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ABSTRACT 

studies on normal and regenerated rat aortic endothelium at 1. 2. 

3 and 4 weeks following segmental balloon denudation injul'Y were 

earded out to evaluate: (1) the permeability to intnvenously 

injeeted Evans blue (EB) and hOl'seradish peroxidase (HRP) using en 

face aortic preparations and (2) the volume density of stress fibers 

by morphometry using thin section electron microscopy. The results of 

these studies indicated that: (1) the pe~eability of the regenerated 

endothelium to both EB and HRP was identical to normal endothelium at 

all time points studied and (2) stress fiber volume density 

significantly inereased in regenerated endothelium at 1 week as 

compared to control, however, returned to and remained at normal value 

at and after 2 weeks fo11owing segmental balloon injul·Y. These 

results are consistent with the view that structural and functional 

ehanges in regenerated vascular endothelium, if present, are transient 

in nature and the integrity of endothelial monolayer is eventually 

reestablished during the repair proeess that follows a single in jury. 
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Rtstntt 

Des études sur l' endothél ium aortique de rat normal et régénéré 

ont été effectuées l, 2, 3, et Il semaines après avoir pratiqué une 

lésion segmentaire de dénudation à l'aide d'un ballonnet dans le but 

d'évaluer: (1) la perméabilité au blue Evans (EB) et à la peroxidase 

de raifort (HRP) injectés par voie intraveineuse en utilisant des 

prépantion aortiques en face et (2) la densité vOlumique des 

"stress fibers" par morphométrie en microscopie électt'onique sur 

coupes fines. Les résu Hats de ces études indiquent: (1) que la 

perméabilité de l'endothélium régénéré au blue Evans et à la 

peroxydase de raifort est identique à celle de l'endothélium normal à 

\ .. toutes les phases de l'étude et (2) que la densité volumique des 

"stress fibers" qui la première semaine, accusait une nette 

augmentation dans l'endothélium régénéré par rapport au suj et témoin, 

était redevenu normal 2 semaines après la lésion par ballonnet et 

qu'il l' t!st demeuré dans les semaines qui ont suivi. Ces résultats 

corroborent l'hypothèse voulant que les modifications structurelles et 

fonctionnelles de l'endothélium vasculaire régénéré, quand elles se 

produisent, revêtent un caractère transitoire et que l'intégrité de la 

monocouche endothéliale se rétablit au COUl'S du processus de 

réparation qui suit une lésion unique. 
" 
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IlfTRODUCTIOIL 

Endothelial cells Une the insides of arteries, veins, capillaries 

and 1ymphatics as a mono layer . These cells have important l'oIes in 

physiologiea1 homeostasis; in the permeability of blood vessels and in 

the medialion of their response to a variety of physiolo&ical and 

pathological sti11lJli (Gimbrone et al, 1974; Jaffe et al, 1973; Majno 

and Joris, 1978). Abnormalities in the structure and function of 

endothelial cells may play a significant l'ole in dise.JSes of blood 

vessel waHs, partieularly thrombosis and athet'osclerosis (Hüttner and 

Gabbiani, 1982; Ross, 1986; Schlliartz et al. 1981; Stemennan, 1974; 

Thorgeirsson and Robertson, 1978). In culture, endothelial cells are 

different from MOst other cells. Growlh of endothelial cells unlike 

that of fibroblast or smooth-muscle cells, is characterized by the 

formation of a highly ordered tIlono1ayer (Haudenschi Id et al, 1975; 

Jaffe et al, 1973; Vlodavsky and Gosçodarolliicz, 1979). This monolayer 

adopts a morphologieal appearance and diffarentiated properties 

similar to those of the vascular endothelium in vivo. The closely 

apposed and non-dividing cells of the monolayer have a distinctive 

,c 

! 
membrane asymmetry; they have a non-thrombogenie luminal surface and 

! 
! 

can no longer intemalize bound ligands such as lOIli-density 

l ipoprotein , llihile fibronectin disappears from the lominal surface and 

ccncomitantly accul1lJlates close to the basal surface (Muller and 

Gimbrone. 1986; Vlodavskyand Gospodarolliicz, 1979). Once the cells 

have formed this bighly ordered structure, the on1y agents show to be -
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able to sti11lJlate growth are those that. disrupt the conUnuity of the 

mono layer . This is true bath in vitro and in vivo and su&&est.s tbat 

contact inhibition of srowth may be particularly important for 

endothelial cells when compared with otht.,r cells (Sehwartz et al, 

1981) . 

The biologieal behaviour of t.he endothelial monolayer is refleeted 

by the extremely low ~asal rate or replication in nonnal adult. 

arterial endothelium in vivo (Schwartz and Benditt, 1976; Schwartz and 

Benditt, 1977 Schwartz et. al, 1980). It has been demonslrated. 

however, that there are focal areas of endotheliU11\ wit.h increased 

replieation. and t.hat the overall repli cation of aortic endothelium is 

increased un der certain pathophysiologieal conditions sueh as 

hypertension (De Chastonay et al, 1983; Schwartz and Benditt, 1977) 

and endotoxemia (Reidy, 1985; Reidy and Schwartz. 1983). 

Normal quiescent arterial endothelium consist.s of a layer of 

flattened, elongated eells oriented with their long axis in the 

direction of blood flow. This quiescent eell layer, however has 

properties that are crucial to normal funetioning of blood vessel 

wall; they faU into three major categories (Majno and Joris, 1978; 

Thorgeirsson and Robertson. 1978): (1) normal endotheliai cells are 

metaboUcaUy active and highly versatile; they synthesize 

prostacyclin (PGI2) and an acUvat.or of plasminogen, they produce 

factor Vin and von Willebrand fact.or, they contribute severai 

components to the subendothelial connective tissue. and they contain 

receptors to a variety of vasoactive agents; (2) the normal 

( 
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endot.helial ceU layer provides a t.hromboresist.ant. eurfaee that. 

prevents plat.det. or leukocyt.e adherence and aet.ivation of int.rinsic 

or ext.rinsic coa&ulat.ion syst.ems; (3) the normal endothelial eeU 

layer forms a barrier to t.he passage of blood eonstituent.s into the 

artery wall; this is essent.ial to maintain normal micl'oenvironment and 

growt.h pattern of underlying smoot.h 111Jscle ceJ.ls (Ross and Clomset, 

1976) . 

Endot.helial cont.inuity is vital to maintain a11 major properties 

of vascular endothelium part.icularly its t.hromboresistant. surface and 

ils barrier role. Thus, these cells have been the focus of int.ense 

studies both in vivo and in vitro (Cotran, 1989; Hajno and Joris, 

1978; Ryan, 1988; st.emerman, 1979; stemerman et al, 1964; Thorgiersson 

and Robertson, 1978). Alteration of the endotbelial ba~-rier i9 

obvious in smaU art.ery disease, particularly in hypertension 

(Thorgiersson and Robertson, 1978) and diabet.es (Rossini and Cbick, 

1980). and has also been widely implicat.ed in l?:,&e artery disease 

(Ross and Clomset, 1(76). Loss of continuity of the endothelial ceU 

layer is the major cause of t.hrombosis beeause it. exposes the hi&hly 

thrombogenie subendot.helial t.issues to plat.elets. and ini t.iates the 

cascade of platelet adherenee, aggregation, and degranulation 

(Stemerman, 1979; St.emerman and Ross, 1972; Weiss, 1975). 

Furthermore, t.here is evidence that. endothelia! denudation leads to 

proliferation and migration of smoot.h lTUsele cells ioto t.he int.ima as 

a resu!t of t.he release of platelet.-derived growlh factor at sit.es 

where endothelial eontinuit.y is disrupted (Ross and Glomset, 1(76). 
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The abilit.y of the vaseular endot.helial eell t.o repair a denuded 

surface has been vell documented bot.h in vivo and in vitro. Larle 

vounds are repaired by misrat.ion and proliferation wbile smaller 

vounds may be repaired by spreading and mis ration C translocation) 

a10ne vithout a.sociated proliferation (Adamson and Bovden, 1983; 

Bettmann et al. 1981; Boden and Gotlieb, 1983; Clowes et al, 1983; 

Fisbman et al, 1975; Gotlieb, 1983; Gotlieb et al, 1987; Haudenschild 

and Schwartz, 1979; Reidy et al, 1983; Schwartz et. al, 1981; Schwartz 

et al. 1978; Sholley et al, 1977; Wong and Gotlieb, 1988). 

It is crucial to ansver t.he question whet.her the repair process in 

vascular endothelium resu1ts in an endothelial monolay6r that acquires 

normal structure and function or it results in an endothelia1 

mono1ayer that is defeetive in sorne way thus promot.ing vascular 

disease. 

There are a number of studies that d~monstrated functiona1 

differences between normal and regenerated endothelium* involving 

particularly met.abolic activit.ies of endothelial cells, although, in 

most cases it was not established whether these changes vere transient 

or permanent folloving injul·Y. Specifically. injured and/or 

regenerated endothelium may produce increased amounts of vasoactive 

agents, growth factors Cparticularly a mitogen resembling PDGF) and 

growth inhibitors (such as beparin) (Barret.t. et al, 1984; Hansson et 

*Regenerated endothelium is defined as a newIy formed endot.helial c~ll 
layer covering a denuded arterial segment, regardless of the extent. of 
the re-endothelialization. 
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al. 1987; Ross. 1986; Zacharias et al. 1988). lmpairment of 

endothelium-dependent relaxation in isolated arteries with regenerated 

endothe1ium has been reported (Shimokawa et al. 1987; Shimokawa et al, 

1989). An incl'ease in intraceUular von Willebrand factor was 

demonstrated (Reidy et al, 1989). Monoclonal antibodies recognizing 

new 01' spreading endothelium, probably by recognizing selectively 

expressed antigen on these cells, have been identified (Pringle and de 

Bono. 1988). 

