an accumulation of monocytes at junctional -areas of thé endothellum;

-

.»‘up to 50 times norma1130. It has also been shown that the monocyte will

n_radherev preferentially to injured .or- regenerating endothelial cells"in

culture’3l, B - R 4

Once macrophages have begun to migrate inside the endothel um they begin y
to scavenge low density lipoproteins (LDL). The cholesterol from these lipids
_undergoes cycles of esterification and hydrolysis and accumulates in the cell
lto' form_ foam_.cells High density lipoproteins -{(protectors . ‘against.

'?atherosclqrosis) will act t: expell the free cholesterol from macrophage3132p
. 4

. - . . . °
. . - . - . Y

.. 39.
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- E;i; their subendothelial positié%’macrophages can injure neighboring cells byir"

D
secreting toxic substances or’ promote cell populations by secreting potent

_— : . o c
growth factorslz7. . ‘r S AR . "

Smdoth'Muscle'Cells.”i
f*These'cells are prominent because'of theiryproliferation in most: of the
. : N .

1esionsiassociated with’atherosclerosis ‘ Furthermore smooth muscle cells have
t'receptors for LDL and growth factors and can accumulate lipids to form foam
cells as well as secrete _enormous amounts of connective tissue matr1x127.> It;
o has\ been demonstrated that after endothklial'.gnjury smooth muscle cell

replication occurs 1n the media with subsequent mlgration into ‘the intima
& : -

Smooth muscle cell proliferation in the intima appears to be generated only

: : . ,j‘l D e

5.’:

'from certaln differentiated smooth muscle cells

v '

",pfeviously had the endothelium removed from the aorta;v responded to an.

X0 »
B

’endogenous mitogen like platelet derived growth factor (PﬁGF) These_intimal
-smooth muscle cells, although expressing'fewer PDGF receptors,-grew at’ the
'vsame rate"as‘ medial smooth musclef cellsi3§." mhis would possibly be an.

autocrine control on’ the tumorogenic growth of a population of proliferating'

~smooth muscle— cells. . Finally endotheiga

. ;ﬁ,:c“

glycosaminoglycan into the basal ground sub‘tance Endothelial damage or

cells secrete a heparin 1ike“

k platelet,. adherence v@ﬁd:'releaSe of heparinase: and PDGF damages ~this
. .~ ; L FE ) . _

Smooth muscle cells from proliferating lei;jy . in.“rats{ which had

glycosaminoglycan layeer and possibly selects a phenotypic cell 1I%ne

(ciirjfponding?to he monoclonal theoryl35{- o .

Plpﬁelets

- &ﬁ

'f”ﬁn hypercholesterolemic states platelet interactions with the vessel wsll

. Undamaged endothelium

p:é / +

-

.‘khdrﬂgﬁﬁy' pre'ents platelet adherence through the formation of heparin and ‘! \.

&

-.»4?5_»
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: incidence of atherosclerosisl37; Furthermore studies have demonstratfd that

‘;., R R .. o s E E Ji
'prostacyclin. Any morphologic .or functional change -in endothelial cells may

allow platelet adherence127{ Furthermore the endothelial cells protect the
the underlying subendothelial connective tissue and foam cells (1f present)
) from platelet adherence through factor VIII W, (Von Willebrand factor)

Studies with platelet interactions and macrophages at areas of exposedu'

‘

~ endothelium suggest iazé: proliferation:to»smooth muscle lesfbns due to the

amitogenbplatelet derived growth factor (PDQF)lls.

'beFsmay.be imporggnt in.atherogenesisybecause it'isbchemotactic'and‘
:mitogenic'for smooth muscie ce1l5127;7lseveral,other platelet substances are
chemotactic and'can further‘the injury to vessel Qalls by'attracting monocytes
‘and smoothsmuscle cellslzj; PDGF . like activity has also been observed in

o e s 127 ' 134
- substances released yfrom macrophages\ , smooth muscle cells , and’

.

'{ies by Moore with repeated endothelial injury in’ rabbits on a ,'

e

normal diet demonstrated the formation of atherosclerotic 1e510ns When'

anti platelet anti serum was administered before the endothelial trauma the

'platelet count was 51gnifican61y diminlshed and no atherogeneSLS could be

found135 ‘A second study by Freidman in. l977 demonstrated that‘

thrombocytopenia decreased proliferation of smooth muscle cells and prevented
formation of atherosclerosislB6. Thus a suspected mitogen from platelets 1s‘

implicated in. the genesis of atherosclerosiSIZ7.

L @

de . . | L ,. . | : o
" It has been repeatedly shown in human and experimental ‘animal, mopdelsv
that e1eVated plasma 1ipoproteins particularily low density lipoproteins (LDL)

"and very 1ow density lipoproteins (VLDL) are associated with an increased

R

’
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'although the endothelial cell.and smooth muscle cell can synthgsize all the ’

~major llplds necessary for structure and function most of | the lipid and

cbolesterol 1n the necrotic core of plaques comes from plasma lipoproteins;

’ (mostly LDL and VLDL)138 139,

Control of Plasma and Fatty Acid Metabolism
. B Exogenous cholesterol from -1ntest1nal absorption‘ isi transported - in

. X
Lpys

11poproteins containing apolipoprotein B 48 . The absorbed chylomicrons from
0

e

_rtﬁe 1ntestines are acted upon by 11poprotein lipase enzymes on the 1umina1

R 4

' Slde of capillary endothelium This enzyme allows formation of chylomic

remnants and the exit of triglycerides to cells The chylomicron remnants ‘are .
processed by hepatocytes to VLDL which now cbntain apolipoprotein B- 100 and
"these are  now released into the plasmalﬁo. : The VLDL molecules are thenv

processed by lipoprotein 1ipase enzymes in capillaries to Intermediate Densityb

B

Al"Lipoproteins (IDL) and LDL and can exit plasma by binding to LDL receptors on’

liver and extrahepatic tissueléo.‘

Following contact with receptors, fLDL particles are absorbed by a process

’

‘of absorbtive endocyt051s These endocytic vesicles then travel through the

;-'cytoplasm to éell. lysosomes where the }DL is btoken down to cholesterol esters,;
. . *n . . ’ .
and protein moities by hydrolytic enﬁymes ﬂ~&
ﬁﬁaﬁ ”q” o
: hydrolyzed by an acid cholesterol este@%

. then .can enter the cytoplasm , Cytoplasmigg _h.:’

- synthesis but has three other functions - FE o -

1) to inhibit the enzyme hydroxymethylglutaryl CoA (HMG -CoA) reductase

,thus suppressing endogenous production of cholesterol.

-

2) to _activate ac l CoA cholesterdl ac 1transferase o T) which'
- y y

- j reesterefies cholesterol for storage o ':, . o



3) to shut coff synthesis of the LDi. receptor which thereby prevents 41'

further uptake of LDL molecules and increases plasma LDL levelsl3<9 140

' With suppre551on of the LDL receptor further acqumulation of plasma LDL

'will 'OCCur- asd'intestinal absorbtion occurs— but little(wpf the LDL“fis

.i':metabolized -ﬁventually removal .of SLDL molecules -occurs\,through :poorlyh'i

understood and inefflcient pathways140

L)
P

'l Brown and Goldstein have«demonstrated that in famllial hyperlipidemlc

L ' ' 141 o
L :states there are few or n11 LDL receptors on cells . Furthermore'they have

.." . . - oo

v shown that when LDL cell r%ceﬁxors fa' : def1c1ent Intermediate Densrty

_Lipoproteins (IDL) shunt “to LDL to further increase LDL levelsl_o.v »HDL‘

h»pfprevent the. atherogenesis of LDL by promoting the efflux of cholesterol from '

hﬁ".intimal connective tissue to platele;s R

* cells and therby increase. LDL surface receptorsl39."‘ g

LDL and Atherogenesis

LDL can produce both morphologic and fund . nal changes in endothelial

cel 143 144‘ nd this might allow penetration of atherogenic molecules to the o

‘f,subendothelium 1 Furthermore there are two methods by which LDL could be '
_transported across endothellal cells to the subendothelial connective tissue

‘Endocytosis could occur by a- receptor mediated 6r a non- receptor mediated

: S o
yfprccesstmhereby LDL passes fimst to 1ysosomes and then to the abluminal side -
'.of ‘the .fcell o Trancytosis -an alternativek method for »trans~cellular

