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ABSTRACT
“ I "’ ‘ |
4‘ ' [T Y . . v \'» .
A’IHEmSCI.m)SISDI'IHEI_A/N‘CPRAT 'H'IEPRD’IARYROIEOFSUHENWHEIIAL
MIGRATION OF’INJURED ENDomELIAL cels o ¢
. .!~'»'\_~,l\‘ o N .

. ‘ .\ - ' I ' Lo ,{A

Athoposclerosfs researchhas Iongbeenhanperedby lack of an ’ |

inexpensive, rapidly breeding animal model ‘which develops lesions
similar to those of man wit.hin a short experi?mental time frame me
genetically obese hyperlipidemic LA/N—Cp rgt may provide such a model
\ leroorpulentani4oontrolthinmleUVN—cpratsatboth6arﬂ
of age were perﬁlsion fi.xed 'Ihg aortic arch was reni:ved and
' equalhalves OnehalfwaSpreparedandexaminedby ’
scanning e?tronmcroscopy (SEM) rI‘heotherh::ll;‘:lwas i@bedded into
‘epon blocks 'from which thick (2 micron) sections were prepared and “

- examined by light microscopy and thj.n (60 -~ 90 nm) sections prepared
and examined by transmission electron microsoopy ('I'EM) .
Iesions were present in both oontx:\pl and oorpulent rat aortas ‘
oocurri.ng earlier and with mone severity in corpulent and agec;' rats ‘
Areas of endothelial irregqla.rity and denudation plus debris laden |

vacuoles were present in endothelial oells MacrophAges attached t6

~ ithe surface and penetrating into the subendothelimn were identified by ’
Ll A .
' TEM in old lesions. smooth muscle Qells, lipid am_,@orquis material ' ‘,‘",f v

W the. subendothelial space in a gradated fashion in the

Y

‘ endothelial cells appeared in appanently earlier lesions

. v
iv : PR
AT

. .rats. Abnormal endothelial oells which had been overlapped by adjaoent

& ' ) )

‘%/N-cp rat, an ever more pranismg model shows a wide Variety . L
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S - AESI‘RACI‘ (con't)

: of aortic 1esipns on'a normal rat chow dlet Lesion incidence and

severity increases w1th age and the corpulent ge.notype. ) 'I‘he response",

to mjury hypothesls proposes that the subendothelial migration of

macrophages is’ an early event of atherogenesis. ‘ E\/ldenoe that this

occu.rs late and that suberxiothel migration of damaged erxiothelial

\‘

cells is an incitmg event in atherosclerosm has been identifie&i \
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animal models of atherosclems_'

. .  ATHEROSCLEROSIS ~ *
~ Introduction E

Athe.roscleros13 has been defmed in Dorland's medical dictionary as
"a form of arterioscleros1s in Whl.Ch atheromas oontaining cholesteml
1ipoid naterial and lipophages are’ formed Wlthln the intima and inner

media of large and medium 51zed arteries"[l] ’I'he vague, descriptive

, na‘ of thls definition reflects the inadequate mderstanding of this

" seriwm disease which oontinues to exist'in the 1980's. - Ebcgensive

Jnvestigat.ion has been done and data on multiple &ifferent aspects of

lathemscleros1s continue to accumulate at a rapiehpaoe. However, | f' ‘
Mother Nature has still not parted w1th the secret of the etiology of

atheroscleros:Ls The deficiency of a cheap, easily studied and

) representative animal model remains a formidable stumbling block in the .

search for not only acausee-but‘ also a cure'for this, .the greatest ‘

' cause of premature htnnan death in Western society. The r‘aison‘d-'étre‘

v

for this :mvestigation revolves around the oontnming search - for*x this

elusiveanimalmodel 'Ihepurposeof thisstudy is to both Coy
. ' ‘ Lﬂ
' characterize and make an evaluation of a potentially good rodent moderl

#

o

. ofatheroscleroms. = T R "

gior to detalling the design and findings “of this mvestigation, -

current oonoepts of the epldemiology, pat.lmlogy and pathogenesis of

athe.msclerosismllbee)minedfollowedbyanqrerv‘i" ofcurrent

Withthisasabac]ogxum the

]



, t | 2
literature on the animal model T have evaluated will be examined. An
outline of current deficiencies ‘in the atherosclerosis data base along
with a working hypothesis concludes this prelmlnary review. l

.

Epidemioloqy. of AtheroscClerosis ' |

"

Atherosclerosis, by current standards, is more a pathologic entity
than a clinical disease. It is ‘entireluy possible and unfortunately
very often the case that an‘ individual will have very severe
atherosclerotic disease and remain asynqlrftoumtic['é] . In order to
ascertain same sense of the incidehce and prevelance. of the disease it
is necessary to examine the incidence and pmvelanoe :)f the clinical |
camplicaticas of the disease. The most useful clinical indicator is
ischemic (coronary) heart disease, as virtually all persons who are
Wtic with ischemic heart diseas:e have coronary
atherosclerosis(2]. A substantial’ proportion of 'individuals who suffer
strokes have atherosclerctic disease, \though this is not quite as
reliable an indicator as ischemic heart disease since a small.
pext:entage of strokes occur as a result of ce.rebral hemorrhage or
thrombosis. Othé;; manifestations of atheroscle.rosm include aortic
aneurysms, ischemic renal dlsease and perlpheml vascular disease which
on occasion will lead to gangrene of the extremltles with the attendant °
E possibillty of amputation. ~w:|.thout a doubt, atherosclerosis is the
leading cause of mortality and morbidity in industrialized countries.
In the 1980's ischemlc heart disease, only one of the mamlcestatlons
of athemsclemsis, by itself continues to be the leading cause of
death ih malw over age thlrty—five ard all pexrsons over -age forty-five

u\
Y



in the United States[2]. ‘

Considerable research has been. done in \an attenpt to elucidat;e___the
risk factors for atherosclerosis. The best stud)'( to date as well as
the most publicized in both the medical literature and lay press was
and is being done in Framingham, Massachusetts. Castelli and
associates have selected inhabitants of this commnity and followed
them pIOSpectively over the last twenty years. Multiple publications
have resulted from this in\;estigation docinnenting the devestating
effect atherosclerosis has on amcoxmnunity as well as evaluating many
differé;at risk factors. By age sixt&z,‘ one ‘in five males.and one in
seventeen females in the study group had same form of coronary heart
diseaée[B - 6]). As well, one in fifte;an males and fmleé eventually
developed a stroke. Factors found to have a significant association
with atherosclervsis include an elevated total to HDL serum
cholesterol, increased blood pressure, cigarette smoking, obesity,
increased blood sugar, lack'of exercise, stress and EKG changes.

By far and away the most important risk factors are cigarette
smoking, hypertension and hyperlipidemia[?l] . Cigarette smoking has a
vary strong relationship with athercgsclérosis, though fortunately this
risk can be significantly decreased by stopping sn@lkipg[s,s -10]. A
consistently elevated blood pressure, especially when above 115 mm Hg |
diastélic, has a strong correlation with atherosclerotic diseases(11l -
13]. .Oarrent research on the effects of hyperlipidemia suggests that
the development of atherosclerosis in an individual is related more to
an elevated level of serum cholesterol than an elevated level. of
triglycerides(14]. Furthermore, although cholestero.l2 vpresen;c in low
density lipoproteins (IDL) is positively associated with coronary. -



. unity afterward, may be variations in the IDL and HDL levels secondary

( 4

. disease, qholestAerol present in high density lipoproteins (HDL) has an (.
inverse correlation. Very low density lipoproteins (VIDL) seem to be
related more to &fglyoeride levels than serum cholest_:erol and as such’

| do not appear to be a stroﬁg independent risk factor. The reason the

male to female ratio for atherosclerosis 1s so strongly tipped tcward'

the male side prior to the female menopause, with a rapid shift towards

to sex hormones. The associatfon of other apparent risk factors such
as obesity, lack of exercise, and alcochol o,ohsx'mpi:ion with

atherosclerosis may also be a reflection of alterations in the HDL and

IDL levels({15]. | ' - o ,

Iné:reasing ac‘;e ‘directly correlates with increasing risk of . y
atherosclerosis. Other irreversable risk factors include genetically
inherited traits, elthe.r in the form of a disease such as famillal
hypercholesterolemia or as a general genetic predlsposn:ion for the
developnent of atheroscle.rosls. Evidence abounds' implicating diabetes
as a significant risk factor, though studies are equivocal on the
effects of borderline hyperglycemia(16 ~ 18], Fish oils and aspirin,
both of which inhibit platelet aggregation, seem to have a favorable
effect an lipoprotein levels which has lead to a great deal of research
on the relationship between thrombotic tendenc:.es and lipids{ 19 ,20].

I )

There is no agreement on the often cited relationship between 'I’ype A
personality and coronary artery d;sease - it appears that there is only
a relationship insofar as the Type A pecple are more likely to report

- their symptams([21 - 23].

¢



" Pathology of Atherosclerosis

In oonsniermg the pathology of atherosclerosis we must examine two
lesions - the fatty streak and the atheramatous plaque(24 - 28). It
remains oontmversial whether or not the fatty streak is a pxecuISor to
the atheromatous piat;ue and éti) sides of this argument will be

presented 1llowing a brief description of the two lesioris:

\ The Fatty Streak -
‘ | Grossly, fatty streaks are ‘flat., harrow, elongated yellow lesions
‘which evolve from'multiple yellow spots in the blood'vessels They are
usually quite small and may require spec1al staining (for é)emple with
Sudan IV) to be seen. The lesions are ubiquitous and appear Mn all
children regardless of geography, race, sex or envimnment, possibly at
birth and definitely by one year of age. Iesmns first appear in the
aorta and later in the coronary and oerebral arteries.' Early in life,
the lesions are localized to the thoracic aorta, particularly in the
aortic valve ring region and the area of the ductus arteriosus scar.
They also occur near the ostia of aortic branches Approximately ten
‘percent of the aortic surface is covered with the lesions in the finst
decade of life, progressing to thirty to fifty percent of the surface
by the third decade. Following this, they begin to decline in
prevelanoe. In.,the ooronazy arteries the lesions occur mainly in the
proximal segment of the left coronary artezy[29] | .
Histologioally, fatty streaks are characterized by lipid deposition i
‘in the intima, both as intracytoplasmic lipid in smooth muscle oells |
and/or macrophages (so called foam cells) as well as extracellular '

v+ e

oollections[ao] There is same debate as to whether the foam cells

A



arise fmn;imin the intimaor whether they are a ‘hlood derived -
monocyte-macmmage[al 32]. Variable amounts of proteoglycans, |
collagen and elastic fibers are also present within these lesions
though the amount varies from lesion to lesion.

Atheromatous Plaques , ‘ [

. 'I‘he athemmatous plaque, also referred to as the fibrous,
fibrofatty, 1dpid or fibrolipid plague, is the hallmark of

| atherosclerceis. Grossly, these lesions are white to whitish Jellow
.and protrude. into the lumen“of the artery, rangmg from 0.3 to 1.5.
_centimeters in’d'ia’meter though they may coalesceto form larger
masses. On sectioning, they may contain a yellow gruellike fluid (thus
the derivation of atheroma - the Grgek word for gruel).

The distribution of the plagues is quite uniform and different fram
the distributian of fatty streaks[33]. 'The abdominal aorta is most
prominently involved, rather thanh the thoracic aorta, especially near
the ostia of the ma‘jor branches. However, the coronary arteries are
involved in their proximal porticni, a5 i§ the case with fatty streaks.

Histologically, the plaques are cha'racterized by smooth muscle cell
' -proliferatim, accumulation of connective tissue fibers and lipid
‘deposition[34] The plaques are composed of a fibrous cap of smooth
miscle cells in a lacunar 1ike arrangenent in which lacunae have |
altenmating laye.rs of basement menbrane and pmteoglycan Beneath this
are highly cellular areas with smooth muscle cells and macrophages -
whﬂh may themselves contain lipid droplets[ 35]. Cell distortion
. seoondary to the lipid aocumulation has made it difficult to detenrune .
what. proportion of an advanced lesion is composed of- macrophages and |
what portion is made up of smooth miscle .cells. Current studies



\’)‘

quanti‘fy thefproportions of - :
‘ ious lesions, althazgii the ..

2
involve use of monoclonal antibodies -
smocth muscle cells and macmphages in
antibodies used are still quite nonspec fic[36—38] ‘, As cbserved
grossly, the smooth mscle-oormective tissue arrangement in moxe
advanced lesions often contains a necrotic,. ‘lipid rich gruel oore. ""Ihe ‘
‘gruel is oomposed ‘of necrotic debris, cholesterol crystals and |
calcium. The amount of lipid \qnd fibmus gﬁme varies between lesionsm\ "
and locations, for example, coronary artery lesions are often largely
fibrous in oomparison to the mrej'fipld mf‘illed aortic lesions X
Various changes often occur within the fully déVeloped atheromatous '
" lesions. The lesions may ulcérate which can lead to embolization of ?
material (eg. cholesterol emboli). The emboli have »t.he potential to |
occlude smaller vessels downstream as happens in the case of cerebral
stmkes followmg embolization from the carotid artery Alternatively,
the surface ulceration may 1ead to a super:unposed thrombOSis which “
narrows the lumen and ultimately oompletely occludes it. In the case
of the coronary arteries this leads to the symptoms of ischemic . heart
disease. Wlth time, atheromtous plaques tend to beoome vascularized
Intraplaque hemorrhage is a feared oozrplication which may result in
sudden, total uminal ooclusion This appears to be a common etiology
of ooronary occlusion and resultantcmyoca.rdlal infarction or sudden
death in previously asynptomatic people With time, the progressive
destructive type of lesions can lead to a: weakening of the arterial
wall and aneurysm formation with possible eventual,mpture-as.oocxms in -
aortic aneurysms on the other hard, the progressiveoellular type of
lesions may. beoome calcified leading to "lead pipe" type arteries as is
Asmetimsseenintheperipheral arteries. '

g
" . . r——————



' W :
' As stated, the fatty streak is ubiquitous Agreat deal of
‘contmrersyeodstsastowhethermefattystmakprogzessesarﬂlater
“ develcps into the atheramatous plaque or whether it is an entirely
separate phermxenon with no relationship whatsoever with sepaxately
developing plaques. . It wmld intuitively seem that there is a
relationship, as both lesions involve the intima both are
characterized by lipid deposition and both exhibit smooth nn.xscle cells
and foam cells within the lesions. There is same experimerrtal evidenoe
for a relationship based upon chanJ;es seen in injured vessels but‘. the
evidence is not strong[39). ' | ’ |

There are various chemical difZerences between fatty streaks and
athercmatous plaques, especially in their fatty acid, lipid and
. fibrinogen content{40}... Although the. lipid in both the atheromatous
plaque arﬂ fatty streak is mainly cholesterol ester, oleic ac:Ld is the |
prihciple esterified fatty acid in the fatty streak whereas linoleic |
acid is the principle esterified fatty ac1d in the athercmatous plaque

'Examination of ooronazy arteries has provided the most quoted
evidence for a product-precursor hypothsls[u 42]. Much of this work
'hasbeendonebystaxywhohasdexmnstratedthat fattystreaksoomrm

~,

similar locations to atheromatous plaques in the coronary arteries of
‘-ymmg children[43] MoGill has presented evidence, again based on the
- examination of coronary arteries, that there is i.ncreased surface |
. imrolvement in fattx streaks prior to later developnent into raised )
' iesious[u] nwever, the distribution of fatty streaks and _
_ jathemtous lesions do’ ndt-mirror each. other. in the aorta, themst
 ’cammsiteofathermatouslwions,astheydointheoormary

@“

i
S
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j arteries In the aorta, ~the fatty streaks occur predcxninately in the
‘1 thoracic ‘aorta whereas atherm\atous plaquw pred&nate in the -
o abdaminal aorta. 'Ihere is no \associated X in the incidence of
fatty streaks in areas of the aorta in which atheﬁmateus plaques are
ide.ntified[45] As well, as stated previously, the coronary lesions
are much more fibrous than aortic lesmns which may or may nc;t indicate |
a differerrt pathogenetic mechanism . |

chever, the controversy does not end at the precursor—product

vargument If one _accepts the theory that fatty streaks are indeed ‘the :
pbeCursors to atheromatous _plaques, the question still remains as to
whel{er there is a lesion which antedates the fatty streak and whether
the fatty streak w&l regress either spontanecusly or in response to
different manipulations[46-50] The role of diffuse i_ntimal

thicken.mg a separate lesion occuring at bifurcations which is similar

to an atherumatms plaque except for the absence of any lipid has not
been clarified Nor has it been determined how separate gelatinous .
lesions which contain large amounts of IDL and fibrinogen but . little
free cholesterol relate to the other 1esions[51—53] Some consider
these lesmns separate entities, attributing the intimal thickening to
| hemdynamic stress while others feel they are a stage in the

developnent of athemscleros15

T NI o oA
R Pathoqenesis of Ath_erosclerosis ‘ N
‘ With any disease, especially ar.; as prevalent as atherosclerosis
‘ thecerrtralaimofanymeardiistochamcterizethe@useorf
etiologyofthediseaseardtracetheeventsinthedevelopnentofthe

T
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‘ disease (pathogenesis) Ifwe}mowvmyandhwadiseaseooalrs, we
can plan and devise strategies to either eliminate the cause (affect
. etiologic agents) or arrest the prooess at some stage of its
) de\relcapt\z;rli‘t%.J (affect the pathogenesis) Multiple theories have been '
~ formulated which attempt to assimilate and explain all the .
mani festations of, atherosclerosis *'None have yet - satisfactoril\y_
'unraveled the riddle of atherosclerosis[24—27 54—58] 'Ihis deficiency
has resulted from the inability to compartmentalize neatly all the )
multifactorial aspects of the disease process All theorles attempt to
| aooount for the presence of cholesterol and smooth muscle oell
‘proliferation in the 1eSlons ‘Ihe observed epidemiologic assoClatlons,
especially the role of the major risk. factors (smoking, hyperte.nsmn |
‘and hyperlipidemia), is also usually con51dered although the tendency
" is to oonoentrate on only one of the factors, most commonly the
hypgrlipidemia. Each of the theories oonoentrates on the aspect(s) of
~ the disease which it explains best. It is worthwhile to briefly
oonsider each theory, not only to gain a better mxierstanding
atherosclerosis but also to get a feel for:, the difficulty in definlng
this disease. . -~ | |
,' ‘e‘ﬁ | Until reoently, there were only two major theories or variatlons
thereof, the thmubogenic theory and the inflammatory theory 'Ihese ‘
two theories will be discussecl first followed by a brief descriptlon of
several other recently postulated hypotheses A more detailed
S examination of the hypothesis whlch is currently in vogue and to date
haé beenmost effective in explaining the manlfestations of R
: athemsclerosis the response to injury hypotneeis will conclude the