There have been few studies camparing the structut'al aspects of 

normal and regenerated elldothelium particularly those related to 

continuity of the endothelial monolayer which is vital to maintain a11 

major functional properties of vaseular endothelium. 

since ceU to ceU intenctions as well as eeU to matrix 

interactions are essential in maintaining the continuity of the 

endothelial monolayer. one aspect of each of these interactions were 

selected in the studies presented in this thesis: 

(1) The permeabUity of the normal and regenerated aortic 

endothelium to Evans blue (EB). a dye which rapicUy complexes with 

serum albumin when injected intravenously (Schwartz et al, 1978; 

stemerman et al, 1977). and horseradish peroxidase (HRP) , a protein 

tracer of about 40.000 molecular weight (Karnovsky, 1967), following 

segmental denudation in !m face rat aortic preparations was studied in 

time-se~uence as a ref1eetion of ce11 to ce11 interactions in the 

endothelial monolayer. 
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There are only 8 few reported studies dealing vith the 

permeability charaeteristies of regenerated aortie endothelium and 

they seem to eonvey eonflieting messages. One sludy deseribes no 

difference in the permeability of re-endothelialized areas of rabbit 

aorta to horseradisb peroxidase as eomparee! to normal endothelium 

(Stemerman, 1981); otber studies report increased permeability of 

re-endothelialized intima to lipoproteins as compared to normal rabbit 

intima (Day et al, 1985; Scbwenke and Zilversmit, 1989). 

(2) The volume density of stress fibers (organelles implieated in 

cellular allaehment of endothelÏal eells to subendothelium) in normal 

and regenerated rat aortie endothelium following segmental denudation 

was studied in time-sequence by morphometrie analysis using thin 

f seetion electron microseopy as a refleetion of cell to matrix 

interaetions in the endotbelial monolayer. 

It is well established tbat endothelial cells of regenerated 

aortie endotbelium in vivo eontain a strikingly inereased number of 

stress fibers as compared with those of quiescent normal endothelium 

(Gabbiani et al, 1983; Hüttner et al, 1985). However. tbe stress 

fiber volume density of regenerated endotbelium bas not been studied 

in time-sequenee. A reeent study published during the writing of this 

thesis, has demonstrated qualitatively by immunofluorescent microscopy 

using anti-platelet myosin antibody tbat tbe stress fiber expression 

in regenerated rat and rabbit aortie endotbelium is reversible (White 

et al, 1988). 
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KATftlALS AIl) lIftHODS 

Experimental Procedures 

The experimental protocol for the studies of the segmental aortic 

endothelial denudation and regenet'ation in rats is shown schematically 

in Figure 1. The experiments were careied out in 36, two-month old 

male Wistar rats (Chades River. Canada. Inc .• Montreal. Quebec. 

Canada). weighing 250 to 300 gm. The animals were purehased throu,h 

tbe McGil1 University Animal Center and boused and eared for in their 

faeilities throughout tbe experiments. The tats were fed Rat Chow 

05012 (Purina "i11s Inc, st. Louis. "0, U.S.A.) and water. both ad 

libitum exeept tbe overnigbt period preeeding tbe operations deseribed 

below .men they were deprived of food and water. The animals were 

divided into two series of 18 rats, one series serving for tbe 

p~rmeability studies using ES dye and tbe other for the permeabilily 

studies using HRP. The HRP series also served, subsequently, for the 

morpbologie and morphometrie sludies usin& tllin section eleetron 

microscopy. Three rats in each series were utilized as non-operatee! 

control animals and the remaining 15 underwent a segmental denudation 

of tbe aortie intima1 surface to t'emove the endothelium witll a 

saline-filled embolectomy catheter (2F Fo&arly, Edwards Laboratories 

Ine .• Santa Ana, California, U.S.A.) applying the method of 

Baumgarlner and Studer (Baumgartner and Studer. 1966) with minor 

modificat.ions (Gabbiani et. al, 1982, Reidy et al, 1(83) . 
..... 
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SEGMENTAL AORTIC ENDOTHELIAL DENUDATION AND REGENERATION 

CONTROL 

30' OR 6' 1 WK 2 WKS 3 WKS 4 WKS 

/J\. 

/J\. j 
Cl\. 

I.V. EB or HRP 

Pliure 1: Sebematie repr •• entaUon of the experimental protoc.ol to 

viluaUze lhe permeabilily of the denuded and l'e-endothelialbed rat 

.ortie .elmenta t.o intl'avenoualy inject.ed D 01' HIP followins balloon 

lnjury. A t.otal of 36 adul t _1. Wi.lar l'at. t 3 animal. pel' Il'OUP 

pl'ovidinl 18 ani1lllla fol' the n lerie. and 18 anilllAlI for t.b. HJlP 

•• d •• , vere ua.ct for t.he .xperiment. •• 

{ 
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Segmental denudation of aorta vas selected as opposed to denudation of 

the full length of the aorta to obtain completely regenerated 

endothelium in a relatively short time. 

The animals were anesthesized by intraperitoneal pentobarbital 

(Somnotol, M.T.C. Pharmaceuticals, Mississauga, Ontario, Canada) 

administered at a dose of 65 mg/kg body veight for the operations. A 

3 cm long inferior midline neck incision was made and the left common 

carotid artery vas isolated and lisated at the cephalad side. The 

embolectomy catheter was inserted caudally into the artery as a small 

transverse incision in the vessel vas held open by microdissecting 

tweezers (Dumont Ho. 7 JB EH Services Inc., Mont rea l, Quebec, 

Canada). The tip of the catheter was further advanced into the 

thoracic aorta to a distant most point of 5 cm measured from the 

caudad angle of the left muscular triangle in the neck. The balloon 

of the catheter was inflated to a diameter of 4 mm vith a 

predetermined amount of saline (about 0.05 cc). A 1. 0 ± 0.1 cm long 

segment of the thoracic aorta betveen the first and fourth pairs of 

intercostal artery openings was denuded of the endothelium by moving 

the catheter back and forth six times. After tbe completion of the 

denudation, the balloon was deflated and witbdrawn. The carotid 

artery vas ligated caudally to tbe catheter insertion site after 

removal of the catbeter. The skin incision vas closed vith Il mm 

Michel clips. The operation vas completed by punching an accession 

number in the ears of the rats for identification. Following the 

operation, the animals vere separated into groups of 3 rats for 
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Ume-sequence studies on tbe resenerated aortic endothelium botb in 

tbe EB and HRP series. The selected lime points comprised of 30 

minutes, 1 week, 2 weeks, 3 weeks, and 4 weeks foHowing the sursery 

for tbe EB series and 6 minutes, 1 week, 2 weeks, 3 weeks and 4 weeks 

foHowing tbe surgery for tbe HRP series. 

Permeability Studies usin& EB and HRP at Macroscopic Level 

EB Series. All rats in the EB series, 15 operated and 3 

non-operated control, under intraperitoneal pentobarbital anestbesia, 

were injected througb the left femoral vein with 1 cc of 11. EB dye 

(Allied Chemical Corp., New York 6, New York, U.S.A.) in 0.91. sodium 

chloride solution 30 minutes prior to their sacrifice (Clowes et al 

1983; Clowes et al 1985; Haudenschild and Schwartz, 1979) by 

simultaneous exsanguination from the thoracic segment of the inferior 

vena cava and perfusion fixation througb tbe ascending aorta preceeded 

by a 30 second flush by a 0.91. sod ium chloride solution. The 

perfusion fixation was initiated by modified Karnovsky' s fixative 

(Hüttner et al, 1973a; Hüttner et al, 1973b) containing 11. 

paraformaldehyde and 1. 251. gluteraldehyde in 0.1 N sodium cacodylate 

buffer (pH 7.4) with 51. sucrose (final osmolality: N 750 mosm) for 5 

minutes. The perfusion was continueeS with a second fixative solution 

containing 2'1. paraformaldehyde and 2.S1. glutaraldebyde with tbe same 

buffer (final osmolality: l''J 900 mosm) for 10 minutes. The flush and 

fixative solutions prepared at room temperature were administered 
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t.hrough a canula placed in the aortic arch at. 120 mmHg pressure whUe 

t.he solut.ions were allowed t.o escape from the inferior vena cava. 

Aft.er t.he perfusion fixat.ion, the aort.a, including the arch as 

well as t.he thoracic and abdominal segment.s, was removed en bloc using 

sharp dissection and further fixed for 2 bours by immersion in t.be 

second fixative solution t.hen st.ored overnigbt in 0.1 N sodium 

cacodylat.e buffer (pH 7.4) cont.aining 11.25~ sucrose (final 

osmolalit.y: ~ 380 mOsm) at 40 C. The fixed aort.as were t.hen cleaned 

of t.heir advent.it.ial elements under a dissect.ing microscope, t.rimmed, 

opened longitudinally and pinned out. on a silicone rubber pad wit.b 

stainless st.eel minutien pins (Fine Science Tools Inc., Belmont, 

California. U.S.A.). The specimens were grossly examined first 

unaided then under a magnifying lens. and photographed. 

HRP Series. All rats in the HRP series, 15 operated and 3 

non-operated control, under intraperitoneal pentobarbitol anestbesia, 

were injected through the left femoral vein with HHP (Horseradish 

peroxidase, Type II, Sigma Chemical Company, st. Louis, Montana, 

U.S.A.) at a dose of 10 mg/100 gm body weight dissolved in 0.5 cc of 

0.9~ sodium chloride solut.ion 6 minutes prior to perfusion fixation 

and sacrifice in the same manner as in the EB series. The dose of 10 

mg/lOO g body weight and the circulation time of 6 minut,es for HHP 

were selected as they resulted in a reproducable overall white 

background with only focal H.ght brown patches in the aortas of 

non-operated Wist.ar rat.s lt.his contrast.s previously report.ed findings 

in Sprague-Dawley rats Where the same dose and circulat.ion t.ime for 
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HRP resulted in a eonsiderably dark background staining (Hüttner et 

al, 1973 s; HÜttner et al, 1973 b) presumably related to histamine 

and serotonin release (Cotran and Karnovsky, 1967»). 

