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Summary

The morphological, biochemical and functional characterization of the vascular endothelium has
become possible through the broad use of electron microscopic methods, the successful elaboration and
application of techniques for the isolation and cultivation of endothelial cells in vitro and through
sophisticated studies on vessel and organ preparations, both in vitro and in vivo. In this survey emphasis
is placed on certain methodological aspects of endothelial cell culture as well as on biochemical,
physiological and pathophysiological features of the vascular endothelium.

Endothelial cells can be propagated in culture dishes, the most commonly applied method, on
suspended microbeads (dextrane, polyacrylamide), a technique giving large yields, or on thin porous
membranes, a procedure suited for the study of transport processes across the endothelial layer.

Different structural, biochemical and functional properties of the luminal (apical) and abluminal
(basal) cell membrane determine important polarity features of the endothelium. Endothelial cells
exhibit a variety of biochemical pathways and are characterized by high metabolic activities. Of
particular interest is the large content of ATP in endothelial cells of different vascular origin. The rapid
intracellular degradation of adenine nucleotides to nucleosides and bases, which are constantly
released, is balanced by synthesis, mainly via salvage pathways. In endothelial cells of microvascular
origin uric acid predominates by far as the final purine degradative because of the presence of xanthine
dehydrogenase in these cells; in the macrovascular endothelivm purine breakdown proceeds only to
hypoxanthine, since xanthine dehydrogenase is lacking. In this connection interrelations between
nucleotide catabolism in myocardial tissue and in coronary endothelial cells are discussed, also with
respect to the participation of endothelial xanthine oxidase in the formation of oxygen radicals during
post-ischemic reperfusion of the heart.

Vascular endothelial cells of different origin are also capable of a rapid extracellular degradation of
ATP, ADP and AMP to adenosine by means of specific ecto-nucleotidases. The subsequent fatc of
extracellularly formed adenosine appears to be different for endothelial cells of microvascular (prefer-
ential adenosine uptake) and macrovascular origin (preferential extracellular adenosine accumulation),
thus implying functional consequences for platelet aggregation.

Experimentally well supported aspects of endothelial functions under physiological and pathophy-
siological conditions include:

— the involvement of metabolic properties of the endothelium in the separation of the intra- and
extravascular space (barrier function, e.g. intraendothelial trapping of adenosine, active participation
in leukocyte emigration);

— the facilitation of COj-release in the lung (endothelial carboanhydrases);

*) Presented in form of a lecture at the 51st annual meeting of the Deutsche Gesellschaft fiir Herz-
und Kreislaufforschung, Mannheim, April 12-14, 1985.
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— the participation in the regulation of vascular resistance (formation of angiotensin IT and degradation
of bradykinin by means of angiotensin converting enzyme, formation of not vet identified
endothelium derived relaxing factor(s) [EDRF] in response to various intraluminally prescnt
vasodilating substances);

- the establishment of an antithrombogenic luminal surface of the vessel wall (release of PGI,,
adenosine, antithrombin III and plasminogen activator, intravascular degradation of adenine nuc-
leotides to adenosine by endothelial ccto-nucleotidases, activation of protein C by endothelial
thrombomodulin, heparan and antithrombin III containing endothelial glycocalyx).

Key words: adenosine, antithrombogenic properties, angiotensin converting enzyme, cell culture,
EDREF, ecto-nucleotidases

Introduction

Until the middle of this century the vascular endothelium was generally regarded as a
homogenous, more or less unstructured cell lining of blood vessels, serving rather passive
functions, such as separation of the intravascular from the extravascular space and the
provision of a smooth gliding surface for the streaming blood. Physiologists and biochemists
did not pay particular interest to the endothelium, partly because of a lack of experimental
procedures suitable for functional and analytical studies on these cells in situ and partly
because endothelial cells were not at all expected to exhibit particular functional or
metabolic activities. Moreover, the very small amount of endothelium within the blood
vessels of an organ made it seem unlikely that this tissue could contribute significantly to
global organ function and metabolism.

Two major developments initiated a complete reappraisal of the role of the vascular
endothelium. Electron microscopical investigations of the vessel wall, first carried out by
Palade in 1953 on capillaries (32), revealed the great variety and ultrastructural complexity
of the endothelial cells. Isolation and cultivation of endothelial cells, first successfully
performed by Jaffe et al. in 1973 (23), opened up new perspectives for research, since
endothelial cells had thus become accessible to detailed studies of their specific metabolic
and functional properties. Today it is possible to cultivate endothelial cells from almost
every type of vessel and species including human and it has been repeatedly demonstrated
that these cells retain their essential morphological, biochemical, immunological and
functional charactcristics over several passages. In view of the methodological progress it is
not surprising that the number of publications dealing with various features of the vascular
endothelium increases from year to year.