'Ihranboqenic (Encrustation) 'Iheory ' ’ . IR o :

This is the ‘Gldest theory which was initially put forth by //—

vRokitansky in the late ninebeenth century[59] 'Ihe initial contention

was that an abnormality of the blood exists which results in the |
deposition.of fibrinous substances ontofthe arterial surface ‘. As the
Vtheory maintained that the lesions were blood derived :I.t followed that
the mass was thus composed of degenerated blood products. The observed
lesions were felt to be blood proteins oholesterol crystals and: fatty |
globules which had been laid down on the surface and then continued to
. degenerate[60, 611 Mallory extended this concept scmevhat when. he |
noted fibrin-like material in the plaques whlch he attributed to .
organlzmg fibrin from the blood[62] 'I‘he appearance of the laminated
nature ‘of the athercsclerotlc plaque was attributed by Clark to ) |
‘ repeated depos:.tion ‘df blood elements prior to corrplete crganization of - “
- a lesion which had already been deposn:ed on\the surface[63]

'Ihe thrombogenlc theory fell into disregard for same time )
oomspondlng with ihterest in the inflamnatory theory until‘ it was
- revived and extended by mguid i‘n the late 1940'5[64-67] Duguid =~ . s
‘\ argued that if the flbrous reaction in the atheromatous plaque was due :
. to reactive fibrosis (as proposed by the inflammatory theory) the s -
arterial Lunen shoulddilate ratherthannarrowas is observedto e

| ‘v occur mguld supported this positice with hlS observation that

thrombi were present on microscopic examination of aortas even in young

B people. It was postulated that since fibrin is contirruously formed and

L 1Y59d it is °n1Y a small defect in this mechanism which As responsible
. for the formation of atherosclerotic lesions 'Ihis stimulated ‘ |
- intensive investigation into possible thranbegenic fachors which as an |
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' offshoot led to a considerable data base on fibrmolytic-thrcmbotic :
| systems[68-73] B S
'Ihe tmunbogenic theory has often been criticized for not
; incorporating an explanation for the role of the assmed prwamor
lesions, the fatty streaks In keeping With this theory, the fatty
streaks may ot be precursor lesions of the atheranatous piaquee,
‘ hasalreadybeendiscussed 'IhemlewhichdanagetotheazteryitSelf'
. might play and the effect of hemodynamic factors” such as elevated blood-
pressure were not accounted for in earlier versions of this theozy
Advocates of the theory have inooxporated e.xplanations for these
observations by postulating- that the deposition of the debris fram the
' blood is preceded by same form of endothelial damage which acts as an
‘;aniting factor(71]. - ._,‘ , ‘
The observation that mural thrcmbi are practically always on the
surface of a preexistmg atherosclemtic plaque and practically never
on a normal arterial surface would appear to’ be in direct contradiction‘

Y

to the thrombotic theoxy[?O]
| Imbibition Theory

‘, ’ “ ' 'Ihis theory, also known as the inflammatory theory, was' initially \

proposed by Virchow who opposed Rokitansky's v1ew on the gmxis that |
) _siga\raotheliai lesions could not be derived from surface depos:.ts[74]a

. proposed that there is an "irritation" ‘the 1nt1ma by mecha:ucal '.
forces whidl leads to a loose.ning of the intimal stxucture and C |
ﬂsubsequent infiltration of e plasma into the subendothelial space.“ e

-plasma canponents cause an inflamatory procees which leads to o
| ‘_-formatim of the athercma frcm degenerated tissue. In response to ‘

these degenerated products the"irrtimal oomective tissue cells m'xiergo | ‘,

Yoo
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an attempt at. repair and the multim proliferation of intimal
.connective tissues and ground substanoe is what leads to the fibrous ,
thickening This theory, as originally proposed disregaxds any effect . N

of insudated blood products or mural thranbi on: the formation of the ‘
fibrous reaction In disoordance with this thgory has been the rather
oonclusive evide.noe that the foam cells are not de.rived from
’ fibroblasts but are altered smooth muscle oells and macrophages
‘Homever there have bee?n multiple variations of this hypothesis which :
inoorporate some aspects of the thrmnbotic theory. and ore reoent
'investigative findings such as the lipid infiltration hypothesis
discussed below. '
Lipid Infiltration Hypothesis s
Investigatorsnearthetmnofthecenturynotedthatalmostany
animal if fed high quantities of cholesterol and lipid in their diet
will develop atherosclerctic lesions. As well, epidemiologic evidence .
‘ suggested that the higher the cholesterol level in a population“ the
| greater the inmdenoe of athe.rosclerosis Based on this, Anitsctﬂcow
in the early 1910's, advocated that the inmtmg cause of '
" athemscleros1s 1s a high level of plasma cholesterol and that the

' ‘disease is attributable tcT’_"aisorder of lipid metabolism[?S] ‘Ihis .

. 'theory was more one of etiology than pathogenesis and simply maintained

that a high serum cholesteml has a toxic éffect on the endothelimn

| "Ihe resultant change in the penreability characteristios of the
'endothelimn allows for ‘the deposition of liplds in the intimal 'Ihe .

‘axgmnent stopped at this pomt and the development of atherosclerotic
| ,';“"lesions was: then usually explained by same variation of Vimhow's

Q

o inflammatory theory.

PR
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'Ihereismdmbtthatlipidsareanimportantfactorinthe

genesis of atherosclerosis[76—-88] Symptomatic atherosclerosis will
very seldom develop in the presers:e of a- low sexrum cholesterol

However, as the serum level of cholesterol rises the pu:obability of a
myocardial infarction increasos directly[79] 'I‘here also exists a

graup of inherited disorders of lipid metabolism which are associated

with prematwre atherosclerosis, such as familial S

vhypercholesterolemia[89] Cholesterol supple:mented diets are the rule

: rather than the e:weption in atherosclerosis research utilizing current

' outer hydrophilic layer of protein and phospholipid and an mner

anima.l models Because of the importanoe of hype.rlipidemia as a risk
factor and as an experimental oondition it is relevant to digress for .

- :
a brief description of 11p1d metabolism

All lipids in the. plasma circulate in oombmation with protein in

particles referred to as lipoproteins A lipoprotein oon51sts of an

hydrophobic core of triglyoeride and cholesterol 'I‘he outer layerA
imparts solubility to the otherwise insoluble’ llpld and cholesterol .

' There are several different categories of’ lipoproteins which can be
- separated by either ultracentrifugation or electrophoresis
.Electm;horesis will separate the chylcmcrons which remain at the

' ‘origin from pre-beta— beta— -and alpha—migrating peaks An ‘

hultraoentrifuge will separate the llpoprorteins (which are lighter than |

-‘”'plasma) into several groups ‘the. c_hﬂcxnicrons (the lightest) , the very
| low density lipoproteins (VI.DL) , the low density lipoprotems (IDL) andT

_the high density lipoproteins (HDL) 'Ihe separation techm.quas are _

"'omplimntawastheVIDL oorrespondstothepre—beta, the LDL with.the:‘b
"'betaandtheHDLwiththealphafractims T o |

R
ASVIL
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| Each type of lipopmtein contains dlffe.rent amounts of cholesterol |
and triglyoeride Chylomicrons oontain mom than 95% triglyoeride by
weight 1% cholestexol and less than l% protein - VIDL oontains more
' protein (lo%) , but still carries about five times as much triglyoeride '
as. Cholesterol IDL on the other harxi is 50% to 60% cholesterol by
wﬂgﬁt and in man carries about 70% of the total ‘plasma cholesterol |
HDL is 50% protein by weight Not only does the amount of protein vary
between the 'd:f-ferent ClaSSes of 11poproteins but. also the type of
protein- (referred to as apOprOtelnS) varies.[90] There are at least
edght different apoproteins currently identified. Apopmtein c'is | ‘ ’
‘found in dlylomicmns, VIDL, and HDL whereas apoproteins A and D. are 'N
found only in HDL 'I‘he B apoproteins are found in chylomicrons VIDL
and I.DL which is why in abetalipoproteinemia (a‘rare inborn error of |
metabolism w1th lack of production of B apoproteins) no chylomicrons
VLDL or IDLarepresent in the plasna. - | '
Each of the lipopmtelns has a specific function. The dlylamicrons. ‘
are prinarily involved in the umﬁpon of dietary triglyceride and
, ‘chol 1 fnom the qut, through the lymphatics and thoracic duct i.nto
the bl ‘ and fmany to the periphery In the capillary beds
of muscle anél adipose tlssue, lipoprotein llpase cleaves off glyoerol ‘
and fatty ac1ds from the chylomicrons for use in the cells ) ‘Ihe o

1

remnants which remain are cleared from the bloodstream by the liver
"Ihis is the so called exogemus llpld transport system that handla
."-dJ.etarle.pidsarxidiolesteml.“ "‘ Core ‘
| "Ihemmaseoond_pathwaywhichisusedtohandletheeniogerms
"»j"transport of. 11p1ds and cholesterol ‘Ihe liver synthesizes

.‘ ;,‘triglyceridw and cholesteml and releases them,.mto the bloodstream as o '5

LR
“1.‘ -
oo
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\VIDL which is transported to the periphery[9l] A sequence of events
b &then oocuxs . whereby triglyoerides and peptides are xexmved and the

cholesterol ester content of the particle is increased resulting in

5 the formation of 1DL lipoproteins The IDL is an important vehicle for

N
transporting the t:holestenol to cells for use in membrane synthesis.

W} t;he liver and extrahepatic tissues mcludmg smooth muscle cells

i\

" and macrogiages have receptors which can bind the IDL[92] The cells

in the body can thereby control the amount of cholesterol they take up

by varying the n:?.rof LDL rs on their surface(93,94]. Of

major ‘interest, hei .is a familial disorder referred to as familial

- hypemholesterr.o'l;eihia (Type II hyperlipoproteinemia), where there is an

n“

,' absenoe of LDL receptors and rampant atherosclerovsis. As will be \
‘ outlined later ere is an excellent ammal model for this disease,. the

Watanabe Heredi le Hyperlipidenuc (WHHL) rabblt

’I‘he role of HDL has still not been reliably defined[95] HDL has
been shown to take up cholesterol fmn,peripheral erythrocytes and
there is sane speculationl'that its role is to carry cholesterol fram

the {phery. back to the liver[96] The HDL levels have shown very
per

iri'ceresting relationships with the most 51gn1fi o an

associ'ation with a decreased incidence of atheroscléx.bsis The HDL'
levelsarehigherinmnen, increasedbyestrogens .increased by
moderate amounts of alcohol and exercise and decreased by obesity,

' diabetes, cigarette smoking and high carbohydxate diets.

Q .
As mentioned earlier, there is a direct correlation between the

| 'incidenoe.of etheroscleros:.s and plasma IDL and an inverse relatlonship

between the HDL lévels and atherosclerosis(5,97,98]. It has been
suggested,that there is same abnormality. in the metabolism of IDL which

i
Pt N
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causes the accumulation of lipid in, atherosclerosis. Thése postulated
aibnormaliities includedefects in lysosamal function, lysosomal enzyme |
deficieﬁcy or unsuppressed IDL receptor synthesis. It has also been
suggested that the mechanism whereby high levels of IDL cause
atherosclerosis involves bypass of t‘hev LDL recepter in favor of bulk

transport at high concentrations.

Insudation Theoxy -

' This theory was initially proposed by Réssle and restated by
Doexrr[99-104]. The basic premise is that injurioué elements in the
blood damage the endothelium or subendothelial connective tissues.

This produces a local serous inflammation of the intima which is

. nanifested as an insudate from the blood. Although the insudate is
usuvally resorbed avascular connective tissue may organize the insudate
to form atherosclerotlc les;Lons This theory moorporates aspects of
all the previous theories in its latter derivations, att;rlbutmg the
determining factor as to whether or not the insudate Qrganizes in the
presence and type of lipids in the plasma insudate.

]

Monoclonel Hypothesis

A 'II‘IE monoclonal hypothesis proposes that the atherematous plaques
are neoplasf:ic—like growths of wall myocytes mresponse to unknown
tumorigenic influences[105,106). This pfemise is based on observations
originally made by Benditt who studied the distributiorl of Aand B "
iscenzymes of X;linked glucocse 6,-phesphate dehydrogemse(é—GPD) in .
athercmatous pleqﬁes[107 108]. ‘In“uninvollved. aortic~intim both
isoenzymes were present while m flbrous plaques, only one of either
‘the A or B isoenzyme was predominately present. It was suggested that

the smooth muscle cells in the plaque are similar'to a. leicmyoma and
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result from the mutagenic effect of such things as exogenous chemicals,
cholesterol or possibly avirus. Pearson'studied the isoenzymes of
fatty streaks and found that at a young age the lesions were ditypic
though there appeared to be an intermedlate lesion in which one type
markedly dominated, suggesting that with time’ there is a selectlve
survival of one or the other isoenzyme cell types w1th eventual
monotypism{109]. The full signlflcance of this abservation is still
not known however. |

Discarded Theories ‘ o

The local 1ipid synthesis theory was developed to explain the
presence of 1ipid in the myocytes before it was )mown the myocytes were
capable of phagocyt051s[28 110] It proposed that the lipid in plaques
was synthesized locally by the myocytes themselves. -There is no good
evidence for this today. |

The senescense theory holds that the smooth muscle proliferation in
atherosclerosis is seoondary to loss of normal growth control, possibly
related to the age of the "cell[lll—lltl]. There is oertamly good
evidence to indicate that the fibrous plaque cells ma\y possibly have
already undergone numercus cell doublihgs by the time the plaque is
fom\ed-reﬁeched by their slover growth in cell culture[34 115]. There
hasalsobeenscmeinterest ingrmrthlnhibitors (whlchhavebeen
isolated from aortic walls) which may be locally def1c1ent[116]

There have been multiple other theories ranging from anoxia of the
vessel walls to neovascularizatmn[ll?-lls] Many have been absorbed
into other more inclusive theories whereas others have proven J.nvalld

to Inj thesis

The last hypothesis to. be discussed is certainly the most
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camprehensive and explains the greatest number of cbservatians. It was
, originally proposed by Ross and has since been widely presented in the

| literature(27,120-126]. An excellent review of the theory is presented
by Ross in a recent issue of the New England Journal .of Medicine. [27j .
.The response to injury hypothesls proposes that the maioryetiologic

factor in atherosclerosis is same ‘form of endothelial injury, either

o demiding or norﬁermding[l??]. C:hronical‘ly elevated IDL levels are

postulated to cause a nondenuding form of injury by changing’the amount
of cholesterol in the cell membranes with a zeSultant alteration of
membrane ‘visoosity or altermatively as a direct effect on the
endothelium of IDL which has been‘ﬁxldlzed by’ macrophages[lza 130].

Same feel the endothelial damage may be nmmmologlcally
mediated[131-133]). The injured endothelium then secretes growth '
factors which cause monocytes to adhere to the endothelium. With time .
_the mnocytefmacrophage mgrates through the endothel ium to a
subendothelialial position to form a fatty streak. There is continued
secretion of growth factors, the so called monocyte derived growth.
factors (MIBF) . by the monocyte in this location. The urﬁerlying '

o smooth muscle cells plus additional macrophages and epitflmelial cells

4 respond to the chemotactic factors by migrating to the -subemomelial |
area. This collection of cells and their products stimilates and
injures the overlymg endothelium leading to an eventual loss of

cover consequent adherenoe of platelets and macrophages with release
of their growth factors results in the eventual formation of fibmxs

o plaqum and, at a latter stage, the oompllcated lesions.

'Ihere are several aspects of this hypothesis which deserve closer
‘scrutiny. ‘I‘he first is the role of the endothelium. It has long been-

o
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recognized that the endotheIium is metabolically vexy active. The
mmdothelimn has been shown to produce vasoactive agerrts growth factors:
and growth inhibitors so that it is notunlikely that it could have a

role in the adherence of circulating monoqyteé[i3¢i-l40] The crux of |,
‘the response to injury hypothesis is ‘the eventual subendothel ialdzation
of the monocyte to produoe a tissue macmphaé;e It may be that the‘
‘macrophage»does occasionally penetrate’ into the intima to act as a
scavenger for various foreign materials but the ev1dence that this is
the fmndation of an athercmatms plaque is very weak Muc.h of the
evidence to support t.his premise is based on ‘one primate model wittch -
will be described in a latter section Suffice it to say that this
critical experimental work was done on morﬂceys fed a cholesterol
enhanced diet and has not yet been verified in other laboratories In
a disease known to be nmltifactorialf this observation will require
oonfinnation 'in the circumstanoes of an .elevated endogenous rather t.han
exogencus cholesterol enviromment and also in the presence of lower

. sennncholestexol levelsthanwereusedinmeoriginal experiment.

