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Abstract. Selective permeability of endocardial endotheli- 
um has been suggested as a mechanism underlying the 
modulation of the performance of subjacent myocardi- 
urn. In this study, we characterized the organization and 
permeability ofjunctionaS complexes in ventricuSar endo- 
cardiaS endotheSium in rat heart. The length of intercellu- 
lar clefts viewed en face per unit endothelial eels surface 
area was lower, and intercellular clefts were deeper in 
endocardial endothelium than in myocardial vascular en- 
dotheSium, whereas tight junctions had a similar struc- 
ture in both endothelia. On this basis, endocardial en- 
dothelium might be less permeable than capillary en- 
dothelium. However, confocal scanning laser microscopy 
showed that intravenously injected dextran 10000 cou- 
pled to Lucifer Yellow penetrated first the endocardiaS 
endotheSium and later the myocardial capillary endothe- 
lium. Penetration of dextran 10000 in myocardium oc- 
curred earlier through subepicardial capillary endotheli- 
um than through subendocardial capillary endothelium. 
Penetration of tracer might thus be influenced by hydro- 
static pressure. Dextran of MW 40000 did not diffuse 
through either endocardial endothelium or capillary en- 
dothelium. The uStrastructure of endocardial endotheli- 
um may constitute an adaptation to limit diffusion driven 
by high hydrostatic pressure in the heart. Differences in 
paracellular diffusion of dextran 10000, between endo- 
cardial endothelium and myocardial vessels, may result 
from differing permeability properties of the endocardi- 
um and underlying myocardium. 
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Introduction 

Vascular endothelium forms a selectively permeable bar- 
rier to the diffusion of molecules (Pappenheimer et aS. 
1951; Ward et al. 1988). The zonula occludens or tight 
junction is an important determinant of this trans- 
endothelial permeability. Like epithelial tissues, mono- 
layers of cultured endothelium establish a transcellular 
electrical resistance and express ZO-1, a tight junction- 
associated protein (Li and Poznansky 1990). Vascular en- 
dothelial cells have a junctional complex consisting O f a 
tight junction and an adherent junction which is associat- 
ed with a peripheral band of actin filaments (Gotlieb et al. 
1991; Bundgaard 1980, 1984; Gabbiani et al. 1975). Both 
the tight junctions and the peripheral actin band partici- 
pate in the control of transendotheliaS permeability in 
cultured endothelial cells (Schnittler et al. 1990; Alexan- 
der et al. 1988; Shasby et al. 1982) 

Considerable differences exist in the organization of 
tight junctions and in transendotheSiaS permeability be- 
tween vascular endothelia of different organs (Jain 1987) 
as well as between segments of a given vascular unit (arte- 
riole, capillary or venule) within the same organ 
(Simionescu et al. 1975). For example, the low trans- 
endothelial permeability of capillaries forming the blood- 
brain barrier has been ascribed to the continuous belt of 
tight junctions, with negative charges at the luminal sur- 
face, and to the small number of transport vesicles (Cer- 
vos-Navarro et al. 1988). By contrast in myocardial capil- 
laries, tight junctions exhibit some discrete discontinu- 
ities (Bundgaard 1984) and are more permeable than cap- 
illaries of the blood-brain barrier (Ward et aS. 1988). Very 
leaky junctions have been found in endothelium of post- 
capillary venules; these vessels have discontinuous tight 
junctions (Simionescu et al. 1975) and allow leakage of 
macromolecuSes after application of inflammatory medi- 
ators (Svensj6 and Grega 1986). 

Endocardial endothelium (EE), another continuous 
endothelium, has recently been shown to modulate the 
performance of the subjacent myocardium (Brutsaert et 
al. 1988, Brutsaert 1989, Brutsaert and Andries 1992). 
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Bo th  release of  i no t rop i c  subs tances  (Brutsaer t  1989; 
Smi th  et al. 1991; Schulz et al. 1991) a n d / o r  a t r a n s - E E  
e lec t rochemica l  con t ro l  (Bru tsaer t  1989) have been p ro -  
posed  as poss ib le  mechanisms .  A t r a n s - E E  e lec t rochemi-  
cal con t ro l  w o u l d  d e p e n d  u p o n  the degree  of leakiness  of 
the endo the l ium.  The  complex  in t e rd ig i t a t ions  and  ex- 
tensive ove r l ap  of  the  j u n c t i o n a l  cell edges in E E  (Melax 
and  Leeson  1967; A n v e r s a  et al. 1975) and  the presence of  
t ight  j unc t i ons  s imi lar  to those  of  m y o c a r d i a l  capi l la r ies  
(Anversa  et al. 1975), suggest  tha t  E E  migh t  have un ique  
pe rmeab i l i t y  proper t ies .  S t ruc tu ra l  features  o ther  than  
the a r r a n g e m e n t  of  t ight  j unc t ions  p l ay  an  i m p o r t a n t  role  
in pa race l lu l a r  pe rmeab i l i t y  ( B u n d g a a r d  and  F r o k j a e r -  
Jensen 1982). These  inc lude  the average  wid th  of the  in- 
te rce l lu lar  clefts and  cleft length  pe r  uni t  surface a rea  of 
the endo the l i a l  cells, a n d  the average  dep th  of  the clefts 
(Fig. 1). 