The same fixative solutions as for the EB series were used, 

however the 30 second flush was with Krebs-Ringer-Bicarbonate (KRB) 

containing 8 mg heparin sodium (Fisher Seientifie Co., Chemieal 

Kanufacturing Division, Fair Lawn, New Jersey, U.S.A.) per 100 ml tRB 

solution (Nagy et al. 1983). After the perfusion fixation, the aorta, 

including the arch as weIl as the thoraeic and abdominal segments, was 

removed !rr bloc using sharp dissection and further fixed for 2 hours 

by immersion in the second fixative solution and stored overnight in 

0.1 N sodium cacodylate buffer (pH 7.4) eontaining Il.25~ sucrose 

(final ostnolality: N 380 mOsm) at 40 C with the same composition as 

the one used for the EB series. 

The fixed aortas were processed to demonstrate the presence and 

the localization of the intravenously injected HRP by incubating the 

sortas !n bloc in dark and gently agitating for 1 hour at room 

temperature in Graham-Karnovsky medium (10 ml of 0.05 M tris-HCl 

buffer, pH 7.6, containing 10 mg of 3,3'-diaminobenzidine 

tetrahydrochloride (DAB) and 0.1 ml of 1~ H202) (Graham and Karnovsky, 

1966). After the HPR-DAB chromogen reaction had been completed the 

aortas were eleaned of their adventitial tissue under a dissecting 

microscope, trimmed, opened longitudinally and pinned out on silicone 

rubber pads with stainless steel minutien pins as !n face 

preparations. The specimens were then grossly examined, first unaided 
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then under a m8gnifying lens. and photographed. 

Morphologie and Morphometrie Studies on Endothelial Stress Fibers 

using Thin Section Electron Microscopy 

Tissue Preparation for Electron Microscopy. The aortas fixed by 

perfusion then inrl,~rsion were sectioned. using sharp and clean razor 

blades. under a dissecting microscope to obtain about 0.2 x 0.1 x 0.05 

cm longitudinal tissue blocks of the vessel wall including the intima 

and media. The sectio~s were always taken from the dorsal aspect of 

the aorta between the intercostal artery openings tG obtain 

regenerated endothelium at various time points during the experiments. 

The tissue bloCKS were postfixed for 90 minutes with ferrocyanide 

reduced 1~ osmium tetroxide (Kal~ovsky. 1971) in Palade buffer (pH 

7.4) containing 4.9~ sucrose (final osmolality:~ 430 mQsm) for 90 

minutes at room temperature. The tissue blocks were th en dehydrated 

in graded ethanol and embedded in Epon 812. One micron thick sections 

were cut with glass lmives by an LKB III ultramicrotome and stalned 

with toluidine blue for light microscopy. Thin sections. about 80 nm 

thick. were cut. using diamond knives from the areas selected on the 

basis of light microscopy. and double stained with uranyl acetate and 

lead citrate then examined in Philips EH 300 and Philips EH 200 

electron microscopes at 60 lev for qualitative and quantitative stucHes 

respectively • 
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lIorphometrie Estimation of stress Fiber Volume Densities. 

Morphometric estimation of stress fiber volume densities in normal and 

regenerated rat aortic endot.helium were carried out. in t.he HRP series 

using a stratified random sampling apnroach as illustrated 

sehematically in Figure 2. 

1. total of 15 rats were included in mot~hometric studies. The 

non-operated control group was represented by 3 rats. Similarly, eaeh 

of the experimental groups except, t.he 6 minute group Where there was 

no grossly ident.ifiable regenerated endothelium (see Figure 4), was 

represented by 3 rats. Four longitudinally seetioned tissue blocks of 

aortic wall, includillg the intima and media, obtained from the dorsal 

aspect of each aorta between the second and fourth pairs of the 

intercostal artery opentngs were selected. The t.issue blocks were 

processed and a single double-stained grid was prepared, from each 

block for thin section electron microscopy, as described above. 

Random electron micrographs of the endothelium were taken by referenee 

to the frame of the supporting grid. A maximum of 2 micrographs from 

eaeh "square" of the grid and a t.otal of 10 consecutive pictures from 

a gr id were recorded on 35 mm film strips (Kodak, Catalogue Ho. 157 

6073), at the primary magnification of X 3210, calculated by using a 

carbon grating replica (JB EH Services Inc., Montreal. Quebee, 

Canada). A positive contact print of each film strip vas made using a 

long "light box" (Weibel, 1979). The positive films wet'e projected in 

a "back projection unit" and the image vas superimposed on a screen 

equipped with a short-line rnultipurpose test system vith a test point 
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FigUl'e 2: Hierarcby of samplinS for morphometdc 

evaluation of stress fiber volume densities in control 

and l'esenerated rat aortie endotbelium in various 

experimental sroups. 
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number of 168 (PT = 168) and a t.est line lensth of 168 cm (l.t' = PT x 

d/2 = 168 cm). Thp. final masnification on the screen was 1 31959 

calculated in the same fasbion as described above. 

The volume density of the st.ress fibers in referellce to t.he 

endothelial cell layer (YYsf,el) was calculated by point count.ins, 

according to the method of Weibel (Weibel, 1979), for eacb tissue 

block with tbe followins equation: 

VVsf,el • 
E:.IPaf(i) 

E~lPel(i) 

Where, the numerator and denominator vere the sums of the points 

falling on tbe stress fibers and endothelial cell layer, respectively. 

Each animal was represented by the mean stress fiber volume 

density of 4 tissue blocks and eaeh experimental sroup, in turn, was 

represented by the mean stress fiber volume density of 3 animals. The 

results were evaluated by one-way analysis of variance (ANOVA) 

(Kleinbaum and Kupper. 1978). and multiple comparisons were performed 

applying Tukey's metbod. On account of tbe comparative nature of the 

statistical analysis on tbe morhometric data, tbe values of tbe stress 

fiber volume densities were not correeted for errors due to finite 

section thickness (the Holmes effect). section compression and tissue 

shrin1case. 
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RESULTS 

Permeability of Normal and Regenerated Rat Aortic Endothelium to EB as 

Evaluated by Maeroscopie Examination of En Face Aortic preparations 

Representative ~ face aortic preparations from control rat and 

rats 30 minutes to 4 weeks following segmental endothelial denudation 

subjected to intt'avenous injection of 1 e.c of U. EB 30 minutes prior 

to sacrifice are shown in Figure 3. 

Control rats injected intravenously with EB showed uniformly white 

luminal (endothelial) surfaces similar ta non-EB injected animaIs. At 

30 minutes following segmental bal100n in jury a 1.0 ± 0.1 cm long 

sharply demareated blue stained segment, measured axially, was evident 

in the thoracie aorta between the first and fourth pairs of the 

intercostal artery openings representing the de-endothelialized aortie 

segment permeable to EB. As shown in Fi,ure 3, an approximately 0.1 

cm wide b1ue strip was seen in the luminal surface of the cephalad 

portion of the thoracic aorta in each animal at 30 minutes, obviously 

related to the insertion of the catheter into the segment to be 

denuded as well as back and forth movement of the catheter during 

denudation. A short blue tail, about 0.3 cm long and 0.1 cm wide, was 

a1so seen at the caudad margin of the denuded segment presumab1y 

causeeS by the tip of the catheter extending beyond the inflaled 

ba1loon. These inadvertent catheter related injuries were not seen at 

later time points. At 1 week, 2 weeks and 3 weeks following segmental 

,1 
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Filut"e 3: En face view of rat aot"tas followin& intt"avenous EB 

injection. AU but the control animals have undet"gone an aot"tie 

balloonina procedure for segmental endothelial denudation 30 minutes 

lo " weeks priot" lo EB injection. The blue areas (appear black in 

Black and White photographs) rept"esent de-endothelialized aorlie 

surface permeable to EB. The re-endothelialization has started and 

advanced from the non-denuded endotbelium of the eephalad and caudad 

mar&ins as well as of the intercostal arleries. This is evidenced by 

the progt"essi,,-e diminution of the size of tbe denuded blue areas 

during tbe course of the experiments. The re-endotbelialization was 

complete by " weeks. Bote tbat lhe 30 minute and 1 week aortas bave 

been opened ventrally wbile the control, 2 week, 3 week, and" week 

aortas have been opened dorsaUy in arder to beUer visualize the 

final stages of re&eneration. The permeability of tbe t"egenerated 

endothelium to EB at each time point studied is identieal to that of 

tbe control endothelium as evidenced by the white colot" of both tbe 

control and regenerated endotbelium. x 2.3. 

-
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baUoon in jury there was pro&ressive deerease in the size of the 

denuded areas permeable to EB. This was eharaeterized by the 

appearance of white patehes around the openings of the intereostal 

arteries followed br the coalescence of these patehes resulting in 

white strips running in-line with the openings of the intercostals. 

The expans ion of the wbi te areas at'ound the openings of the 

intercostals was aceompanied by extension of white fields from both 

the cephalad and caudad directions resulting in shortening of the 

denuded segment permeable to EB. The pattern of the progressive 

decrease in the size of the denuded sortie surface areas correlate 

well with the well-established knowledge that the endothelial 

regeneration in denuded rat aort.as advances bot.h from the endothelium 

of the int.ercostal at'teries and ft'01l\ the endot.helium of the 

non-denuded cephalad and caudad aortic segments (Haudenschild and 

schwartz, ~979; Poole et al, 1958; Schwartz et al, 1978). 

At 4 weeks, the re-endothelialization was complete as evidenced by 

the absence of any aortic surface areas permeable to EB. 

The rate aud pattern of progressive decrease in the size of the 

denuded aortic surface areas permeable to !B were similar in a11 

aortas within eacb group representing a siven time point. 

The permeability of the re-endothelialized areas was identieal to 

the endothelium of the non-operat.ed control aortas as well as of the 

non-denuded segments of the experimental aortas in all time points 

studied. 

( , 
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Penneabilit.y of Normal and Re&enerated Rat Aort.ie Endot.helium to HRP 

as Evaluat.ed bl Haeroscopic Examination of En Face Aortic Preparations 

Represent.ative !!! face aortie preparations from control rat and 

rat.s 6 minut.es to 4 weeks following segmental endotheliai denudation, 

subjected t.o intravenous injection of 10 mg/l00 g body weight HRP 6 

minut.es prior t.o sacrifiee, are shown in Figure 4. 