‘ Oncethemonocytetumednacro@age is present in the
subemlothelial layer there is abundant evidence that it is-capable of
secreting mxnemus mitogens and chelwtaxins[141-149] ' Macrophages ares -
capable of producing significant tissue dest.ruction as there are |
several toxic substanoes which are present in: their lysozcmes includmg |
: hydrolases and superoxide amons 'Ihe macrophage is thus more than

‘ Capable of causing the eventual production of the obsexved lesion and ¢
'destmction of the overlying endothelimn. ' )

" Platelets have Long been lmon to produce miltiple different
- chemical campounds including several mtogens most notably platelet
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derived growth factor (PDGF) [150-157] The platelet 1like the
macrophage produces both mitogenic and chemotactic factors so that it
also has the metabolic machinery to cause both the migration and
proliferation of smooth muscle cells Platelets adhere only ,
transiently, if at all, to normal endothelmm - They will. respond to
damaged endothelium or subendothelial oonnective tissue by adhering and
- _releasing their granule contents(158]. . The important role of platelets y
in the prvoduction.of atherosclerctic lesions has been documented in
ious situations such- as in the disease homocystinuria, after injury
- by intraarterial catheters and after bypass surgery at perianastomotic~'
sites[159-164] | I ’ '
rding to the response to injury hypot‘nes;Ls the smooth muscle
cells are considered to be quite passive in the pmduction of the
atheromatous lesions([165]. Althcmgh the smooth muscle cells are knoym
to be present in the fibrous cap, they are felt to develqp in this
location as a response to the altered chemical envirorment produced -by
'the products released fram the macrophages and the platelets. They do
contain rweptors for IDL and, will accmnulate lipid to take on the
: appearanceof foamcells 'Ihereissanee\ridencethatthesmoo:h ;
muscle cells may exist in two different states, the usual_oontractile |
state ard a synthetic state te which may é capable of secretingf.*a PDGF
s ~type of substance[166-168] ‘Howeverh this=work is preliminaryarxi has
' notyetbeensubstantiated | o
Ross latter expanded his response to injury hypothesis to include a‘,'
. second pathway by’ which atheranatuue plaques could develop. 'Ihis was
. included to explain the relationship of hypertension, sioking and
' diabetes to atheroscleros:.s, as the original pathway is' intimately

!
3



involved \fth hyperlipidemia Rather than the gn:wth factors being

responsible for the migration of the various tissue elements produced

by eubendothelialized macrophages, it was felt that‘a suffic:.e.ntly

stimuiated endothelium would have, the ability to release sufficient

'growthfactorsonitsown 'mesefactorscouldthenirxiuoesnooth
muscle ceé"?\ migration and pmliferation with production of atherumatous
lesions[lZO] |
Sumary

~ 'The attempts to unify all the varied observatiOns‘ oh
‘aﬂmerosclemsis into one all embracing theory of pathogenes;is have been ’
reviewed 'Ihere ‘are multiple other forks of knowledge which are,
relevant’ to understanding atherosclerosis but have not been covered
here. ' Active investigation of the part played by hepann[169 170],
collagens[l71], proteins in the cell wall[172, 173), magnesium and

: potasi;nn[174] in the production of athemscleroms are- bemg actively
pe.rsued Extrinsic factors acting on the arterles, such as the role of
flow dynamics(175-l77] , as well as mtrinsic factors such as

‘ vasoepasm[l?&] and the role of prostaglandins are also generating
interest Scme of these current areas of mvestigation will be tmched' '

- upon in the following section with the exam.mation of the anima]e models

midxaremrrentlyusedforreseamhintheseareas



'ANIMAL MODELS OF ATHEROSCLEROSIS °

' Qurrent Non-Rodent Models of Atherosclerosis

‘ Upuntilthispoint aooncertedefforthasbeenmadetotryand

“ _ exclude results from animal experimentation of athenosclerosis in the .
.discussion. This is an artificial and totally impossible situation as
‘anyreseaxdqisnecessarilybasedonanimalmodelsofthedisease ‘The
theories of pathogenesis are intimately tied to studies of the disease
‘mananimalmodel 'Ihereasonsolittleissettledonthe o

‘ pathogenesis of athemsclerosis may be ‘the madequacy of current animal
models to completely ﬁ.llfil all criterla required for the perfect |
animal model. Same animals are good models for certain aspects of tﬁe
disease but none present.an identical representation of the humari '

An ideal animal model should have seve.ral charaCteristics 'Ihe
diseasemtheanmalshouldhavethesanenaturalhistoryas
atherosclerosis in man, developing slowly over the course’of the
‘animal's lifetime w1th the same oomplications (for example, the
| | occasional myocardial infarction or aneurysm formation) We would
| "expect to see fatty streaks and athercmatous ‘plaques affecting the same

vessels, as in man ard having sjmilar histological pictures and i}
distrib.rtions mejncldemeofmeanmaldiseasesmudsharenmn )
: ‘epidemiological factors with an’ expected incnease in males and the -
elde.rly. The lesions should deyelop without drastic envimmnental or .
" u_'dietary mani’pulations of the animal Regarding the animal itself it '

'.-should be easy to acqui:ne and inexpensive to maintain 'Ib facilitate o
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manipulatims, it should be a reasonable size and easy to handle. An
animal’ with well defined genatic characberistics is 2 bonus as. oontrols‘
may be more , valid. | |
Since the early 1900's, scientists have used a variety of animal
species for atherosclerosis research. The earliest animal model . | .
research was done on the. rabbit at the turn of the century. 'Iherabbit o
‘cmitimestohepogixlarbutreseaxthisalsbﬁcneusingothermnmlian‘
. species, especially non-human primates, swine and rodem:s plus av1an
~and fish species. For the purpose of’ thls presentation, I would like
| | to'concentrateontherodentsarxithiswillbe includedasaseparate
section Firstly, a brief description of current non—rcdent animal
models will be presented to tie in with the theoriés prevmusly '
presented and review current areas of reseamh No attempt w1]Sl be
made to critically review all the animal work but rather a brlélf
synopsis of current plus historical experimentafion for each of the
B animal models will be presented. For further ‘information there are -
several current detailed reviews in the literature[179-183]
Fish Models | | o |
‘ Several species of fish including the Atlantic salmon[184-186],y
Pacific salmcn[187-l90], ‘rainbow trout[190—194], steelhead '
| 'trcut[lBQ 193-195], brook trcut[197] and. freshwater salmon[198] have
. been noted to develop degenerative 1esions of their coronary arterles
',,'Inmestudy uptoso% ofsteelheag,tmxt caughtpriortospawninghad
"commy arterioscleresis and this increased to 90% of those caught at -
the t:l.me of spawning[195] It has been found that the lesicn incidence
o can be increased with dietary cholesterol supplemerrtation. Fish have a
L naturally high level of cholesterol about five times the human level
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and their lipoproteins are’ markedly different than human
‘ 11poproteins[l99 200]. Because many of the lesians appear related to
wning‘mth a higher mcidence in males, most of the fish research
has conoentrated on the effects of steroid hormones on atheroscleroeis
'Iherehasnotbeenagreatdeal ofworkonfish forseveral
reasons 'Ihediseasepmgressmnisnotsimilartothatseeninman
' and the ooronary lesions are predominately myointimal hyperplasia The
fish have a grossly different a&‘xatomy fram mammals and different o
“metabolic pathways. The fish are not easy to handle and manipulate
though they are quite cheap. -
Avian Models . . . ,
Ilierehasbeenafairanmmtofsuxiyofbirds mostespecially
pigeons[201-205] Only oertain strains of pigeons develop
athexbsclerotic leﬁions but. the histology of the lesions is very
,s.unllar to human atherosclerotic plaques ‘both grossly and
mlcroscopically Plaques are seen throughout the aorta ot most
promnently in the thoracic aorta at the celiac bifurcation, somewhat
more prox:.mal than 1esions seen in man Ooronazy lesions do develop
w1th occasional myocardial 1nfan:tions reported in pigeons Hwever,
the etiology of the infarcts which occur’ is usually plaque embolization
‘rather than intraplaque hemorrhage and thranbosis as .is the case in
fhmnans[204] ‘

Y

'Ihe most studied breed of pigeons has. been the white Cazneau pigeon

, which develops lesio:ns naturally on a normal diet[206-214] Up to 30%

“ofthesepigeons have small foamoell lesions intheaortaassoonas
| one ‘week after hatclung and by twelve weeks of age 72% of the birds
R will have these »les_ions(2‘01] Grossly visible lesions are present iri
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- about 30% of one year old White Carneau pigeons and nearly 100% of
. t.hese birds by four years of age. Cholesterol will increase the rate

it

of develogmerrt extent, and severity of the athemsclexotic 1wions in

]

‘allstrains Anothermutecameaustrainhasbeendevelopedwhich

differs from the randcm-bred strain in having a higher incidence of
lesions[215] Show Racer st:cains also exist which{ although’ less
. susceptible to atherosclercsis”than the White Carneau pigeons, have
been selectively bred to develop two strains with either a hypo— ard .

‘ hyperrespcnsiveness to dietary cholesterol[ZlG] This genetic “
' aifference in suscept,ibility between strains has been correlated with
biochemical diffeﬁrences in the aortic walls of the different ’
| strains[217-220] R - |
'Ihepigeonsthsnselmam ine:q:ensive, easytohandle, anda |
“ suitable size for -manipulation.’ The. availability of different |
_ relatively unaffected strains is an advantage '
. " The disadvantages of pigeonssinclude the ‘fact that they 1ike fish

,amnommmmsawithd’iffemntanatmyammetabonsmthanhmnans

' Pigeons normally have high serum cholesterol comentrations with most .
- of the cholesterol transported in high density lipoproteins rather than
- low density lipopmteins ‘Ihough the pigeons o develop 1e£ions . R\
, natm:'ally,_the fact that this occurs over a matter of years has led
\most investiga'cors to use cholesteml enhanced diets to augmefit the

incidenceoflesions Ofi:rt:ernst andaswillbediswssedmore fully R
o later, the lesions inthe birds fedacholesteml erhanceddiet though

- ‘similar mrimlogically to the naturally occurring lesions, have a o

fdifferent histological appeaxance with more lipid and less fibrous B
"«tissue[zzl] 'me coronary lesions which develop are: in intramyocardial ‘

6'*
M.
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, branches rather than pnoximal vessels and the aortic lesians tend to be
more proximal than is seen in man.

Other avian species have been examined although not to the extent
that pigeons have been investigated - The lesions of the Japanese Quail .
even more closely resemble those of man histologically[222—225] There
- are resistant and susoeptible strains of the Japanese Quail All,
strains shov a higher lesion incidence in males. . However, ‘the Jesions
'w1ll develop only in the presenoe of a. cholesterol enhanced diet. The
same disadvantages as outlined for the' pigeon exist’ for the Japanese ~
| Quail plus the fact lts size 1s somewhat of a problem.

o Chickens and turkeys have also been used for atherosclerosis

ﬂ researeh[226—231] Lesmns do develop naturally but’with a low
incidence so that dietaxy manipulation is the rule in most experiments
which have been done ‘ 'Ihough chickens do not usually die of the
oorrplicatlons of athemsclemSis, the broad breasted bronze turkey may .
“die of adissectinganeurysm One very interestingpeculiarity is the
incrdased incidence of athenosclerosis in aninals which are Me&bd
,with the h.erpes vims of Marek's disease[232 233]. This has been .

advocated as advantageous to investigate possible viral etiologies of, |

atherosclerosis However, it pmves to be more of a deterent as the

‘mability to oont.rol the incmencxa of the v:Lrus affects the results of‘. o

. _‘expermentationinalmostall cimm\stancesarxiisamajorproblemin '

mostlabs meseanimalsaxemreexpensivethanpigeonsarﬂmre__
'Idifficult to handle with basidally the same disadvantages. ; |

| Pigs are excellent animal models of atherosclerosis. 'Ihey develop." |
i‘.’lesions which are histologically similar to both fatty streaks and
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' atherosclerotic plaques seen’ in man with much me same distributim and
natural history[234-238]. 'Ihe vessels are’ large which: facilitates the
obsexvation of gross changes 'Ihere is a 51gnificant incidence of end
organ lesions including aneurysms and myocardial infarctions As well
thepigisoneofthefewanimalmodelsthatdevelops intracranial '
lesions. Another important advantage, espeCially for investigation of

' the effect of lipids on, atherosclemSis 'is that the plasma ‘

| lipoproteins of pigs are similar to those of man '

'Iherehasbeenalargeamountofreseard]donewnhthepig Miost

of the studies have been dmiptive in nature striving to examine the .
morphology of the lesions,’ sometinps in normal ammals but most often

"in dietary manip.ilated an.imals[239—243] It has been found that the

A,uptake of Evans blue dye is increased in areas of the endotheiium With

| increasedpermeabilitytoproteinssparkmgmterestintheoonoeptof |
~endothelial injuzy and its relationship to atheroscleros:.s[244—246]
Further studies to investigate the response to injury hypothesm have "

included characterization of chemotactic substanoes[247 2Za_arxi |
demonstration of a. mononuclean oell infiltration of the intima[249]
Manipulations such as induced endothelial injury[250-252] and :mgestion

- of antiprostaglandins[253] can also be investigated in the swine.

.‘Daoud has published several articles demonstrating lesion regress?n in

" the 8wi.ne[254-257]

o 'Ihe major disadvantagee of pigs are size and in a fashion, its
L longevity ‘The pigs, li.ke man, develop lesions over the course of
'jtheir lifetime with an increased incidenoe in old age. Studies

’ o following naturally oowrring lesions in pigs to twelve years of age
o have been done[258] 'Ihis does not affect descriptive e:qnermentation

v,,.)..i‘u
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‘ used to dmibe the lesions but it does affect manipulative ‘
experimentation, such as seeing the effect of different drugs on the
1nc1denoe of lesions 'Ihe pigs‘are large and difficuLt to handle, and
the cost of hous:.ng and maintaining a population which will give )
. 81gnificant results is substantlal As well by the time the

experimerrt is oompleted the question may have already been answered‘ )
. with a different method because of the length of time involved ‘ |
'I'he size problem can be partially overcame by the use of miniature

pigs[253, 259—263]  Dietary manipuIation is used to sh | the» time-

"period for the development of the les;Lons and to increase the
of lesmns This is very easy to do in the plg as the pig ll eat a
dietsimilarbooonmnnmm\andiets Ithasbeenfoundthata o
cholesterol and fat enriched diet will increase the inc1denoe of
lesions with a modest serum hypercholesterolemia and W

| hyperlipoproteinemia{ Unlike the case in pigeons ‘the dietary

manipulations do not appear to. change the histologic appearance and
distribution of lesion§[264] However, there are marked changes in the

‘apoprotein oontent offrplasma lipopmteins with dietary

manlpulatlons[265] ] o

‘Ihere are: certain strains of pigs which are affected by a von

Willebrand 1ike disease manifested by a bleeding disorder a deficiency

of von Willebrand's factor and red:uoed platelet’ retention[266-270]

‘ 'b'mesepigshavebeenfmnxitoberesistanttoranirallyoomrringam
i'dietaryiniuoedatheroscleroszs. Ihishasbeexipostulatedtobedueto
the platelet dysfunctlon and has been advocated as excellent evjsence |
*for the important role of platelets in atherogenesis. o N

-

W



30

..  Rabbit Models ‘ :
&t ' g %
'Iherabbitwasmefirstanimalusedasamdelfor R

a}:herosclemsis. Ignatwsky report:ed his findings of atheroscleromc
lesions in rakbits fed a diet of milk, meat and eggs in 1908[271].

Animal research did not get off on a good foot as Ignatowsky
imomactly deduced that the arterial lesions 'broduced were the result
of letary fat rather than the cholesterol. Since that time there has
/been extensive investigation of the rabbit as the rabbit is
. inexpensive, easy to handle and malntam and reproduoes rapidly.
. The rabbit in spite of its extensive uge, isnotagoodmode.l for

atheroscl s. The lesions have a different histology,’ begmnmg

. ‘
A with medial smooth muscle necrosis and degeneration followed by
oellullar proliferation and medial calcificatioh[272,273] . There may. l;e
iﬁtinal thickening or metaplasia in later stages but lipid is not
normally found in the naturaliy occurring lesions. As well, the
animals are herbivores with a different whole body cholesterol B
metabol ism. ': | |
| Natural 1esions do not occur with a high incidence but dletax:y
1esions can be induced easily with a high cholesterol and féz: ‘ |
diet(274]. " The usual supplementatim :mcludes al to/ 3 cholesterol
and 4 to 8%'4 fat diet which gi\(r?s extreme}y high serum duqlesteml
levels in the range of 1000 - 3000 mgn$. 1If anly a cholesterol
supplemented diet without fat supplementaion i fed to the rabbits, the

LEN :
lﬁms which develop are more severe, presumably because of .
r; s
mobilization of the more satm-ated endogenous fat stores[275]
Although the fat and cholesterol diet regime will r&qu%: in the

deposition of foam cells, fibrous ‘tissue and smooth muscle cells in the

xy



. 31

intima, fibromuscular caps are unusual. The distribution of thé

lesions differs from humans in that the aortic lesions are more

, P———

proximal and th’e'ooronary lesions spare the l’arggipmx;mal arteries in
favor of the smaller intramyocardial branches. vIesion oomplications'
are unusual. The effect on the animal includes not oﬁly the vessel
changes but also a lipid storage type of disease with fat and
cholesterol accumulation in many other organs, such as the liver,
spleen, bone marrow, adrenal glands and eyes[276].

