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ABSTRACT

The vascular endothelium is a multifunctional interface constantly exposed to biomechanical
forces such as shear and tensile stress. Biomechanical stress is involved in the pathophysi-
ological process of the vessel wall and thus affects vascular remodeling, atherosclerosis and
thrombogenesis. Many different systems have been designed to subject endothelial cells to
mechanical stress. However, previous systems have had large limitations in creating physio-
logically relevant biomechanical stress protocols. Therefore, there is a need for more refined
biological perfusion systems that as accurately as possible mimics the in vivo conditions.
In the present work, a new biomechanical ex vivo perfusion system for integrative physi-
ological and molecular biology studies of intact vessels of different sizes as well as artificial
vessels was developed.

This model was constructed for advanced perfusion protocols under strictly controlled bio-
mechanical (shear stress, tensile stress) as well as metabolic (temperature, pH, oxygen ten-
sion) conditions. The system enables monitoring and regulation of vessel lumen diameter,
shear stress, mean pressure, variable pulsatile pressure and flow profiles, and diastolic re-
versed flow. The vessel lumen measuring technique is based on detection of the amount of
flourescein over a vessel segment. A combination of flow resistances, on/off switches and
capacitances creates a wide range of possible combinations of pulsatile pressures and flow
profiles. The perfusion platform was extensively evaluated technically as well as biologi-
cally by perfusion of high precision made glass capillaries, human umbilical arteries as well
as endothelialized artificial vessels.

Artificial vessels with a confluent human umbilical vein endothelial cell layer were exposed
to different levels of shear stress or different levels of static or pulsatile pressure. Shear
stress was a more powerful stimulus than static or pulsatile tensile stress. While shear stress
affected mRNA expression of all six studied genes (t-PA, PAI-1, u-PA, thrombomodulin,
eNOS and VCAM-1), neither gene was found to be regulated by tensile stress. Shear stress
suppressed t-PA and VCAM-1 in a dose response dependent way. The expression of throm-
bomodulin was also reduced by shear stress. u-PA, eNOS and PAI-1 were induced by shear
stress, but showed no obvious dose response effect for these genes. Further, the unexpected
suppression of t-PA by shear stress was studied by using mechanistic experiments with phar-
macologic inhibitors. Our data indicate that the suppressive effect of shear stress on t-PA was
mediated by suppression of JNK and not by p38 MAPK and ERK1/2.

The interplay between inflammatory stress and different combination of tensile as well as
shear stress was studied on six key anti- and pro-thrombotic genes in HUVEC. The endo-
thelial cell response to TNF-a was not modulated by tensile stress. Again, shear stress was a
more potent stimulus. Shear stress counteracted the cytokine-induced expression of VCAM-
1, and the cytokine-suppressed expression of thrombomodulin and eNOS. Shear stress and
TNF-o additively induced PAI-1, whereas shear stress blocked the cytokine effect on t-PA
and u-PA.

In conclusion, these findings illustrate that biomechanical forces, particularly shear stress,
have important regulatory effects on endothelial gene function. A possible pathophysiologi-
cal scenario is that an unfavourable hemodynamic milieu leads to a lower threshold for the
induction of genes related to endothelial dysfunction in lesion-prone areas upon negative
stress, such as inflammation.

Key words: ex vivo perfusion system, biomechanical, endothelium, shear stress, tensile stress,
pulsatile, TNF-0, JNK, hemostatic genes
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INTRODUCTION

ardiovascular disease is the leading cause of morbidity and mortality in the

western world and during the past decades it has also become an increas-

ing problem in developing countries [1]. Acute events, such as myocardial

infarction and ischemic stroke, are usually triggered by the rupture of an
atherosclerotic plaque which activates the intravascular clotting cascade causing an
event that, when unopposed, rapidly will lead to the formation of a lumen-occluding
thrombus. Numerous risk factors for atherosclerosis have been identified, including
smoking, hypercholesterolemia, hypertension, autoimmune chronic low grade of in-
flammatory stress etc.

Hemodynamic stress has been suggested to be involved in the pathophysiological pro-
cesses of the vessel wall, such as vascular remodeling, atherosclerosis and thrombo-
genesis. Chronically altered mechanical forces, such as hypertension, induces adap-
tive alterations of vessel wall shape and composition as well as increases the risk of
thrombogenesis. Atherosclerotic lesions typically show a distinct, highly diversified
pattern of anatomic localization with a predilection to areas with turbulence, flow re-
versal and low shear stress. Chronic low grade inflammatory stimuli associated with
e.g. hypertension and rheumatoid arthritis induce endothelial dysfunction which pro-
motes the atherosclerotic process as well as thrombogenesis. Against this background,
this thesis focuses on the development of a suitable ex vivo perfusion system for stud-
ies of biomechanical stress on intact human vessels or isolated endothelial cells, with
a special focus on the influence of biomechanical and inflammatory stress on impor-
tant hemostatic genes.