Control rats injected intravenously with HRP showed uniformly 

whit.e luminal (endot.belial) surfaces similar to non-HRP injected 

animaIs. At. 6 minut.es foUowing segment.al balloon injury a 1.0 ± 0.1 

cm long sharply demarcated brown colored segment., meausured axially, 

was evident. in the tboraeie aorta between the first and fourtb pait·s 

of intercostal artery openings representins the de-endot.belialized 

aort.ie segment permeable t.o HRP. As shown in Figure 4, an 

approximately 0.1 cm "ide brown eolored st.rip was seen in the luminal 

surface of t.he cephalad portion of tbe thoracic aorta in each animal 

at 30 minut.es obviously related to t.he insertion of tbe catheter into 

the segment t.o be denuded and movement of the cat.heter du ring 

denudaUon. A short. brown taU about 0.3 cm long and 0.1 cm wide, was 

also seen at t.he caudad margin of t.he denuded segment presumably 

eaused by the Up of the catheter extending beyond the inflated 

balloon. These inadvertent. cathet.er relat.ed injuries were not seen at. 

later Ume points. At 1 wee1c, 2 wee1cs and 3 wee'ks following segmental 

balloon in jury there was a progressive decrease in the size of t.he 

denuded areas permeable to HRP. This was charact.erized by the 
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Fi&ure 4\: En face view of rat aortas following intravenous HRP 

injection and !fi bloc incubation of aortas with DAB and hydrogen 

peroxide. Similar to the EB experiments a11 but the control animaIs 

have unergone an aortic ballooning procedure for segmental endothelial 

denudation 6 minutes ta " weeks prior to HRP inj ection. The brown 

areas (appear black in Black and White photographs) produced by 

HRP-DAB chromogen reacHon represent the de-endothelialized aortic 

surface permeable t.o HRP. Note t.hat the control, 6 minute, 1 week and 

2 week aortas have been opened ventrally while t.he 3 wee1c and " week 

aort.as have been opened dorsally in order to bet.t.er visualize t.he 

final stages of regeneration. The p erme ab il it y of the regenerated 

endothelium at each Ume point st.udied is identical to t.hat of the 

cont.rol endot.helium as evidenced by the white color of both the 

cont.rol and regenerat.ed endothelium. x 2.3. 
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appearanee of white pat.ehes around t.he openings of t.he int.ercostal 

arteries followed by the coalescence of tbese patches resulting in 

wbHe st.rips running in-line witb the opening,s of the intereostals. 

The expansion of the whit.e areas at'ound tbe openings of the 

intercostals was aceompanied by extension of white fields from bot.h 

the eephalad and caudad directions resulting, in sbort.ening of the 

denuded segment permeable to HRP. At 4 weeks there were no aortie 

surface areas pet-meable t.o HRP indieating complete re-endothelial­

ization of the denuded aortic segment. The rate and pattern of 

progressive de crea se in the size of the denuded aortie surface areas 

permeable to HRP were similar in all aortas within eaeh group 

represent.ing a given lime point.. Furthermore, the pattern of 

progressive deerease in t.he size of the denuded aortie surface areas 

was similar to the pattern observed in the EB injected animals, thus 

eorrelat.ing wit.h well-established observations on endothelial 

reg,eneration of denuded rat aort.as (Haudenschild and Sehwart.z, 1979; 

Poole et al, 1958; Schwart.z et al, 1978). However, as compared to 

aortas of the EB injected animaIs (where both t.he non-denuded 

endothelial surface and the re-endothelialized anas appeared 

uniformly white) aortas of the HRP injeeted animals showed poorly 

defined smaH patches of brownish diseoloration of various intensity 

bot.h in the non-denuded endothelial surface and in the 

re-endothelialized areas. These brown patches were clearly lighter 

than the brown areas representing denuded aortie segment.s, and occured 

in aU groups, most. prominently at early time points aft.er balloon 



H.S. Cokay - 25 

in jury. They probably corresponded to areas of increased permeability 

to HRP, related to operative stress and/or regional e!ifferences of 

ene!othelial pel"meab il it y reported aiso in aortas of non-operated 

control animals (stemerman, 1981). 

Horpholog,y of stress Fibers in Normal and Reseneratee! Rat Aortic 

Endothelium usins Thin Section Electron Hicroscopy 

The general fine slructure of the endothelial cell layer of 

conlrol rat aorta and regeneratee! endothelium of rat aortas 1 week, 2 

weeks, 3 weeks and 4 wee1c:s following balloon injury is shown in the 

composile picture of low power eleclron micrographs in Figure S. 

As eompared to conlrol ene!othelium, endothelial cells of the 

regenerated endolhelium appeared larger and conlainee! more organelles 

such as prominenl Golgi apparatus ane! rough ene!oplasmic reliculum. In 

particular, stress fibers. organelles that are implicated in cellular 

adhesion to the subendothelial matrix (Burrie!ge, 1981; Byers and 

Fujiwara. 1982; Byers et al, 1984; Fujiwara et al, 1986; White et al, 

1983; Wong et al, 1983) were seen infrequently in control aortic 

endothelium while they were frequent in regenerated endothelium, most 

prominently al 1 week after segmental denudation of endolhelial cell 

layer. These observations are in agreemenl witb well-established 

1c:nowledge on lhe presence of an increased number of stress fibers in 

aortic encSolhelial cells cSuring the regeneration that follows 

experimental endothelial denue!ation e!emonstratee! by immunofluorescence 
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and morphometric techniques (Gabbiani et al, 1983; HÜt.t.ner et al, 

1985). Longitudinal and transverse views of individual stress fibers 

from regenerated endothelial cells are illustrated in Fbures 6 to 8. 

The stress fibers are made up of bundles of cytoplasmie 

microfilaments with periodie dense bodies. They are oriented axially 

in endothelial cells and attaehed exclusively to the abluminal plasma 

membrane Where they show coaxial alignment with extracellular matrix 

fibers of the subeneSothelium (Hüttner et al, 1985; White and Fujiwara, 

1986). In the cytoplasm of endot.helial eeUs, adjaeeut to the 

attaehment domain of stress fibers, there is an eleetron dense zone 

wbich has been nameeS "subplasmalemmal mierofilament eondensation" 

(Hüttner et al, 1985) and is strueturally similar to "dense bands" 

conside1."ed to be an 1ntegral part. of force transmissions apparatus in 

smooth muscles (GabeUa, 1984; HüUner, et al, 1989). 

Morphometrie Analrsis on stress Fiber Volume Densities in Normal and 

Regenerated Rat Aortic Endothelium using Thin Seetion Electron 

Kicroseopy 

The results of morphometrie analysis on stress fiber volume 

densities are summarized in Table 1 and depieted graphically in Fi&ure 

2,. An !NOVA F test (wbieh compares the variability between groups to 

the variability within groups) showed statistically significant. 

differenees (p < 0.01) amons the mean stress fiber volume densities of 

(continueeS on page 31) 
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FÏ&ure 5: Composite picture of thin section eleet.ron mierosraphs of 

endothelium from control rat aorta and regenerateeS endothelium from 

rat aortas 1 wee1c, 2 wee1cs, 3 wee1cs and 4 wee1cs fOllowing balloon 

in jury. Bote t.hat resenerateeS endot.helial eells at 1 w(..~~, as 

compareeS to control, appear larger, contain more organelles such as 

prominent Golgi apparatus aneS rough endoplasmie reticulum and 

particuarly are equipped with a lat"se number of well developed stress 

fibers (asterisks). At 2 weeks, 3 weeks, aneS 4 wee1cs the endothelial 

cells appear still larser than control but stress fibers are less 

numerous than at 1 week. Bote that stress fibers appear eut 

transversally in all mierographs as endothelial cells of all aortas 

have been cut transversally. x 19,000. 
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Figure 6: Thin section elect.ron mict'ograph of an endothelial cel! 

from regenerated endothelium of rat aorta at 1 week after balloon 

injury showing a prominent stress fiber cut longitudil1ally. The 

stress fiber is made up of bundles of microfilaments with periodie 

dense bodies. The mierofilaments are attached to the abluminal plasma 

membrane (seen bere tangentionally cut) and show coaxial alignment 

with extraeellular matrix fibers of the subendotbelium. The close 

association between tbe eytoplasmic ctress fibers (predominantly 

aetin) and extraeellular matrix fibe~s (predominantly fibronectin) bas 

been named fibronexus in other in vivo and in vitro systems (Singer, 

1979; Singer et al, 1984). I59,000. 

-
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Figure 7: This thin section electt'on micrograph of endothelial cells 

from regenerated endCithelium of rat aorta at 1 week after balloon 

injury shows a longitudim .. lly eut stress fiber, similar to that seen 

in Figure 6. Here however. the stress fiber-membrane attaclunent 

dornain is better visualized as the plasma membrane is favourably 

oriented. The electt'on dense cytoplasmic zone adjacent to the 

attachrnent domain (arrows) has been named "subplasmalemmal 

microfilament condensation" (Hüttner et al 1985) and is identical to 

"dense bands" considered to be an integral part of the force 

transmission apparatus in smooth muscle (Gabella 1984). Note the 

absence of plasmalemmal vesicles at the stress fiber-membrane 

attachrnent domain, contrasting the numerous plasmalemmal vesicles 

present in the endothelial plasma membrane not specialized for ceU to 

matrix attaehrnent. X 59,000. 

! , -
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Figure 8: Thin section electron micrograph of endothelial cells from 

regenerated endothelium of rat aorta at 1 week after balloon injury 

showing a large stress fiber eut transversally. Note cross section of 

extracellular matrix fibers in the subendothelium adjacent to the 

stress fiber. The diameter of the extracellular matrix fibers is 

larger than that of the microfilaments composing the stress fiber. 

x 93,000. 
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Table 1 

Stress fiber volume densities in control and regenerated rat 
aortic endothelium following segmental balloon catheter in jury 
in various experimental groups*. 

Volume Densities (cmO) 

Regenera ted Endothelium 

Control 1 wk 2 wks 3 wks 4 wks 

Ul 1 0.01511 0.04435 0.02122 0.02338 0.03081 ... 
ra 2 0.02057 0.04001 0.01230 0.00090 0.02142 la ,,. 
~ 3 0.01604 0.05617 0.01249 0.02396 0.01183 

Meant 0.01724 0.04684* 0.015341 0.016081 0.021351 

SEMn 0.0020655 0.0059139 0.0036034 0.009298 0.0067105 

* Stress fiber volume density is the ratio of the volume of 
endothelial stress fibers to the volume of endothelial 
cel1 layer. 

t ANOVA F test showed significant differences among the mean 
stress fiber volume densities for the five groups (p < 0.01). 