':transport offtholesterol, may. occur. This fransport system is’ mediated via

"hlplasmalemmalfyesicles;17.“" L A 71';”l~':° - '_‘.;
T AR 2] ' . -’.";1‘ ) . ' o . ‘iv .
Hypercholesterolemia may also subtiy affect the plasma membrane of the

:endothelial cell by.altering it s cholesterol to phospholipid ratio ThiS»

- .might explain the -increased malleability of endothelial cells a&lowing

o

'g_cellular retraction at brancbes and bifurcations to ultimatly expose the
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7compounding the”atherogenesis ‘

: endothellal cells

‘vasodilator responses are attenuated

: L v ".a

Studies have shown that following endothelial injury endothelial cells

mthat were released from contact inhibition showed a great increase in iDLf"fi

uptake at - the peripherv of the wound but not in cells that remained contact =

134 a ' L

'1nh1bited . Thus any chemical rheologic ‘or’ mechanical injury to the.‘f':""

endothelrum, may;‘promote LDL ,uptake in: some endothelial 'cells. therby

Lo ]

It" has been noted that cholesterol feeding (even as briefly as three;

- 4 - "1

B days) will promote increased endothelial cell turnover well before cholesterol"

142

- infiltrates the arterial endothelium o Elevated cholesterol levels may thus?

-'.damage endothelial cells and allow platelets and LDL to penetrate through to

@

d

4sub1ntima1 areas ‘ Furthermore damage to the endothelial cell may alter it s"

ffunctional capacity for transport or permeability without mqrphologically-

bdestroying the cell.

‘It is known that high levels of LDL143 and cholesterol have been foundf

3,

' to functionally 1mpa1r endothelial cells without morphologically damaging

143 ' 15

‘ th em Q . This effect‘is greatly mitigated by HDL »-Furthermore.endotoxemia'

" which is known..t&' damage endothelial cellsla-6 may also"contribute to

. . @ 4

endothelial damage by affecting LDL oxidation and rendering it more toxic to e

1‘7.' This may be one way that increased permeability of thew

cell membrane occurs with sepsis where there are concomitant elevations of.f
149

triglycerides _'; Studies have also shown that if the reticulo - endothelial,*’

9

system is blocked endothelial damage' occurs and endothelial dependent
148 LR

.

It is known that hypertension alone has the capacity to alter endothelial

150,176, %e

morphologv, permeability, and cell turnover L effects of

hypertension may be multiple but even fluid sheer stress will result in_ 1'

151

'.endothelial cell dammage e Even reducing the lumen. of an’ artery by 25% of'

+
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~.iit - normal caliber "to increase fluid stress caused loss of' most of the
' ' ‘ 161

.

- endothelium at the stenosis within 3 minutes ‘of clipping the artery

:=Unfortunatly this endqthelial dammage could have been due to ‘the clip itself
25 A

~J~ide ‘of the artery : HoweVer spasm- alone medlated byr

et

:,;on the adventitial

. 2.;’ t’ ) RSN L
: endothelial cells . ;4;' - O :fh l, ',

' noradrenalin can. induce endo&hflial ;damage allowing gaps . to form between'*~

Lipids and the Glycocalyx
’ The glycocalyx is a carbohydrate -'rich matrix which envelops all sidesf

' of the endothelial cell and at junctions between cells acts‘as intracellular

: S .
‘cement, On the basal membrane it extends down intf

4

the ext'acellular matrix

t

This layer - may : represent - a barriervi ﬁo e permeation of l"plasma.
macromoleculesl;z." Studies with hypercholésterolemic -hrabbits‘- have;f
- . 8 S ;

demonstrated an increased permeability of this glycocalyx
Lipids and Subendothelial Damage
Glycosaminoglycans in the connective tissue matrlx ofnthe subendothellalb‘

' areas can selectlvely bind LDL The 1ncreased 1nt1mal glycosaminoglycan-?'

i

,'content found in fatty streaks and fibromuscular 1e510ns may ‘be associated S

: - s;,’b
Xwith intimal lipid accumulationl'% In contrast HDL has been shown to: break

R

‘up complexes between glycosaminoglycans and LDL and redgce lipid depositiln?in
153

-‘bhsuch areas._ S Fhrthermore proteoglycans in the extracellular matrﬂx@@ind

gapo B lipoproteins and are then taken up by macrophages and possibly smooth:f
. RS l( - B

muscle cells leading to . massive accumulation by these cells”ofﬂﬁholesterol
;esterslsa Walker has also showm by in vivo studies of hyperchblesterolemic
7"

7

animals subjected to endothelial denudation that monocyte qumacrophage like

o

cells accumulate Ain the intima and Lipid accumulated in bpth the intima andfx
»'the media. This is in contrast to control animals g&%h normal cholesterol

1evels also subjecned to.endothelial denudation §§:vivo; In these animals




‘ Gl duration ‘ . X ) o . S S ".' ) L

='cholesterol fed rabbits is an. increase in the ground substance between the

I,endothelium and the internal >

'~depos1tioncof extracellula?

'lFurthermore Imai has shown that 'oxidized products of cholesﬁef%l ire

-which s a necessary co- factor and is secreted by endothelial cells

' Willebrand's disease will prevent intimal proliferationlsg.i Howeyer9in*theT

' presence of diet -induced hypercholesterolemia animals made thrombocytopenic

may' act las a mitogen ~and. lead “to smooth muscle cell proliferation

" there ‘was.-no».intimal 'accumulation of macrophages nor~“w there» 1ipid

~

,Jlaccumulation. In both groups healing of the endothelium was of the same

163 LT S

| wx

Studies by Duff have shown that the first change ip the arterial wall of .

f

,lastin membrane:' Eollowing;,this there,.is’l '
“”*n the matrixissl_;} ; ';'v‘.;‘l

N

It.is'alsolkhown that” ”_vparticularily that from hyperlipemic serum) s

4 . v ‘éy//

3
. e‘ ‘ B A .
7;particu1arily toxic forl endothelial and smooth.umuscle cellslé7; -With~

‘

endothelial death areas of exposed collagen would attract platelets which

5

“could. degranulate and attraot macrophages to the inflammatory area Platelets

i ‘.'

' adhere ‘to the exposed collagen by Von Willebran& factor (factor VIII VWF. )***i

v

152 .

-

'.Functional impairment of' platelet reactivity with collagen 15;’ in Von

v

prior to endothelial dammage w1ll develop intimal thickeninglsgi'

Furthermore experiments have shown that regenerating neo endotheliﬁm'

more so than deendothelialized .areas, will accumulate lipid with resultﬁﬂg

intimal thfckening This neo- endothelium has - been studied up to a ye@r;

¢

follwing regeneration and after. one year still -shows 'some functionall
160

fderangements If the regenerated endothelial cell can transport the lipid

to the intimal areas more effectively than normal cells a causal rélationship

» » S

_between endothelial cell damage and. atherogenesis is: indicated ; ,ij’} v

. . . R R e

B

156 o
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.Hr‘féf".t In conclusion LDL and cholesterol have the alnllty to, dammage endothelial L .

‘v-'cellsh This can be ttyﬁugh cell death or functional derangement

C ’ I

161, 162

»g._-

VAddi‘t hal risk factors for atherosclerosis such as smoking, hypertensmn

. ,-‘,

160 176

‘, homocystinuria}2 and endo‘t'fagtemia may aggravate this damage : This would.

-

-’jwexpose the s‘ubéndothelial areas to. LDL platelets, and macrophages with their .

vt:'oxic - substances and ' mitoge‘pic ' f‘actors ;for;-_f -smooth _muscle cell.-

127 .

proliferation .o R ‘ R



© VIIT Endothelium Dependent Relaxation and the LA/N-CP Rat’

-

v o I T ;-‘.. o
: Justification for Animal Models in Resea;ch o
- Almost all animal models of human atherosclerosis have as a principal

L etiological agent chronic hyperlipidemrt dzasons for this are
N l'—:4

. jl) Many hyperlipldemic models have 1e510n components similar to human

‘ atherosclerosis 'l‘l f:l,fx. f : g.y'lﬂ';f 7?5;3ﬁ .ﬁ&:'“h.
S 2) Non hyperlipidemic models do notxresult in chronic 1esions resembling:f:f{
.V:l atherosclerjggs.ii':h‘;:'. ._i' . ;:)f}_;‘ | |

3) To date there are. no feports of human populations with low serum yv

i'h 11pids and a high incidence of advancéd atherosclerosis

l

'vhh) Accelerated plaques in human’ familial hyperlipidemia closely resemble
__slowly developing lesions in humans who succumb to the severe effects of

;atherosclerosis SR '_ o : T ot
. . . . ‘

3) Accelerated plaques resulting from chronic hyperlipidemia in animals .
; resemble slow developing human lesionsléa.
: However there 'are species differences with _respect _to anatomically-;'

» fdifferent areas whlch are - 1nvolved by atherosclerosis In rabbits the lower'
' &

‘abdominal aorta is most heavily involved with atherosclerosis while in rats: .