To inves t iga te  whe the r  and  to wha t  ex tent  the pe rme-  
ab i l i ty  of EE differs f rom tha t  of vascu la r  endo the l ium,  
we c o m p a r e d  the s t ruc ture  of j u n c t i o n a l  regions  of EE 
and  m y o c a r d i a l  capi l la r ies  in ra t  hea r t  wi th  t r ansmis s ion  
e lec t ron  m i c r o s c o p y  and  confocal  scann ing  laser  mi-  
c r o s c o p y  (CSLM),  a n d  inves t iga ted  the  pe rmeab i l i t y  of  
the  EE and  capi l la r ies  by  use of i n t r avenous ly  in jected 
dex t r ans  coup led  to Lucifer  Yel low and  C S L M .  

Materials and methods 

Experiments on rats were performed in accordance with the "Princi- 
ples of Laboratory Animal Care" (NIH publication No. 85-23, re- 
vised 1985) and with the "Belgian Law on the Protection of Ani- 
mals". For transmission electron microscopy, 7 Wistar rats (100- 
200 g) were used. Rats were deeply anaesthetized with Hypnorm 
(Janssen Pharmaceutica, Beerse, Belgium). The hearts were re- 
moved, rinsed (30s to 1 min, until all blood was pumped out of the 
ventricle) in Krebs-Ringer solution and then fixed by immersion in 
2.5% (v/v) glutaraldehyde in PIPES-HEPES buffer (Mg acetate 
2 mM, KC1 5 mM, NaC1 15 mM, PIPES 60 mM, HEPES 25 mM, 
pH 7.0) or in 0.1 M sodium cacodylate buffer at room temperature. 
The ventricles were opened just below the atria and fixative solution 

was injected into the right and left ventricular lumen. After fixation 
for 15 to 60 min, small samples were excised from the right and left 
ventricles, refixed for at least 1 h, postfixed in 0.5% (w/v) osmium 
tetroxide in 0.1 M cacodylate buffer for 1 h and then rinsed in ca- 
codylate buffer. Most tissue blocks were further treated for 1 h with 
0.2% (w/v) tannic acid (MW 1701, Polysciences, Eppelheim, Ger- 
many) in cacodylate buffer. All tissue blocks were stained en bloc 
with 1% (w/v) uranyl acetate in distilled water, then dehydrated and 
embedded in Epon. Serial ultrathin sections with gray to silver 
color were stained with 25% (w/v) uranyl acetate in methanol and 
lead citrate (Reynolds 1963). From some preparations, a series of 20 
to 25 consecutive sections, with a thickness of 40-50 nm, could be 
obtained. The sections were examined by use of a Jeol 100-B elec- 
tron microscope operated at 60 kV. The depth of the intercellular 
clefts was estimated as described by Bundgaard and Frokjaer- 
Jensen (1982). Only straight sectioned "simple" clefts were selected 
and depth was measured from the luminal to the abluminal end. 
Complex intercellular regions with interdigitations and overlapping 
edges were not included. 