Endothelial cells from arterial and venous vessels and from capillaries are now recognized
to differ not only in their morphology and ultrastructure, but also in biochemical respects.
Furthermore, they display organ-specific characteristics. On the other hand, the individual
cells of the entire vascular endothelium exhibit some common features, such as a typically
high surface to volume ratio and an intense metabolism. Therefore, the endothelium as a
whole does not only represent a very large surface area for transport and exchange processes
but must also be regarded as an important tissue compartment of substantial metabolic
activity. For a person of 70 kg body weight for instance, one can estimate that the total
luminal surface of the vascular bed amounts to about 700 m® (41) and the total endothelial
weight to 1000-1500 g (9, 16) which is comparable to that of the liver. As suggested by this
rough estimate, the above-mentioned former concept concerning a negligible contribution
of endothelial to organ metabolism needs to be completely revised.

In the following it is intended to briefly outline principal steps and some techniques of
endothelial cell culture. Then a survey of important biochemical properties of the
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endothelium, particularly with respect to its adenine nucleotide metabolism, will be given,
followed by a discussion of recent findings pertaining to the regulatory or contributory role
of the endothelium in some physiological and pathophysiological phenomena.

I Culture of endothelial cells (22, 25, 27)

Generally endothelial cells are isolated from vascular tissues by enzymatic dissociation;
the most commonly used proteases are collagenase, trypsin and pronase. The exact
procedures differ depending on the vessel type and whether isolated vessels or isolated
organs are used as sources.

Usually the harvested endothelial cells need to be separated from contaminating smooth
muscle cells, fibroblasts and cell debris. The most appropriate technique for this purposce is
density gradient centrifugation (percoll, ficoll, albumin), which takes advantage of the low
density of endothelial cells in comparison to contaminating cells.

The purified endothelial cells are grown in culture media of complex composition (M 199;
Eagle’s minimal essential medium and others), mostly supplemented with fetal calf serum
and antibiotics/antimycotics and in certain cases with growth factors. Cell propagation in
culture dishes is the most frequently applied procedure. Depending on the initial number of
cells seeded a confluent monolayer is established on the bottom of the dishes within several
days to weeks. According to our experience, endothelial cells of microvascular origin, such
as cells from the coronary system of guinea-pig hearts, grow faster than those of larger

Fig. 1. Phasc contrast microscopic views of confluent monotayers of endothelial cells grown in culture
dishes. A: Microvascular endothelial cells from the coronary system (guinea-pig). B: Aortic endothelial
cells (pig). C: Pulmonary artery endothelial cells (pig). D: Vena cava endothelial cells (pig).
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(aorta and pulmonary artery, pig); venous cndothelial cells (vena cava, pig) display the
slowest rate of propagation (unpublished observations).

Figure 1 depicts confluent monolayers of the above mentioned endothelial cell types
grown in culture dishes under identical conditions. Obviously, there are rather striking
differences in size and shape between cells of microvascular and those of macrovascular
origin. The establishment of monolayers is in all cases the result of the well-known
phenomenon of contact inhibition. It is interesting to note that a destruction of single cells of
the monolayer relieves contact inhibition, initiating limited divisions of the neighbouring
cells and thus a quick repair of the lesion. In this respect endothelial cells in culture behave
like the vascular endothelium in situ.

Another technique for growing endothelial cells in vitro makes use of polyacrylamide or
dextrane microbeads (diameter about 100 um). By suspending a great number of these
microcarriers in a rather small volume of culture medium an enormous surface area can be
created, to which endothelial cells adhere casily. After their attachment the cells proliferate
until confluency is reached on each bead (Fig. 2). The major advantage of this method is the

4 1

Fig. 2. Electron microscopic scanning view of microbeads (CYTODEX, Pharmacia) with either a partly
or fully confluent monolayer of aortic endothelial cells (pig).
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high yield of cells. In our laboratory an apparatus has been developed which allows
endothelial cells to be grown on a 1 g batch of microbeads with a total surface of about 6000
cm’. The final harvest of approx. 0.3 g of cells corresponds to the yield from at least 600
culture dishes. Endothelium-covered microcarriers packed into glass capillaries (like filling a
column for chromatography) can be superfused with rather small volumes of suitable media.
The high ratio of cell surface to perfusate volume facilitates the determination of minute
amounts of substances taken up or released by the endothelial cells.

Endothelial cells can also be grown to confluency on thin microporous membranes
immersed in culture dishes. These membranes can then be mounted in a double chambered
perfusion apparatus (ZPS, Firma E. Buhler, Tiibingen) to separately analyze uptake or
release processes at the apical (= luminal) and basal (= abluminal) surface of the
endothelial layer (see also this volume, p. 522).

Il Some biochemical featurcs of the vascular endothelium

It is now well established that endothelial cells exhibit, besides a structural polarity. also a
variety of biochemical and functional polarity characteristics (Table 1). The luminal surface,
covered with a typical glycocalyx, is rich in certain ecto-enzymes of functional significance
(see below) and possesses recently recognized receptors or binding sites for many vasoactive
substances. Several compounds of physiological importance produced within the endothelial
cells are released at the luminal side. A particular feature of the abluminal side of
endothelial cells concerns the formation and liberation of components for the basement
membrane. Myoendothelial contacts, mainly observed in resistance vessels, are a further
characteristic of the basal side; still uncertain is the presence of receptors and the actual
release of EDRF(s) (endothelium-derived relaxing factor(s)) on this side.