‘the lesions occur proximally on - the thoracic aortao ggyfhumans there is heavy"j;

. m-»D o
1nvolvement of the‘thoracicGaorta With less 1nvolvement of the abdominal-

‘aorta164;‘s o s : ”‘.-lhf% v

Natural Versus Diet Induced Arterial Lesions

In many animal models‘aﬁherosclerosis is induced by a high cholesterol

: (3%) plus fat (4 8%) diet Ih rabbits Such a diet will induce atherosclerosis -

; but this” is associated with excessiv% fat and cholesterol in most animals and"

S a dramatic hypercholesterolemia Lesions in such animals are composed of.l'

" L
@
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_extracellular lgpids and fibromﬁscular %ﬁ&psp,are not qoxﬁgn, o Fy r»shér Ored.. ‘

i '_%! PR

in diet induced hypercholesterolemia because of the rapisii 1rxcrease ﬁ

g,
vafpe |

'.:'cholesterol there are’ biochemical changes in smooch muscle ?ells and lipophage

':movement into arterial walls from the blood166v

he rat model used for this experiment is. the corpulent rat which when 3,"",

o 10
FEAd

oy first developed by Koletsky showed rampant atherosclerosis from the genetic.‘ %

'equivalent of a Type IV hyperlipidemia and hypertensron1§_7 177 gecause the :

_combination of these two genes created breeding problems and experimental-"
_design problems two cogenic strains of rats were developed to separate thel"

hyperlipidemia from the hypertension ' '_I'hese two strain_s vwere, the IA/'N,-CP and-'-' '

SHR/N-CP ratsli6,8‘.'-' s _‘ R ._.é' .

’

‘The LA/N CP rats have been studied by Russell and coworkers and shown to
be hyperphagous, ' hyperlipidemic and hyperinsulinemic with only mild"

: elevations of cholesterol on a normal diet Studies of these rats at 9 months'f‘ :
: .‘,1‘.
.lof age demonstrated early onset of atherosclerosm in males damaging -the

e endothelium of the thoracic aorta and exposulg sub endothelial structuresl.ss'.'

.Furthermore at nine months of age the males suffer myocardial lesions while_

“ the females are protected in a manner analagous ton that in humansl78. v

Studies with hypertensive rats as compared to. normotensive rats. have‘

shown that there is’ an inhibition of the relaxation induced by endothelium."’ P

dependent relaxants (acetylcholine and A23187) The authors suspected that{;]-‘-.:' B,
»this ' might e caused- ...by v en_do‘thel’ial dysfunction ‘ resulting‘ fromﬁ‘ the' :
‘ hyper{ensionmg;. e R : S |

Further studies by Criscion_e .have demonstrated a ' reduction in the7

-_~_‘rre1'axation- of mesenteric arteries of hypertensive rats ‘as .compared to |

.:normotensive rats with acetylcholine ‘as. a relaxing agent ' Furthermore they' -

P

EL I



| | B
demonstrated that the endothellum of the hypertensive rats was much more

'labile and thus more easily damaged than control ratsljo_.

An:Lmal studies on diet induced hypercholesterolemia in dog’s rabbits, andw
'v-monkeys have demonstrated that there is: decreased relaxatio& of arterial riﬁg

preparations »w1th endothelium dependent vasodilators]‘?1 172 173 174 175

There was no failuw of relaxation with endothelium independent relaxants_' o

(except in severely involved vessels) yith no - incre'

alpha agonistsly}'. : With progression of fatty streak‘ formation endotheliumv

e’ 1n contractility from .

- dependent ' relaxants a progressively failed _to‘ | rela:i “the vessels. ' - The

' endothelium in’ these vessels.was able .to releasex EDR F in bioassay.

experiments and the authors proposed that the defect was possibly due to

,vrincreased inf.'i'mal thicknessljl.. However Kappagoda has reported that there is “ S

~,

reduced EDRF release in bioassay studies of cholesterql fed animalslsz. '

‘ '~Freiman et al. have shown ‘that hyp_er'cholesterolemiaAitself does not affect t% |
| E D. R. F formation release or actionv | However they found that the failure of- '

-.relaxation was ‘-due to “an .alteration of receptor sites for endothelial |
.' dependent agonists ‘or the effector mechanism for formation of E D. R. F 172

A1l the 'previous studies me‘ntioned .here have used dietv induced.:
- ; L

.atherosclerosis to determine if tuere is a- reottction in endothelial dependent

o "relaxation.- ._.The purpose of this study was’ to evaluate the 'effect‘ fof_‘

"' erosclerosis in LA/N uP rats- on a normal diet to

failure of endochelium dependent relaxation in this-v

4 . - ’._)v -
. Axg -



¢ . IX METHODS
ye ne a erview o f g . , : ' Q ' N “
In this study 8 male and 8 female LA/N CP rats W1th equal numbers of

lean control rats were compared at 6 months of agg ' In th' cond part of

: «1 :, \?

the expetiment 4 male and 4 female LA/N CP ﬁ'ats with cqmpgabl'e ﬁn

. B R R

.vcontrols {fre examined at- 9 months of a:ge All an“imal‘ jwere. intained on

g < & - -: ', i
‘a- stan"aard rat diet (Wayne Lab Blox Allied MJlls Chicagov Il )‘W The rats _:
were weighed before they were anaesthetized w1th sodium pehtobarbital (20

':mg/kg, T P ) : After a mediam sternotomy blood samp/les were taken from the

‘ 'right side of the heart and then the thoracic aorta was gently removed apgf
5.

'immediately placed in iced Kreb s buffer solution (compos:.tion mmoi/l NaCl
. e ’

116.0, KCi 5.4, Cac12 1.2, Ncho3 22 0 NaH2P0 1;2,. glucose 1o 1,

X

Mg0126H20 l 2 CaNazEDTA O 023, ascorbic ac1d 1 . The blood samples were .

-centrifuged at 2000 rpm for lO min and the serum was then collected and o
'stored at -70 for analysis of glucose,v cholesterol, and triglyceride e

A11 extraneous tissue was. then removed from the thoraca.c aorta by

A

.careful dissection and the aorta was then cut . int:o small rings (average
,'_.size' 2-3 mm.“). Cl)n the first series of experiments with 6 month rats (n—&
for all groups) the endothelium was removed from one .of the rings by
'inserting a pin tﬁrough the vessel 'lumen and gently rolling the aortic ring -

“on a piece of filter paper which was moistened with Kreb‘s buffer (BeMey

: - o .
and Vanhoutte 1982 17 ).’ Following this all rings were placed on’ small

triangular clips for organ bath experiments In the second series of

experiments on the 6 month animals (n—h for all groups) the endothelium was"
S removed from all arterial rings by the above method -In both series a

f»similar sized sample of the aorta .was examined by scanning electron

‘bmicroscopy (to determijne the presence or absence of endothelium) both .

.