In spite of the norioomparability of lesions there contirues to b:a a
great deal of interest in rabbits. A substantial portion of the
stizdies concentyate on endothelial characteristigé and tﬁe effect of
artificial damage to the endothelium of cho\lesterol fed |
rabbits[277—zs7] . Ingestion of antiplatelet medicatipr\;[288-290],
calcium channel blockezs[29i—297], and propranolol (298] have all been
used to try and alter lesion formation. Prostoglandins are currently
in vogue as a topic of study and are being investigated in the
rabbit(299-301]. Rakbits have been subjeéted to vasectamy{302],
partial illea'l bypass[303], and radiation([304] to examine the effects on -
lesions. An interesting observation concerns the immunologic vascular
injuries‘ which can be induced by repeated injection of foreign serum
proteins(305,306]. These lesions more closely resemble human lesions
and occur in more analogous locations to man. This has lead to
speculation that this model may be useful to study immme complex
endothelial damage. | |

An’ extrenely important study was recently done by, Wilson and
colleagues(307]. Rather than the cholesterol and fat augmentation of
the diets usually used in the past, the amou:}t of fat and duolesterql

»
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in the diets of rabbits in this study were Similar to the fat and
cholesterol content of human diets. The ‘serun cholesterol levels were
found to be lower, ranging fram 138 to 532 mgm/dl. After five years on
| thie diet proliferative athexosclerotic lesions developed in which
’fibmtmzscular plaques were found to be present. There are several
other studies which document changes in the nature of lesions found in
rabbits fed lower cholesterol diets[308 309). This my not 1.mprove the
use of rabbits as a model for atherosclerosis but it does serve to
raise some vezy'serious questions about the assumption that the lesions
Viilch develdp in the presence of high dletary cholesterol resemble
naturally occurring lesions in regards to morphology and pathogene315
» Prior to concluding the discussion of rabbits and atherosclerosis
a special case should be examined. Watanabe developed a strain of
‘rabbits by seleotive inbreeding which had‘markedly elevated levels ‘of‘
IDL and developed rampant atherosclerosis[310]. The strain became
known as the Watanabe Hereditable Hyperlipidemic (WHHL) rabbit and it
was investigation of this strain that lead to a Nobel Prize for
Goldstein and Brown{89,93,94, 311 ,312]. The strain was used to deduce
the presence of IDL reoeptors and clarify many aspects of lipoprotein
metabol ism. 'Ihese rabbits, like individuals afflicted with familial
hypercholeste.rolemia (Type II hyperlipidemia) . have a genetic
deficiency of IDL receptors which leads to an elevated IDL® and
consequentially cholesterol in the serum. Electron micm'soopy of the
'atherosclerotic lesions present in the aortas of WHHL rabbits has
’ demonstrated smooth muscle cells and lipid laden foam cells in the
intima. The cholesterol levels in the WHHL rakbit are extremely high
'and vhether or not the results from this model can be generalized to
' 4

~
~
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' the human atherosclerctic condition which develops in the presence of
1a»ér serum cholesterol levels remains to be seen. Certainly the WHHL ;

xabbit pmvidee an indispensable model for familial hyperlipidemia

L 4
il

Non—human Primate Models
The primate n‘odel presents nearly the camplete reverse scenaﬂo as .
the rabl\nt model. For the same reasons that rabbits are considered
good models, the primates are considered bad models. The animals are
very exper\lsive to maintain and acquire. Several of the species are
cmsidered\endangemd and supply dlfficulties are a major problem.. The
animals are\often very difficult to handle. Alternatively, for the
. same reasons that rabbits are poor models, the primates are excellent
models. Beir ] phylogenetically close to man, they have similar
lipoproteins and cholesterol metabolism(313,314]. The lesions are
histologically smllar to those of man and are present in much the same
distribution chnpllcations such as aneurysms and myocardial ‘
infarctions are dopmnented to occur(315-317). The incidence of le@
" can be increased wi\th cholesterol supplemented diets. Interesting‘ly '
enough in the l930's it was felt that monkeys were poor models and
resistant to dietary cholesteml induced lesions{318). Though this
concern has since‘beerk\.shown to be wwarremted‘{ it did significently
delay atherosclerosis \ in the p'rima'fe model . ‘ .
The new world mo) ’rise::: been the most extensively

' stud:'i.ed(319-323]..- 'Ihere ve been studies of stumptail macaques

(Macaca arctoides)[324], monkeys (Macaca mulatta) [325-332],

O

cynamolgus macaques'(Macaca fésisularis) [333-339], pigtail macaques
(Macaca nemestrina) (340,341}, squirrel monkeys (Saimiri _
sciurens) [342-346], baboons[347-853) and African green nonkeys
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'.(Ciex'copitrieexxs aethiops) [354-357]. 'The mumber of studies and mmber of
animalsineachstudyhasbeenlimitedbecauseoftheeoonanicarﬁ
supply concerns ;:reviouslx alluded to. 1In order to get result:s as
“quickly as possible, whether for ecgnomic or time concerns,. the animals
in most of these imvestigations were put on cholesterol supplemented
dietstoirx:reasetheincidenceofthelesims 'Iheassxmlptimis
alwaysmadethatthisdoesmtchangethenatureoftheleﬁionitself
AnmnberofstudiesonmrﬂceyshaveoomefmmRoss'sgmxpin
Seattle, Washington. Part of the reason is that this instittrtion
houses the larg%t breeding oolony of pigtail monkeys in the world
"I‘he colony has been in existence'for twenty years and oontains same
‘\ three thousand animals. - & |
CrucialtoRoss'srespdrmetoinjuryhybothesis is the \
subendothelial migration of monécytes from the blood to becc):me tissue
macrophages. This work is based on cbservations made on pigtail
'monkeys[358 359]. Animals for t:he study in which these observatlons
werenadewereselectedonthebasisoftheirmponsetoaeholwteml
and fat supplemented diet. only ani.mals that developed a total -
cholesterol level of between 300 mg/dl and 500 mgm/dl after being
.”placed on a trial high fat and cholwterol diet were selectﬂed for the
: study Fmrtee.nanimalswerethus selectedandplacedbackmthefat
and diolesterol supplemented diet. The animals were then sequentially
sacrificed at varying irrtervals and their aortas examined grossly, e)by
light microécopy, byscannmgelectmnmicmscopyamalsoby |
transmission electron microsoopy It was under these cimmstances
that mc:rophages were cbserved penetrati.ng thmugh the endothelium.

'mepapeminwhidzthesefhﬂingswerepresemedshmldbereviemdto
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examine the excellent micrographs obtained and rweview the concise
narrative of the sequential changes observed with time following the
cholesterol diet implementation in these monkeys A major concern with

‘this study is the use of a cholesterol supplemented diet. In a

: separate.study, Bond [341). compared the histology of coronary lesions ;

"in dlolesterol' fed pigtail macaques‘ (the same primate used by Ross) and
‘controlnorﬂceyswhichwerefedanonnaldiet Hefon.mdthatincontrol

' aninalrﬂue lipld in coronary plaques was entirely intracellular

~vwhereas in the animals fed the atherogenic diet lipid there was -
substantial extracellular lipid ‘I‘herefore though Ross's experiment is'

very well done the findings’ cannot necessarily be generalized to océ:ur
in nonl'xyperdmolesterolemic states or circumstances where the elevated
cholesterol is presented through the endogenous pathway rather than the
exogenous pathway It is entirely possible that the morphology and

.pathogenesis of lesions pmduced under these two cimmstances may be

quite dlfferent
'Ihereisev1dence1nnotonlythemonkeybutalsointherabb1tand

pigeon that the lesions in cholesterol fed animals are often quite
-different than thiose found in moncholesterol fed animals.’ It is also

. relevant to recall thatﬂlerearetmdifferentmethods ofhandling

cholesterol :lnthebody meerﬂogenmsandexogemzspaumy Ithas“'

(‘7‘

o been sugg that exogenous cholesterol causes atherosclerosis by
. blocking IDL receptors and thus affecting the endogenous pattmay[274]
‘ However, it may be possible that cholesteml in the two (ﬁfferent

pathways affects the atherosclerotio procws in different ways.‘ 'Ihis ‘

H»hasmtyetbeenestablishedormledmt Untilitis thoughthe
evidenceputforwardbyRossremamsanexoellent description ofthe

/
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diseaseinﬂmepreserweofhype:duol&terolemia, theoonoeptof .
v,sube:rxiothelialization remains a contentious issue in mncholesterol fed Co
'animals.‘ Oertainlythefindingsmayhaverelevancetothelesionsin
- that subset of human disease vhere individuals have a significantly
elevated serum chol%terol seoondary to dietary ing@tion, a well
neoognized risk factor However, it mst be remembered that the vast
. majority of afflicted individuals have serun cholesterol and lipid
profiles that are not significarrtly different fmn unaffected persons.
'I‘hmgh important hypercholestemlemia is not the only risk factor,
with cigarette smoking and hypertension being equally as i:rportant
Ihemasoncigazettesmkingandhypertensionamassociatedwithan
‘increazed imider:oe of atherosclerosis has not yet been adequately
| explained. B ' '
| ‘Iherehavebeenseveralotlmranimalsusedmoocassiontostlxiy
athemsclemsis none of whic.h have proven to be’ of- any real lasting
valueasananimalmodel 'Iheserangefmncows[360 361] to Aléutian
diseaseofthemink[362]toRicketsialdiseaseintheguinea a
| 'pig[363 364] 'mough dogs are a vezy popular laboratory animaJ. they
y ‘have not. proven suitable for athemsclerosis meardz[365-372] It has
’beenfamthatsevereecperimental conditions includ:l.ngnotonly -
. " dietary manip:lations but often also thyroidectani&s are required to .
§ “ pmduoe a significant rmmber of athemmatms lesions in dogs 'Ihe o
| wlesionsthatdo fonnaz'equitedifferentintlmttheyammainly |
sclemtic without any lipJ.d ‘they have a diffierent distribution than o

”.'tmtseeninhmnansand asarule, moatplications ofthelesions . '
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Rodent Models of Atherosclerosis

'Rodents are extremely popular laboratory animals They are
inexpensive to’ acquire and maintain. ‘Ihey are widely available and
reproduoe rapidly Because they are SO’ popular, there is an abundant
literature available on the characteristics of multiple different
strains whuch have been developed each of. which often presents useful
genetic differenoes ' '

| A search for a suitable rodent model of atherosclerosis has a long
history. In 1938 Wilens descrlbed spontanecms cardiovascxﬂar disease
,in rats though the lesmns he: observed did not very closely resemble
human atherosclemtic plaques[373] Ebcperimentation up to 1956 was
neviewed by Filios who noted that attempts to. produoe atherosclemsis

o e)qaeri:mem;ally in rats with chol&sterol feeding alone produoed either s

no lesions, lesions oonsisting solely of lipid infiltration of various s

: layers of the arterial wall .or lipid oontaining lesions with some
intimal proliferation[374] ' He maintained that a rat diet supplanented

E _with sodium cholate and thiouracu in addition to the cholesterol

would produoe intimal plaques with lipid present both extraoellularly -
and within foam oells which more closely resembled the human .
oondition ’Iherewasgeneral agreementatthetimethattheratwas |

R not a good model ‘of atherosclerosis because the infrequent naturally

-oowrring lesions which were observed did not memble atheromatous -

L plaques[375] It is mteresting that this same oonoern existed for the :

‘betterstudiedrabbitmodel 'Ihesmallbodyarxiarterysizeoftherat -
‘falsohinieredexperimentation. L : R s o
Because of the ideal natm::eof rodents .as laboratory animals, there
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\cmti:medtobesporadicinvestigationoftheratasamodel for |
‘ atherosclemsis As obestity is often associated with atherosclemsis '
' thesearchforamodel foretherosclemsiswasoftenaocarpaniedby

‘ 'mandxntimofobesemenotypes Itwasnotedthatobesityintherat
. could be produced by hypothalamic lesions[376], and genetically cbese

"ratsweredevelopedbyselectivebreeding[377] However noneof these '

. rat models developed a significant incidence of atherosclerotic

va,

lesiOns . . ‘ | ‘
» The effects of” different dietary manipulations on the rats was also ‘
| flinvestigated[378 379]. Gresham[379] showed that piebald rats fed not | |
only cholestero]. and cholic acid but also a 40% butter enriched diet .
‘hadahigh incidenceofmyocardialarxirenalmfamtsb\rtno
atherosclerosis. However if the diets were supplemented w1th 40%
..arachis oil instead ofbtrtter no infarcts were noted but extensive
‘_vatherosclerosis developed Even the effect of emotional stress and 1ts'
relationship with myocardial necrosis was studied in r‘ats[380]
, It became apparent that atherosclerotic lesions varied. between
. species, ‘not only in incidence and distribution but also in histology
'Ihe Yrradiated cF1 mouse’ developed 1os1ons characterized by medial o
| ‘degeneration and calc1fication[381] whereas the cholesterol fed Wistar
| | ‘rat developed lesions which were more similar to human athemsclemtic'
- plaques[382] concem then shifted towards examination of different |

" natural speoies and selectively bred strains which would develop humen
R ‘like athemsclerotic lesions with a high incidenoe Ihis investigation
‘was intensified when it became apparent that the use of scanning and
; “'.u."transmissim electron microscopy would overoome some of the |

disadVantages of usmg the small rodent aorta[383-385]
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Wild rodents were plaoed on high fat and cholesterol diets to . :
examine the vascular response Dietrich[386] examined fi\/e different
species (three n\ouse strains the meadow vole and the oollared lenm\ing)
- and .found that half the animals died on the cholesteml and fat
' supplemented diet he had choosen to use, ‘with no significant production
of aortic lesions.’ Wistar rats[382 387 388] and Sprague Dawley o
‘ rats[389—392] also attracted a fair amount of interest. Peric Golia
‘and Peric Golia[391] danonstrated the rare intimal plaque which oould
lbe demontrated in Virgin male Sprague' Dawley rats if allowed to reach

an advanoed age. However, though lesions can be produced in these

f.

cammon laboratory rats with art1fic1al dietary conditions, interest '
remains diminished because of the low incidence and different histology A
of the lesions | o , | |
Vascular lesions have been d%inonstrated to occur in- rodents with
‘ potentially interesting genetic disorders Tiel[393] fed a cholesterol
enhanced diet to fawn—hooded rats with platelet storage pool deficiency |
,‘ and was able to produoe aortic lesions 'Ihis model may have potential
for investigatlon of the role of platelet mitogenic factors in R |
o atherosclerosrs since platelets from these/ rodents lack these factors. -
- y Various mnipulations of the rodents /have been reported in the

i

‘ {literature 1n an attenpt to develop betf:er madels. | 'Ihe demonstration

o “ of atherosclerotic 1es10ns in rats diabetic with either
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_ ‘-@M[sﬁ-wo} as we‘n”fas strains which are more susceptible to |
‘.fan atherogenic diet[40]—403] Iin 1963, —Okotwb'o\ reported a strain of '
| spontaneazsly hypertensive rtats (SHR) developed by inbreeding of Wistar
‘rats[404 405). _ Though same intimal changes were observed in old rats |
"of thie strain[406 407) the strain itself did not prove to be a good
) atherosclerosis model.  However, in 1973 Kbletsky crossed these 'SHR
ratswithspragueDawleyratsandobservedaveryinteresting ‘
phenotype[408] Certain rats dennnstratedqmarked obesn:y, :
| hypertension, hyperlipidemia endocrine and metabollc disturbam and
premature athemsclerosis on a normal diet. Prlor to a more complete
diecmssim of thexsKoletsky rats I would first like to examine another N
J’  strain developed at about the same- tine, the

, IleGl,Zuckerreportedanewstxainofobeseratswhlchwere‘
qdevelq:edbyirbreedingofaspontaneou.‘%nmtantinIBMrat |

. .stock[409-412] The fatty body mrphology in this rat is transmitted “ u

| as a single recessive gene (fa) so that the rodents w1ll expness the ‘

| " ‘_‘fatty phenotype in the homozygous reoess:w\etate (ta/fa). = o
‘ -heterozygous (Fa/fa) and houozygous dominant M) genotypes do not

=eoq>ressthefattytrait. Althoughtherewereoertamstrainsofobese“

‘_H:mioereportedtothistinv\e thiswasthefirstratreportedwhioh (

) "l?‘_develope obesity without requiring creation of a hypothalamic lesion.

s The. level of fatty acids and cholesterol in the serum of the fatty o

"._thelevelmnon—Zuckerrat

i 10w : , _“’ lipid abnormalities, aortas at |

-—
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| : Several imrestigators have confirmed this absence of atherosclemsis in
the fatty rat ~ The inclusion of this particular rat model in this
discussion stems from the fact that though it has similar metabolic
changestotheKoletskyrat 1tdoesnot likethel(oletskyrat
develop atherosclerotic 1esions ' The answer to why the Koletsky rat

' forms atherosclerotic losions in the presence of elevated 1ipids and
/choleste:mlbuttheZuckerratdoesmt maybeanimportantpiece of .
the puzzle that is the pathogenesis of atherosclerosis[tln]

The lipoprotein status of the Zucker rat has been extensively
1nvostigated[4l4—426] The serum cholesterol is slightly elevated and
triglyoerides are substantially elevated ‘The hypertriglyoeridemia is
attributed to an elevated hepatic production of VIDL. 'Ihe I.DL and HDL
levels are: only slightly raised (about two times normal) in oatparison
to a najor increase in VIDL The level of lipoproteins increases with™
age and a full grown animal has a&cholesterol level two to three tiJTES".
‘ ~ " that of a heterozygote control ard a triglyoeride level five to six 1
tnnesthevalueofacontrolhetemzygoteanimal |

There' are widespread endocrine abrormalities. ‘Though the fatty
rats are hyperinsulinemic, with an elevated secretion of insulin frun
the pancreatic islets their blood gluoose is nonnal 'Ihe pancreatic |
isletgsthemselvesareincreasedinbothsizeandmmberintheZucker
, ’Ihoughthelevelofglucagoninthepancreasismmlthe v
. circulating serum 1eve1 is depressed 'Ihere is a decreased secretion:‘
ofgonadotropinsbythepituitarywhidm is” reflectedbyan impaimd
reproductive function, Fatty animals are mar.ginally hypothyroid .o

'Ihere is a generalized increase in the activity of the
gluconeogenic enzymes In.pogenesis from gluoose is brisk in young
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“-fattiesttnxghitdoesdecreasewiﬁ\age 'mmghfattyratsare‘

: \‘: e in body fat per gram of food ingwted

whichisseeninallZuckersinoarparisonwimotherrats. 'Ihelarge
N

imreaseinthemmberof‘adipocytescanbepartiallydecreasedmtnot |

. pxevented wit.h dietary mamphlatim[427] L1kewise exercise will only
- 'moderately decrease the aocumulatim of adipose tissue[428] It may be
. that defective brown adipose tissue oxygen oorsmtptim is responsible

oo

" for sane of these changes in fat aoamulation[429]
&;;egisar_’&t_s. . | et
‘ ‘ Koletsky strain, as nenti earlier\ was developed from
selectivei:breedirgofmmatimmsodgdning\inacmssbetweenS}Rmts

\
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‘andSpragueDawley rats. 'IheKoletsky\<ats resenble the Zucker rats as "

| ‘ they also develop cbesity, hyperlipidéemia and endocrine dlsturbances

‘ ‘wit:h the expressian of a homozygws necess\w ge_nots@e[‘:os 430-436]

| The affected ratsare markedly cbese, increas wéight from 200
' gramsatsixweeksofagetoSBOtolOOOgm\s teighttomnemonths
" iof age. The. lipid profile is vexmiilar to \demonstrated by the
Zucker rat wrt:h a marked elevation of triglyoerid  in the form of
VIDL and a mild elevation of se.nnn choleste.rol. 'I‘he etiocrme changes