* Significantly increased over each of the four other means 
(by Tukey's method with overall significance level a = 0.05). 

1 Not significantly different from the control value (by 
Tukey's method with overall significance level a = 0.05). 

Standard error of mean. 
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(eontinued from pa&e 26) 

the normal and regenerated rat aortie endothelium from the 5 groups 

tested, namely the non-operated control, 1 week, 2 wee1cs, 3 wee1cs and 

" weeks groups. This indicated that most of the tolal variability was 

due to differenees belween groups l'ather than lo differences within 

groups, implicatin& true biologieal variation as the source of 

variation as opposed to measurement error variation. In order to 

determine wbat specifie diffet'ences there were between tbe vadous 

groups, multiple pairwise compal'isons of the means, applying Tukey' s 

method, were performed. 

There was a si&nificant incl'ease in stress fiber volume density in 

the regenerated rat aortic endot.helium at 1 wee1c after the se&mental 

balloon injury as compared to the stress fiber volume density in 

control endothelium from non-operated animaIs (p < 0.01). The stress 

fiber volume density in re&enerated rat aortic endothelium at 2 wee1cs 

following the sortic segmental baUoon injury returned to near control 

value and remained low at 3 wee1cs and 4 weelts. These cbanges were 

ref leded in statistical analysis as the mean stress fiber volume 

density in regenerated rat aortie endothelium at 1 wee1c after the 

segmental balloon injury was significantly increased as compared to 

the stress fiber volume densities in re&enerated endothelium ,t 2 

wee1cs, 3 wee1cs, and" wee1cs (p < 0.01, p < 0.05 and p < 0.05 

l'espectively). Furthennore, the mean stl'es:J fiber volume densities in 

re&enerated rat aortic endotbelium at 2 wee1cs, 3 wee1cs and " weeks 

following aortie se&mental balloon injury were not si&nificant.ly 
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differenl from lhe 1t\ean st.ress fiber volume densily in cont.rol 

endot.belium (p > 0.05 for aU tbree pairwise comparisons). A second 

ANOVA F lest. excluding lhe 1 week group was also perfol-med whicb 

showed no significant differences (p > 0.05) among the mean st.ress 

fiber volume densit.ies for the remaining four groups (namely the 

cont.rol,2 weeks, 3 weeks. and" wee\cs groups), further indieat.ing 

that. lbe 1 week group had tbe largest contribution in the test . 
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CURREBT STATE OF KNOWLEDGE ABD DISCUSSION OF RESULTS 

Pemeabilit.y Pathways in Vaseular Endothelium 

The ultimate purpose of the eirculatory system is to allow 

eontinuous exehange of substances between blood and tissues. Because 

of Us strat.egic location, tbe endotbelial eell layer in most areas 

assumes the role of a barrier regulating tbis exebange. In art.eries, 

the endothelial c:ell layer aets as a selective permeability barrier 

and is essential to regulate the influx of plasma macromoleeules into 

the tbe arterial wall and particularly to maintain the normal 

microenvironment and growtb pattern of underlying smootb-11RJsele cells 

( (Ross, 1986). 

Structurally. a continuous endotbelial eell layer pro vides a 

number of potential routes to the subendotbelial spaee, via c:hannels 

along intercellular tight junetions. via plasmalemmal vesicles and/or 

transendothelial channels and in tbe lipid pbase of the endothelial 

plasma membrane. 

Intercellular Tigbt Junetions. Open or leaty tight junctions are 

well establisbed as pathways of water-soluble macromolecules across 

eontinuous endothelium at certain segments of the micl'ovaseular bed. 

notably the venous ends of tbe capillaries and/or in the 

post-capillary venules under both pbysiologieal and pathologiea! 

conditions (Kajno, 1965; Hajno and Palade, 1961; Majno et al, 1969; 

Simioneseu N et al, 1918). The permeability characteristies of tight 

( 
... 
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junctions in arterial eapillaries (Karnovsky. 1967; Michel. 1979; 

Palade et al, 1979; Renlein, 1979; Simionescu ft et al, 1975). and in 

arteries (Florey et al. 1970; Giacomelli and Wiener. 1974; Hüttner et 

al. 1973e; Hüttner et al. 1973d. Schwartz and BencHtt. 1972; Stein and 

Stein, 1972), however, are a matter of some eontroversy. 

Hevertheless, it appears that the tight junctions of arterial 

endothel ium are normally impermeable or have low permeabili ty to 

macromolecules in most regions. They are, however, relatively labile 

st.ructures that may widen under the inf luence of hemodynamic factors 

such as high blood pressure and possibly of vasoactive asents (Hüttner 

et al, 1973d; Nagy et al. 1979; Thorgeirsson and Robertson. 1978). 

The leakiness of the endot.helium in the venous capillaries and 

post-eapillat'y venules to macl.·omoleeules eorrelates with the presence 

of sinsle-stranded and discontinuous t.ight junctions. while the 

relative impermeability of the end othe 1 ium in the arterial end of 

capillaries and of arterioles correlates with the presence of 

multistranded and continuous belts of t.ight junctions between adjacent 

endothelial cells in these vasculat' segments (Simionescu M et al, 

1975; Simionescu If et al. 1978). Structurally discont.inuous. 

meebanically weale tisht junctions between adjacent endothelial cells 

in the venous ends of the microcirculat.ion may provide sites for 8 

small number of leaks allowing t.he low level non-selective pass8se of 

maeromolecules across t.he endothelial cell layer under normal 

conditions (Bundgaard and Fr;kjaer-Jensen, 1982). They are obvious 

sites of endothelial cell separation wtaich results in a large increase 
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in protein efflux and elevated lymph·-to-plaS1ll8 t.otal protein ratio in 

inflammation (Grega. 1986). This view of microvascular permeability 

is supported by recent physiological data (Grega. 1986; Grega et al. 

1982; Olesen and Crone. 1984; Olesen and Crone, 1986) and is 

consistent with the notion that aU transcapiUary solute transport 

occurs by passive processes in accordance with t.he original pore 

theory (Bundgaard et al. 1979; Pappenheimer. 1953). 

In large arteries. such as t.he aorta. the complexi t.y of 

endothelial tight junctions lies generally between "leaky" venous-type 

and .. tir,ht" capillary-type tir,ht junctions. being characterized by 

mostly continuous single- or double-stranded junctional beits (HüUner 

et al. 1973b; Hüttner et al. 1973c; Hüttner et al. 1982; Hüttner and 

Peters, 1978; Hüttner et al. 1985; SimionescuK et al. 1976). There 

is. however. considerable heterogeneity in tight. junetional st.ructure 

from cell to eell even wi th in the same aort.ie segment. wi th 

diseontinuous tir,ht junctions also oecurrinr, foeally in normal aortic 

endothelium (Hüttner et al, 1982; HÜUner and Peters, 1978). Cel! 

junetion heterogeneity correlales with areas of different permeability 

in this cell layer as evidenced by preferential labelling of some 

interendothelial clefts following in vivo injection of ultrastructural 

tracers both under normal and under pathophysiological conditions 

(Hüttner et al, 1973b; Hüttner et al, 1973c; Hüttner et al. 1973d). 

1t correlates a1so with observations made on aortie endothelium 

following addi tion of ruthenium red. after fixation of t.he endothelial 

cell layer. This cat.ionic extracellular tracer was observed to 

1 



.: 

M.S. Cokay - 42 

penetrate the entire length of intercellular spaces between some 

endothelial cells but it was stopped by tight junctional elements 

between other endothelial cells (Martinez-Palomo, personal 

communications). Preferential penetration of some interendothelial 

elefts by silver salts has also been observed in aortie endothelium 

(Kajno et al, 1985; Zand et al, 1982). Thus, large-vessel endothelium 

with Hs Utight" and "leaky" regions seems to mirror the situation in 

the microeirculation vith Hs juxtaposed "tight U and Uleaky" segments, 

where the mechanieally weak "leaky" regions react prinwrily to various 

hemodynamie and chemical stiruli (Hüttner et al, 1973d). 

Plasmalemmal Vesieles and/or Transendothelial Channels. The large 

population of plasmalenunal vesicles in continuous endothelium i9 its 

most eonspicuous anatomical featut'e (Bruns and Palade, 1968; Wagner 

and Robinson, 1984). 1t has been suggested, on the basis of studies 

witb fine structural tracers, that these vesicles and/or 

transendotbelial ebannels represent the sole avenue for exchange of 

vater-soluble macromolecules across eapillary endothelium under 

physiologieal conditions (Palade et al, 1979; Simioneseu N, 1983; 

Simioneseu li et al, 1975). It has further been suggested that 

vesieular transport aeross the microvascular endothelium occurs in the 

perfused rat heart (Boyles et al, 1981) and in frog mesenteric 

capillaries (Clougb and Michel, 1981; Turner et al, 1983) and 

vesicular transport. has also been implicated as a mechanism 

re~ponsible for inereased permeability of arterial endothelium in 
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vadous pathophysiological situations (Thorgeirsson and Robertson. 

1978). 