Confocal scanning laser microscopy (CSLM) of EE stained with 
Bodipy-Phallacidin was used to visualize the cell borders of the EE; 
this allowed measurement of the length of the intercellular clefts per 
unit endothelial cell surface area. Rats (n = 5) anaesthetized with 
Hypnorm (Janssen Pharmaceutica, Beerse, Belgium) were fixed by 
retrograde perfusion by a cannula in the abdominal aorta for 5 rain 
with 4% freshly prepared formaldehyde in a HEPES buffer (Ca- 
C12.2H20, 1.2 mM, MgC12.6H20 , 0.5 mM, KC1 2.7 mM, KH2PO 4 
1.5mM, NaC1 136.9mM, NaHiPO4.H20 8.1mM, HEPES 
25.0 mM, D-glucose 5.0 mM, pH 7.2). The heart was excised and 
fixed for a further 25 min. Tissue samples were dissected from fol- 
lowing areas in left and right ventricle: papillary muscles (usually 
the whole muscle), lateral wall, septum (including atrioventricular 
valve), outflow tract, myocardial microvessels, and in addition : tho- 
racic aorta. After permeabilization in 0.1% (v/v) Triton X-100 for 
20 s, tissue blocks were immersed in 0.1 M glycine for 10 min. The 
specimens were stained for 20 min with 3.3 x 10 6 M Bodipy-phal- 
lacidin (Molecular Probes, Eugene, USA). Strips with a thickness of 
about 0.2 to 1.0 mm were cut parallel to the endocardial surface of 
the stained tissue blocks, mounted in small chambers on a slide 
filled with Slowfade (Molecular Probes, Eugene, USA) and closed 
with a coverslip. En face optical sections through the EE were made 
with the Biorad MRC 600 using the FITC filter set (BHS) and a 
Leitz 100x oil-immersion objective. To determine the surface area of 
endothelial cells, morphometric analysis of the Biorad images was 
performed with Fenestra (Confocal Technology, Liverpool, UK). In 
en face views of EE, the length of intercellular clefts per unit en- 
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Fig. 1. Schematic drawing to illustrate the 3-dimensional parame- 
ters which determine permeability (P) through in.tercellular clefts of 
endocardial endothelium (EE). L is the average length of intercellu- 
lar clefts per unit endothelial cell surface area determined from an 
en face view of EE. The upper right insert represents a perpendicu- 
lar section through 2 EE cells (1, 2). Wis the average width of the 

intercellular cleft, a parameter which can be influenced by the pres- 
ence of junctions (not shown); A X  is the average depth of the cleft 
from the luminal to the abluminal opening. L, Wand X influence 
permeability with equal weight. D is the restricted diffusion coeffi- 
cient of the solute. Modified after Bundgaard and Frokjaer-Jensen 
(1982) 
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Fig. 2A, B. Physico-chemical properties of LY-dextran 10000. A 
Curve constructed by non-linear regression analysis of tabulated 
data of the molecular weight and Stokes radii of dextrans from 
Tervo et al. (1979) and Thorball (1981). r 2 = 0.999976; y = (8.9"x)/ 
(0.29+x) + (126.6"x)/(93.5 + x) - 0.046"x. On this basis, the 
Stokes radius of LY-dextran 10000 is 20.4 Angstr6m. B The isoelec- 
tric point (pI) of LY-Dextran 10000 was determined by isoelectric 
focusing, using the Phastsystem of Pharmacia LKB. The following 
standard markers were applied: human carbonic anhydrase B 
(pH :6.55); bovine carbonic anhydrase B (pH 5.85); [3 -lactoglobulin 
A (pH 5.20); soybean trypsin inhibitor (pH 4.55); glucose oxidase 
(pH 4.15). After Phastgel Silver Staining, the distances were mea- 
sured between the cathode and the applied substances (markers and 
LY-dextran 10000). By regression analysis: PHvalue = 6.61 - 0.07 
x Distance to Cathode, the pI of LY-dextran is 5.38 

dothelial cell surface area was determined by measuring the length 
of the peripheral borders in a rectangular zone (Fig. 1). 

To investigate EE permeability, dextrans of molecular weight 
10000 or 40000 coupled to Lucifer Yellow (LY-dextrans) (Molecu- 
lar Probes, Eugene, USA) were used. The molecular radius of the 
dextrans was interpolated from tabulated data of Tervo et al. (1979) 
and Thorball (1981). By applying non-linear regression of these 
data, a value of 2.0 nm was derived for LY-dextran 10000 and 
4.5 nm for LY-dextran 40000 (Fig. 2 A). According to the manufac- 
turer, the LY-dextrans have one-half to two dyes per dextran in the 
10000 MW range and two to four dyes in the 40000 MW range; the 
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net charge of the conjugate (theoretical isoelectric point: 5.5) is 
negative by the anionic Lucifer Yellow. By isoelectric focussing, the 
isoelectric point of LY-dextran 10000 measured 5.4 (Fig. 2 B). LY- 
dextrans have the advantage that, by the addition of lysine residues, 
they can be fixed with formaldehyde and glutaraldehyde (Gimlich 
and Braun 1985). We cannot exclude that in vivo part of the LY- 
dextrans interacts with plasma proteins and that such protein bind- 
ing might influence the rate of leakage through endothelium. 