Another important insight concerns the fact that the vascular endothelium exhibits a high
metabolic activity. Numerous routes of metabolism have been demonstrated to be present in
endothelial cells in culture as well as in the endothelium in situ. These include the general

Table 1. Biochemical polarity characteristics of the vascular endothehal cell.

Luminal (apical) side Abluminal (basal) side

Glycocalyx: Special glycoproteins and Glycocalyx: Special glycoproteins and
proteoglycanes proteoglycancs

Ecto-enzymes:  ATPase, ADPasc, Basal Collagen 1V and V.
5'-nucleotidase, carboanhydrase,  membrane: fibronectin, laminin,
angiotensin converting entacting,
enzyme, lipoprotein lipase von Willebrand factor etc.

Myoendothelial  Electronic coupling (?)
contacts:
(tight junctions)

Receptors: Acetylcholine, histamine, Receptors: ?
serotonin, catecholamines.
bradykinin, thrombin, ATP,

ADP, AMP, adenosine ctc.

Release: Adenosine, PGI,, Release: EDRF (s) of unknown
von Willebrand factor, structure (?7)
antithrombin III, plasminogen
activator, fibronectin,

EDRF(s) of unknown structure
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pathways of carbohydrate, lipid, protein and nucleic acid metabolism, the latter being
especially pronounced in accordance with the regenerative capacity of these cells. Interest-
ingly, aerobic glycolysis and not oxydative phosphorylation seems to be the major route for
energy production (11, 28). In addition to rather specialized pathways involved in the
synthesis of several protein compounds released at the luminal or basal side, endothelial
cells possess the machinery to specifically metabolize arachidonic acid to prostacyclin
(PGIL,), a compound of great physiological significance.

Intracellular metabolism of adenine nucleotides in coronary endothelial cells

Studies on various features of endothelial adenine nucleotide metabolism, which is
intimately related via the ATD-ADP system to the processes of energy consumption and
production, have been performed in our laboratory mainly on microvascular coronary
endothelial cells grown in culture (27). Data concerning contents of adenine nucleotides and
their dephosphorylated degradatives in these cells and in myocardial tissue of guinea-pigs
are listed in Table 2. Obviously the levels of adenine nucleotides — in particular ATP - are
far greater in the endothelium than in the myocardium. To our knowledge, such high
contents have not been reported for any other mammalian tissue except for platelets, in
which, however, a large fraction of the adenine nucleotides is stored in metabolically
inactive pools (20). Adenine nucleotide degradatives, such as adenosine, inosine and
hypoxanthine are also present in greater amounts in the endothelium.

A further finding in support of a high adenine nucleotide turnover concerns the continu-
ous release of dephosphorylated purine metabolites from cultured coronary endothelial
cells. As shown in Figure 3a, not only adenosine, inosine and hypoxanthine, but foremost
uric acid, the end-product of purine metabolism in most mammalian tissues (Fig. 4), are
liberated at high rates. A qualitatively very similar pattern of purine release occurs in
isolated perfused guinea-pig hearts (Fig. 3b), where uric acid is also the major degradation
product (3). Quantitative differences in the respective release rates can be readily ascribed
to the additional formation of purines in the myocyte compartment of isolated hearts.

The fact that uric acid is the predominating purine released from both coronary endothe-
lial cells and isolated hearts deserves particular interest. Xanthine dehydrogenase, the
enzyme responsible for the formation of uric acid from hypoxanthine and xanthine, is

Table 2. Contents of adenine nucleotides and their degradatives in cultured coronary endothelial cells
and in ventricular tissue of isolated perfused guinea-pig hearts. Mean values, n =5-9. Data taken
from (28).

nmol/g wet weight

Endothelial cells Myocardium
ATP 11,900 4,280
ADP 2,100 1,050
AMP 230 160
Y, ATP, ADP, AMP 14,230 5,490
Adenosine 72 1.9
Inosine 85 13

Hypoxanthine 50 0.8
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Fig. 3. a) Release of purine metabolites from cultured coronary endothelial cells (guinea-pig) into the
culture medium. Mean values of 5 experiments (unpublished results). b) Coronary venous release of
purine metabolites from isolated guinea-pig hearts perfused under normoxic conditions. Mean values +
SEM, n = 23. Data taken from (3).

localized within the myocardial tissue solely in the endothelium of the capillaries (24).
According to our own observations cardiomyocytes of guinea-pig hearts are devoid of this
enzyme. Therefore, uric acid formation can only occur in the microvascular endothelium,
regardless of whether precursor substances are derived from the endothelium itself or from
the cardiomyocytes. In the latter situation the precursors must obviously be taken up by the
capillary endothelium, from which — after metabolization — they are then released into the
intravascular space, mainly in the form of uric acid. From our experimental results and the
interpretation given it thus appears that in myocardial tissue the nucleotide metabolism of
the two compartments, vascular endothelium and cardiomyocytes, is intimately coupled.