Recent investigat.ions have ident.ified a number of dist.inct 

propert.ies of t.he membrane of endot.helial plasmalemmal vesicles. 

including the paucity or absence of anionic sites detect.ed by 

cationized ferritin binding. sussest.ing that. these struct.ures may 

iavour the penetration of anionic molecules (such as the majority of 

plasma proteins) for diffusion or vesicular transport (Simionescu lt et 

al. 1985). the high concentration of lectin recept.ors (Simionescu H et 

al 1982) and of binding sites for albumin (Ghitescu et al, 1986) as 

vell as the presence of a specifie antigen. detected by its monoclonal 

antibody (Schlingemann et al, 1985) onlyon vesicles and not on t.he 

adjacent plasmale1'l'ŒlUl proper. A characteristic striped surface 

structure has been also observed on the cytoplasmic aspect of 

plasmalemmal vesides. distinct from that of coated pits and 

plasmalemma proper (peters et al. 1985). Quick-freeze. deep-eteh 

studies (Bearer et al, 1985) have identified furlhermore an internaI 

structure in the diaphragm of plasmalenunal vesicle, similar to that of 

fenestraI diaphragms (Clementi and Palade. 1969). AIl these data seem 

to rule out derivation of plasmalemmal vesicles by random 

invaginations from the plasmalemma and suggest their potential role in 

macromolecular transport. Vesicular transport of various plasma 

constituents such as lov-density lipoproteins (Vasile et al, 1983), 

glycosylated albumin (Williams et al, 1981). albumin and fibrinogen 

(Bendayan. 1980; Yokota, 1983), transferrin (Jefferies et al. 1984) 
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and insu lin (King and Johnson, 1985) has been su&sested in various in 

vitro and in vivo systems. 

Although these data cert.ainly implicate plasmalemmal vesicles in 

receptor-mediat.ed transfer of ligands across vascular endothelium and 

are consistent with observations on the uptake at the luminal surface 

and discharge at the tissue front of cationized ferritin by vesicles, 

the l'ole of plasrnalemmal vesicles and/or transendothelial chat~.lels in 

passive, non-select.ive permeation of macromolecules across the 

endothelial cell layer is questionable. Studies using a rapid 

freezin&-substitution method of fixation su&&est that the nurnber of 

plasmalemmal vesicles and the fusion of vesicles to fom 

transendothelial channels may be related to a slow influence of 

chemical fixat.ives (Kazzone and Kornblau, 1981; KcGuit'e and 

Twietmeyer, 1983; Robinson et al, 1984; Wagner and Andrew. 1985; 

Wagner and Robinson, 1982). An extreme example illustrating how 

chemical fixatives may effect the plasma membrane is the extensive 

vesiculation that occurs, includin& formation of plasmalemmal vesicles 

and transendot.helial channels in endothelial cells fixed with 

glutaraldehyde. in the presence of the membrane detergent 

dimethylsulphoxide. The elect.ron microscopie studies of frog 

mesenteric capillades with tannic acid as a mordant irnply that Most 

of the endothelial vesicles are permanent or sernipermanent. structures 

which may be labelled by macromolecular tracers through diffusion 

rather than through transport. (Bundgaard, 1980. Bund&aard and 

Fr;kjaer-Jensen, 1982; Bund&aard et al, 1979; Bundgaard et al, 1983; 
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Fr~jaer-.Jensen. 1980). In this eontext., extensive labelling of 

endothelial vesicles by ultrastruetural tracer molecules reported in 

various pathophysiologieal situat.ions may imply that these t.racers 

diffused into the vesicles from t.he subendothelial spaee after they 

had traversed focally opened endothelial tight. junctions (HÛt.t.ner and 

Gabbiani, 1982). 

Lipid Phase of the Endothelial Plasma Membrane. Diffusion in the 

Hpid phase of the endothelial eeU membrane has been proposed as a 

mechanism of lipid tl'ansport across cont.inuous endothelium (Scow et 

al, 1976; Seowet al, 1980). Aceordins to this model of transport, 

the relatively water-insoluble producls of lipolysis (diglycerides, 

monoslycerides and free fatty acids) would preferentially dissolve in 

the outer layer of t.he endothelial plasma membrane. Having entered 

this lipid phase, they could rapidly diffuse along the ceU surface to 

reaeb the abluminal side, whet'e bi1\ding to extracellular matrix or 

transfer to other eeUs misht occur (Scow et al, 1976; Scow et al, 

1980). Lipoprotein lipase, an enzyme which hydrolyses the 

triglyceride component of plasma chylomicrons, appears to be bound to 

the glycoprotein coat of the luminal endot.helial surface (Dieorleto 

and Zilversmit. 1975), thus this hypothetieal scheme indieates the 

potential for active involvement of endothelium in the transport of 

complex lipids into the arterial wall. Another meehanism whereby 

lipoproteins may cross the endothelial celi layer is l'eceptor-mediated 

uptake and discharge (Vasile et al, 1983) by the endothelial cells as 

noted above. In this eontext, receptor density on the endothelial 
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cell surface may influence lipid deposit.ion in t.be art.erial wall under 

various pat.hopbysiological condit.ions (Day et al, 1985). The fate of 

plasma lipids and other macromolecules which have reached tbe 

subendothelial space may also be influenced by endothelium-assoeiated 

connective tissue element.s. For example, certain glycosaminoglycans 

can select.ively bind low-density lipoproteins (Iverius, 1972). thus 

changes of intimal glycosaminoglycans synthesized by t.he endot.belial 

cells and/or smooth muscle cells may be an important factor 

contribut.ing to intimal 1 ipid accumulation (Alavi et al. 1983; Alavi 

et al, 1989; Falcone et al. 1984; Kinsella and Wight, 1986; Kinick et 

al, 1977; Koore, 1989; Moore et al, 1982; Moore and Richardson, 1985; 

Richardson et al. 1980). 

As it is reflected in the discussion above. there is no generally 

accepted transport palhways across vascular endothelium. However, 

currently available information is consistent .,ith the vie., that while 

normal rat aortic endotbelium transports slight amounts of proteins 

through plasma1emmal vesie1es, the overaU permeabilit.y of the 

endothelial ceU layer to water-soluble substances includins proteins 

depends on the comp1exity of tight junctions interconnectins adjacent 

endothelial ceUs. There is heterogeneity in tight junction structure 

bet.,een the endothelium of various normal rat arterial segmer.ts and 

considerable heterogeneity in tight junction structut'e from ceU to 

cell even .,ithin the same normal rat aortic segment. CeU junction 

heterogeneity corre1ates well with areas of different permeability in 

rat aortie endothelium bot.h in normal and patbophysiological 
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eoneSitions (Hüttner et al. 1973b; HÜttner et al, 19731!; HÜt.t.ner et. al, 

1973eSj Hüttner et al 1989). 

Permeability of Re&enerated 'ort.ie Endothelium 

There are on1y a few reported studies deating with permeability 

eharacteristies of regenerated aortie endothelium. Using EB-protein 

eomplex as a marker of denudation and re-endothelialization various 

investiga\:.ors consistently dernonst.rated t.hat there is no differenee of 

permeability to EB between t.he nOll-denuded normal and regenerat.ed 

rabbit aortie endothelium (stemerman et al, 1977; Sterne rman, 1981) 

although sorne studies deseribe areas of increaseeS permeability t.o EB 

. 
t in areas with presumed inereased hemodynamic stress, partieularly in 
... 

the aortie arch. Using HRP as a more sensitive marker for 

endothelial permeability on !ID face aortie preparations, one study 

demonstrated focal areas of inereased permeabilit.y appearing as brown 

spot.s both in normal and regenet'ated rabbit aort.ie endothelium, 

however, the pereentages of surface al.'eas spotteeS bl.'own were not 

significantly different between normal aneS regenerated endothelium 

CStemerman. 1981). 

As far as the st.ructural aspects of regenerated rat. aortie 

endothelium is concerned, morphomet.rie studies using freeze-fracture 

electron microscopy (dudng regeneration that follows experimental 

balloon denueSation in a setting similar to the studies presenteeS here) 

furnished evidenee that tight. junctions acquire an increased degree of 

( 
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complexity in t'egenerated as compal.·ed to normal rat aort.ie 

endot.helium. The inereased eomplexity of t.ight junctions in 

regenerated endothelium was interpreted as a reflection of increased 

endothelial ceU turnover. It is well est.ablished that elldothelial 

eeUs following injury move. while maintaining a monolayer sheet.; this 

probably requires a continuous bt'ea1cdown and rebuilding of their 

junctions (Hüttner et. al, 1985). Although variation in t.he number of 

junctional elements provides up t() now the best correlat.ion witb 

observed differences in tight. junct.ion permeabilit.y (Claude and 

Goodenough, 1973; Easter et al, 1983; Friend and Gilula. 1972; 

Simionescu If et. al, 1978), t.he funct.ional significance of these 

findings was not clear as these structural studies were not 

aceompanied by permeability studies on lhe regenerated endothelium. 

Also t.hese st.ructural changes in regenerated endot.helium were not. 

followed in t :.me-sequence st.udies. 

The studies presented in t.hls t.hesis were des igned to compare the 

permeability of the normal and regenerated rat aort.ic endothelÏum lo 

intravenously injected ES and HRP in !n face aortic pnparations at 

vadous Ume points during regenerat.ion that. follows balloon 

denudat.ion of rat aortie endot.helium. 

The result.s of these studies indicated t.hat the permeability of 

the re-endothelialized areas t.o both ES and HRP was identical (at the 

level of the sensitivit.y of techniques utilized 1. e. gross evaluat.ion, 

unaided and under a magnifying lens. of en face aortic preparations) 

t.o the endothelium of non-operated control aortas as weil as of the 
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l 
non-denuded segments of the experimental aortas in aU time point.s 

studied fl'om the ear.-ly stages of l'egenel'ation to complete 

re-endot.helial ization of the denuded aortas, that is from 1 wee1c t.o • 

weeks following ballon in jury. These observaUons suggest t.bat 

healing in vascular endothelium following a single denudation injury 

results in an endothelial monolayer t.hat acquil'es and maint.ains normal 

perneability to water-soluble substances. The result.s of t.he 

t.ime-sequence st.udies presented het'e are in agreement. witb t.hose of 

otbers t.esting regenerated aortie endothelium at a single t.ime point 

with int.ravenous1y injecte!! EB and/or HRP (St.emerman et al, 1977; 

stemerman. 1981). and a1so provide indirect support for the view t.hat 

t.he endothelia1 mono layer during the process of regeneration may 

maintain nonnal pet'llleability in the face of high cell turnover by 

increased tul't\over and complexity of the tight junet.ions 

intel'connectinr. neighboring ee Ils in the mono layer (HüUner et al, 

1985). The ovarall increase in tight junction complexity probably 

compensat.es for lealey sites that. may occur in incl'eased numbers in 

regenerated as compared t.o normal aort.ie endothelium (Hüttner et al. 

1985j Schwartz et al, 1975). 