HiStologi\ 1’-gxam1'g' ation

h_first series was: concluded

before ‘and after the experiment was completed : A second‘ sample was -
:ﬂsubjected to sudan red staining for lipid or. cholesterol deposition

In the nine month animals (n—a for all groups) the "second - series of 1

oo . ) S\

‘experiments were - conducted on the same r1ng segments 2 hours after theh_

y is was due to a shortage of animals in the 9’

- month group Before commencing the experiment samples of ‘the aorta were

*

dsubmitted for scanning electron.microscopy (SEM) and sudan red staining o

oo %

S

_Follow1ng the conclusion of the first serles of experiments on the 9 "anh

] . b

‘rings a small sample was reserved for examination by scanning electron o

By

microscopy and then the three ring segments with endothelium _presentf

underwent the de endothelialization proceedure mentioned above . They were:v

' then Te- suspended on the metal CllpS for the second series of experimentS"”
'fand on, completion of . this series of experiments samples of - the artery were. -

,examlned by SEﬁJto demonstrate the absence of endothelium ‘-g% o

e Sudan Red Staining

The specimens were placed in- 70% alcohol for 2 minutes and then placed

' in a Sudan red solution which was intermitantly agitated and maintained at

room temperature After 15 minutes the tissues were then placed in a 80%
ethanol solution for 20 minuteg and then washed in cold running water for l

hour. The‘ specimens were. then visually inspected under low 'power

83

“'magnification for sudaphilic lipid deposits (Duff :and Macmillan 1949 ) -

"'." [
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53.

Scanning Electron Microsc0py

| Scanning electron microscopy (SEM) was performed onwall aortas to .

P4

u determine the preseﬂce@or absence of endothelium Thq luminal sur/face ofi

E --"‘all samples was exposed bﬁy a logitudinal cut’ in the arterial ring and then

' electron microscope

. the tissues were fixed with 2 5% gluteraldehyde with Milloning s buffer.'j
L ,#_(Nah 4 20 NaOH glucose —6301 ) for 48 ‘hours. ‘Post f)ixatig,n with"l%’ '

osmium tetroxide was then performed after ‘which the tissues were then

dehydrated in a graded series of ethyl alcohol solutions (50- 100%) The'

o

;tissues spent 15 minutes in each alcohol bath followed by three 10 minute

periods in the 100& alcohol bath ' The samples werevthen placed in a

critical point dryer at 41° ¢ and 1200 psi of carbon dioxide for five'

minutes after which th%' were mounted on aluminum stubs with 511ver glue

. ‘sputter coated with gold and then e}tamined in a Phillips SEM SOS scanning

g#

The 'arterial ring preparations were suspended in Kreb s buffer

P &

: solution under an isometric force of 1.5 grams which was applied to the

rings by 2 triangular clips on opposite sides of the vessel through which'

tensionv ‘coviy be ‘?ﬂ?llied- A tension of 1».5_ grams ‘had previous/ly‘ been

. ‘de"termi"-ad »'_'as. -.the optimum by 'len'gth' tension -analysis » Kulite :I

: (Mode.-797159 -3) force tranducerc were used to maintain and sense force‘

»

. .changes which were then recorded on a Gould (Model 8188 4400- 00) recorder

S%CO )

T: ssue oxygemhwl was achieved vwith continuous carbogen (95%02,

- per fusion of the Kteb’ s buffer which was maintained at a temperature of 37 >

o C. Drug manipulations commenoud after a2 hour incubation period during

which the Kreb s solution gae changed every 30 minutes




’ -

rings with '

minutes before Eﬁetylchﬁlfhe (ACH) curves were started (bath no.’ 4) Thisr'-g
. was done',tof prevehs prostacyclin participationﬂgin-‘ he rgaaiationj
(Forstermann et alggbl ) Following this the following drugs were addedg

to each of the tiss b‘ﬂhs norepinephrine (NE -7 log mol/1l) was used to

precontrac%the artg_rﬁ__\:_{._n,g after which ACH was given from 10 to -4 log_

mol/l w1th 1ncrements of 0.5 log mol/1. to acheive a concentration curye of
PR

P i

arterial relaxation v After_: the 1ast dose _of ACH (10'“a mol/l)

| 5 ndrdihydrograiaretic,acid kNDGA -4 4 log mol/l) was added to bath number 3

vcontaining a rlng, Wlth endothellum ’.The “only difference between; the

,arterial rings‘ was that bath nduber 2 contained~ a de—endothelialized

f~9 f;ﬂ' : b..'_ 55?

,ies lA of the study using the 6 month rats one of the arterial -

‘ndothelium was incubated with 1ndomethacin (lO mol/l) for 30 ‘

arterial . ring;f Thus bath 'number 1 and 2 contrasted the effeet of

Y

_endothelial presence on relaxatlon by acetylcholine while bathsmnumher'3

_ and 4 assessed the effect of en

relaxations .

T
o e

i

After the 1ast drug was - given the; tissues were washed several times

: with Kreb's solution and then al 0wed to equilibra 93(30 min ) after which

S

they weregkthen washed again and series IB eommghted In this seriesW

-5.

atropine 10 .mol/l was added to bath?pumber 4 and NDGA ( 4, 4 19&?&61/1)

was added tg’bath number 3 “to assess €he effect of. these inh}& tors on ACH

,,,n‘a

induced nelaxation ' Then NE -7 log mol/l was used to pfecontract all the

»

evdblockers ‘on .acetylcholine, inducedv

' tissues after which Na nitri®¥ (- -8 to -3 log mol/r) was added in incrementsf

to bath numbers 1 and 2 while ACH ( 10 to -4 log mol/l) was added to baths

: 3 and 4

L
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<

-

The aortic rings from the 'nine month rats underwent an 1dent1cal¢

sequence of events save that follow1ng the completion of series lB the

. de endothelialization proceedure- was performd' on the b3‘1rings with

-endothelium present' The tissues were. then re- suspended at - l 5 grams of o

'frequent-washes for 2 hours Aft&r this was accomplished series 2 of gfug

manipulations was performed on these tissues

:kindly supplied .by: ‘Sigma Chemical :‘Co. f(Stg ' Louis,: ,M?'U;S’A'):
v‘nordihydrograiaretic acid (NDGA), Na nitrite atropine sulfate .clonidine"
vz.acid'(CaNa
-.as the final drug concentratfons in the bath (13\

_sulfoxide (DMSO). . The concentrat

1}0‘025‘moles'per cent thislconcentratk h

B and Allain et al’

o L {&,

The following pharmacological agents used in these experiments were

'norepinephrine : bitartate acetylcholine ‘ﬂ chloride indomechacin,

A

.

‘,isoproterenol, .methoxamine, calcium ¢is9dium ethylenediaminetetraathic'

2EDTA).

_ Distilled water was used to prepare dru

hich‘are expressed

1‘m1) Indometﬁacin’was

FAEDN

dissolved in equimolar sodium carbonate and. NDCA was : dissolved in dimethyl

%s,;‘

°

"t

e
SR

o o . . - 4".‘:45. L
. 49 o . b

Serum g]_uqos;e , '_ Chd s

an automated' system 7 (Multistat III,;' Instrumentation Laboratories i

S ) > \,‘,Jq

lexington Kentucky, U S.A; ) according ‘to the methods of Pinter et
185 ' ) ' voE

.,'-":" Ve ;‘

éba;b

S LSS

O in the bath did not exceed

.sterol and triglyceride levels ‘were, ahalyzed by~

I:tension and washed with Kreb's solution and finally re- incubated with |



f‘;\‘

' -Stgtistical' Analv'sis

A > . v o
N A Y
“ v .

: observations ‘was used for analy51s of. weight: s}erum levels “of gluco‘se,

cholesterol and triglycerides ’ and grams" of : either relaxation ,or )
RN ) ' ’

contraction The ability of the tissues to react to. the various drugs was

o

evaluated by the ED 0 value and the slope of the concentration curve

'following 1inear regre551on A problt “transformation of the dose response.-

1
b

'curve was also used after linear regressmn to- give ‘a probit EDSO

_'probit slope to the linear regressmn All comparisons between tissues"

AR

,_were evaluated by analysis of varlence and the probability of a differencev L

,between concentratlon curves. was expressed as 51gn1ficant (p<0 dS p<0 01).

or not (p>0 05) (Cook et a1186) | S

] . «

P
Cese ' ' P
All data are expressed as mearuSEM Student s t- test for unpaired‘ f

anda :
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-_',RéSEé#§§a¥° Noraq;enalin (Figure 78 83)

* RESULTS

o~

gg.ults of Scanninz Electron Microscopv and Sudan Red Stalning s

‘ .
- -

' Scanninb eletron microscopy confirmed that at 1easL_ 60% of endothe11a1

cells remained at the concl usmn of the experiments desxgned to require the

”'presence of endothelial cells All de- endothelialized r~¢~3pec1.mens were .
‘ '.’ . B ." .

i shown by SEM to- be denuded of their endothell(l\c'ell layer w1th Ano apparent

damage to. underlylng struc:tures None of ~ the Spec1mens had demonstrable‘
3. . : - T . -

S

atherosclerotic lesmns by either SEM or by Sudan Red staim.ng

Blood Chemistrv and Bodv Weights for 6 and Q Month Rats (Figure 76- 77)'

onfasting blood values revealed no 51gn1f1cant difference in glucose :

.

a

levels for corpulent or lean rats of ‘either sex : There was only a mild

velevati-on in'cholesterol Ievels 'for corpulent male and female 'rats

o .