The localization of xanthine dehydrogenase exclusively in the microvascular endothelium
of the heart bears an additional pathophysiological implication. As has been shown for
different organs, xanthine dehydrogenase becomes rapidly converted into xanthine oxidase
under conditions of ischemia (2, 34). Xanthine oxidase also catalyzes the formation of uric
acid from hypoxanthine and xanthine, but in this case toxic oxygen radicals are concomi-
tantly formed. Such oxygen species are assumed to be causally related to myocardial damage
on reperfusion (26). It thus seems possible that a xanthine oxidase-induced formation of
oxygen radicals in the coronary microvascular system is one of the primary events eliciting
the impaired postischemic reperfusion.

Since xanthine dehydrogenase is regarded to be a general marker enzyme of the capillary
endothelium (24), one can presume that the catabolism of adenine nucleotides proceeds to
uric acid not only in the coronary microvascular endothelium. On the other hand, it was
recently shown in our laboratory (5, 6) that endothelial cells from large vessels such as aorta,
pulmonary artery, and vena cava are devoid of xanthine dehydrogenase. In these cells
degradation accordingly ceases with the formation of hypoxanthine (cf. Fig. 4).

From the data given in Table 2 and Figure 3a it can be estimated that the total release of
purine nucleosides and bases from coronary endothelial cells in culture per minute amounts
to about 1% of the adenine nucleotide pool. Since this extraordinarily rapid rate of
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Fig. 4. Pathways of adenine nucleotide degradation and synthesis (PRPP = 5-phosphoribosyl-1-
pyrophosphate, Glu = glutamine, Gly = glycine, Asp = aspartate).

nucleotide catabolism does not lead to a reduction of nucleotide levels, the cells must avail
themselves of potent mechanisms of nucleotide synthesis.

As depicted in Figure 4, synthesis of nucleotides can be accomplished by utilization of
preformed purine precursors such as adenosine, hypoxanthine and adenine (“salvage
pathways”), or by a multistep process in which smaller precursors such as amino acids and
formate are utilized at considerable energetic cost (“de novo synthesis™). Recently, the rate
of de novo synthesis in cultured coronary endothelial cells has been determined by applying
specially elaborated microanalytical methods in combination with the use of radioactive
formate; in addition, salvage of adenosine and adenine has been measured under compa-
rable conditions (10). Asis evident from the data summarized in Figure 5, the capacity of the
endothelium for de novo nucleotide synthesis is small (about 10 %) in comparison to the
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Fig. 5. Rates of salvage and de novo synthesis of adenine nucleotides as well as of purine metabolite
release in cultured coronary endothelial cells (guinea-pig heart). Data taken from (10).
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of the extracellular end product adenosine see text.

total rate of release of purine metabolites. In contrast, salvage of adenosine appears to be far
more efficient, since at a concentration of 5 uM it fully compensates the purine loss.
Adenine proved to be less effective at the same concentration. It can thus be concluded that
the coronary microvascular endothelium mainly depends on the salvage of purine precursors
for the maintenance of constant nucleotide levels.

Extracellular metabolism of adenine nucleotides

The presence of ecto-nucleotidases on the luminal surface of the endothelial cells has been
briefly mentioned (cf. Table 2). As is shown in Figure 6, the so-called ecto-nucleotidase
cascade, consisting of an ATPase, an ADPase and a 5’-nucleotidase, catalyses the stepwise
rapid extracellular degradation of ATP, ADP or AMP to adenosine. The adenosine thus
formed can either accumulate extracellularly or it can be taken up by the endothelium,
where it is phosphorylated to build up intracellular nucleotides (salvage pathway) or
degraded stepwise to hypoxanthine and uric acid, respectively (cf. Fig. 4). Both extraceliular
accumulation and intracellular metabolism of adenosine originating from the nucleotidase
cascade are realized, depending on whether endothelial cells of micro- or macrovascular
origin are involved (5, 6). According to results of representative experiments depicted in
Figure 7, adenosine accumulates extraceliularly in substantial amounts only when ATP is
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Fig. 7. Extracellular accumulation of adenosine upon addition of ATP to the culture medium of
microvascular coronary endothelial cells (guinea-pig) and macrovascular endothelial cells from aorta,
pulmonary artery and vena cava (pig). Initial ATP concentration 10°M = 100 %; incubation time 60
minutes. Mean of 2 experiments each. Data taken from (5).