These results do not. neeessat'ily eontradict. the reported increase 

in perneab il it y of re-endotheliaUzed intima to lipoproteins as 

compared to normal rabbit intima (Day et al. 1985j Scltwenlee and 

Zilversmit, 1989). Diffusion in the lipid phase of elldothelial cell 

membrane (Scow et. al, 1976) or receptor-mediated uptake and discharge 

(VasUe et al, 1983) depending on reeeptor density on tbe endothelial 

, 

l 
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ceU surfaee (Day et al, 1985) may play a l'ole in lipop1'ot.ein 

t.ransport during the proeess of regene1'ation independantly of patbways 

available to water-soluble substances" 

stress Fihen in Normal and Regenerated Rat Aortic Endothelium 

Stress fibers are bumHes of actin filaments containing myosin and 

alpba-actinin tbat are found in many cultured cells, but they are 

present only in vaseular endothelial cells among non-muse le eells in 

living organisrns; tbeir function is probably related to isometric 

contraction and adhesion (Ab~rcrombie and Dunn, 1975; Buckley and 

Porter, 1967; Burridge, 1981; Byers and Fuj iwara, 1982; Byers et al, 

1984; Fujiwara and pollard, 1976; Fujiwara et al, 1986; Geiger et al, 

1984b; Gordon et. al, 1982; Lazarldes and Weber, 1974; Lloyd et al, 

1977; Hangeat and Burridge, 1984; Norton and lzzard, 1982; Weber and 

Greosehel-Stewart, 1974; Woug et al, 1983). stress fibers have a1so 

been cal1ed central actin microfilament bundles as opposed to the 

networ1c of aelin microfilaments located at tbe periphery of 

endotbelial eells (Kim et al, 1989)" Stress fibers are relative1y 

rare in normal vaseular endotbelium in viVti (Gabbiani et al, 1983), 

but are more prominent in endothelial cells of regions exposed to bigh 

veloeity flow, sueh as the left veutricle, aortie valve and aorta 

(White and Fuj iwara, 1986; Wong et al, 1983). Even witbin the aorta 

t.bere are mat"ked differenees in stress fiber expression bet.ween the 

t.horacic and abdominal !;Iciment.s. tbe stress fibers being more numerOUB 
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in the abdominal aorta wbere branching is more pronounced that eouleS 

lead to more non-laminar flow (White et al, 1988; White and Fujiwara, 

1986). Furthermore, in the thoracie segment they occur mainly in 

endothelial cells located immediately below intercostal artery 

branches, sites obviously sUbjected to different flow pattern than the 

l'est of the aortic luminal surface (Gabbiani et al, 1983). 

stress fibers in vascular endothelial cells in vivo become 

numerous durinr. hypertensicn (Gabbiani et al, 1915; Gabbiani et al, 

1979; White and Fujiwara, 1986; White et al, 1983), in areas of 

experimentally elevated shear stress (Kim et al, 1989) and develop in 

most of the aortic endothelial cells during the regeneration that 

follows experimental enc.1othelial denudation (Gabbiani et al, 1983; 

( Hüttner et al, 1985). This implies that stress fibers play a l'ole in 

increased cellular adhesions to the subendothelial matrix durin~ 

increased hemodynamie stress (as in b1'8nching regions of normal 

arteries and du ring hypertension in general) or possibly when tbe 

compositon of subendothelial matrix is altered, say during endotbelial 

regeneration in vivo or in culture conditions (Hüttner et al, 1989). 

While stress fibers in vivo are oriented axially in the direction of 

the blood flow; stress fibers in cultured endothelial cells t'Un both 

circumferentially along the ceU boundary and across its width 

(Gollieb et al. 1984; Rogers and Kalnins, 1983; wong and Gotlieb, 

1988) . These changes in the cytoskeleton may be due eitber to tbe 

lack of proper subendothelial matrix components or the laek of blood 

flow or both under culture conditions. The role of subendothelial 

( 



M.S. Co1cay - 52 

mat.rix composition is further suggested by mar1ced species differences 

in stress fibet' expression. It is well established that the rabbit 

aort.ic endothelium contains significantly more stress fibers than that 

of t.he rat. Different organizat.ion of the subendothelial matrix in 

the rat and t'abbit has been documented (White et al, 1984) and 

implicated, in addition to presumed differenees in normal hemodynamic 

stat.es between these two species (White et al, 1988). 

It has aiso been postulated t.hat stress fibers may play a ro1e in 

cellular migration in situ (Gordon et al, 1982). This suggestion, 

however. conflicts with data from in vitro studies (Herman et al, 

1981; Lewis et al, 1982) whereby il was demonstrated that stress fiber 

expression and cell migration are inversely relat.ed. A reeent in vivo 

study correlates with the in vitro observations by demonstrating that 

the extent of stress fiber expression in the regenerating endothelium 

ls dependent upon t.he location of the endothelial cells in the 

regeneraUng sheet; there is a redueed stress fiber expression at the 

leading edge of the regenerating sheet as compared to the l'est of the 

regenerating endothelium (White et. al, L988). While these in vivo 

observations give further support. for the inverse correlation between 

migration and stress fiber expression inferred from in vitro studies, 

they do not contradict the well established observations that during 

the eady stages of regeneration endothelial cells contain a 

stri1cingly increased number of stress fibers as compared to normal 

endot.helium (Gabbiani et al, 1983; Hüttner et al, 1985; White et al, 

1988) . 
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l Stress Hbers in vivo are connected exclusively to the abluminal 

plasma membrane of endothelial cells (Huttner et al, 1985). At the 

site of stress fiber attachrnent there is an electron dense cytoplasrnic 

zone adjacent to the endothelial plasma membane that has been called 

"subplasrnalemrnal mict'ofilament condensation" (Hüttner et al, 1985) 

(see figure 7). Subplasmalemmal microfilament condensations at the 

abluminal endothelial plasma membrane occur without associated stress 

fibers as well, both in normal and regenerated endothelial ceUs 

(Hüttner et al, 1985). The quantification of stress fiber related and 

unrelated subplasmalemmal microfilament condensations shows that the 

total surface density of these slt-uctures does not change in 

regenerated as compared to nOt~l aortic endothelium, thus suggesting 

that endothelial cells are nOt~lly equipped with structures to which 

stress fibers c.an be connected wen they increase in tlumbers under 

stressful conditions (HÜttner et al, 1985). 

Subplasmalemmal microfilamenl condensations are also seen at the 

laleral endothelial ceU .lembrane in association with tight junctions 

(Martinez-Palomo et al, 1980; Pinto da Silva and Kac'har, 1982; Shasby 

et al, 1982; Hüttner et al, 1985), however, these are never associated 

with stress fibers in vivo (Hüttner et al, 1985). Subplasmalemmal 

microfilament c.ondensations at the abluminal endothelial cell ~iasrna 

membrane are identical to "focal contaels" with the substratum 

described in various cultured cells (Abercrombie and Dunn, 1975; Hea~h 

and Dunn, 1978; Izzat'd and Lochner, 1976) and also to "dense bands", 

considered to be an intPJral part of force transmis ion apparatus in 
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smooth muscle (Gabella, 1984). It is interesting to note that 

membrane domains speeialized for stress fiber attachment are different 

from the rest of the endothelial plasma membrane; they are resistant 

to format.ion of filipin-sterol complexes suggesting that the y are 

probably too dgid to be easily deformed (Hüttner et al, 1985). 

Furthermore, intt"acytoplasmic actin and actin-associat.ed proteins, 

particularly alpha-actinin and vinculin as well as concomitant 

extracellular fibronectin have been localized at cell to matrix 

attachment sites in various in vitt'o and in vivo systems (Byers and 

Fujiwara. 1982; Chen and Singer. 1982; Coucbman et al, 1983a; 

Couchman et al. 1983b; Geiger. 1979; Geiger et al, 1984a; Geiger et. 

al, 1980; Hay, 1981; Herman et. al, 1984; Hynes, 1981; Hynes and 

Yamada, 1982; Kleinman et. al, 1981; Singer, 1982; Singer and Paradiso, 

1981; Tomasek et al, 1982). Recently an integral membrane protein 

associated with sites of microfilament-membrane attaclunent has been 

identified (Rogalsld and Singer. 1985). Alpha-actinin is an 

actin-associated pt'otein of molecular weight of 100, 000; it seems to 

aet as a eross-lin1cer and a spacer between aetin filaments (Joclcuseh 

and Isenberg, 1981). A number of prot.eins are lcnown t.o aecunJlate at 

sites of aetin-membrane association where cells adhere to substrates 

(Weeds, 1982). Vinculin. inh"acellular protein with molecular weight 

of 130, 000 (Geiger, 1979) and the vinculin-binding protein talin 

(Burridge, 1981; Burridge and Connell. 1983). are found at focal 

contacts or adhesion plaques of non-JmJscle cells and also at the dense 

bands (but not at. the dense bodies) of smooth muscle cells (Geiger et 
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, 
\. al, 1980). !hase proteins localized at the cytoplasmic side of the 

ceU membrane have been implicated in the linkage of actin filaments 

to the cell membrane although the structural nature of the linkage i5 

not clear (Beckerle, 1986); a direct interaction between ~-actinin and 

vinculin (Craig, 1985) and the role of an 82, 000 molecu1ar weight 

protein (Bec1cerle, 1986) have been recently suggested. Fibronectin, a 

200, 000 rno1ecular weight glycoprotein, has been shown to mediate 

adhesion of the cell membane to the stroma in various in vitro and in 

vivo syste~ (H~les and Yamada, 1982). Fibronectin has an affinity 

for collagen, glycosaminoglycans anc! a1so for the surface of many cell 

types; it a1so has a tendency towat'ds self-association, which can 

result in the formation of fibrils. Studies using monoclonal antibody 

technology suggest that the fibronectin receptor is a transmembrane 

glyeoprotein complex (Brown and .Ju liano, 1986; Hasegawa et al, 1985; 

Knudsen el al. 1985; Rogalski and Singer, 1985) that has an 

extracellular binding site for fibronectin (Horwitz et al, 1985) in 

adciition to a domain that inleracts with the vinculin-binding protein, 

talin (HOl'witz et al, 1986). The transmembrane linkage of tatin with 

the extracellular matrix via the fibronectin receptor pt'ovides one 

mee.hansism by which cytoplasmie. components can become functionéllly 

coupled to extt'acellular matrix (Bec1cerle, 1986). These data suggest 

complex but specific interactions between cytoplasmie actin filaments 

," and extracellular fibronectin fibers across the plasma membrane at 

cell-to-matrix attachment sites. 
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The microfilaments of tbe stress fibers attached to the abluminal 

endothelial plasma membrane show coaxial alignment with extracellular 

matrix fibers of the subendothelium (see figure 6). Us ing 

immunofluorescence and immunoelectron microscopy, similsr extacellular 

matrix fibers have been shown in transformed fibroblasts and in 

myofibroblasts of granulation tissue in vivo to consist of fibronectin 

and the close association between bundles of cytoplasmic actin 

filaments (st.ress fibres) and bundles of extracellular fibronectin 

microfibrils has been named the ··fibronexus", a structure specialized 

for increased cell-to-matrix adhesion (Singer, 1919. Singer et al, 

1984). As discussed above, aortic endotbelial cells also develop 

abundant stress fibers and adhesive structures, structurally identical 

to fibronexus in situations requiring their increased attachment to 

the subendothelium such as in hypertension (Gabbiani et al, 1915. 