Corpulent male rats showed triglycerideuels that were elevated to tw1ce‘_

the level of 1ean couteiparts However corpulent female rats had ver}/ high,

concentrations of triglycerides which rose to ten tlmes the - level of lean

counterparts and were five times greater than those of corpulent male rats -

‘ Male corpulent rats welghei

:corpu_lent female‘_»'r'.ts-weig‘ d ‘twice as' mu‘ch__'as' lean .f‘emales. , .'l'he-’ bodv.

.‘_v"weig'hts "of‘cyrp\/l’l,éﬁtgf;e'm y were .up. t:o,_‘7,5%._ of those of corpulent male.-"_”

‘L

Re"su ts uf oont act o Curves

. Q

Noradrenalin (Nor) sensitivity curves showed no difference between'.

.
o . .
SR P

almost twice as much' &s ‘lean male ,_rats while - °

corpulent and lean males .oY females at elther 6; or 9 months of age ‘There

o



e N .. C e » . )

 was a non Signiflcant increase in Nor sen51tivit“ in corpulent male rats
. K 0.

:'between 6 and 9 months while lean male rats showed a significant increase

T

;‘1n Nor sensitiv1ty over the same’ age span Both corpulent and lean female-
'rats showed a significant 1ower L contraction at higher doses of Nor

»compared to male rats at 6 months of age which was lost by 9 months-of age
4 . < i
‘ There ‘was no 1ncrease 1n sens1t1v1ty to’ Nor between 6 and 9: monrhs of qge-'

. in. female rats 3 }.1 ;'f R _ g '_. T - ig

At 6 months absolute values for Nor contraction ( a log mol/l) were

g hlghest for ‘corpulent and lean' males (2. 43+0 35gm 'and 2. 26+O 25gm

LY

’:respegtively) which differed significantly (p<0 05) ,fromf the force_’ofﬂ

' contraction of females (1 13+0 O3ng for corpulent females and _and”

o

2

showed‘the same maximum force qf contraction (1 A2+0 O62gm for maies ‘and

l.39i0u253gm€§§r females)l -There was no 51gnificant dlfference at 9 months

-of age‘"fer. corpulent males (2. 29+0 345gm ) and corpulent females

- (1.94%0. 259gm ) however 'there was a - 51gn1ficant difference (p<0 05)

\

©1.1120. 25gm for. lean females) ..By 9 months of age Lean males and females'i..

between 9 month corpulent and lean males w1th respect to absolute force of

contraction, The difference in- force of. contraction between‘ 9 month '
corpulent ~ and ® lean. females'fwas considerable but noti’statistically_
significant.

CompariSOns between the active tension of precontraction {Nor -7 log'

mol/l) in- corpulent and lean rats at 6 months of age showed that there was -

no 51gnificant difference between force of contractiop i dothelialized

'-.cbrpulent males and de- endothelialized corpulent femaleswand ;ean males and_n
Py R

females. There was a significant difference (p<0 05) between. the: active

':tension of de- endothelialized rings from corpulent and lean male rats asf‘f

R
S



-ﬁﬁg' welf as the actf@e tension in rings with endothelium for corpulent males - e
L S o o R
ﬁ,;‘ (l 8l+0 152gm*) and for lean males ( 912+0 l?Ogm )

. - F

At 9 months of age there was a difference‘ in the active tension :
| )

)' . .4 2

;wfvg between the d; endothelialized ring of the corpulent male (2 08+0. 165gm )
& - 64

heﬁﬁean male (1 42+0 152gm ) zﬂ}ch was not 51gn1ficant However there

N
3

ui'égy no differqce in the active tension of rings with endothelium between '

e

-'éf ('corﬁﬁient males (l l6+0 Ldbgm. ) and lean males (1 21+0 3248m ) ‘ThQFe'WaS

':=Y" -also ‘no difference in the actrve tension of~ endothelialized rings‘between_ L

corpulent females ( 412+0 150gm ) and ' lean 'females.’( 662+0‘123gm )i
although these values vere 51gn1f1cantly lessl(p<0 05) than male values . 'J,_:y
" Direct comparisons of the active tensxon for de endothelialized rings_r

of 6 and 9 month old rats with Nor -7 log mol/l showed that there was a .

decrease for lean males and corpulent females whlle corpulent males and
- ‘ , g
“lea females contracted to the same amount ' However in endotheliallzed
.' N - N . . et ;'
"rings there was a 51gnificant decrease 1n the active ten51on between 6 and

‘-\-

9 months wéth Nor -7 log - mol/l for cbrpulent males and for corpulent ‘f4

females whilé'leag males slightly increased and lean females contracted to -
Sl . e ST , : o
the ‘same extent A S : ”,;”-' T

S X S . 0

Z%vl Response to Methoxamine (Figure 84 - 88)

- B There was very little difference in sensitiv1ty -to methoxamine between-

Ai” corpulent or lean males at 6. or 9 months of age Both corpulent and lean
N . ' A .
S females also showed the same senSitivities at- 6 and 9 months of age . Male

Iean rats had a significant (p<0 05) reduction in the maximum force of

-..’*' contraction between 6 months (1 7410, lSOgm ) and 9 months (1 10+O 145gm )
: Fak females also showed a redUCtion in the force of maximum contraction>'b

r'f:between 6 months (1. 65+O 304gm ) and 9 months (1 25+O 150gm ) of. age which
. A &?*



;éfj;bo;fh

was not significantly different There was no such- decrease between 6 and‘ﬁ

v'_9 moﬂths for corpulent males or. for. lean females although the maximum- e
forces of contraction at 6 months for females were consistently lower than: A

‘the males Nine month old lean males contra%ged to ghe same tension as

females in response o maximal doses of methoxamine‘ S i: l"'w o .o
R - v, e |
'-3‘ LA R » '0 "?.

., Response to Clonidine'(Figure 89-93)‘ I
» The male corpulent rats as. compared to lean males were more sensitive':'

-

to clonidine at . 9 months of age but not - at - 6 months of age : There was‘
fp-little difference 1n thé response to clonidine of corpulent males between 6:
..or 9 months of age . nor was there a iifference between 6 or 9 month lean}f
‘rats . There<was not.a corresponding differnce'in clonidine sensitivities
between corpulent or lean females at either 6 or- 9 months of age | Againd

tnere was a 51gnificant reduction in the maximum force of contraction forf4~‘“

flean males between 6 months (1 05+O 102gm ) and 9 months ( 418+0 lO6gm,)

~wh11e lean females again showed a non- significant reduction from 6 months ;f;f

I(O 48+0 224gm ) to 9 months (0 25+0 Ong Y. -~ There was .not’ a concomitantﬁ g
reduction in the maximum force of contraction between 6 and 9 ponths forl}

,v

3corpulent males or lean females Females had lower maximum forces qof x4 :N

del ‘(’_. . il .

contraction at 6 months than males but at 9 months the lean male group .

. ‘ ‘ ‘5’ ! .-
reduced the maximum contraction by clonidine to similar leVels as the .
- . - . . . s ’ o g P o v . : 4

‘females St ' S . . B I

f"

| Effect of Nordihydroguateic acid(NDGA) (Figﬁre 9%- 97) R el e

The predominant effect of NDGA on male rats was a progressive'and°
;(. R

\‘significant depression of . relaxation starting at -7.5° log mol/l of Ach

A._



13 P

"

bp!rats which relaxed as well with NDGA as’ without 1t . Female rats suffered_f

g ‘mol/l)

Effect of Indomethacin (Figure 98 101)

EE

any of the groups of animals that were studied

.

: Effect of Atrepine (Figure 102 107)

"the only group where this is “not true is in the 6 month old male corpulent '

ann inhibition of relaxation by NDGA at a lower concentration of Ach ( 9 log o

There was no significant inhibition of relaxation by 1ndomethac1n in ;f.