468 Basic Research in Cardiology, Vol. 80, No. 5 (1985)

dephosphorylated by endothelial cells from large vessels. Principally the same results were
obtained on ATP-perfused isolated segments of the aorta and vena cava from pigs (unpub-
lished results). Neither in cultures of microvascular coronary endothelial cells, nor in
isolated perfused hearts of guinea-pigs was the extracellular dephosphorylation of ATP
accompanied by a comparable accumulation of adenosine. Hence, it seems justified to
assume that dephosphorylation of adenine nucleotides in contact with the luminal endothe-
lial surface of large vessels will also in situ lead to a pronounced increase in the concentration
of adenosine in the immediate vicinity of the vessel wall. The possible functional importance
of this particular endothelial characteristic is discussed below.

IIT  Certain physiological and pathophysiological aspects of the endothelium

The following discussion of endothelial functions is limited to some experimentally well-
founded newer aspects. These encompass the involvement of metabolic properties of the
endothelium in the separation of the intra- and extravascular space (metabolic barrier), the
facilitation of pulmonary CO,-release, the participation in the regulation of vascular
resistance and the establishment of an antithrombogenic luminal surface of the vessel wall.

Barrier function

The endothelium does not only serve as a physical barrier between the vascular and
extravascular spaces owing to its well-known membrane and structural properties. On
account of its only recently recognized high metabolic activities the endothelium can also
create a metabolic barrier. Various substances, e.g. nucleotides or lipoproteins, are
degraded by ecto-enzymes at the luminal surface; therefore these substances as such do not
reach the extravascular space via the endothelial cells. Other compounds, although taken up
by the endothelium, can be trapped intracellularly by metabolic conversion. This holds true
for instance for adenosine, which, when applied in vasoactive concentrations to the coronary
system, cannot cross the endothelial barrier to directly reach the smooth muscle of the vessel
wall (28). Consequently, vasodilation induced by intraluminal adenosine cannot be caused
by the nucleoside itself (see below and Nees et al., this volume, pp 515-529). Endothelial
metabolism is indirectly involved in the emigration of various types of leukocytes from the
blood to the tissue, especially under conditions of inflammation. After an initial adhesion of
the leukocytes to the endothelial surface induced by leukotriene B4 or complement Cs, (21,
39), intercellular junctions are opened by active contraction of endothelial actin and myosin
filaments in response to mediators released from the leukocytes. This then allows outward
passage of leukocytes to the extravascular space.

CO, release in the lung

It has long been realized that the brief contact between blood and the gas exchanging
surface of the lung cannot allow for sufficient release of COs,, if the process is only catalyzed
by the carboanhydrase/anion exchange system of the red blood cells. In recent years
evidence was first obtained for the existence of a carboanhydrase also in the pulmonary
vessels (8, 12). The pulmonary carboanhydrase is now known to be localized specifically in
the vascular endothelium as a cytosolic enzyme and a membrane-bound ecto-enzyme (35,
36). Both these endothelial enzyme forms are presently considered to significantly add to the
formation of CO, from plasma bicarbonate within the pulmonary microcirculation and thus
to enhance CO, equilibration in the lungs.
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Participation in the regulation of vascular resistance

Two principal mechanisms by which the endothelium can influence the vascular smooth
muscle tone have become apparent. For about 10 years it has been known that angiotensin
converting enzyme (kininase II) is localized as an ecto-enzyme on the luminal surface of the
vascular endothelium (7), particularly high activities of this endothelial marker enzyme
being found in the pulmonary vessels (36, 37, 38). Angiotensin converting enzyme catalyzes
the formation of vasoconstrictory angiotensin II from angiotensin I; in addition, it breaks
down the vasodilatory peptide bradykinin to vasoinactive degradation products. The net
result of these enzymatic processes at the luminal surface of the microvessels in the lung is an
increase in systemic arterial tone, predominantly induced by angiotensin II, but possibly also
enhanced by the relief of the bradykinin effects. Conversely, inhibition of the converting
enzyme by drugs, such as captopril, enalapril or ramipril, leads to a fall in aterial tone,
primarily through a reduced formation of angiotensin II, but perhaps also partly as a result
of higher bradykinin levels. The other mechanism by which the endothelium may induce
relaxation of the vascular smooth muscle was first discovered by Furchgott und Zawadski in
1980 on isolated vessel preparations. Acetylcholine was found to relax rings and strips of
rabbit thoracic aorta only if the endothelium was intact and it was concluded that relaxation
was brought about by a mediator substance released from the endothelial cells (18). Since
then many other vasodilating substances have been shown by numerous authors to exhibit
the same or a similar kind of endothelium-dependent relaxation in various types of isolated
vessels from different species (see review by Furchgott 1984 (17)).