' and marked hyperplasia of t:he Islem of I_angerhans which ai'e p\resem: m ,

f»wthem:kerratarealsopresentintheserats._
| mliketheZuckerrats theKoletskyratswhichhavetherebessme

" trait are typertensive and develop lesions of their arteries. \gtoletsky

[408] was able to identify*gross vasoulai' disease in fifty peroent of
“ the animals ne s'b.ldied. ‘Ihe lesions he identified were most praninent
‘ ‘I;in the mscular meserrtenc, pmwreatic and hepatic arterios. 'Ihe

i
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 lesions result in gross prominent enlargement of the arteries with
botn focal ana diffuse nodular thickening beading‘ and tortuosity ‘
Affected arteries were often dilated and thrcmbosed 'Ihe lesions &
stamed for fat WI‘Eh 0il Red O stain. By light microsoopy the leaions
were identifled as inti.mal fibrous plaques formed by proliferating

\

smooth muscle oells. Lipid was present in both intracellular and

| extracellular 1ocations " The extraoellular lipid acoamiiaticn was at '

“ "‘ tnm extensive, accumulating to form pools of fat associated with the

fatty plaque formation in the intima and/_orﬁmedia 'mree of the thirty

two rats in this study died of a ruptmred abdommal arteriosclemtic

o aneurysm Koletsky later reported (430] the presence of a

polyarteritis in unaffecbed arteries whlch was attrlbuted to the |

| hyp%eﬂsive.state ' He also noted that the nonobese heterozygote rats ’

.' alsodevelopedvasculardiseasethoughtoa lesserdegreeaml later in

o life. L | Ty |

| Renaldiseasealsodevelopsintheseobeserats Both‘

| glome.rulonephritis\arxi nephemsclerosis develop in the kidneys which is

- manifested by a marked proteinuria and hyperurioemia An interesting .

andmie)qaected finding . is that the amount of pmtemuria oorrelates e

directly w:Lth the degree of hyperlipidemia Renal disease ,is the most

frequent cause of death iﬁ the ammals resultmg in a short average .

lifespanofonlytenmnths ) i ’ -
'Ihe mutant recessive gene respons:.ble for the obese phemrtype was o E

mferredtoasthecpgenewiththedaninarrtgenereferredtoasthe+

gene Ihe heterozygot& (cp/+) are required to maintain the pcp.ilation %

. ‘as the affected hmmzygote (cp/cp) rebessive rats are mable to: breed, s

L,ﬂ-asnuchformechanicalreasonsasendocrmereasons 'Ihus,the_’ |
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es (co/e) . |
‘ \.
Because of difficulties “in Mm this strain due to the

kidney disease and resultant early death, two zelated strains were

) developed by Hansen-at the National Institutes of Health (NIH) in

Bethesda, Marylarxi.[4371”. The first strain was developed by crossing
the Koletsky rat with the IA/N rat(438]. The IA/N rat is an inbred
normotensive strain at the NIH'which was developed from across between
an Albany rat (Alb/N) and a hooded strain of unknown origir; " Multiple
backcrosses were carrled out to elimindte the noncorpulant genes of' the
Koletsky stxain. The resultant rat strain, known as the IA/N -
oorpulent (cp) rats, retains the abnormal serum lipid profile and the‘

prqaensity to form aﬂ}erosclerotic lesions of the aorta. The

University of Alberta IA/N-cp colony was developed from a gift of
breed:lng stock fran the fifth backcross of the twelve total backcrosses
which wexe done at the NIH. A

' 'Iheseoordstrainderivedfrmnthexoietskyratswasdevelopedby

‘CI'OSSiIg the Koletsky rat with a spontaneocusly hypertensive rat (SHR/N)
<)
o at the NI}I " The SHR/N rat thad been developed fmm the original
" Okatcmoto SHR strain, one of the two original parent strains of the

Koletsky rat[439]. Multiple backcrosses were again‘undertaken to

- eliminate the nancorpylent genes of the Koletsky strain although in
thisinsta‘ﬁcethehypertensivegeneswerenotbredmtofthestram.

This rat, knownas the SHR/N.- corpulent (cp) rat, is used as a model
for non—i,nsﬁlin‘ dependent ‘diabetes of humans. = Several investigatu£s
have suggwted that the SHR/N—cp rat maintains the lipid and msel
abrmalitiw of the parent strain, though the information is sketchy



at best[440-443].

U of A Rat Colony

The University of Alberta colony of the LA/N-cp rat, as mentioned,
was developed from rats of the fifth backcross between the IA/N rat and
the Koletsky rat. The strain is now firmly established and data is '
starting to accumulate at E; rapid pace. Several major papens have beén
published(444-446] or are ‘pending publication[447-450]. Most of the
- effort to date has invoive)i the identification and quantification of
the arteiyiala and myocardial lesions which occur in the LA/N—-cp rat plus
development of a lipid profile.

The hdmzygous' recessive rats (cp/cp) are obese with an ave.ragé
adult body weight at nine monthes of ‘age of 850 grams compared with a
weight of 400 grams for the heterozygote (cpf¥) at the same age. The
cbesity c;f the corpulent. (cp/cp) ‘rats is a reflection of their
hyperphagous behavior though the weight difference between lean and
" cbese rats cannot be totally eliminated by pair feeding the animals
suggesting there are cother factors involved in the development of ‘“the
abesity[445]. The rats are not hypertensive and the systolic blood
pressure in lean and cbese animé.ls averages 120 to 140 mm Hg by tail
| cuff. S i

Both ‘hon‘\ozygous (cp/cp) and hete.rozygous}'(cp/-f) rats develop
lesions on their aortas though the lesions are more frqugnt and severe -

" in the corpulent‘anmals Scanning electron microscopy has been used
. to examine and quantltate the lwions of the arterial system(444]. All
" lesions which have Been reported in other species[206 278,280,328] have
'beendemonstrateitoiaecurinmeIA/N-cprat 'Ihlsincludesdead |

endothelial cells, cells with raised or missing nuclei polygonal cells :
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and areas of desquamation with attached blood elements. Frank |
ulcerated lesions and evidence of an old rechannelized thrombus have
alsobeenidentified Arterialdamagehasbeenshowntobecam\onin
the aortic arch, lessccxmnoninthedistalaortaandminhnal in the
renal arteries. Severe lesions were most commonly found in the
superior mesenteric and pancreatic arteries. Occlusive coronary
thrambi and areas of myocardial nectosis have also been identified in
oorpulem: animals(446]. Myocandial infar_r:tions have been documented to
cocur in these animals. | o -

" Iike the Koletsky strain, the oorpulent rats (cp/cp) have the
eqnivalent of humém Type IV hyperlipidemia with markedly elevated ,
triglyoerides and mildly &levated cholesterol. Plasma triglycerides in
t.he affected homozygote (cp/cp) average 330 mgm% campared with 40 mgm$
in the heterozygotes (cp/+) while the correspondin;; values for serum
cholesterol are 215 mgm$ and 80 mgm$ respectively. 'The lipoprotein
electrophoresis of serum from lean rats shows a normal rat lipid and

' lipoprotein status with most of the cholesterol and phosphollplds
| "carried in the HDL portion of the serum. The corpulent rats

‘ demonstrate a‘ marked elevation of VIDL with very interesting sex
differences(448]. In young corpulent females the VIDL is mr‘eelevatéd
thancorpulent males of the correspording dge. From this point on, the
values d.iverée even further as tﬁemaie values decrease to approach
oontrol values while the female VIDL levels continue to rise. 'Ihis
vdoes not oon:elate at all with the nature of the lwions, as the
corpulent male rats develop lesions at an early age at a time when the
females are relatively unaffected ard it is only latter in life that

the females develop a sigmficant incidence of arterial lesions. e
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What the lesion incidence doés correlate with is the degree of
insulin resistanoe[M?] * Although the fasi:ing glucose concentrations
ofoorpulentratsareinthenonnalmngetheanimalsaxe t
hyper:msulinemic and have i‘mpaired glucose tolerance tests Insulin
concentrations are only mildly elevated in the relatively protected
. female but markedly elevated in the more disease prone male. Both
sexes show hyperplasia and hypertrophy 'of ﬂ}e Islets’ of Iangemans
This would seem to indicated that hyperlipidemia may be a: neoessary
oondition for the develo;;tent of athexosclemtic disease but is not in
itself a sufficient condition. ‘

It \is important to remembe.r that all these changes occur while on a
normal rat chow diet without any fat or cholesterol supplementation.
The hypercholesterolemia that develops is therefore que to changes /in
_the endogenous choleste.rol pathway The WHHL rabbit is the only other
model which consistently demonstrates this phenamena though " the
cholesterol levels in the WHHL rabbit are strikingly elevated campared.

to the more moderate elevation in the IA/N-cp rat.

Lingering Doubts and Research Hypothesis

; 'Ihe basic underlymg problem continues to be that the current
‘\0
models for atherosclerosis have major problems associated with their

use in research on athemsclerosis Birds and fish are not mammels

Swine are large and difficult to handle - The histology of the 1esions o

whichoomrinrabbitsisdissimilartothatwhiduoomrsinman«'

Mmﬂceysare@(pensivetoacquireandmaintain -
Ontheotherharﬂ ofoourse, eaduanimalmodelhascertain

-
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advantages 'me pigeons develop a high incidence of plaqlm which do ‘
have a histological relationship with mman atheromatous plaques ,The -
lesions in the swine are even more similar histologically to human ‘
plaques Rabbits are excellent laboratory animals with good sized
vessels' for maniwlation and observation. 'Ihe monkeys being . ,
' phylogenetically closest to man, have similar lipoproteins in addition
to a parallel type of arterial disease I ’

" There are alsg separate models which datmstmte certain
characteristics advantageaus to experimentation on certain aspects of
atherosclerosis. This includes the swine which develop ven wulebrand
disease[266-270], used to investigate the role of platelets in
amerosclerosis, and the WHHL rabbit[310—312], an excellent. model of
familial hyperlipidemia. 'I‘he imwuologic injury of vessels produced in
the rabbit model[305 306] is ancther a(artlple of the use of a given »
model for experjmentation on a particm.lar angle of" this highly oomplex N

However, the ;r{"\ajorv p‘roblem appears to.be the necessity to

 supplemént. the laboratory diets with choiesueml in order for the
‘animals‘ to develop“'lesions at.a significant' rate. For -some animals, . °
suchastherabbit lesionswillmtdevelopintheabsenoeofdietazy
supplementation. In others, such as the. primates, lesions do develop
spom:anewsym dosowithalowfrequencyandpredatdmtelyin

o
RN

animlsatanadvanoedage. o ‘
'Ihehanilingofcholestemlpresentedinthedietisquiteseparate.

from the handling of.endogern:s oholesterol. | Dietary cholesterol is
transported in the chylanicrons and VLDL whereas endogeruxs cholesterol
“istransportedinmeIDLfractim.. 'Iheassmptionthatdiseaseinthe

.
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presence of the dietary cholesterol is identical to endogengas disease
 may not be justified mridence for this has been prese.nted in pigeons
(221], swme [265], rahblts [307-309] and primates[341]. |
Ratsarethemostocxmnonlyusedlaboratoryanimal forseveral ‘ BRI
reasons meyareinexpensivetoacquireandmaintainandareeasyto_ ‘ |
manage in the lab. Because they are so oomnonly used in laboratories,

.‘theyhavebeenwell characte.rlzedintemsoftheiranatcxnyarxi
metabolism. Because the genetic chamctéristiec have been so well
.,.defined the presenoe of genetically similar controIs for most strains
is certainly ‘an advantage. L o e S ".S
_ _. The IA/N—cp rat sharesthese advantages but also shares. many of the
disadvam:ages posed by use of a rat model. Rats have a different !
lipoprotein profile w1th the serum dlolesterol carried predominately in’
HDLratherthanIDLwhlch is the case inhumans The rats have ‘small
vessels although t.his is less of a problem w;.th more recent techniques
utilizing electron microsoopy . ‘ ' '
| The I.A/N—cp ‘rat. presents several advantages which would suggest it
hasthepotentialtobeanemellentmodelof atherosclerosis 'Ihe
more moderate elevation in serum cholesterol which resembles 'I‘ype IV
‘human hyperlipidemia w1th a, predaninate increase in- VI.DL is a better
: representation of the more commn state of human hypercholesterolemia )
| thanexistsinotheranimlswhiditerxitomnifestanudihighersennn
' cliolesterol under acpermental conditions.l The arberial 1esions -
‘observed by SEM are si.milar to athemsclerotic lesions observed in many ;
other animals.. The les:.ons occur w1th a high incidence in affected B

' .animals As:mman, theaortaandmajorabdaninalvesselsareinvolved

with relative sparing of the renal arteries.  The. lesion jncjdm

' .o



shows a significant sex differenoe with male predcxnmanoe similar to
the case in humans, plus a fascinating relationship with the degree of
hyperinsulinemia, Understanding of the exact namre of this
mlatimship is still evolving. 'Ihe biggest advarrt:age with the I_A/N-cp
'ratmodel isthatthelesionsdevelopintheabsenceofdietaryor '
erwimnmental manipulations However, in spite of the work which has |
qlreadybeendone thelwiomhavenotbeenexaminedhistologicallyto
, verify their similarity to the lesions found in man. | o
Very briefly I would like to pose. several questlons which form the
basisformycun'entreseardlprojeot BRI B |
l; A:re the lesicns in the Univers:Lty of Alberta I.A/N—cp rats
sinilar histologically to hunan atherosclerotic lesions? “
‘ 2 Is there any evidence for macrophage subendothelialization

. in this animal model which has endogenous hyperqholestemlemia ;\31.

rather than dietary hypercholesterolemia? | \
| -"‘3;.‘ Are there age differences in the nature of the arterial
lesionsinthisanimalmodel” ie. isthereanyevident
. progression of lesions? o o |
: Myworkinghypothesis isthatthelA/N—cp rat is agoodmodel of
‘,hmanathemscle.msis. 'meaninalisine)qaensivetoaoguireani .
mintain easy to handle and develops a 51gn1ficant incidenoe of
_ arterial lesions I propose to address the questions outlined above by
s :using light microscopy transmission e1ectrcn microscopy and scanning
electron microsccpy to examine the arterial lesions of the I.A/N-cp rat. o



ST 1A/N-cp Rat Colony

| 'IheIA/N—cpratsusedmthisst\.xiywerebredintheuniversityof
Alberta oolony 'Ih\e original stock were fram t.he £ifth backctoss
. .between the IA,/N rat and the Koletsky rat at the National Insti tes of
‘ H’ealth Bethesda Maryland  The expression of the corpulent trai is
cbntmlled by a homozygous recessive gene. ' As. the hcxnozygaqs neoLssive

: ,'annnals are incapable of breeding for functmnal more than ho

ot

reasons, the homozygous reeessivé oorpulent animals are derived fr
matingsbetweentwoheterozygmsparents Atthetimeofweanirg the |,
am.mals are easny class:.fied as either corpule.nt (cp/cp) or lean |

.

(either cp/+ or +/+) by palpa‘tion of the subcutanews abdcminal
L o -
pads which are enlarged in the cp/cp rats. 'Ihe hcmozygous normal ( /+)

ooand C _ (cp/cp) male rats.‘ Four rats frcm each grwp
| at both six arid fourteen months of age were selected o
; \ ' At the time of! weaning at four weeks of age, all experimental rats
were housed m\a’a‘eny m 43 x 2e x 16 cm polycarbonate cages fitted
: Withstainlesssteelwiretops 'Iheli@tSweremaintainedona '
reversed 12/12 hour light cycle with lights on at 04 00h and off at '
16 oon. ) Room tenperature was maintained at 20 c W1th a relative -

/ humidity of 40-50% Other than for mutine cage cleaning and
maintenance theratswerenotmanipulatedinanyothermmer

. i . e
. N o L.
o . R
R
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'I‘ap water was oontinuously availab’%e ‘The rats were fed ad. 11b

o with rodent laboratory dlow (Wayne Iab Blox, Allied Mills Inc., Chlcago

IL 60601) 'Ihis pelleted diet which is oomposed of grains and othe.r
‘ plant products ocntams approxnnately 4% total fat and virtua.lly no .