Atropine very significantly (p<0 Ol) inhibited acetylcholine induced_A;

@

‘ relaxation for all groups studled The aortlc rings from lean 9 month male.<;
"'rats relaxed better on treatment with atropine than 6 month lean males or 6
or 9. month corpulent males - Six month corpulent and lean females overcame. .

’.l,he atropine block at higher doses of Ach However by 9 months of ageli

there was poor relaxation in the presence of atropine for all females

-Effect of De endothelialization (Figure 108 lll)

relaxation greater than 30% for the arterial rings

statistically different (p<0 01) to the - case of' artggiﬁsg

bl

- . . . . - vl . T " -- a 4

endothelium :

Lo~
v

; Ef%ect of Na Nitrite (Figure 112 115) ‘6': , o

arterial relaxation between corpulent qu lean males at 6 months (p<0 01)

e,

e

J - L
af strongly".

with intact -

-The effect of Na Nitrite was to produce a significant difference in

-



and. at’ 9 months (p<0 05) of age There ;was no difference in nitritew fifé:

Yo

B

1'nduced relaxation between 6 month corpubgib and lean females However byhlij

!;M'-'

»
0 Q -

9 manths there was & right shift of the relaxtion curve for corpulent'

females which was not 51gn1ficant

‘Effect;of Isoproterenol(Figure;116;119) i'a o ‘“";fi 'j‘f'

There was no difference in relaxation by isoproterenol between 6 mon e

fcorpulent and lean’ males . However by 9 months there was ‘a significant

: depress1on, of relaxation with isoproterenol in"the corpulent males

7

._Comparisons between 6, and. 9 month 1ean males showed an increase An:

'TV“relaxation by 1soproterenol over time ‘the converse was true for corpulentj..
-ﬁ

: males There was ‘a significant impaiggent of relaxation,by isoproterenol
”'manifested by a right shift of the relaxation curve in both 6 and 9 month;l

'[ -

corpulent fema e, rats as compared to lean female rats

Efﬁect of Acetylcholine vInduced Relaxation(Figure, '120-*124-)

» %y There was. ho’ difference in Ach induced relaxations between corpulent
and lean female rats at either 6 or 9 months of age The aortas of the 9 ¢
'"month 1ean females relaxed less well at .the highest doses of Ach than the 6;r

¥

.month 1ean females however this was not significantly different v There‘

o was no_ difference in. Ach induced relaxation between 9 month corpulent and

‘

"lean males howgver the 6 month corpulent males showed ‘a significantff‘i
depression in relaxing ability to Ach as compared to lean males There whs‘;~'
llttle change in sensitivity of the arteries of lean males to. Ach from 6 tO;ihi;J“

#.9 months However as expected from the abOVe data the 9 month corpulent'.

: males increased in sensitivity to Ach .as compared to the 6 month ebrpulentA

v “A L o o N o IR , T S
'males T g e 'r



..'.'In absolute -‘value~"there - was little dlfference in the force v.:'of
.'relaxation between 6 month corpulent males (1 59+0 171gm ) and 6 month lean‘v-"
»‘males (l 06+0 l61gm ) Six month females both corpulent (1 137+0 124gm )

‘and lean (0 956+0 227gm ) relaxed -to the same extent and to the« same-,_

'absolute force of relaxation ‘as male 6 month rats At 9 months of age Ve

. there was little difference between corpulent males (1 267+0 217gm) andl;r‘“
N .

"’,lean males (1 30+0 293gm ), nor was there ‘a dlfference between corpulent _—

| ‘females (. 631+0 1308“1 ) or lean females ( 681"‘0 137gm ) HOWever the force-‘{.-,

"'of relaxatxon by Ach for the females ‘was half that of the males



- Discussfon . - . 7 .

‘:‘
N
"

- One of ”t_he major findings in this ;study is'- the_- decreasedb' .

responsiveness of the smooth muscle in hyperlipidemic male and female?;_"

1,

R - fanimals ' :td- . endothelium independent : relaxants Thi_s inhibition of . - ¥

L irelaXation is seen to be present for both isoproterenol (a beta agonist)' ‘

and by Na nitrite - In the male corpulent animals this could perhaps be due

| “",to a Bagher maximum contractility by alpha agonists preventing effective :
r§lax‘ahtion “by endothelium independent relaxants . Lean male rats would be

j_ al;le to relax ’bEtter in response to these agents due to the decreased'

;S&m’gximhm c'oht'r‘actiohb by alpha agents:at both 6 and 9 months of age

Previous investigators have noted én increased a!terial contractility in».

' hypercholesterolemic rabbits ' to .,.the ' constrictor agOnists C5-HT and "

-

. 87 L
R 'ergometrlne.l‘ %wever contrary to our findings Verbeuren et al found
o RN s o -
R -
' that 1n hypercholesterolemic rabbits there is a decreased responsiveness to .

alpha agonlstslnlé In cﬁmparison to the males corpulent females who are
» ‘.; .ﬂ . . a" .

free of atherosc}erotic lesmns ‘at 9 months of age do not change in. '
sen51t1\uty to agipha agonlsts but have ‘a decreased maximum force ’ of‘_

g .

contractlon by alpha agents at 9 months as compared to 6 months Despite

: this decrea"& in the maximum force of contraqtiq;n there was’ still a._' .

persistent impairment of re},axatim’i at, 9 months of age This ‘ean only.",.

.\point to- a failure of relaxation at the level of the smooth muscle in..', -

_a,.

reSpose‘to endothelium independent relaxants with hypertriglyceridemic, 3

- . i ‘t Fﬁ - : . ‘- TR
conditions Corpulent males mayﬁ have’an associated enhanced contractivity R

-which further impairs their smooth muscle celis ‘from relaxing ' “, .

The other major finding is that there is no failure/'/o} endothelium L

e

dependent relaxation by Ach in female hyperli,pidemic rats Despite the" ‘




2 85

-hiektremely elevated triglyceride levels- with moderate elevations of
o cholesterol the female rats: at 6 or 9 months are not known to, significantlyi

g>velop atherosclérotic myocardial or vascul rplesionsl77{, Thus despitef

the known deleterious effect of hyperlipidemiawon endothelial cells_aigg

o female hyperiipidemic rats have no loss of éhdochelium dependent relaxation

‘by Ach

v Evaluation of' endothelium dependent relaxtion in corpulent LA/N CP

male rats - is very difficult Results from this study show that there is f'

' :attenuation of endothelium dependent relaxation at 6 months which has g

-,spontaneously corrected itself by 9- months of age This is an anomalous
ﬁ‘finding because histological studies show a progressive disease from 6 to 9

bmonths although most of the . diSease 1s confined to - the aortlc arch with

u,

iless than 10% 3f the endothelium damaged distal to ‘the arch in the 9_month

8 | | "
vmale animals‘8 5 ‘The segments of‘thoracic aorta’ used,1n<this studvaere

’ taken_between'th dc arch and the incursion of the aorta through the - .

':diaphragm. . There ':\are ' several ' possible/ : reasons ~why - this -

‘ endothelium dependent relaxation might be corrected between 6 and 9 months

One possible explanation for this observed difference in relaxation .
J ??

o
might be due to - the “power of ‘the statistical tests used to assess the

: results ' The power of a. given statistical test depends on three factors.
l) the risk of error that is tolerated o reJect the hypothesis that‘;

Lo there . was .no difference in. endothelium dependent relaxation (In this:'
f PN »

study the null hypothesis (Ho)‘&s rejected if: p<0 05)

2) the size of the diffenence to be detected relative to the .amount of

~variability in the pOpulation (This isa ffunction ‘df:?the"arterial
' . Y Te e

B



~- c -

largely beyond control in most studies)

Ty
§ N

J,wf ' ' : RIS
ey L male rats CA small sample 51ze would invite two typdg @#rror which could

affect the power of our hypothe51s testinglang.

‘a) Type 1 error where the null hypothesis'is crqéi

.‘;” . this situation we might conclude that.the null hypothesis fsirejected whenk

relaXations between corpulent and lean 6. month male rats Such a situation
could arise if there was a non- random sampling of arterial rings used in
the corpulent male rat group CIf by pure chance the arterial rings in the.'

| corpulent males all included more focal atherosclerotic 1esions than thatyr'

©

of a true population of corpulent malesbﬁ We - would expect ‘a falsely-

v depressed relaxation effect by acetylcholine '} R

v T . o [,

b) Type II error where the null hypothesis (Ho) is false" but niot -

: rejected, or the. alternate hypothesis (H ) is rejected when it should be

Y .