A simplified concept concerning the mediator role of the endothelium for inducing
relaxation of the vascular smooth muscle in response to intraluminal application of a variety
of agents is presented in Figure 8. Depending on the type and origin of the vessel many
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Fig. 8. Schematic illustration of essential steps involved in the endothelium-mediated rclaxating of
vascular smooth muscle induced by a variety of vasodilating substances at the luminal surface. The
endothelium-derived relaxing factor (s) [EDRF(s)] is assumed to act at the abluminal side of the
endothelial cell on the smooth muscle (dashed arrows), either directly or via myoendothelial contacts.
EDRF(s) release into the intravascular space is well established (thick arrow). For further details see
text.
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substances, including acetylcholine, bradykinin, histamine, serotonin, thrombin, adenine
nucleotides, adenosine and others, interact with receptors on the luminal surface. This
somehow results in the formation of a short-lived substance of unknown chemical structure
in the endothelial cell, which is termed the endothelium-derived relaxing factor (EDRF).
This or these EDRF(s) are supposed to act at the basal side of the endothelial cell onto the
smooth muscle cell, in which an increase in ¢GMP levels and relaxation occurs.

As yet it has not been proven directly that the assumed EDRF release at the abluminal
side actually takes place. Conceivable would also be an EDRF-induced electrotonic trans-
mission via myoendothelial contacts (Fig. 8). On the other hand, it has been repeatedly
demonstrated that the EDRF is released at the luminal side. The functional significance of a
release into the intravascular space, however, appears questionable, especially when taking
into account the brief half-life time of the EDRF and its rapid inactivation in the plasma (15,
19).

Further reservations need to be applied with respect to the scheme in Figure 8. First of all,
EDRF mediated relaxations have been demonstrated mostly in isolated preparations of
large vessels and seldom in situ (1). Comparable studies on small resistance vessels are still
lacking, except for endothelium-mediated vasodilating effects of adenosine in the coronary
system of guinea-pig hearts (28, 29); see also this volume, (p. 525). Secondly, a generaliza-
tion of the EDRF mechanism is not at all possible: On the one hand, large vessels from
different segments of the vascular tree in one and the same species can react differently,
either quantitatively or qualitatively, to a given vasoactive substance. On the other hand, the
reactivity of the same vessel type varies considerably from species to species.

In view of the briefly outlined restrictions and quite a number of unclarified details in
connection with the EDRF mechanism no estimates can be made in regard to the extent of
EDRF mediated changes of the vascular tone in the intact circulatory system under
physiological conditions. Nevertheless, endothelium-induced responses of the vasculature,
be they angiotensin converting enzyme- or EDRF-dependent, must be seriously taken into
account as regulatory mechanisms.

Antithrombogenic properties of the vascular endothelivm (4, 30, 31)

The luminal surface of blood vessels is known to exhibit distinct antithrombogenic
features. Endothelial antithrombogenic properties include all factors and enzymatic
mechanisms capable of interfering with platelet aggregation and blood coagulation, and — in
a wider sense — of activating fibrinolysis. The most important facets of these interactions are
outlined in Figure 9.

Aggregating platelets are known to release, among other compounds, ATP, ADP and
TXA,; (thromboxane), the latter two being strong inductors and potentiators of the
aggregation process. The endothelium, on the other hand, continuously liberates PGI,
(prostacyclin) and adenosine, which are antiaggregatory and antagonize the effects of TXA,
and ADP, respectively. In the vicinity of the vessel wall ATP and ADP, released during
platelet aggregation or liberated from damaged tissue, can be rapidly degraded to adenosine
by the endothelial cascade of ecto-nucleotidases. Thus the aggregating stimulus in the form
of ADP becomes diminished and, in addition, the antiaggregatory action of adenosine is
fortified.

To understand the antithrombogenicity of the endothelium with respect to the clotting
process certain steps in the coagulation system are of particular importance. As shown in
Figure 9 thrombokinase from both the extrinsic and intrinsic system catalyzes the formation
of thrombin, which serves several functions. It is essential for the formation of fibrin and
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Fig. 9. Antithrombogenic properties of the endothelium displayed at its luminal surface. The major
mechanisms for limiting platelet aggregation and coagulation as well as for activating fibrinolysis are
schematically outlined. Not indicated are, among others, the thrombin-induced stimulation of PGI,
release (40) and the enhancement of plasminogen activator release by activated protein C (14, 31).
Furthermore, quantitative differences existing in the antithrombogenic properties of different segments
of the vascular tree are disregarded. For a detailed discussion see text.

activates factor V, a constituent of the thrombokinase, as well as factor VIII, which
accelerates the activation of factor X by the intrinsic system. Furthermore, thrombin in
association with protein C is essential for a strong activation of protein C, occurring at the
endothelial surface in conjunction with a surface cofactor, termed thrombomodulin (13, 14).
The activated protein C (protein C,), a protease, cleaves specifically the afore-mentioned
factors Va and V1lIIa and thus limits the further formation of thrombin. A direct inactivation
of thrombin as well as of other activated coagulation factors (XIla, Xla, Xa, IXa) (33) is
afforded by antithrombin III liberated from the endothelium. Thrombin is also inactivated
in contact with heparan sulfate and antithrombin I1I constituents of the luminal glycocalyx of
the endothelium.

Plasminogen activator, which leads to a stimulation of fibrinolysis, can also be released
from the endothelium, in particular from that of veins and capillaries (35). It is interesting to
note that recent studies have indicated this release to be enhanced by activated protein C
(14, 31).