-

Specimen Preparation
- 'Iheratswe.reanesthetizedintheirmmcagewim 4% halothanein
: roanairarﬂthiswasocntimzedontheoperatingbenchwithanoseoone -
fplaoed over. the facial area. mrmlghwhich 2—3% halothanewas

"delive.red Priortoccxmnemi.nganyprooedtme thedepthofanesthesia
wastakentothepomtwheretheammalswouldnothaveawithdrawal

"responsetopindﬁngthefeetoranyothabpauxﬁilstmmlus.
'Iheabdcmenwasopenedinthemidlinetothexypl‘loid 'Ihestermlm‘
wasﬂiendividedmﬂiemidlinearﬂtheattadmentsofthediamragmto
Vtheanteriorchastwalldivided meleftventriclewasp.mctln'edwith“
vanlegaugeneedlewhid)wasoomectedtotheperfusionapparatus |

. Themionapparamsoormectedthelegaugeneedleviaasideam Q/
t'r-pieoetoathreemystopoook 'IheTpieoesidearmoormectedthe
"linetoaprssuretmnsduoer,thesignalfmwtuchwasfeoimoa

o Beckman reoorder After modulation and ampliflcation of’ the signal

'. the ottt was directed to a voltmeter with the output dJ.splayed i
, “{ fmillivolts. ‘ Prior to use of the pe.rfusion apparatus, ‘the syste.m was ‘f. -
calibrated by ommecting t.he needle toa maxmeter After the line s
flushed of any air bubblw, a zem level was set.« Fluid at a knom
E :‘:pressuxe was then infused and the gain adjusted so that the output on -‘1‘:

. §
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 the, voltmeter corresponded in millivolts to the pressure réading on'the

. / . iR V'
. . . o
Y nmmeterv‘ ) ' . ) . ' o ' ' e K "" .
’ Y o
o

'Ihemreewaystopoockwasoonnectedtotwoseparatevohme

oontainens oneofwhichoontamedtheperfusateandtheotherofwhich!‘ |

‘oorntajnedmepermsateplus fixative Oneoouldadjustthestopoock

. tor select either perft:sate perfusate plus fixative or no flow. ‘Ihe ‘

volmne oontainers were closed systems so that pressure oould be amlied‘ -

‘tothetopofthefluid oolumns 1;[‘hisprvessure loadWasderivedfrom ‘

' theswmesupplywmmpassedthrmghapressurexegulatorsothatthe“‘-

' amount of pmsum applied oould be adjusted After passing through
theregulator, thsm;ltputwassplitwithaYoonnectorsothatthe

‘ .",pressureonbothfluidooltmtnswasequal

The perfusate utilized in the experiment was 'Iyrode ] solution

'Ihis physiologic solution oontains 100 mgm/l IvigClz*GHZO, 200’ n'gm/l ' |

Kcl, 1ooo mgmy/1 NaHCD3, aooo mgrq/l Nacl 50 T/ NaHzPO4*H-
1000 mgm/l gluoose and 200 ngm/l CaClz. ‘lhe perfusate plus fixative
’ oontained 'IYrode s solution pluiz 5% electron microsoopy grade
. qlutaraldehyde: which was"made adding 100 cc of 25% stock ¢

1' glutamlddmydetoQOOocofIYrodem N -

Onoe the 18 gauge needle was plaoed into the left ventricle,

| ‘perfusicnwasocmnenoedyith‘l}rrodessolution, maintainingaoonstant

oo perfusion pressure of 100 mm Hg (100 mV on the voltmeter) 'Ihe right ,l

o :atriumwas incisedtoallowtheegressof fluid fmrrthevasw.lar |
system A tortal of 200 cc of. Tyrode s solution was perfused by which«, :
time the fluid ran clear fmm the atrium. At this time the perfusate S

was changed to the ’lyrode s. solution plus 2 5% glutaraldehyde and a

g

further 200 oc was infused again with careful monitoring to maintainf'_“ o



| | s
",theperf\:sionpressureathOang Bythistimetherat'soorpsewas
wellfimed B |
N Iheaorticarduwastmncaremllydissectedwtarﬂmmvedfran
ltheanimal Ttxearchwasdividedintotmmirrorinageportionsby
dividing the arch ’mmugh the superior and mferior walls This

entailed division of the threé major branches of the arch so that the
" msideofbothmeamnmmeeebmwasvisible Onehalfwas‘
‘inmediatelyplaoedintoavialoontainingzs%glutaraldehydein o

N Mirlmhqsmffer'meomerhalfwasdividedimothree

| 'amroocimately equal portions and 1ikewise placed into the same
solution.‘ Milloning s buffer oorrtains 16800 mgny/ T NaH2P04, 385 -
ngm/l NaOH 54oo mgm/l gluoose and 50 m;m/l Cac12 buffered to a pH of‘ -
After a minimnn of n{o days in the glutaraldehyde solution, all
samples were washed three times w1th Millom.ng s buffer for fifteen

"minuteseachtime 'mespecimensweremenplaoedinal%solutlonof

\

osmium tetroxide for sixty minuta The aort:ic samples were dehydxated i

in a graded ethanol series (50% 70%, 80%, . 90% and 100%) 'Ihe larger
- intact half of the aorta was critical point dried (See Vac Inc.,
| .“;Pittsbargh PA) and moum:ed on an alumimnn stub w1th silver glue.‘ 'Ihe |
o sample vas sputter coated with gold (Model 515013 Sputter coater o
b Edwazds HighVacumn, Crawley, UK.) andwas ready for observation in. ‘
‘ the scam.i.ng electron microsoope (sm) SRR

EA After the graded eﬂaanol dehydration, ,the three smaller portions o
were inmersed three t:imes in 100% propylene oxide for ten minutes each o

‘_ 1‘time Fran this they were transferred to 50% pmpylene oxide plus 50% A
f‘:};'._. epon (Araldite CY212) for three houzs and then into fzesh 1oo% epon



‘ overnight The next day each sample was ‘placed in a separate block
with epan and the samples placed in an oven at 60 c for twenty four
hours. ‘At this point inadditimtothe sixteenSDdaorticardl |
bspecimens (one each from the four six month corpulents the four
fourteen month oorpulents the four six month leans and the four ’.
ufourteenmonth leans) there were forty eighteponblocks oontaining ‘
segments of the aortic arch (three each from the same animals) ready
for sectioning . | ‘
Foreacha\r;mal twoofthethreeeponblockswexerandomly
‘selected ‘for sectioning .For each block a razor blade was' used to
| trim the block until the aortic specimen was ‘on the end of the block
Ebcoesseponwastrnmnedfrmntheblockandseveraltwmicronsections
(referred to as a "thlck" sectlons) were cut fram the block and plaoed
‘onto a glass slide ‘A drop of'distilled water was plaoed over the ‘ \. '
specimens and ‘the slide plaoed on a hot plate to fix the specimens to
‘the slide. The slide was then stained with methylene blue and examined
under a light microsoope at 400 -and 1000 times magnifi’cgion If a
1esionwaspr$em: thisareaofthespecimenvas selected\for further ‘
'sectloning If no lesmn was 1dent1fied a random sectiop of the
' specimen was selected ‘The block was then trimmed with a razor blade

('tofozgapyramdwiththeselectedareaattheapexofthepyramid

Sect:!ons froxn the block (referred to as "thin" sections) were ClIt with e

i ;a glass knife and floated onto a b:ater bath. The thickness of the
TTRRRI ' D
s ,-‘w-,;,seﬁcions was identified by their oolor 1n the bath and silver to gold S

sections (60-90m)wezepreferred Onoe\‘

(:‘jsatisfactory specimemwasobtained, the
a 300 mesh unooated copper grid. ’Ihesp 'fE',, - ,’



"5.6“
thegrid ‘ | |
'meblockwas removed fmnthemicrntcmearxiseveralmillimeters
‘incltxiingthepreviwspyramid werelennvedfh:ntheerxiofthe
| block. 'Ihesan;prooedurewasthenrepeatedasecorﬂtimetoprocurea
secordslidegithmidcsectionsandacqapergridwiththinsections
Onefurﬁmertrimirgoftheblockandsectioningwassubsequently

carried out. In total therefore, each block prov1ded three slides With '

; 'thicktmndcrmsectionsarxiﬂireecoppergridswithsixtytoninety

narnneter corrasponding thin sections from three separate random levels
of the ‘aortic specimen 'Ihis gave a total of ninety six slides with

"thicksectionsandninetysixcoppergridswiththinsectlonsto

‘examine (three samplee frcm each of two blocks for the sixteen rats)
‘ ' The thin sections were stained with uranyl acetate and lead c1trate
"andwemreadyforobservatiminﬂietransmissionelectronmiqroscope

'. - e “ “' .
' Examination Techniques-
. ) !“' oo
The ninety six slides with thick sections were randormized using a
mndannmnberclmrtgeneratedbyacarMermﬁmmberedsequentially
-'fv_'frﬂmonetoninetysix ‘Iheslideswereexand.nedbyboththeauthor.-h

and an- experienced anatomical pathologist in a blinded fashion The
i ""VL sections were graded as either non/nal -or abnormal with note being maﬂe

\x'-'"‘:"‘;‘,.'of the type of abnormalities present Eollowing this the code was' :

. bi'olaen ‘and‘the results analyzed. 'Ihe significame of variations in the
incidenceof lesion frequency among the two age grcups and among the :

Co ‘degree?:of%freedan. ';':Ieeiom identified in this manner were later

wasdetemined‘ usingadaisq:aredanalysiswitn\one B
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cther cells., 'Ihis is the pmer:ce of von Willebrand protein which can

“\

photographed for doCumentation and analysus :
- 'lhesmteenSEMsampleswereexalmnedmamilipsSBﬂSOSscaming
electron microsoope (Philips, Eindhoven, Netherlarxis) The entire
endcthelial surface was e.xarnined and all areas of abnormal endothelium
were recorded for assessment Original magnificaticms (prior to
mﬁgnification incurred in printing a’ picture fram the negative) up to
2,500 times were used with an electron beam acceleration of 15KV.
ThenimtysixTEMsanpleswereexaminedinamilipeTEmuo

‘transmission electron microscope (Philips, Eindhoven, Netherlands)

- electron beam acceleraticn of 80 kv,

" cellspresent Onemsttakeinto.accotmt%eﬁlagcath.cnofthecelland

Representative field: each section in addition to lesicns

o identifie’d at the time of examination were photographed for analysis

Original magnifications of up to 26,000 tim% were used w1th an ., '

'Ihe major difficulty with ’Im is differentiatlon of the type of -
?

AR

thepresenceofvarimsorganellesinthecell 'Ihethreecelltypes

that required differentiation were the endothelial oell the macrophage

and the smoot.h muscle cell ’Ihe differentiaticn beccmes even mor&

o difflcult when, as is the case in athe.rosclerosis the cells are- in an

abno;n*al location or have been damaged. This is reflected by the
“';mrrentinterestinnmmclomlmutibodiwmanattanpttodisthguish
o the smooth muscle cells and macrophagw in arte:r:ial l&ions.

Reidy and Schwartz have examined the ability to idartify

; 'endothelimn oonclus1vely and ncted there are several techniques by

:,which to characterize these cells[453] E:ndothelial cells have only

two definite characteristics which separate t:hem stmctm-ally froml

s '.__

RS
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be stained via imminofluorescence and the presence of Weibel-Palade

' bodies. Weibel and Palagde fixst demonstrated these*unique endothel ial

/ structures in lung arterioles in 1964[452] lbel—ralade bodies- are
small rod-shaped bodies which often oocur in n_groups neér the nucleus of
the cell, cammonly near mitochondria and the erxioplasnlic reticulum.
They may be circular or.elliptical, depending on the plane of section,
and are bounded by a tight membrane. Oencrally, they are occupied by
tubtﬁes with the occasional presence of a oentral dense dot. ~Wagner,
using inmnmofluoresoenoe staining has suggested that the Weibel-Palade

bodies may be storage and,/or prooeés.mg organelles for von Willebrand
”itlon fram mitochondria involves the fact

protein[45l] The diffen :
that the mitochondria have a ‘?couble layered membrané and cristae which
are perpendicular to the outer surface, rafheatlﬁn tubules that run |
longitudinally. | ’ ' )

Mécmmages are characterized by a labulated mcleus. The Mt
of yplasm is variable though lysosames hnd vesicles with cellular
debris (seoondary lysosames) are often identifiable in the cytoplasm.
Ross also noted the presence of a distinct chromatin di\stribution‘ in
thenucleiwhidlisquitedistimtfranthat fomdinsmoothnmscle
cells. .The oells <haracteristically develop cellular extensions

. mfenedtoaspseudopodswhichspreadmtim:othesurrmmdingtissue,
| Smooth eoellsontheotherharxihaVeamreregular,centml
‘mucleus.  Thedd are aften small vesicles imnediately mderlying the
oellular membrané“ but no lysosam Within the cytoplasm are .

‘ myofibrils which are usually poorly orgamzed\

-



EXPERTMENTAL OBSERVATIONS

9 | ‘Light Microscopy |
Ry | | /

The ninety six slides with aortic sections were examined Yy the

A\ author and ananatcmc pathologist. Prior to examining the slides,
meYWereplyacedina.rarxianordersomatthergwasnodmnoethat
knowledge of thenag'e and genotype of the animal would influence t‘:he
decision as to ‘“whether an abnorﬁ\ality was present. The decision as to
whether the section was normal or abnormal represented a consensus view
between the two examiners. In the case where there was same
uncertainty as to whether a lesion was present the slide was considered -

© normal.
Prior to a description of the histology of the lesions cbserved by
light microscopy, the quantitative aspect of the lesion distribution
wilQ first bé presented. Suffice it to say at this stage' that the
majority of lesfons were characterized by endothelial irregularity and
not ked changes\ though quite dramatic lesions were bbservedﬁin
sevenfoftheninetysixspecimens “ -
O&lerdll aortic sections whic:h had abmmalities of their intima
-oanpr‘isedm% of all sectlonsexamined vmenbmkendwnbygenotype
56%/ of the corpulent (cp/cp) rat aortic sections were graded as
abnc\mnal whereas 40% of the thin (+/4;) rat aortic sections were
abnormal. |
We will fi:cst consider the distribution of abnormal sections among
the dlffefent animals by tgenotype. When the aortic speci_mens from both

Al

thesmmonthanifmrteenmntholdzatslwerecanbinedintoone.gmxp

— : - 59 ;
-\)‘ ) \ @ X ‘,
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and the presence of an abnormality was examined in relation to the
genotype the following results were cbtained:

"Table 1. Distribution of abnormalities by genotype - all ages

+/+  (n=48) 60% 40%
cp/cp (r=48) L 44% o 56%

s e
total (n=96) / 52% \
Y\ = 0. 102\

These statistics indicate that there is no significant relationship

between the incidence of acrtic lesions among the ¢orpulent and thin
rats if differences in age are ignored. - An arialyéis for each of the

two age groups individually did demonstrate a relationship as follows:

Table 2. Distribut;on of abnormalities by gehotype - 6 months
: N
++  (ne24) t‘3v3% . o 17%.'
o/cp (n=24) © 50%— - B 50%
total (n=48) e - 33y

%2 =6.00 - p = 0.014



[

‘ B . - el
Table 3. Distribution of abnormalities by genotype - 14 months -

[y

+/+ (=24) 38% 62%
cp/cp (n=24) ' 38y 62%
' total (re48) T S 623
oo ‘ x2 =0 // p=1 \

It beccmes apparent that although there is no overall difference
"there is a signifiéant difference in the incidence of aortic lesions
between fatty (cp/cp) and thin (+/+) animals at six months of age with
this variation disappearing by fourteén months of age.

An alternate method of exami{ing the data ié ‘to compare the
incidence of lesiond-¥etween the six and fourteen month old rats to ses
if there is an increase in the incidence of aortic lesions with.age. |

A
Cambining the two genotypes the residlts are as follows:

Table 4. Distribution of abnormalities by age - both genotypes

Rl

AGE ! NORMAL . ARNORML
6 months (r=48) . 67% . 33%
14 months (r=48) : 8% : 62%
total (n=96) \ 52% ' 48%

x? =8:18  p=0.004



Among ‘all animals, including both corpulent and thin,’ there is a
very. significant increase in the incidence of lesions with age. Data

62

for the corpulent rats, analyzed separately, showed the following:

Table 5. Distribution of abnormalities by age. - cp/cp

6 months (n=24) . 50% . s0%

14 months (n=24) 38% | 62%

. © total (n=?8) 44% | - 56%
x? =0.76 p = 0.383

Ascnecanseethereisnosignificantincreaseinthefmquencyof‘
: aortic lesions among the corpulent rats as they age from six to
fourteenmonths However, averysignificant J.ncreaseoocursamongthe
thin rats with age as the following data demonstrate:
a5t

Table 6. Distribution of abnormalities by age - +/+

6 months (‘n'=:;,4)‘ o 838 - 173
. 14 ronths (n=24) E 62
total v(n==;:8) R 60% . T - 40% |
‘ x2 =vv1,o‘.54‘  p= 0;601

. . . )
. Th
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| As mentioned, the nature of the lesions which were observed varied
‘ fmn minimal endothelial irregularity to rather dramatic lesions with a -
proliferative lesion extending into the media oﬁ the arterial wallv ‘
The normal endothelium was characterized by a smooth single—oelled
‘layer without any . subendothelial irregularity Ebcamples of a normal
erxiothelimn are prov1ded in Plates 1 and 2. Note the smooth s
laminations of the media underlying the endothelimm )

Plates 3,4 and 5 danonstrate thegnost ccmwntype of endothelial
‘lesion cbserved. The endothelium is characterized by an irregularity

with a saw—toothed type of irrenjularity There is proliferation of the

-

‘ ,endothelimn in locations as well as aocumulation of subendothelial

debris. These fux:lings subjectively appeared to be more severe and

————

gross in the fourtee.n month old corpulent ‘animals when the slides were,

reviewed a:seoond time. ‘ { T | | |
More typical and defmitive ath\ﬁosclerotic lesions occurred in a

totalofsevenspecimens Ofthissmallgmxpof lesions, ane was .

fotmdmasixmnthoorpilentrat twowerefwndinfmrteenmonth

leanratsarx:lthervemajm.ngfwrwere faminfmrteennbnﬂicozwlent;,"'

rats. 'merewasonlyoneinstamewherethesameratprovidedtwo

severelesionsamrgthethmesectionsfraneachmtihthecaseof ]

"one of the fatty fourteen month oid rats. The rvemamder of the lesions:' o

all came from separate animals.. . T ) e » “
'Ihe ane atherosclerotic lesion identifled in. six month old animals ‘

ocwrred in a corpulent animal and the lesion—is prese.nted in Plate 6.',&-:\:.;.1‘"

'Ihe internal elastic lamina is deficient unde.rlying the oellular e

0

‘ leSiOn- : c.

‘The two lesions identified in the fourteen month lean animalsare




“l

»
PLATE 1 Ligh! miaroséogy 6 month ae S . .
Normal endotheliu». Magnification 1250 tlmes (bar =10 um). Methylene
blue staining. ' I . e .

pe blue staining.

v Lioht nicroscopy 6 month cp/cp \ ‘ . - ‘ o
Normal endothelim. Hagnifi tion 1250 times' (bar .10 un). Methylene '




PLATE 3. nght mlcruscopy - 14 month 0/* '

' Abnormal endothelium with. 1rregular1t1es of the surface, in o' saw- tooth ;

 type’ of‘pattorn. Hagniflcation 1250 times (bar 10 un)* Hethylene .
‘blue staining. @ . ) S o . ‘

"ight microscopy 16 month +/+ A S
. ‘Abnormal endotheliun ‘with's’ more prominent irregular endotheliun.
: Magnification 1250 times (bar = 10 un). Hethylene blue staimng. co




PLATE 5. Light microscopy - .14 month +/+°
Abhormal -endothel ium, uagnificmon 1250 times (bar = 10 un).
Hethylene blue stammg. i : ‘ ‘

'F'LA'TE’6. Light. microscopy' 6 manth cp/cp

) Ceuular lesion which has eroded through the' internal elastic lamina. ,

: '.‘n.gnification 1250 times (bar *.10 tm). Methylene blue staining.




| | o | 6
pmented in Plates 7 and8 Both axe'pmliferative' and the lesion in"7
Plate 8 shows degeneratlve elements in the lesion plus lighter staining‘ .
materlal which may represent lipid material. '

'Ihe foun lesions 1dent1fied in tne fourteen month oorp\ﬂent animals ‘
‘arepresentedmplates9tlnghlz. InPlate 10 thelesion is |
3

“ mvading thm1gh the mternal elastic lamina into the underlying
- media. 'Ihis is demmstrated near the left side of the Plate.