The LY-dextrans (100-200 mg/kg body weight) were dissolved 
in 0.25 ml Krebs-Ringer solution and injected over 5 s via a cannula 
in the jugular vein in anaesthetized (Hypnorm, Janssen Pharmaceu- 
tica, Beerse, Belgium) Wistar rats (n = 27) weighing 100 gin. For 
comparison, 4 animals were injected with 12.5 mg unbound Lucifer 
Yellow (MW 457; Molecular Probes, Eugene, USA) dissolved in 
0.25 ml Krebs-Ringer solution. Hearts were then excised and fixed 
by immersion in 2% formaldehyde freshly prepared from 
paraformaldehyde, and 1% glutaraldehyde in Millonig buffer after 
intervals of 60 s, 90 s, 120 s, 5 min, 10 min and 30 rain. Included in 
these periods was the time needed for excising (10 to 15 s) and 
subsequent rinsing (5 s) in Krebs solution, at room temperature. 
The ventricles were opened and specimens were dissected and fur- 
ther fixed for 2 h. Five hearts were fixed with 4% freshly prepared 
formaldehyde in Millonig buffer (pH 7.2). After 20 min, the tissue 
blocks were further fixed by immersion overnight in 4% formalde- 
hyde in sodium borate (pH 10). The latter procedure offers an ade- 
quate fixation (Berod et al. 1981) and a lower degree of autofluores- 
cence in myocardial tissue, compared to glutaraldehyde-fixed tissue. 
For confocal scanning laser microscopy, some tissue blocks were 
stained with propidium iodide. Strips with a thickness of about 0.2 
to 1.0 mm were cut from the tissue blocks parallel to the endocar- 
dial surface, mounted in Histofluor on a slide, and observed with 
the Biorad MRC 600 microscope. For epifluorescence microscopy, 
tissue blocks were dehydrated with ethanol and embedded in His- 
toresin (Cambridge Instruments, Heidelberg, Gemany). Semithin 
sections were cut on a pyramitome with glass knives and observed 
by use of a Zeiss Jung epifluorescence microscope equipped with 
FITC filters. 

Results 

Structure of intercelullar borders in endocardial 
endothelium 

In EE of left and  right ventricle (n = 7) peripheral  parts  
of two or more  EE cells frequently formed complex inter- 
digi tat ions with considerable  overlap between cells 
(Fig. 3 A). Other  intercel lular  j unc t ions  had a somewhat  
more  simple s tructure with straight intercel lular  clefts be- 
tween two adjacent  cells (Fig. 3 B, C). 

After t annic  acid t rea tment  the apical m e m b r a n e  sur- 
face of EE cells, inc luding  the m e m b r a n e  of lumina l  vesi- 
cles and  the conten t  of m a n y  apparen t ly  cytoplasmic 
vesicles, was del ineated by a thick layer of stained materi-  
al (Fig. 3 A, B). Transendothel ia l  channels  formed by sin- 
gle or fused vesicles were no t  observed. The cell coat at 
the apical par t  of mos t  intercel lular  clefts was also stained 
by tannic  acid. Pene t ra t ion  of t annic  acid into the inter- 
cellular clefts was usual ly in te r rup ted  at punc ta te  junc-  
t ional  contacts.  Consecut ive sections demons t ra ted  the 
presence of 1 or 2 punc ta te  j unc t iona l  contacts  (Fig. 3 
B,C), which is in agreement  with previous u l t ras t ruc tura l  
invest igat ions (Anversa et al. 1973, 1975; Turcot te  et al. 
1982). No dense s ta ining of the cell coat, after t rea tment  
with tannic  acid, was observed beyond  the level of these 
j unc t iona l  contact  points. However,  in 4 out  of 170 sec- 
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Fig. 3A-D. Transmission electron micrographs of junctional areas 
of EE from rat left ventricle. A Junctional area with extensive cellu- 
lar overlap. The cell coat of the apical surface including that of 
apparent cytoplasmic vesicles (arrows), and part of the intercellular 
cleft (arrowhead) is densely stained by tannic acid. Scale bar: 
250 nm. B, C Micrographs of 2 sections from a series of consecutive 
ultrathin sections showing an intercellular cleft between 2 EE cells. 

The cell coat of the apical surface is well stained. Penetration of 
tannic acid in the intercellular cleft stopped at the first punctate 
junctional contact. B Tight junction formed by 2 obliterating points 
(arrowheads) in the intercellular cleft. C A single contact point (ar- 
rowhead) obliterates the intercellular cleft. Scale bar: 100 nm. D 
Junctional area between 2 EE cells with open intercellular cleft. 
Scale bar: 100 nm 

tioned intercellular clefts, intercellular clefts were free of 
junctions (Fig. 3 C). No qualitative differences in ultra- 
structural organization of the intercellular clefts were no- 
ticed between the left and right ventricle. 