Gabbiani et al, 1919; White and Fuj iwara, 1986. White et al, 1983), in 

experimental conditions with elevated shear stress (Kim et al, 1989) 

and particularly during the regeneration that follows endothelial 

denudation (Gabbiani et al, 1983; HÜt.tner et al, 1985). White it is 

relatively easy to understand the need for an increased endothelial 

cell attachrnent to the subendothelial matrix (and consequently an 

increased nurnber of stress fibers) in conditions with increased 

hemodynamic stress, the reason for a stri1cingly increased number of 

stress fibers in endothelial cells during regeneration is not clear. 

Altered matrix composition could explain the large number of stress 

fibers consistently present in cultured cells, and has been implicated 
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in marked species differenees in stress fiber expression as cUseussed 

above. 

ln analogy to these sttuations. it is conceivable that increased 

number of stress fibers is needed for endothelial cell adhesion to the 

subenclothelÏal matrix because the composition of the subendothelial 

matrix is altered during regeneration that follows balloon in jury . 1t 

1s unli1cely tbdt the increased number of stress fibers is related to 

an increased replication rate and movement in regenerating endothelium 

(White et al, 1988). Although a significant increase in stress fiber 

expression of regenerated as compared to normal endothelium is well 

established (Gabbiani et al, 1983; Hüttner et al, 1985). there have 

been no quantitative time-sequence studies on the frequeney of stress 

fibers in aortic endothelial cells during the process of regeneration 

that follows endothelial denudation. A recent study, published during 

the writing of this thesis, has demonstrated, qualitatively by 

immunofluorescence microscopy. reversible changes in stess fiber 

expression in regenerated rat aortic endothelium (White et al, 1978). 

The present studies were designed to evaluate quantitatively the 

frequeney of stress fibers in time-sequence from the early stages of 

regeneration to complete re-endothelialization of segmentally denuded 

rat sortas. Statistical analysis of morphometric data on volume 

densities of stress fibers indicated a significant increase in stress 

fiber volume densities in regenerated endothelium at 1 weelc after 

segmental balloon injury as compared to that of normal endothelium. 

The stress fiber volume density in regenerated aortie endothelium at 2 

{' 
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weeks following ser.mental balloon injury returned to nesr nomal value 

which was not significantly different from that of the normal aortie 

endothelium. Furthermore, stress fiber volume densities at 3 weeks 

and 4 weeks following segmental balloon injury remained near normal 

values which were again not signfieantly different from that of the 

normal aortie endothelium. These observations suggest lhat healing in 

vascular endotbelium following a single denudation injury results in 

an endothelial mono layer that acquires an increased number of stress 

fibers at the early stages of regeneration; however, the phenomenon of 

increased stress fiber expression during the process of regeneration 

is transient. 

These resu 1 ts are in agreement wi th previous reports indicating 

the presence of an inereased number of stress fibers in aortic 

endothelial cells during the regeneration that follows experimental 

endothelial denudation (Gabbiani et al, 1983; Hüttner et al, 1985). 

They correlate well and give quantitative support, fUl'thermore, to the 

recent irnmunofluoreseence study, published during the writing of this 

thesis, which demonstrated reversible changes in stress fiber 

expression in regenerated rat sortie endothelium (White et al, 1988). 

The transient increase in stress fiber expression may reflect a 

temporary demand for greater adhesive capabiLities of endothelial 

cells untU the subendothelial extt'acellular matrix is remodeled 

during the regeneration process following balloon in jury. The 

significant inerease in stress fiber expression demonstrated at 1 week 

in the current study contrasts the signifieant increase in stress 
" 
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fiber expression demonstrated at 2 weeks in a previous report (Huttner 

et al, 1985). This discrepancy may be related to differences in 

experimental techniques of endothelial denudation (short versus long 

aortic segments) and sampling for electron microscopy (sampling from 

fixed site versus sampling near the advancing edge of regenerating 

endothelium). Although, the results presented here are based only on 

the evaluation of the relative volumes of stress fibers in endothelial 

cell layers, the direction of changes implicates that increase in 

stress fibers in regenerating vascular endothelium that foUows a 

single in jury is transient in nature. 

on the basis of the results presented in this thesis and those of 

others elaborated in the discussion, it may be hypothesized that 

vascular endothelium attempt.s to maintain its structural and 

functional integrity during the process of regeneration on one hand by 

forming more complex tight junctions to maintain adequate cell to ceU 

interactions and normal permeabili ty in the face of high ceU turnover 

during the early stages of endothelial regeneration and on the other 

hand by developing an increased nurnber of stress fibers to provide 

adequate ceU to matrix interactions in the face of a probably 

defective subendothelial matrix during the early stages of 

regeneration. Il rnay be presumed that increased tight junction 

complexity returns to normal in paraUel with the establishment- of 

normal cell tUl~over in a quiescent endothelial rnonolayer upon 

completion of regeneration, in analogy to the transient nature of 

increased stress fiber expression that provides adequate cell to 



M.S. Cokay - 60 

matrix adhesio1\ until tbe subendot.helial 11\8tl"ix 19 remodeled to ils 

normal state upon completion of regeneration. 

Altbough the data presented in tbis thesis represent only two 

selected aspects of regenerated endotbelium, they are consistent with 

tbe view that changes in regenerating vascular endothelium are 

transient in nature and the structural and functional integrity of t.he 

endothelial mono layer is eventually reestablished !Jpon the completion 

of regeneration following a single in jury . 
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SUHMARY AND CONCLUSIONS 

Endothelial cells line insides of arteries, veins, capillaries and 

lymphatics as a monolayer. Continuity of this monolayer, particularly 

in arteries. il; vital to maintain aU major properties of endothelium 

such as metabolic activity. thromboresistant surface and barrier 

function. These properties of the endothelial monolayer. in turn. are 

crucia 1 to normal functioning of blood vessel wall. Therefore, il is 

important to answer the question whether the repair process in 

vascular endothelium that foUows in jury results in an endothelial 

monolayer that acquires normal structure and function or it results in 

an endothelial mono layer that is defective in sorne way thus promoting 

vascular disease. 

CeU to celi interactions and ceU to matrix interactions were 

essential in maintaining the continuity of the endothelial monolayer. 

In the studies presented in this thesis. one aspect of each of these 

interactions were selected to evaluate the function of this cell layer 

during the process of regeneration that follows denudation in jury: 

(1) the permeability of the normal and regenerated aortic endothelium 

to EB and HRP was studied in time-sequence following segmental 

denudation in en face rat aortic preparations as a reflection of cell 

to ceU interactions in the endotl1elial mono layer • (2) the volume 

density of stress fibers in normal and regenerated rat aortic 

endothelium was studied in time-sequence following segmental 

denudation by morphometric analysis using thin section electron 

microscopy as a rec:ection of cell to rnatrix interactions in the 
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endothelial mono layer . 

The current state of knowledge on the permeability pathways in 

vascular endothelium and on the mOl"hology and function of stress 

fibers in nOl-mal and pathophysiological conditions wel'e reviewed and 

the results of the experimental work presented in this thesis were 

correlated with the available relevant information. 

The results of the experiments presented here indicated that: 

(1) the permeability of the l'egenerated endolhelium lo both EB and 

HRP was identical to normal endothelium in all time points studied 

from the early stages of regenel'ation to complete 

re-endothelializaUon of the denuded aortas. implicating that the 

endotheliurn maintains normal permeability to water s~luble substances 

during the proc-ess of regeneration that follows a single denudation 

in jury. (2) stress fiber volume density was significantly increased in 

regenerated endolhelium al l week after segmental balloon in jury as 

compared to that of normal endothelium; however, stress fiber volume 

density returned to and remained at normal value at and after 2 weeks 

fOllowing segmental balloon injul."Y. indicating the transient nature of 

increased stress fiber expression during the process of regeneration. 

The results presented in this thesis, although representing only 

two selected aspects of cell to cell and cell to matrix interactions 

in regenerated endothelium, are consistent with the view that 

structural and functional changes in regenerated vascular endothelium, 

if present, are transient in nature and the integrity of the 

endothelial monolayer is eventually reestablished during the repair 

process that follows a single injury. 
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( 
ORIGINAL CONTRIBUTIONS TO KNOWLEDGE 

(1) The observations tbat tbe permeability of regenerated rat 

aortie endothelium to EB and HRP are identical to that of normal 

endothelium at all time points durin& tbe proeess of re&eneration 

fOllowing a single injury (supporting previous observations made in 

rabbit aortie endothelium at a single time point of regeneration 

(stemerman, 1981)]. 

(2) Quantitative evidence for the transient nature of inereased 

stress fiber expression in regenerated rat aortie endothelium 

[supporting recent qualitative observations made br immunofluoreseence 

mieroseopy and published during the writing of this thesis tbat the 

changes in stress fiber expression are reversible in regenerated 

endotbelium (White et al, 1988»). 

( 
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