When all the antithrombogenic properties of the endothelium are considered together,
i.e. the release of PGI,, adenosine, antithrombin III, and plasminogen activator, the
functions of the ecto-nucleotidase cascade and the membrane constituents thrombomodulin,
heparan sulfate and antithrombin III, then it becomes readily understandable, why platelet
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aggregation and coagulation occur in vessel areas with damaged endothelium and do not
normally progress intravascularly beyond the lesions, as would be expected from the
autocatalytic nature of the hemostatic processes. Further physiological and pathophysiologi-
cal implications of this vital endothelial interaction with the mechanisms of hemostasis are
presently under investigation in many laboratories.

Concluding remarks :

Several important aspects emerging from modern research on endo’thelial cell function
could not be covered in this brief survey. In this context one should mention the role of the
vascular endothelium in processes of inflammation and immunological defence, the con-
tribution to regeneration and repair of intima lesions and the very important though still
controversial involvement of the endothelium in lipoprotein metabolism of the vessel wall
and its particular significance with regard to the development of atherosclerosis. This listing,
which is by no means complete, in conjunction with those biochemical and functional aspects
discussed above may, however, serve to give an appreciation of the complexity and diversity
of endothelial cell function in health and disease.

References

1. Angus JA, Campbell GR, Cocks TM, Manderson JA (1983) Vasodilatation by acctylcholine is
endothelium-dependent: a study by sonomicrometry in canine femoral artery in vivo. J Physiol
344:209-222

2. Batelli MG, Della Corte E, Stirpe F (1971) Xanthine oxidase Typ D (dehydrogenase) in the
intestine and other organs of the rat. Biochem J 126:747-749

3. Becker BF, Gerlach E (1985) Katabolismus von Adeninnukleotiden in salin-perfundierten Herzen
von Meerschweinchen und Ratten. Z Kardiol 74: Suppl. 3:21

4. Biggs R, Rizza CR eds (1984) Human blood coagulation, haemostasis and thrombosis. 3rd edition.
Blackwell Scientific Publications, Oxford

5. Bock M, Maller A, Nees S, Gerlach E (1984) Extracellular degradation of adenine nucleotides
{AN) by coronary endothelial cclls (CEC) and vascular endothelium of other origin. Pfliigers Arch
402:Suppl. R 20

6. Bock M, Nees S, Méller A, Gerlach E (1985) Extrazellulirer Abbau von Adeninnukleotiden (AN)
an Endothelzellen (EC) aus verschiedenen GefaBabschnitten und im Vollblut. Z Kardiol 74: Suppl
3:20 '

7. Caldwell PRB, Segal BC, Hsu KC, Das M, Soifer RL (1976) Angiotensin converting cnzyme:
Vascular endothelial localization. Science 191:1050-1051

8. Crandall ED, O'Brasky JE (1978) Direct evidence for participation of rat lung carbonic anhydrase
in CO; reactions. J Clin Invest 62:618-622

9. Cryer A (1983) Scale and diversity of interactions at the vascular endothelium. In: Cryer A (ed)
Biochemical interactions at the endothelium. Elsevier, Amsterdam New York Oxford, pp 1-3

10. Des Rosiers C, Nees S, Gerlach E (1985) Purinstoffwechsel in kultivierten Endothelzellen ver-
schiedener vaskuldrer Herkunft. Z Kardiol 74: Suppl 3:67

11. Dobrina A, Rossi F (1983) Metabolic properties of freshly isolated bovine endothelial cells.
Biochim Biophys Acta 762:295-301

12. Effros RM, Shapiro L, Silverman P (1980) Carbonic anhydrase activity of rabbit lungs. J Appl
Physiol 49:589-600

13. Esmon CT, Owen WG (1981) Identification of an endothelial cell cofactor for thombin-catalyzed
activation of protein C. Proc Natl Acad Sci USA 78:2249-2252

14. Esmon NL, Owen WG, Esmon CT (1982) Isolation of a membrane-bound cofactor for thrombin-
catalyzed activation of protein C. J Biol Chem 257:859-864



Gerlach et al., The vascular endothelium 473

15.

16.
17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.
33.

34.

35.

36.

37.

38.

Forstermann U, Trogisch G, Busse R (1984) Species-dependent differences in the nature of
endothelium-derived vascular relaxant factor. Eur J Pharmacol 106:639-643

Folkman J (1974) Tumor angiogenesis. Adv Cancer Res 19:331-358

Furchgott RF (1984) The role of endothelium in the responses of vascular smooth muscle to drugs.
Ann Rev Pharmacol Toxicol 24:175-197

Furchgott RF, Zawadzki JV (1980) The obligatory role of endothelial cells in the relaxation of
arterial smooth muscle by acetylcholine. Nature 288:373-376

Griffith TM, Edwards DH, Lewis MJ, Newby AC, Henderson AH (1984) The nature of
endothelium-derived vascular relaxant factor. Nature 308:645-647