The mean depth of the less complex and perpendicu- 
larly sectioned intercellular contact areas (such as in 
Fig. 3 B, C), from luminal to abluminal cleft opening in 
EE was significantly larger than that of the clefts between 
endothelial cells of myocardial  capillaries (Fig. 4 A). Be- 
cause complex junctional intercellular clefts with inter- 
digitations and overlapping cell parts were not included, 
the quoted depth of intercellular clefts underestimates the 
true depth of the intercellular clefts. 

Using CSLM and Bodipy-phallacidin staining, which 
predominant ly labels F-actin at the peripheral borders of 
EE cells, the surface area of EE cells and the length of the 
intercellular clefts could be calculated. EE cells usually 
have a large surface area (Fig. 5 A, B, D) and hence the 
ratio length of intercellular clefts per square micrometer  
of endothelial cell surface area is low (Fig. 4 B). Endothe- 
lial cells of the atrioventricular valves (Fig. 5 D), mi- 
crovascular endothelial cells (Fig. 5 C) and aortic en- 
dothelial cells have a smaller surface area and conse- 
quently a higher value for length of intercellular clefts per 
unit area (Fig. 4 B). 
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Fig. 4. A Harmonic mean values of depth of intercellular clefts in 
endocardial endothelium (EE) and endothelium of myocardial cap- 
illaries (CE) of left ventricle, observed by transmission electron mi- 
croscopy. Only intercellular clefts of EE without extensive interdig- 
itations and with perpendicularly cut cell membranes were includ- 
ed. (** P ~ 0.01 ; Mann-Whitney U-test). For comparison, the arith- 
metic mean -t-S.E.M. of the depth of intercellular clefts is 
1.49 • 0.26 gm in EE and 0.53 -t- 0.13 gm in endothelium of my- 
ocardial capillaries. B Average intercellular cleft length per gm 2 in 
different regions of EE, valvular endothelium and aortic endotheli- 
u m  

In vivo injection of dextrans coupled to Lucifer Yellow 

In rat hearts fixed 60 s (n = 3) after intravenous injection 
of 25 mg of LY-dextrans with molecular weight of 10000, 
the tracer was confined to the coronary circulation in 
both ventricles. In the subendocardial interstitial tissue 
and in connective tissue of the myocardium, no tracer 
was observed with confocal scanning laser microscopy 
(Fig. 6 A). Within 90 s (n = 4), LY-dextrans 10000 pene- 
trated into the EE in dispersed areas of the walls of the 
left and right ventricles, and stained the subendothelial 
connective tissue as discrete lines (Fig. 6 B); in the myo- 
cardium, the tracer remained confined to the coronary 
vessels (Fig. 6 B). Two rain after injection (n = 4), LY-dex- 
tran 10000 penetrated deeper into the endocardial con- 
nective tissue (Fig. 6 C, D) thereby outlining large areas 
of the endocardial surface of the left and right ventricle. 
In the myocardium, LY-dextran 10000 was still not de- 
tected outside the coronary vessels. Five min after injec- 

tion (n = 4), in optical sections transverse to the luminal 
surface of left and right ventricle, the endocardium was 
well stained and tracer was found in the extraceltular 
space between the first and the second layer of myocytes 
in the subendocardial myocardium (Fig. 6 E), while ex- 
tracellular spaces deeper into the subendocardial myo- 
cardium were unstained. Optical sections tangential to 
the luminal surface demonstrated the presence of the 
tracer in the endocardium, in some endocytotic vesicles 
of subendothelial cells, probably macrophages, and be- 
tween subendocardial myocytes up to 10 gm below the 
endocardial surface. Deeper into the subendocardial 
myocardium, tracer was not detected outside the coro- 
nary vessels. However, in the epicardium and subepicar- 
dial myocardium, 5 rain after injection of LY-dextran 
10000, tracer was observed in the interstitial tissue and in 
the extracellular spaces between myocytes (Fig. 6 F). Ten 
rain after tracer injection (n = 5) there was general stain- 
ing of interstitial tissue, deep into the myocardium of 
both ventricles. Fat tissue in the epicardium was inten- 
sively stained, and the yellow stain was sometimes visible 
with the naked eye. Staining of endocardial and myocar- 
dial interstitial tissue was now also visible on semithin 
plastic sections with epifluorescence microscopy (Fig. 7 
A,7 B). Several cells, probably macrophages, loaded with 
heavily labeled vesicles were frequently seen in subendo- 
cardial and myocardial interstitial tissue. In rat hearts 
(n = 3) fixed 30 rain after injection of LY-dextran 10000, 
tracer was observed only in these subendocardial and 
myocardial macrophages (Fig. 7 C). 

In rat hearts (n -- 4) fixed 1 or 10 min after intra- 
venous injection of LY-dextran 40000, the tracer was not 
detected in endocardial and myocardial tissue of left or 
right ventricle with confocal scanning laser microscopy 
or with epifluorescence microscopy (Fig. 7 D). 