E accepted This situation implies an error in the statistical analysis of'

: endothelium dependent relaxation with the 9 month corpulent and lean male"

»

rats : Such an error would imply that we have failed to reject Ho which

1mplies ‘that Ho m_x be true but not that it is always true It is possiblel

that the true mean of the response to actylcholine for the 9. month 1ean

ﬁ’ ‘ male rat is higher than that which was measured This might ‘be* due to a

technical error causing excessive endotheliﬁl cell damage in the lean male'

group ; However as all endothelium dependent relaxation curves were similar"

.

-

s to each other except the relaxation curves of the 6 month corpulent males; N

. it is more likely—that if an error occured it was; a Type I errorswith this_fﬂ‘l'f

o

f"f;x3) the sample 51ze (n-4) for all groups lj' t :: caused ‘the |

‘@ejected "In -

1n reality there is not a true: difference An endothelium dependent_ |



g.l;;up l"u-rther studies | with. 181’8915 | sample v sizes are commenclﬁg/’to
) -investigate the possibility of such an error occuring ; R

N _ ‘
‘A second explanation would be an increase in Ach receptors on the 9
. month old endothelial cell ‘ However there was no 1ncrease in relaxanon.&

between 6 and 9 months with. atropine present as a blocker in the male

‘ corpulent rats as there was with the male lean rats. This might reflect a

).

decrease in the- sen51tivity of male 1ean muscarinic receptors to atropine L

—“ ~

-.at 9, months since there was little change in the sensitivity thAch between

o 6 and 9 months for the 1ean male 'I'here was no 1ncrease in Ach sensit1v1ty
. : B

between 6 and 9 months for corpulent or lﬁean females and there wa‘s a
. decrease between 6 and 9 months for both groups of females with atropine as

-a blocker

: A third explanation mi*t be . that if there is endothelial dysfunctron" _

. due Mhyperlipidemia |

[

muscle cells in the 9 mo :

concomitant change occured in’ the’csmooth.
/.

th male corpulent rats to render them 1ess

'contractable and therefore relaxation by a reduced amount of EDRF_

would be possible In other we can‘ pos31b1y speculate that there is
- a true reduction in EDRF relaxation at 6 months but at 9 months w1th the'
: " same level of EDRF full relaxation can occur if: there is a reduction in
.;the smooth muscle Ncontraction ‘which would reduce the_ work-.ﬂ needed"to-
counteract: the . contrac_tio“n. 'IIhe re_su_lts of ’this . study show that ‘the_'f
absolute vf‘orce of - contraction by Nor’,-.."-7‘ '1625 ~ mol/l for "'the
‘de endothelialized ring in the corpulent male did not change from 6 months
(2. 21+0 445gm; to- 9 months (2 08+0 216gm ). There was however -a great
decrease in the force of contraction with Nor -7 log mol/l in rings with _

'intact endothelium between 6 '-months (1.812i0.166gm.) and - 9‘ months

1

o 7(1.1’6t0_,~l_66gmf.\)‘ for corp’ulent males. This- suggests that there might be a



jcriticalj'eveltof contraction beyond which EDRF could not acheive full -

‘i'relaxation but this begs the question as to why the endothelium modulated

the prencontraction better An the 9 month than the 6~ month old corpulent'

'male There is at the present no good answer for this . except that in the 6

KN -

‘month coxpulent male there ‘was no - failure of relaxation by ‘Ach with NDGA
4*present It is possxble but unlikely that in the 9 ‘month corpulent male
_the” pathway to EDRF was not through the 11poxygenase enzyme but rather‘

through -an an01llary path which was not affected by the biochemical changes

v

«in this animal Thus in ‘the 9 month corpulent male .the path of formation
9 \ :

By
._for EDRF might have shifted to a pathway more re51stant to atherosclerosis

There is however no reason to 1mplicate another pathway for EDRF formation~

- \_.,; % -
at this point since all other results, in- this study suggest tﬂht there is

'lipoxygenase but ' not prostaglandrn participation in relaxation due _to

°

acetylcholine activation of muscarinic receptors in these animals.

One. final result ‘that argues against endothelial dysfunction in these
animals with respect to relaxation by Ach .is that the corpulent males atf

both 6 and 9. months of age have the highest values for absolute force of
N . ) 'I'"

relaxatlon Iﬁv.the atherosclerotic process attenuated either' the

production or the effects of EDRF the - expectation would be for a reduced‘

(%

_force of relaxation rather than the converse
| L4
: 0y

. ﬁ '
If further experiments with male corpulent rats confirm an early
L]
1nhibition ‘of EDRF with a spontaneous return to normal endothelium

dependent relaxation at 9 months of age we speculate that this could be

caused by several mechanisms

v

1) Age»- It is known that with aging endothelium dependent relaxation
iimproves while B agonist relaxation suffers a progressive inhibition207u

Thus ve " should expect between 6 and 9 months a normal improvement in

—————



'V'endothelium dependent relaxation with a rmrmal impairment in relaxation'

finduced ‘by B agonists ' All our results agree with this save that in the

-

'icorpulent males there was no dimunition 1n‘ ﬂ agonist relaxation This

2“might be asSociated with atherosclerosis at the level of the smooth muscle

2). Contracting Agent - One study ‘has shown that noradrenalin through ﬂ
receptors‘ on' endothelium ce115‘ can. release EDRF206A"'Thus Cif the‘
endothelium.{surface ’ﬂ receptorsf*of the 9 month corpulent male 'rats
"increased their sen51tivity to ﬂ agonists we would expect a rbduced active

'tension withlnoradrenalin as a precontracting agent, | Noradrenalin would
not be.eapected ‘to have a different effect on thebsmooth muscle cell
h:however through the algebraic sum of 1ncreased EDRF from the endothelium
and~theisame force of contraction from the smooth musqle we would expect a
reducedfresponserinfaccordance w1th-our results. f;'f!f. ‘ |

,3)_’Fatty'bAcids - The VLDL molecules through the fatty ac1ds they
o contain may-themselves at 9 months facilitate the release of EDRF. bThis‘
could be accomplished through two mechanisms | |

_ a) A change in the ratio of phospholipid to cholesterol in the cell
~ membrane: This would either permit easier access for -Ach to reach it’s
;muscarinic receptor or it might amplify the work of these receptors F'\

| b) A second possibility 1is that the fatty acids from the triglyceride
moities may augment ‘the "EDRF formation from arachadonic_ acid 1n the
.cytoplasm"by acting'.as the initial _substrate for arachadonic acid f
-formation;‘ It is 'known;¢£hat unsaturated fatty aacids lwill jproduce;
endothelium dependent relaxation :inr both dog and rabbit ”aortassg

. ) A
Unfortunatly,,the fatty acid components of the triglyqeride moities in the -

VLDL molecules of they rat33 have not 3as yet, been individually

Characterized.

a -



4) Ihsulin - The’ young corpulent male rats. exhibited a. ~r$active'

hyperplasia of - the B cells in the pancreas as compared to lean contJols and

female corpulent rats. - This is reflected in -a large increase in serumvd‘z

' 1nsu11n levels w1th normal glucose levels and low glucagon concentrations

With age the 1nsulin 1evels tend to increase to maintain a normal glucose~.u

level2 8; The assocxated actions of the 1ncreased serum insulin might activ

.like therid hormone to enhance cellular reactions -and therby increase EDRF

T concentrations

‘.

When endothelium dependent and independent relaxants are. considered

together further questions : not answers arise. The fact that a betaﬂ

'agonist acting through cAMP and Na nitrite acting through <GMP both impairu.

-_relaxation in the LA/N CP rats. argues for the defect to be located in the

,crossbridges; However ACH induced EDRF ih the females is associated with

full relaxation despite;ége fact that EDRF like nitrites acts through_

cGMP- to 1nduce relaxation This 1nd1cates that if the defect in the muscle_

-"is in the generation of cGMP - that there is more. EDRF released, or the EDRFT

b

-that is released is more active in the corpulent females than the lean

females to generate the same amount of . cGMP If the defect is distal to :

CGMP then ‘more cGMP would have to be released in the - corpulent females to.
'oVercome the smooth muscle relaxation defect that accompanies the’

inhyperlipidemic state,. - ’; ' N .