‘PLATE\ 7. Light microscopy 214 month +./0'
Very proanent, endothelial trnckening and loss of endothelial

monoleyer, Hagmfication 1250 tlmes (bar = 10, un) Methylene blue ‘

.staining. o R »

Larye raised Intiml lesion uhich contains Hpid and debms. . .

: nagnmcation 1250° times (bar =10 un).‘-

o nethylene blue stmmng‘k. ;

68
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PLATE 9. Llight microscopy - 14 month cp/cp . o ‘
"Diffuse intimal thi‘ckéning and irregularity. Magnification 1250 times '
'(bar = 10 um). Methylene blue staining. .

PLATE 10 Light microscopy 11. mofith cplcp RN A’, S
Intimal’ tesion. Hagnification 1250 times (bar = 10 un)l. het ylene .




PLATE 11. ' Light microscopy -
P l,ife.rative‘lehdothelial lesion.
umn). Methylene blue'staining.»'f o

14 month cp/ép © RS

e,

‘Magni fication 1250 times

(bar = 10




| Atotalofsncteenaorticsegmentswereexammedbysca:ming
. electron microscopy 'Ihis included four specnnens from each p; the
four groups - sn( month leans snc month corpulents xourteeﬂ’ month
-leans and fourbeen month corpulents A low power magnification of a R
normal endotheliun is presented in Plate 13. ‘I‘his shows the |
orientation of the sections examimd which represent one half of the
'aorticarchofeachrat ‘Iheproximalostiaofmeoftheazm |

brarx:hescanbeseénwdardstheleftofthemicrograph Notethe

3

wﬂtﬂatims of the surface which are felt to reflect contractions of s \\
her magmfication of the surfacj " |

the underlymg elastic tissue A"

in Plate 13 is presented in Plate 14";'\" the monotonous pattern of

erxicthelialcellsw1ththe1rprmunentnucleicanbeseen The ,‘k'
appearanceoftheraisednucleiwasseenyerycmmnnly | o

‘ \, Inthesixmnthanimals nolesionsweredemnstratedinthelean
(+/+) rats and only cne of the four corpulent%/cp) rats demonstrated '
any 51gnificant lgions Plate 15 shows the areas of cellular arxi
nucleardropoutwhidxwereobservedinthisanimal Hmever the
remainmg éells retain: their [inal folds and sexnitrapezoid shape.
Itwasfmmtheaorticsectj]dnofmissameaninalthatthethidc |
sectionshwninPlateZarxithethmsectionshwninPlatezswere
']!he aidothelimn ofthe fourteenmnth oldthin (+/+) ratswas not e
‘asregtﬂararldmlln\aintaisxedastllatintliesixmnﬂioldrats." |
Similar 1e£ions to those m the six month rats characterized by |

dee.rxi ‘ ”'ialization and missing nucrei were present (Plate 16)




surface undulations’

nlfication view of the entire surface.
Hagniflcation 215 times (bar = 50 unh Sputter coated

> A low ma

- are prominent. |
with gold. o Co /

e T )

€

PLATE 13{ SEH ¢ 6 month ¢/+°

PLATE a . SEN =6 month #/+ -
A higher lognfﬂcltlon of 'a normal. endothel fum, Note the monotonous

pattern of the nuclef Which are slightty’ elevated above the cytoplasm.

) mgnlﬂcotfon 1560 tfmes (bar = 10 um). Sputter coated with gold.

u.‘.‘ [ . "
N . ot
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‘simﬂar 1 $ions to thon*shoun in Plato 15 in an old thin rat with -
’[several areas. of denudatiou and exposure of theynderlying

‘Maghification 6550.t‘tmgs (bar = 2 um). Sputter coated with gold.

'PLATE 15. SEM-- 6 month cp/cp L oo ‘ ‘ ’

The attline of the célls is’ clearly visible. Several cells have
dropped out and nuclear dropout alone of two cells with adherent
mater{al fs seen in the upper corners. Hagnification 6250 times (ber =
2 um)., Sputter coated uith yold. o i St

\

subendothel fum.” 'rhi femaining endothelium s not uell preserved. .

- . e . . - . i?’ 1
w4 ‘ . : h A ot "
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Haj?ver, note that unlike the 1esions in the six month oerpxlent rat
(Plate 15) , the remaining endothelium is not well maintained. ' Also -
present inthe fmrteenmnththinratsareheapeduplesionsarﬂ
pyramidal oens (Plate 17). Both Plates 16 and 17 were cbtained fram

the same rat. The thin sections in Plates 34, '35 and 36 were cbtained

from the corresponding aortic segment used for TEM from this same rat.

The fourteen month old corpulent (cp/cp) rats showed another
gradation up in ‘the frequency and type of lesions cbserved. Also
presen‘t were the pyramidal cells and heaped up lesions (Plate 18).
Howavar, associated with these lesions were more prcxninent surface
"irreqularities with deendothelialization and exposure of the" underlying
suberdothelimn. Plate 19 is a higher magniflcatioﬁ of the surface of
'Plate 18 demmstrating these changes. A similar type of lesion in
another of t.he oorpulent fourteen mcmth old rats is presented in Plate
20. o C.- B '

_Plate 21 showsaverypraninentplaqmmobservedontheaortaofa
thi.nirat inthefourteennmuthcorp.llentgrmlp Plate 22 shwsavexy
high magnification of the mfacie of this lesion. |

'I‘hecorrespou'xiingaozticsegmemstothose frc;mwhichPlates 18 and
19 were obtained provided the thin sections for Plates 39 and 40 while
Plates 21 and 22. similarly corraspond with the thick section presented

\

inPlate9. S



PLATE 17.

PLA‘I'E 18

sy
fybe

SEM - 14 month *l*
Heaped up -lesions with several pyramidal cells.
_ times (bar~='10 um). Sputter coated with gold.

L
“Magnification 8)5

Elqvated lesions Vithiﬁ oss of endothelhl cells’ on the surfac t the

Lest
. goldd

»

X Hagniﬂcation 1560 tim (bar =10 un).»

:

Sputtur coated uith L

75



 PLATE 19. "SEM.+"14- month ep/cp - - -
1, Higher mgniﬂ‘cation of the heaped up lesion in Plate 18
~ there locLof complete endothelial cells, but one relatisely intact

uamiﬂcatlon 6250 timi_ higold:

‘Not only is .

-

cell without’ fts nicleus, s pruent in the right denter of the. picture. _

76
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.PLATE‘ 21, seu + 14 month cp/cp LE ‘ S P - ‘ " .
A large prominent lesion on the aortic surface., ‘Megificationé80 . .. " o - o
times (bar = 10 un) Sputter. coated with. gold. .ot L & Lo )

& . - o, . -
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aortic arches of t.he four rats in each of the four groups

\,

‘, endothelial cells. 5, ~

small arﬁ\predcxninatelyccmposedof vacuoles inthe erdfthel \?4
oftheSevacuoles, suchasthetwoshowninthisplate hadﬁxseawith .
“ “t.he surfa%etorelease their\oontents 'Ihedebriswhichisseen . )
. intervening’ between. thé’ endotheliun and internal elastic lamina in this "

*plate waL a ccumon findihg ﬁear these vacuoles. ':, .5

! ‘ . N ~ .
\‘.\\‘ . Voo R L ,
\l' o “ v - r \‘ l,“ . ‘ \n ,: | ) . 9 . o . 78.
‘ ‘ ' o :

\ '.‘\' \""'», e . . } . \ . ' [, L .
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Atotalofninetysixooppergridswiﬂ\thinseotionswem

mcamined 'Ihis oanprised an examinat.ion of smdifferent levels of the o

'Iﬁesi)cnqnpht;hin (*/+) ratsdidnotshwahigh incidenoeof
maiities ‘,4\ mmal endothelimn is shown in Plate 23 fmm a lean

\

>
/b - B

: six month rat. ‘Note:' the endothelial‘monolayer with nmltiple pinocytic

\vesicles.f 'Ihe internal eiasé.c lamina canbe seenunde.rlying the -

endothe.lium with the edge of an maderlying smooth muscle cell visible
be'neath Note also ﬂle presenoe of several Weibel-Palade bodies in the

: surfaoe endothel:b.nn - the" only dmxacteristic structural; feat{me of

K Several small lesions, such as that shown’ in Plate 24\were\
idehtigied in the six month thin rats. However thm l&ionsw\

Sune

’.Ihe vao.xoles noted'previously wer.e again observed

.",“< o
B TR \\ 'v

e (Plates 25" arx:l' 26) An ilm'easing amount of debris anc‘i lipid was s

£-the j_uls,_appearedztofbe macrophages (Plate 25) with seuiopids

. ! . e
kX Lot Cao !
(. 07
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plne 23, Je < Gmonth w4 T T
T ,,Normal endothehun.« Note the pinocytic vesicles: and the internal ‘ ‘
" elastic lamina.‘ Several Weibel-Palade bodies are _present in the - .. !
: endothehun. cOrrespondmg thick section in, Plate 1. Magmfication R
8'400 timg§ (parj = 0.5 un).‘ Uranyl and lead staining. . j %« . oo ‘ _ ’ ) .




PI.ATE'ZS ; TEN 6.month cp/cp ® - s Do " L

N
A ,

- Vacuoles with debris near: ;he nucleus of an, endothetial cell.
Hacrophages are present in the stbendothelial space above the mternal
elastic tamina in addition to lipid and celtular: pebris. 'Magnification
12600 tims (bar = 1um), Uranyl and\ lead staining. ‘ -




| theoellexteniingintothesu:mmdingtissueandnooontractile .
elemerrts in the cytoplasm Some appeared to more. closely resanble |
smooth muscle cells w1th a more regular nuclear outline and myofibrils

w1th1n the cytoplasm (Plate 26)

\ A

Onefurtherfeatureobservedinthesixnonthoorpulentanimalswas
the presence of oells traversing the internal elastic lamina Plates

27and285hwtwod1fferent magnifications of whata ‘}tobea |

| ‘prooess of the underlying smooth muscle oell goi.f\g -the elastic ‘
- lamJ.na and cammnicating ith the subendothelial space. Plates 29 and {

BOSkmanermireoelldisnzptingmeintegrityoftheinten\alelastic
‘_.lami.na This cell appearstobeamacrophage, ratherthanasxmoth

- muscle oell, as pseudopods dre present -in the cytoplasm in addition to L
a lobulated nucleus In both these examples there is associated debris
prese.rrt in- the sulfendothelial space '

. In the fom’:een month 6ld thin (+/+) rats, the lesions were much
largerthantho‘se 1cheboththefatardthms1xmontholdanimals.‘
Platw 31 and 32 show two different lesions with large amounts of ‘
vlipid In Plate 32,* the intemal elastic lamina is discontinuws
m'derlymg the suberxiothelial aocmm:lation of material with apparent
ccu'rtinuity between me subendothelial space and the underlying media
. Debris laden vacuoles were also ide.m:ified in the suhendothelial

areaofaortas fr?nthefwrteehmnthleanrats, asshmminPlate




Nm (bar = 0 5 uu).

Uranyl and lcad stainiﬁg.




‘A maérophage is penetrafing through the internal elasti‘ lamina.
Magmficatwn 7800 tlmes (bar

1‘gm). Uranyl and lead staining.'




PLATE 31.. TEW - 14 jonith #/s '+ A\ el
Subendotheual llp%g and uebrls ‘With overlying surface 1rregular|ty and .
condensetion of the eMothelial nucleus Correspondmg thick section in
Plate 7. - Hagmﬂcation 26000 times (bar = 0 S un). Uranyl and lead—

\stainim. e T v . Co




A vacuole imediately mde&ing the

1lo month 0/*

TEM: o
‘cleus of an endotheu\l cell

the the’ protmr‘ent Heibel Palade bodies. COrrespondlng thick section’
in Plate 3. Magnificetion 26000 tmes (bar = 0 5 un). Uranyl ér% lead

staining.
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PLATE 35. TEM - 14 month +/+ .
Higher magnification of Plate 34. Several Weibel-Palade bodies in the
abnormal cell in addition to several mitochondrie suggesting it is an

endothel fal cell. Magnification 13650 times (bar'= 1 um).
tead staining. '

{1

PLATE 36. TEM - 14 month */+ | .
A higher magnification of Plate 347 Note the heaped up nucleus of the
endothelial cell and the loss of cover TRar the T shaped cellular

fragment., Magnification 22000 times (bar = 0.5 um). Uraﬁ’yt” 'and Lead
staining.

Uranyl and .

86
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midzmnerliestrxeeraoﬁmi\nﬁ.' This cell has mitochondria present as
..+ well as two Weibel-Palade bodies, best seen in Plate 35, suggesting |
\t'}xat it is an endothelial cell. There is associated discomtimity of
the internal elastic lamina underlying this cell. The endothelium is
discontinuous near the T shaped piece of cellular debris. | R
One m;ther abservation of endothelial irregula.x:ity was "made in

‘ o
_Aakd_z;t‘iﬁq’_ggctions fraom the fourteen month old thin rats. In Plate 37,

)

the nucleus of an endothelial cell is protruding into the arterial
lumen because of a étméxﬂott:eligl accamilation of lipid and debris. An
associated abnormality of the adjoining endothelium has produced a
pseudovillous pattern. This may correspond to the pseudovillous\r"\
pattern sametimes seen an SEM examination of the aortic surféoe.

A similar pseudovillous pattern was prese.ntl to a greate.r degree in
the fourteen month old corpulent (cp/cp) rats as denmstrabed in Plate
38. Again the acqnmlations of subendothelial debris and vacuoles as
seen in the other rats‘wés also present in these rats. Suberdothelial
canﬁrafmwem again identified. The subendothelial cells in
Plates 39 and 40 are consistent with smooth muscle cells with
disorganized myofibrils and central muclei.  © <. T

the lesion shown in Plate 41\ appears to reseidle the type of lesion
identified in Plates 34, 35 ard 36. The oell has Weibel-Palade bodl&s

“inthecytoplasmandcanbestbedlaracterizedasanabnornal
erxiotbelial cell in an area of grossly deranged endothel jum.

Plate_s 42, 43 and. 44 demonstrate the binding of monocytes to the'

cell surfaces with apparent subendothelial migration Each of thase

threecellsshowsalargenucleusandnanymitodxmdriamtingthe
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PLATE 37. TEM - 14 month +/+ :
Subendothelial lesion and irregularity of ‘nternal elastic lamina.
Pseudovil lous pattern of endothelium to the left of the nucteus.
Mag@ification 9900 times (bar = 1 um), Uanyl and lead staining.

PLATE '38. TEM - ‘Ilo month cplcp '

Marked irregularity with pseudovilli of ‘the ‘endothet fum overlying a
collection of Lipid and debris. Corresponding thick section in Plate
10.  Magnification 8250 times (bar = 1 um). Uranyl and lead staining.

o
4




PLATE 39. TEN - 14 month cp/cp o o
kigh magnificatfon of a subendothelial smooth muscle cell. Debris in
the aree is arranged éoncenfrfcally around the c®1. Magnification
29700 times bar = 0.5 um). -Uranyl and tead staining..

e

-

het {

3

ely underlying the endot,

un..

Magnitication 29700 times (ber = 0.5 umy.  Uranyl and lesd staining.

’




PLATE 41. ren . 14 month cp/cp e

An abnormal. endothelial cell with Veibel- -Palade bodies underlying a
grossly abnormal endotheliun. Hagnification 10500 times (bar = 1 un).
Uranyl and {ead steining. : . ) S

A mcrophm attlched to a aronly abnoml surfnce and mtrattm the o

~ endothelium ‘near a cleft. Note the pseudopods of the’ penetrating cell
.and- debris in the apex of the cell. Hacniﬂcation 16000 tim (bar = 1
um). uranyl and tead ataining.

a
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™ PLATE 43. TEN - 14 ﬂbﬂth cp/cp S S

A macrophage attached to the surface with pseudopods penetrating into
~ the ‘subendothelial space. Magnification 18\000 times (bar = 1 um).
Uranyl and lead staining. =~ - ) - o

Uamiﬁcatim 30800 times (bar z -

o5 u-). Urlnyl .nd md staiﬁlrﬁi.
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'éallg are still metabolically active. A,mexé are extensions
(pSelldépbds)' from these cells which ﬂ&vadé into the underlying tissue.
In addition to the aocompanying subendothelial lesions, the' overlying -
and adjaoent eniothelimn is markedly abnormal

N
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. . DISCUSSION AND CONCLUSIONS -

' Iwwldfirstlﬂetosmmnarizeandexaminethedataobtainedﬁun
eachaspectofthisecperiment Anattempttoacoamt fortheobserved
explanations willbepresente&follmredbyadiswssim ofthethree v
questiongposedatthe\conclusim oftheliteratm:e reviewtoseeifmey

. 3 R Little Stmmariz@ . .
By light microscopy, it is evident that significant vascular 1e£ions |
doirdeedooan'intheIA/N-cprat. ‘Iheooxp.zlent(cp/cp)ratappearsto ';/,

——— / 1

devélop lesions at an earlier age than the lean (+/+) rat. The = = = i
\

\ significant difference in the incidenoe of lesmns at six ponths of age )

‘ disamearsay’/auteen manths o{:‘ age 'Ihis wculd seem to indicate tl::at‘ -
the corpulent rats dqelop premature athemsclerotic disease with : '

: athemsclerosis occurring in bot}:h lean and corpalent animals with age.