In rat hearts (n = 4) fixed 1 to 2 min after intravenous 
injection of uncoupled Lucifer Yellow, the dye had pene- 
trated rapidly both the EE and the endothelium of myo- 
cardial capillaries of left and right ventricle. Thick colla- 
gen fibers at the boundary of the endocardium and myo- 
cardium were heavily labeled (Fig. 8 A), and the connec- 
tive tissue between myocytes was also stained (Fig. 8 B). 
Lucifer Yellow staining did not differ between epicardial 
and subendocardial myocardium. 

Discussion 

Structure of intercellular clefts in endocardial 
endothelium of rat heart 

This study extends the structural investigation of junc- 
tional complexes of EE in rat heart (Anversa et al. 1973, 
1975; Turcotte et al. 1982). No qualitative differences of 
the structure of intercellular clefts were noticed between 
EE of left and right ventricle. Regions of intercellular 
contact between EE cells frequently showed a complex 
interdigitation. Irregular and interdigitated intercellular 
clefts have also been reported in aortic endothelium 
(Huang et al. 1992). The estimated depth of "simple" and 
straightly sectioned clefts between two adjacent EE cells 
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Fig. 5A-D. En face optical sections of endothelium stained with 
Bodipy-phallacidin. A Left ventricle, EE of a broad trabeculum 
from the apex. F-actin staining in EE cells is restricted to the pe- 
ripheral actin band (arrowheads), which allows the measurement of 
cell area. EE cells in this zone are large (area 750 _+ 20 gin2; mean 
_+ S.E.M., n = 30). The cell marked in yellow measures 990 gm z B 
Left ventricle, EE of papillary muscle. The surface area of the cell 
marked yellow measures 670 gin2; the area of EE cells in this zone 
is 560 + 20gm 2 (mean _+ S.E.M., n = 40). C Optical section 
through left ventricular myocardium. En face view of endothelium 
of an arteriole, which has a diameter of 200 gm. Arrowheads mark 

the peripheral band of an endothelial cell. Vascular endothelial cells 
are more elongated than EE cells and are usually smaller. The cell 
marked yellow measures 290 gm 2, the area of cells in this zone is 
330 + 10 gm ~ (mean _+ S.E.M., n = 30). D Right ventricle. Thick 
optical section through EE and through endothelium of the atrio- 
ventricular valve (AV). EE cells (690 • 20 gm2; mean _+ S.E.M., 
n = 30) are much larger than valvular endothelial cells 
(290 _+ 20 gm2; mean _+ S.E.M., n - 60), which, especially, near the 
proximal border have a small surface area. The valvular cell marked 
yellow measures 150 gm 2. The EE cell marked green measures 
730 gm 2 

in ra t  was s ignif icant ly larger  than  tha t  be tween  endo the -  
lial cells of  m y o c a r d i a l  capi l la r ies  (a r i thmet ic  m e a n :  
0.53 gin;  cf. 0.52 gm B u n d g a a r d  1984). 

E n d o c a r d i a l  endo the l i a l  cells are  large cells and  have 
a different shape  than  vascu la r  endo the l i a l  cells (Andr ies  
and  Bru t sae r t  1993), which,  therefore  have longer  inter-  
cel lular  clefts per  uni t  endo the l i a l  cell surface area. The  
mean  value  o b t a i n e d  for aor t ic  e n d o t h e l i u m  in our  s tudy  
was of  the same m a g n i t u d e  as tha t  r epo r t ed  for frog 
mesenter ic  cap i l l a ry  endo the l i um (Bundgaa rd  and  
F rok j ae r - J ensen  1982). 

M o s t  j unc t i ona l  complexes  in ra t  EE con ta ined  1 or  2 
j unc t i ona l  con tac t  points ,  bu t  a few in terce l lu lar  clefts 
a p p e a r e d  devo id  of  any  j u n c t i o n a l  contacts .  In aor t ic  en- 