Male corpulent animals at 6 months of age demonstrate impaired

c

relaxation which is due ‘to impaired muscle relaxation and might be due -to

©an impairment of EDRF effect Relaxation by 9 month corpulent males;is

»



similar Eo lean males which is analagous- to the female situation whereby

N .A"

corpulent females accomodate for a smooth muscle defect: with resultantg _

: 'normal endothelium dependent relaxations The mechanism in the males which» S

o

'allows increased relaxation by the endothelium despite a muscle problem 1s-'

»

'nOt anSWered from this study and w111 requlre further investigatlon
. PR .

.,'Future resharch in thls area should focus ‘on- two areas bioassay studles of-' S

VEDRF and the endothelial basal controis of smooth muscle contraction

. .
. v

- Stud -Concl’us’io I Ce T s .

. PR et e oo T o
',The conclusions of this study are:' I B SO
. . = ) S ol

l) That male an'd. ’ female _ hyperlipidemic . animals demonst:rate ;i'mpaired'-'

Ly . . . >

. ¥ ,‘
.relaxation gt the level of the smooth muscle 'cell Thl.S is despite the_

LI

lack of . atherosclerotic lesiOns in the females and can 3;‘1}: be due to the ) '

.

D

,',_hyperlipidemia state as hypercholesterolemic animals do not demonstrate,_ T

B 172 ’ - S o e o
Ceatst20 e e T T

".‘2) That despite 8 smopth muscle cell relaxatlon problem corpulent females

’IP

do not have impaired endothelium dependent relaxatwn Fu,g:ther research;.

.1_ . N u

',must be done ,:on the cprpulent malesv;to see if in adduﬁ to 1mpa1red.

N . "»- e
\smoo&‘h muscle relawﬁtion there exists_ ‘an; associatea impalrment ~of?
i [ . : . RS ) . o . 7
end&theli‘hm dePehdePt relaxation G -' X ( o ‘

ﬂini__l_lmp_kic_ations of Endothelium Dependent Re sgonses. e
N'.”‘.‘“ ""I"‘v:;'- . o .

':..__'. . e » N C B g B e P

N ~- R SN e S e SN ° .
o R Re‘cem: s:udies hav‘e .changed the role of. the endothelial cell from that. N
;ﬁ.a passiVe. sieve fo '_ ood con';tituen'.ts tb thatﬁf‘ an active nrodulator of
“ s.eVeral i.mport:a@ physI_l'og!cal functi.(ons in.the arterial circulation A
- Seve;:\al key endothelia ‘tiinsbthat are cur‘»rently utilized to benefit

‘ _‘_ ‘ 'h ‘ ) \',:?:; ‘ R - S S

N
- R . . . . . X S . e



| Sherspestic \menipulations are, che anci-chremboric) and asedilatory -
. .fuhcéiAﬁs-of the-endothelial céll. fj57‘;l ;»av_,_‘ B
| Research reveals that shorq periods of- hypox1a induce morphologic andv.i:flf

functional derangements to endo;helial cells ‘in viv0190 19;.{ Furthermore,

studies with in situ .or reversed?'saphenous vein 'bypass 'g;afts.-revealjﬁ
.yextensive ‘endothelial cell damage from handling alone; : With time :

o morphologic healing of e'endothelial monolayer progressed slowly back to

ell biochemical changes were never normalized-

rf over a6 week study periodi?g; Other investigatora have shdwn"that O |

normal however endothelial

._.9 3

rl_endothelial cell' destruétion -“and loss:.of fibrinolyticb activity hjvf' :

autogenous arterialized vein grafts is directly proportional .~the

handling of the adventitial surface during it's preparation. as a vein

193 194 ;.‘

graft -R cently it has been shown that endothelial seed}hg of small™

f caliber prosthetic arterial grafts have enhanced patehcy as compared tof:ﬂy

. ‘ o
prosthetiq grafts _without endotheliumlgs.; Such new inslghts -as these'

s < 0'.- ' [ R -
» reveal that we ‘can not tolerat%'wiﬁh'impunity the 1655 of endothelial cell "

: control@over thrombosis during graﬁtq reparation when bypass grafts are_

’ used as the major blood conduit to* cfitical end organs A J=4._j
The other area that is- currently undergoing inVestigation concerns;“"
endothelium dependent relaxation ' In the past it has been well knqwn that‘}.ff"

- direct acetylcholine infusions to the pulmonary artery will transientlyﬁf

’ ameliorate chronic pulmonary artery' hypertensionl§61‘: Recent studies on‘

ey s

endothelium dependent relaxation wlth human coronary arteries in vitrolg7i‘?' S

y R ‘,--,_5 . . e
hd in vivo}98 demostrate that there is impaiﬁ%d relaxation in these A

\.. \ L

. ,.“.A.A, ) . T
e . % W <l ~ S

arteries - qffected 4 y o atheroma ’Coroqary and systemic , vascualar'~
s e )

_‘l 4 . - '. f ‘l".
atherosclerosis may prédispose some patients to vasospasmlgg 200 whic h may R

201~,[g£d“

'l‘be associated with a defect ‘in endothelium dependent 'relaxation

. a A 4 e
“y ‘% : s L ‘




3

- relaxations T 'Microcirculatory studies to the leyel of third order“:n

:

- vasoactive metabolite in the clotted blood around the artery

" 'has Ugreat potential ,fo future

impairing blood delivery to critical tissues Vascualar surgeons could v

from technical flaws the main determinants of early graft failure :

- may play a- role in the regulatione\of microvascular tone T

‘y . e

i

Neurosurgical studies with sub arachnoid hemorrhage have shown maximal’:°

v T e

R & AR

endothelial cell loss in cerebral arteries assoc1ated with the Onset ofj“

delayed vasospasmzqz;' The loss of . relaxation in cerebral arterles withgf

N ~ V. s

(knownm to be 'released by vasopressin73)f counterbalancing .an. unknOwn; '

202‘

[ PR

Recent studies with cuitured h?wine endothelium cells seeded onto denuded'

\

' endothelium causing vasodilation of the coronary arteriesslu- Endothelium

seeding of autogenous grafts may have future applications in 'yascular' .

surgery

Eharmacologic control of the - endothelium dependent relaxation factor‘

.

“i

management;"' Control of.'cerebral or .coronary spasm could _resolve au;ql'

9»

potentially lethal situation by correctlng exaggerat’d vasoconstriction’- S

.

benefit by control of distal runoff and graft thrombosis which arerapart'

203 192

f
Y i B

Shock studies of large arteries reveal that a decrease 1w hematocrltf

-, . r\

N

'jspasm may be due to. the loss of endothellum dependent relaxtion-factorfy

therapeutic strategies _fn patientl

P

«without fa? decrease« flow impairs normal endothelium dependent”

SR

204

arterioles (15 25p) reveal that endothelium dependent relaxation occurs and'

EETREN .__.,

205 ..

'.-'\‘v .'~ . -

intéresting to speculate’that hypovolemic or even compensnted.hemorraghiﬁiril

¢
*+ B P N
\ ’

shock may induce reflex inapprogfiate microcirculatory vVasoconstriction

. . > hd
.a,. Lot r\,.&

It is :

a e

. secondary toLloss‘of EDRF leading to further*levels of cellular shock

E panine coronary aLteries demonstrate ﬁhﬁprelease of EDRF from the seededv_:;.

N
R



'Sepsis -as well as hypoxia are: known ‘to damage endothelial <:e11s153 190'
-which nright: effect the barrier function ' Generalized edema from sepsis ‘vor.-’
t:rauma is an incompletely understood phenomemm which might be associatedi.f
*ith a, failure ‘of endothelial cell functions Protection or pharmacologic : i
control of either the - endothelial cell or it.s metabolites during shock.
imight preven'f: thebm-orbid sequellée which cart follow severe sepsis or -
trauma. Our fut:ure ability td cbr\trol the response of the endothelial cell- :
masr reshape several areas of clinical medwicine as well as imPort f:lnanc:[al~
o relief to cdrrently strained medical budgets . ', = | ’ .

N
M
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