Holmsen H, Day HJ, Storm E (1969) Adenine nucleotide metabolism of blood platelets: VI.
Subcellular localization of nucleotide pools with different functions in the platelet relcase reaction.
Biochim Biophys Acta 186:254-266

Hoover, RL, Karnovsky MJ, Austen KF, Corey EJ, Lewis RA (1984) Leukotricne B, action on
endothelium mediates augmented neutrophil/endothelial adhesion. Proc Natl Acad Sci USA - Biol
Sci 81:2191-2193

Jaffe EA (ed) (1984) Biology of endothelial cells. Martinus Nijhoff Publ, Boston The Hague
Dordrecht Lancaster

Jaffe EA, Nachman RL, Becker CG (1973) Culture of human endothelial cells derived from
umbilical veins. Identification by morphologic and immunologic criteria. J Clin Invest 52:2745-2756
Jarasch ED, Grund C, Bruder G, Heid HW, Keenan TW, Franke WW (1981) Localization of
xanthine oxidase in mammary gland epithelium and capillary endothelium. Cell 25:67-82

Martin GM, Ogburn CE (1977) Cell, tissue, and organoid cultures of blood vessels. In: Rothblat
GH, Cristofalo VI (eds) Growth, nutrition, and metabolism of cells in culture. Academic Press,
New York Vol III, pp 1-56

McCord IM (1985) Oxygen-derived free radicals in postischemic tissue injury. New Engl J Med
312:159-163

Nees S, Gerbes AL, Gerlach E (1981) Isolation, identification, and continuous culture of coronary
endothelial cells from guinea-pig hearts. Eur J Cell Biol 24:287-297

Nees S, Gerlach E (1983) Adenine nucleotide and adenosine metabolism in cultured coronary
endothelial cells: Formation and release of adenine compounds and possible functional implica-
tions, In: Berne RM, Rall TN, Rubio R (eds) Regulatory functions of adenosine. Martinus Nijhoff
Publ, Boston The Hague Lancaster, pp 347-355

Nees S, Herzog V, Bock M, Gerlach E (1984) Vasoactive adenosine (AR) perfused through
isolated hearts is selectively trapped within the coronary endothelium (CE). Fed Proc 43:900
Ogston D (1983) The physiology of hemostatis. Croom Helm, London Canberra

Owen WG (1982) The control of hemostasis: Role of endothelium in the regulation of inhibitory
and catabolic pathways. Arch Pathol Lab Med 106:209-213

Palade GE (1953) Fine structure of blood capillaries. J Appl Physiol 24:1424-1433

Rizza CR (1984) Naturally occuring inhibition of blood coagulation. In: Biggs C, Rizza CR (eds)
Human blood coagulation, haemostasis and thrombosis, 3rd ed, Blackwell Scientific Publications,
Oxford, pp 80-91

Roy RS, McCord JM (1983) Superoxide and ischemia: conversion of xanthine dehydrogenase to
xanthine oxidase. In: Greenwald R, Cohen G (eds) Oxygen radicals and their scavenger systems,
Vol 2. Cellular and molecular aspects. Elsevier Science New York, pp 145-153

Ryan JW, Ryan US (1981) Endothelial metabolism. In: Effros RM, Schmid-Schonbein H, Ditzel J,
(eds) Microcirculation. Current physiological, medical and surgical concepts. Academic Press, New
York London Toronto Sydney San Francisco, pp 147-169

Ryan US, Withey PL, Ryan JW (1982) Localization of carbonic anhydrase on pulmonary artery
endothelial cells in culture. J Appl Physiol ~ Respir Environ 53:914-919

Ryan JW, Ryan US, Schultz DR, Whitaker C, Chung A, Dorer FE (1975) Subcellular localization
of pulmonary angiotensin converting enzyme (kininase II). Biochem J 146:497-499

Stalcup SA, Davidson D, Mellins RB (1982) Endothelial cell function in the hemodynamic response
to stress. In: Fishman AP (ed) Endothelium. Ann New York Acad Sci 401:117-131



474 Basic Research in Cardiology, Vol. 80, No. 5 (1985)

39. Tonnesen MG, Smedly LA, Henson PM (1984) Neutrophil-endothelial cell interactions. Modula-
tion of neutrophil adhesiveness induced by complement fragments C5a and C5a des arg and formyl-
methionyl-leucyl-phenylalanine in vitro. J Clin Invest 74:1581-1592

40. Weksler BB, Ley CW, Jaffe EA (1978) Stimulation of endothelial cell prostacyclin production by
thombin, trypsin and ionophore A 23187. J Clin Invest 62:923-930

41. Wolinsky H (1980) A proposal linking clearance of circulating lipoproteins to tissue metabolic
activity as a basis for understanding atherogenesis. Circ Res 47:301-311

Received June 5, 1985

Authors’ address:

Prof. Dr. E. Gerlach, Department of Physiology, University of Munich, Pettenkoferstr. 12,
D-8000 Miinchen 2