do the l ium,  in te rce l lu la r  clefts free of j unc t ions  were sug- 
gested to p rov ide  the  ma in  rou te  in t r ansendo the l i a l  
t r a n s p o r t  of  mac romolecu l e s  of  the  size of  ho r se rad i sh  
pe rox idase  (HRP)  (Huang  et al. 1992). A s imi lar  p o r t i o n  
of open  in te rce l lu la r  clefts has been r epo r t ed  for ra t  car-  
d iac  capi l la r ies  (Ward  et al. 1988). However ,  gon iome t r i c  
t i l t ing has  shown tha t  con tac t  po in ts  which a p p a r e n t l y  
ob l i t e ra t ed  the in terce l lu lar  clefts were, in fact, a reas  
where  a n a r r o w  gap  sepa ra t ed  the two m e m b r a n e s  (Ward  
et al. 1988). F r o m  these and  o ther  results  (Bundgaa rd  
1984; C u r r y  a n d  Michel  1980), it  was sugges ted  tha t  the  
negat ive ly  cha rged  f ibrous  ma t r ix  of  the g lycoca lyx  in the 
in terce l lu lar  clefts might ,  to  an i m p o r t a n t  degree,  influ- 
ence endo the l i a l  pe rmeabi l i ty .  
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Fig. 6A-F. Confocal scanning laser optical sections through endo- 
cardium and myocardium of rat  heart  fixed at different time after 
intravenous injection of LY-dextran 10000. Red and green colored 
pictures (A-C, F) were obtained by merging the Lucifer Yellow 
image, of the FITC channel with the propidium iodide image from 
the rhodamine channel. Tissue in A-C and D was fixed with 
formaldehyde and glutaraldehyde, while tissue in E and F was fixed 
with formaldehyde solutions at different pH. A Heart  fixed 60 s after 
injection. Right ventricle. No green colored tracer has penetrated 
the EE (arrowheads). In the red colored myocardium, green colored 
tracer is confined to the coronary vessels; note the presence of red 
blood cells (arrows). B Heart fixed 90 s after injection. Left ventricle. 
LY-dextran 10000 penetrated the EE (arrowheads) and stained 
subendocardial connective tissue; the tracer did not  penetrate 

through the coronary vascular endothelium. C Heart fixed 120 s 
after injection, left ventricle; only the endocardium (arrowheads) 
was penetrated by LY-dextran 10000. D Heart  fixed 120 s after 
injection, right ventricle; tissue was not counterstained with propid- 
ium iodide, so that  the distribution of the yellow colored tracer is 
clearly visible in endo- and myocardium. LY-dextran 10000 is 
present only in the endocardium (arrowheads) and in the coronary 
vessels. E Heart fixed 5 min after injection, left ventricle; tissue was 
not  counterstained with propidium iodide in order to show that 
tracer was visible only just below the EE (arrowheads) in the extra- 
cellular space between the first and second layer of myocytes (ar- 
rows) and in the coronary vessels. F Heart fixed 5 min after injec- 
tion. In the epicardial myocardium, tracer was present in the inter- 
stitial tissue (arrows) between the myocytes. A-F :  Scale bars: 10 gm 
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Fig. 7A-D. Semithin plastic sections of left ventricular wall ob- 
served with epiftuorescence microscopy. Hearts were fixed 10 min 
(A, B, D) or 30 min (C) after injection of tracer. A LY-dextran 
10000. Heavy subendocardial staining of connective tissue (arrow- 
head). Scale bar: 10 lain. B LY-dextran 10000. Myocytes deep in the 
myocardium are contoured by tracer (arrowheads). Macrophages 
contain heavily stained endocytotic vesicles (arrow). Scale bar: 

10 ~tm. C LY-dextran 10000, 30 min after injection. Endocardial 
and myocardial interstitial tissue is not stained. Tracer is exclusively 
present in endocytotic vesicles of macrophages (arrows). Arrow- 
heads indicate the EE, Scale bar: 10 gm. D LY-dextran 40000. No 
fluorescence is observed below the EE (arrowheads) or in the myo- 
cardium. Scale bar: 30 gm 

Fig. 8A, B. Optical sections with confocal scanning laser mi- 
croscopy through heart tissue (left ventricle) fixed at 1 min after 
intravenous injection of unbound Lucifer Yellow. A Oblique en face 
section, partially below the EE (right side) showing labeling of thick, 

meandering collagen fibers (arrowheads) Iocated at the junction be- 
tween endocardium and myocardium. B Optical section through 
subendocardial myocardium demonstrating staining of interstitial 
tissue (arrowheads) 
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Intercellular junctions of EE are thus structurally sim- 
ilar to those of capillary vascular endothelium. However, 
the deep intercellular clefts between EE cells with the 
negatively charged glycocalyx and the low length of in- 
tercellular clefts per unit area in EE might diminish diffu- 
sion through the intercellular clefts, especially for nega- 
tively charged molecules like the anionic tracer used in 
the present study. 

Permeability of EE in rat heart 

The permeability experiments, however, showed the con- 
trary. The EE was more permeable to LY-dextran 10000 
than the coronary vascular endothelium. LY-dextran 
40000 did not penetrate through the EE or through cap- 
illary endothelium, probably because of its larger molec- 
ular size. 