One oould postulate that the prenature athe.rosclemsis may mult from the
’hyperlipidemiapresentinthecorplﬂentrats asappearstobethe st
: mm\andisease 'medifferenoeatsixmonthscouldjustaseasily
| #to ﬂm’@erinsulinania or even more li.kely a canbination ‘
"factors 'Ihe:re are other possible etiologic factors htén are involved ‘

Bt still not accounted fer which could leadtothepremature’ S
| thgrosclemsis in this aninal model.,. R AR A AR :

L 'Ihe signiﬁoant presnaturity of the lesions in the coxpulerrt rats for
'vmateverg:'easm is potentially very uéeful If. for example, one warrted

s to Pm'e that a given drug significantly decreasas the incidence of S
v:‘emismnan,thisanimalmdelmaybeideal Ifthe L
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additimofmednxgtoagralpofcomﬂentratsdecmasesmeimidence
of lesicns so that at six months there, is no‘significant differexm in the

! incide.nce of lesionsbetween corpulent zatsandage matched lean rats, |
'thismﬂ.dbegoodevidenceofapositiveef.fectofthedmg Becausethe )
E ratsaremderatelyinexpensive, itvmldbeeaSytoaddacontmlthin ‘ '

gmxpwhidicwldxeceivemednigtodemmstratetheabsenceof ‘
significant side effects as well as 'a second ccm:roi grcup of corpulent -‘: (

"-kratsmtreceivingthednxg ’nmreS\ntsfrunsuchanexperinentcculdbe

~

. lesicns present in six month old hamzygous recessive rats (cp/cp) ut not
-qthe lean (+/+) an:imals.. 'Ihere is an associated gradation with ageas the
‘mressvemlesionsocmrintheolderanimalsforbothgemtypes '

micmsccpyshwsamdevarietyofchangesinthetA/N—cprat.Jme‘

»availableyit‘rﬂnareasonablyshortsixmcnthti}éperiod | -r.

The fact that the ccrpulent rat dsvelcps pmmature amemsclerosis is

e ————

akin to the human corxiiticn. All humans will develop athercsclerosis if

‘ -‘ theylivelongernzgharditisacmcededfactthgtathemsclemsis
| R _occurs as part of the "natural aging" phencmena 'I‘haarea of greatest
" concem ce.rrte.rs arcm'xi forms of pnsvention fcr the p@nature death fran o

[

| athemsclerf:sisseccndaryto]qmnriskfacborsinthepopﬂation..me‘

A

' moderate endogenous increase in cholesterol present. in this’ aninal (which

resembles human Type v hyperlipidemia) makes the model ideal fcr'
nanip.zlaticns of se.rmn choleste:zal and the effect this hag on the

:lncidence of athemsclems = ) o
| An examination of the logy of the lesions demonstrated by light :

atheroschrotic pmcesg appears to start at an: ear'i& age with significant

’mescarmmgelec&nmicmscopehasrecentlybeqanaa\grypowlar

methodofexamirﬂngarterial surfaces for celldamageprimarilyasa e

R A ... < . . te . . 2
- . PR . . f | % N 'Y t.



result of its resolution and ability to easily e«amine large surfaoes
Itsgmatestpmerisinthedetectimoferﬂothelial oell losswith

‘ resultant eocposure of the mxderlying subendothelimn. 'Ihe majo sunnbling*

block has been that it is difficult to oorrelate the flrxllggg on
Smwiﬁhthem:estmﬂardsectimnlviewofarteriesasexmnimdwﬂer

thelightandtransmissionelectrmlnicrosoope SEMalsotendsto

‘ mldsrestimateﬂledegreeofvesseldamage Ithasbeenshownthatsmall‘
‘ areasoferdothelial 1oss invivocanberapidlyrepairedbymigrationof

eurmmdlng endothelial cells without any abnormality of the surface being;
detectable[453] }As well smooth. nuscle cells have the capability of
fom:l.ng a psetxio—endothelimn following injury whic.h can very closely
resembleendothelialcellsalﬂbereganiedasmmal T
Accepu:gtheeelnutations,smmsbeenusedamnsivelytcmune'
arterial surfaces. 'med'langesinthem/N—cprathaw}ebeenwell
characterizedbyR.lssellandAmy[Mll] nze«emtecneiageeobeervedinother"
anlmlne'aélahavebeendocmentedtcocwrinthleanlmlmodel ‘The.
pmposedpregmssionoflesionsstartswiﬂlraisedmwleimﬂpmgresses”‘

. fto the adherenoe of macro;hages on the surface. . I.oss of the nucleus and :
| ‘l - evem:ually the entire cell follow. It is the healing of theee areas with
the potential for the imorporatim of nacmphagee—am platelets which is B "; ‘
postulated to result in the! appearance of the deygonal cells. | Further -

endothelial damage would then lead to progmsion of the lesions

“ Thoughthisproposedpmgressionhasmtyetbeenverifiedwiththe
dimctiﬂ(e:mnimtimofﬂaeraised,advamedlesionsdoservedbysm
ithnlldappearbyexaminatimofﬂleSEJmicrographsobtainedinthe
IA/N-@ratthatthisisthenaturalpmgressimoflesims Raised S
mcleiappeartobeacammfi:ﬁinginnoml cells. 'Ihefirstlesim

T T ._; o
[
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obsezved inmeymngerlessaffected eananinals,isttleappearanceof“‘
mzcleararﬂoellularloss"lhemnainihgendothelimnbecams
progressivelynoredamagedwimageanditismlyintmeolde.rratstmt'.
theraisedandpolygonallejnw ‘ Animxsasedimidenceofsn |

! -lwions appearstodevelop thecorpulerrt animals inbothagegmups

‘Ihiswould:lndicatethatmt ydothecoxp.zlentanimalsgetap:m\ature
fomofathe.rosclemsisbut diseaSemeygetismmseveretlmnage

AT '

- matched lean rats. *
0

mecmethingnot inthisstudy inrelationtotheproposed

progression of . leeim? is the adherenoe of macro;i'xagesm the arterial
surface. Asthishasbeenpreviwslymlldocmnentedtooccurinme

IA/N—cprats this/ ybetheresultofanmsufficientmnnberof - |
‘Byfarmé/mstmtemstingobservatianswemmdebynr&emmimtion’

ofthe des. 'mereweremanydifferentlesionsobservedinthe

. 'memstfrequentlesionswerethemisedlesims

constiments collagen, elastic tissue and :Lntracellular mat.rix
a;we 1present Aswell insmesectiqns,themappeamdtobea;sv‘
1 / appearance ofdebrisvmichhadtheappearance of tubulesor B
N fibusammdseveralofthssubendotheualcensmaxmrepresmt
'mebellular constituents mﬁmwempresentinmesubauoa:elm layer

included smooth nmscle cells, macrophages and abnomal endothelial cells.
'melesimvmidxappeared first intheyotmger lean rats, and L

appeaxedtobemstfrequentoverall, wasthepresenceof largevamoles o
,: jntheerxicrtheslial cells. fnwsevaaxolesv:erecammly fwndinthe
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sutxmclearlomtimandﬂxeyappeamdtoevenunllymsewiththecell
wnbmnemreleasetheircmtents Inthisfashicntheyappearedto
"reeenblesecomazylysosanes 'mevaczolwcwldbeareflectionof K
,‘ elﬂoﬂ)alial damage’ with attendant swelling and degeneraticm.
'Alte:mat[é;;ly, thase vacmolee could repreSent the accxmmlation of

cholesterol or VIDL

4

Anakrbzmalityof%heintexnalelasticlandnaappearedtobeacamnn;l

.,pheu'nne:mm':derlyingsuberﬁotheliallesions 'Ihismayverywellbe
secmﬂazytodmbtaxins*producedinthelesims Bothmacro}:hagesand
”‘fsmotnmsclecenswezedmzstratedtomtemxpttheomtinuityofthe
_intenxalelasticlamina SR ) ’A
'I\votypesofobservedlesionsraisethemstquesticns 'Ihefizstis

T ‘the subeniothelializatim of abncnnal endothelial cells ‘as shown in both .

'Plate 3¢ and 41. In these two examples the abncrmal endoméiial cell. is
surramded by the compressed nuclei- of two adjacent endothelial cells.
'Iﬁeredoesmtappeartobeanypseudopodfomationbyelﬂlerofthesetwo
celle to suggest that they are macrophag& engulfing dead endcthelial
f:'_‘ cells. ’Ihereareseveralmitodmﬂriaintlmeabnomal cellsnearthe

‘ Weibel-Palade bodies suggesting that the cells are still metabolically

One explanaticn of this observaticn is that the abnormal cells have

: beensevemlydamagedbutmtkilled. ‘The surface abnormality which
resultsfzuntheinjurymybecovkbytheadjacente:ﬁothelialcells

~

whid:migratetotheama Itmusualst:ppositicnisthatdeador injured
cellsdesqumnatearﬂleaveareasofa@osedmmendoumlitmasobservedby" |

SB{ However, tlﬁsmayocmrmlyforthemostseverelyinjmedcells ;- |
milettnsewhidxsustainasubletml mjmmmmma+ Withtime

Y

‘.
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this progrwsive encroad’nnent of surmmding endothelial cells could lead |
totheobservedrelegationoftheinjuredendothelialcelltothe . f |
subeniothelial location. - E\lenthoughthecell mybeinjuma,‘”’it could :
stillproducemnyofthefactors responsihle for. chemotaxis, leadingto
"the attraction ofothercellsandbeingreﬁponsible itself fbrsqneofthe‘ ;
‘mesecorxipossibilityisthatthecellmayhave\miergonesanefom
“of txansfonnation . It may actively Tove: toa suberﬂothelial position
'.‘secondarytoscxnetypeofinjuryordiexmtacticfactoraniranain. |
'metabolically active ‘This would explain 'the large number of mitochondria
observedinthetwooellsofplatwm;aml4lwhichleadonetobelieve‘ h -
that the cells are still metabolically very active. This. transformed cell B
A ‘wouldhaveevengreater potential for causing the aocunulation of other
‘cellsinthesamearea R ! \ K

'Iheseoondveryinterestingobservationisdemonstratedinplates 42
_43and44 Macro;hagesareadherenttothesurfacearﬁappeart&
penetrating intothesubendothelial space. 'Iheendothelium appears : o
deficiena-nthe@eareas ’Ihisphenomenawasobse:vedonlyinmeold ~*
'Icorpllentanimalssuggestmgthatitiealateoccirremeinthe .
;"development ofthelesmns Alarge ?nouﬁt‘of subendot‘helial debrisis " /

'
- ”alreadypresentandthereamsumnﬁinggmssabmmlities ofthe

T

'y

.
° N
(Y8
Q

- v‘:endothelium. o

'meseobservationsappeartooormdicttheresponsetoinjuzy:

g ‘_'hypothesis which proposee that ‘the suberdothelialization of macrophages is

an early phe.lmrexn which precedes the developnent of an atherosclerotic
Y \“lesion mther than following and magnifying it[27] In the IA/N-cp rat
'_:"f.3:: .this invasion by macrophages is seen to occur late. 'me early lesion in
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this model appears to be the subendothelial migration of endothelial

cells. ‘ ‘ o
\ ‘ // N :".\'}
’ Little .

It may be that the of events begins with endothelial damage

to repair the damage, the mjuied endothelial
cell may ’ lically txansformed In x'epairlr)g the- damage, the
. garbage fram the "glean up" is dumped into vacuoles which leave the
muclear area to eventually fuse with t.he cell menﬂarane The fus‘lon of
these vesitles with the membrane could leave minute areas of exposed
. subendothelium which are quickly covered by adjacent cells. The cell may
be unable to repair itself befcre the surrounding cells migrate to cover
thedefectsecondarytothedamageitsustained This process could be
repeated until such time as either the cell dies amd is replaced or until
B such time as the suxmxrx:ling cells ccnqpletely overlap t.he endothelial
cell. This would cértainly be in keeping with the existance of
endcthelial stamata previously identified in the literature[453]
D(planations fcr t:hese small circular stmcttm which are an integral
part of the endcthelimn but definitely not. cells has ranged through
suggestions that they constltute intracellular cement[454], grcups ot/ |
platelets[455], micro valvcs[456‘] and cell hemias[457] " The most recent
expla;a&&u, in keeping with the ‘theory peing proposed, is that they are
matbrane flap& cf adjacent cells[458 459] It has already been ncted that
thes& sbcmta are relatsd’to cell injury and replication. , | .
‘ Asthecellisnotdead butmlyinjured itwill contmuetosurvwe
in the tsubéndothelial area althcugh in a diffexent mcmenvimrm\errt than

.itmacmstanedto Ehdothelial cellshavebeendemnstratedtobe
capableofsecreﬁ:xgmmermscellpmductsimludﬂgvexypotent

.-»*;
[T SN
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chemotaxins. The products of the cell could accumilate in the
subendothelial area to add to the debris which is observed to accurmlate
The chemotaxins produced could result in the migration of both smooth
mscle cells and macrophages to the area resulting in the fully developed
lesion. |

In obdér to incorporate the SEM observations in this hypothesis, ane

would have to propose that the areas of endothelial and nuclear dropwt
result fram those cells which are so seve.nely damaged that they simply die
and are swept away by the blood stream. with}this arqument, areas so
affected viith a denuding injuly would not be the precursors to. lesions but
only damaged areas which had still not been repaired. One would expect a
higher incidence of this type of lesion incimnﬁtances where there is a.
'great deal of endothelial damage. Howéver, rather than the most damaged,
© and consequentially killed, endothelial cells causing the lesions it may
be that the intémediately damaged cells are responsible for the bulk of
the atherosclerctic lesions cbserved. The cell loss acbserved over the
more advanced, protruding lesions would be by a different mechanism
seoorrdary to the underlying damage, ulceration, and loss of cover.
Sufficient lesions are cbserved on TEM to account for the raised lesions
cbserved on SEM. v '

The reason that the incidence of lesions ﬁore Closely parallels the
insulin resistance than it does the degree of hype:ﬂuolesterolemia may be
thattheh'sulinresistamesexvesasamarkerforammglobaldefectin

-theabilityoftheoelltorepairitself. Fortlmsamer%asonthatthe
cell does not mpond_“tomsulin by taking up ‘the glucose from the -

' bloodstream, it may not respond to cellular damage by synthesizing
sufficient membrane to repair a defect before adjacent cells cover the



' ¢ 101

)

. defect, especially if the defect is small. Thus in the presence of a more

normal insulin response the cells may exhibit a more normal repair

The hyperlipidemia with an increased VIDL may be caused by either

. ove.rproduction or inadequate clearanoe or a oombination of both. One

might suspect that it is due to inadequate clearanoe by the cells
reflecting the inherent cellular damage already postulated However, ,it |
is just as 1ikely secondary to overproduction in response'to a cellular
messenger which is signalling the endothelial damage. The possibility
thatﬂiisnasengersubstancemybeaoanponentofmevamolwmicham
cbserved to fuse with the membrane is“an interesting possibility. |
A Little Answering . -
| Finally, I would liJcetorétmrntothethreequestimsproposedatthe
i:mingofthispmjectarxiseeiftheyhavebeenanswered

satisfactorily

The first question was a query as to whether the lesions of the
Uhivexsit_:y of Alberta IA/N-cp rats were similar histologically to human
atherosclerotio lesions. on this account, one must note that the lesions
did demonstrate 1ipid and cellular debris.' They were cellular, with both
macrophages and smooth muscle cells present No foam oells were cbserved
and no proliferative fibrous caps were cbserved in any of the lesians.
This may reflect.a low mmber of cbservations and will require further ’
elucidation. |

'Ihesecorﬂqueﬂtionwasmetherormttherewasanyevidence for
macrophage subendothelialization.. The answer is a very grey yes. There
was definite evidence of macmphages present in the subendothelial spaoe
and attached to the endotheliun. However, this appeared to be a late

P
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finii.ng rather than a pmedisposing menomena Of even greater interest
were. the endothelial cells observed to be penetrating the emdothelimn

The thini question was a seamh for any evidence of progression of
lesions. As stated earlier, there is excellent evidence for proqression .
of lesions in the thin rats. The rpremature athemsclercsis of the
corpulent rats did not allow for any significant progression in incidence .
witl‘xagetho.xghthereisasubjectiveincreaseinseverity ‘

A Little Corel , \

Idonot\thinkthat;thereisﬂany.dmbtthat mebestenimlm\:del in
terms of nature of the lesions for atherosclerosis is the ndn_dmlesterol
fed primate. Its closeness to man phylogenetically is evidenced by the
similarity of the lipoproteins and lesion histology. It will develop
lesions naturally though ai: an advanced age and with a law incidence.

The major difficulty is posed by the circumstances of an experimental
protocol. IféneomparestheccstofannrﬂceymodelandtheWN—cprat

ﬂs edifferenceindoingexperimentsisovenvhehlirg Atthe
1

ty of Alberta, thecu.rre.ntoostofaobtainingannrﬂceyie e

$425.00, maintemnoechan;esare$3 OOperdayandtheoostofamajor
operationsuchasperfusion fixation is $60.00. ‘Ihecorrespordingcosts |

for the IA/N-cp rat are $30.00, $0.11 and $7.00. If we assume that, like

the IA/N-cp rat, the monkey will produce a high incidence of 1ésions in
sixnbnthsﬁime theemparative.costofdoirgtheprooedureononeanimal
is $1025 00 for the monkey and $57.00 .for the rat - an eighteen fold
difference When dealing with sufficient mumbers of animals for the
results of a study to be statistically significant, the difference is

_ overvhelming. As well, I would have serious doubts about the asetmption‘

that the monkeys will develop a high incidence of lexsicns;by six months 'of_'
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agémamrn\aidietasuaeLA/N-cpz'atswill; ]
Itmy'bepossibletbpmdmelesions in the monkey and other animal

models’ with dietary cholesterol supplementation but there is abundant
literature available indicating that cholesterol in the exogencus pathway
mayhavediffemnteffectsonmenauueoftnediseaseinmeéniml
models than endogencus hypemholegte;olemia. The IA/N—cp rat m‘@ique in
that it develops a high incidence of lesions without cholesterol -

supplementaticn. | -
I have shoyn that the IA/N-cp rat’ dgvelops a high incidencle of lesioné -

by six months of age. The lesions do share many characteristics with

lesions seen in man. Bw findings of this study indicate that the I3/N-cp

.. rat has the potential to be an excellent model of athemsclemsis and

A\

deserves further evaluation. The possibility that the inciting lesion is

3 the subendothelialization of damaged endothelial cells also requim more
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