One reason for the increased permeation through the 
EE could be the higher fluid pressure in the ventricular 
lumen than in the subendocardial myocardial capillaries. 
The fluorescent tracer penetrated the capillary endotheli- 
um in epicardial myocardium earlier than in subendocar- 
dial vessels. Permeation therefore accords with differ- 
ences in fluid pressure, which is lower in subendocardial 
coronary vessels than in epicardial vessels (Rona et al. 
1977). According to Starling's hypothesis (see Jain 1987; 
Michel 1992), transvascular transport is proportional to 
hydrostatic pressure. The ratio of transport driven by 
hydrostatic pressure (the socalled convective transport) 
to diffusional transport is expressed as the Peclet number 
(see Michel 1992). For large macromolecules, such as al- 
bumin, convection is responsible for 85% of the trans- 
port in skeletal muscle capillaries when fluid filtration 
rises to 5 x 10 5 cm3cm-2s-~; hence, convective transport 
of these molecules is important. The Peclet number is less 
than 0.1 for molecules of less than 1 nm in radius and for 
smaller molecules transport by diffusion dominates 
(Michel 1992). The Stokes radius for LY-dextran 10000 
has a value of 2 nm (Fig. 2 A) and thus, convective trans- 
port driven by a transmural pressure might be important 
for this molecule. By contrast, unbound Lucifer Yellow is 
much smaller and transport of such small molecules is 
driven by diffusional transport (Michel 1992). The rapid 
penetration of unbound Lucifer Yellow through suben- 
docardial myocardial capillaries compared to the slower 
transendothelial transport of LY-dextran 10000 is thus 
compatible with the biophysical properties of the two 
tracers. 

However, in the right ventricular wall, distribution of 
the fluorescent tracer was similar to that in the left ventri- 
cle, despite the lower filtration pressure. The techniques 
used in the present study might be not sensitive enough 
to detect differences in permeability between the ventri- 
cles. The signal from extra-vascular fluorescent tracer is 
dependent upon its concentration and its distribution in 
the interstitial tissue. The thickness of the interstitial tis- 
sue in the endocardium differs significantly between left 
and right ventricles and between different areas within 
the same ventricle (McMillan and Lev 1959). Without 
knowledge of the thickness of the endocardial layer and 

the concentration of the tracers in the interstitial tissue, 
interpretation of permeability between different zones of 
endocardium remains speculative. 

Although EE appears to possess structural properties 
which limit paracellular diffusion, we cannot exclude the 
possibility that EE contains more open intercellular 
clefts, and is hence more permeable than capillary en- 
dothelium. Similarly, quantitative differences in the orga- 
nization of tight junctions between left and right ventricle 
might explain the lack of observable dissimilarities in 
paracellular permeability between both ventricles. More 
ultrastructural studies are needed to elucidate the organi- 
zation of tight junctions in EE. 

The present tracer results probably confirm that net 
charge of the investigated molecules is important in para- 
cellular permeability. LY-dextran 40000 did not pene- 
trate through EE or through myocardial capillaries, 
whereas intravenously injected horseradish peroxidase 
(HRP; MW 40000) is known to diffuse rapidly through 
the subendocardial capillary endothelium (Anversa et al. 
1973; Rona et al. 1977). Both molecules have a similar 
molecular weight, but the commonly used Type II HRP 
consists of a mixture of at least 2 isoenzymes with a differ- 
ent charge (Sibley et al. 1983). Positively charged HRP 
can penetrate a monolayer of cells more easily than nega- 
tively charged HRP (Sibley et al. 1983; Ward et al. 1988). 
The LY-dextrans used in the present study have a net 
negative charge and might thus possess different perme- 
ability properties from HRP. Interestingly, despite the 
high filtration pressure in the aorta, HRP did not pene- 
trate across open intercellular clefts in aortic endothelium 
before 1 minute after intravenous injection (Huang et al. 
1992). In contrast, HRP had already penetrated myocar- 
dial capillaries 8 seconds after injection and was visible in 
perivascular spaces (Anversa et al. 1973). This suggests 
that structural features, such as deeper and more com- 
plex intercellular clefts in aortic endothelium than in 
myocardial capillary endothelium, are important factors 
in transendothelial permeability. 

In conclusion, the ultrastructure of EE might repre- 
sent an adaptation to limit diffusion driven by the high 
hydrostatic pressure in the heart. The difference in 
transendothelial permeability between EE, capillary en- 
dothelium and perhaps other segments of coronary ves- 
sels like postcapillary venules, and lymphatic vessels, 
might establish characteristic diffusion properties of fluid 
and small solutes in endocardium and subjacent myo- 
cardium. 
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