The vascular wall

The wall of veins and arteries consists of three layers: tunica intima, tunica media and
tunica adventitia. The innermost layer is the tunica intima, which consists of a mono-
layer of endothelial cells lining the lumen of the vessel. The endothelial cell layer
is supported by a subendothelial layer of loose connective tissue. Tunica media, the
middle layer is composed of smooth muscle cells and extracellular matrix proteins.
This layer is much thicker in arteries than in veins. The outer layer, tunica adventitia,
is composed of fibroblasts and loose connective tissue.

The vascular endothelium may be regarded as an independent organ dispersed over
the entire body [2]. The overall surface of the endothelium has been reported to vary
between 350 and 1000 m? and with a weight between 0.1 and 1.5 kg [2-4]. The en-
dothelium has an important role as the link between the nutritive blood flow and the
metabolically demanding tissue. The endothelium senses mechanical, chemical and
humoral stimuli, and responds by synthesis and release of a wide range of biologi-
cally active substances. Vascular tone is regulated by release of vasoactive substances
such as nitric oxide (NO), prostacyclin (PGl,), and endothelin-1 (ET-1). Further, the
endothelium has a central role in maintenance of blood fluidity by expressing anti-
thrombotic and fibrinolytic properties. Surface-expressed compounds like tissue-fac-
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tor pathway inhibitor (TFPI), thrombomodulin (TM), heparin sulphate, ecto-ADPase,
and protein S have antithrombotic and anticoagulating properties [5]. The fibrinolytic
function includes the release of tissue-plasminogen activator (t-PA) [6, 7] as well
as urokinase-type plasminogen activator (u-PA) [8] upon stimulation. The endothe-
lium has a central role in regulating tissue inflammation in response to pro-inflam-
matory cytokines (TNF-a, IL-1) by altering cell shape and motility in a way that may
contribute to increased vascular leakage and leukocyte adhesion through expression
of vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM-1) and E-selectin [9].

Biomechanical forces

Mechanical forces related to pressure and flow are crucial in determining blood vessel
wall adaptation in normal and diseased states, in arteries as well as in veins [10, 11].
Vascular remodeling may have important clinical implications during the progression
of several cardiovascular disorders. These structural changes within the vasculature
appear to be associated with changes in endothelial function. Mechanical stress affects
vascular remodeling which alter compliance in hypertension, causes vascular fragility
and compensatory changes in atherosclerosis [12], leads to restenosis after angio-
plasty [13] and modulates the thromboprotective state of the endothelium [14, 15].
Understanding how mechanical stress influences the modeling-remodeling processes
is particularly critical for developing successful therapies in vascular pathology.

The forces imposed on the vessel wall originate from the intraluminal pressure and
the friction of the flowing blood. The hemodynamic forces acting on the vessel wall
can be described by two major components, i.€. tensile stress and shear stress [16, 17]
(Figure 1). Tensile stress is created by the pulsatile blood pressure and results in an

Fibroblast

Smooth muscle cell
Endothelial cell

Tensile stress

Shear stress

Intima
Media
Adventitia

Tensile stress

Figure 1. Shear stress and tensile stress are the two major biomechanical forces act-
ing on the vessel wall. Shear stress is the frictional force exerted by the blood flow.
Tensile stress is generated by the blood pressure. The vessel wall consists of three
layers with endothelial cells, smooth muscle cells and fibroblasts.
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elongation of the cell. This force is distributed perpendicular to the blood stream and
affects all constituents of the vessel wall. It is proportional to the transmural pressure
and inner radius of the vessel and inversely proportional to the vessel wall thickness.
Tensile stress in large arteries ranges from 2 to 18% during the normal cardiac cycle
[18].

Shear stress is the frictional force imposed on the endothelial cell surface by the flow-
ing blood. It is mainly considered to affect the endothelium which responds to the
local flow environment by modulating vascular tone, hemostasis, inflammatory reac-
tions, lipid metabolism, cell growth, cell migration and interactions with extracellular
matrix. Shear stress is proportional to the blood flow and viscosity of the blood and
inversely proportional to the third power of the radius. Shear stress ranges between 1-
6 dyn/cm? in veins and 2-40 dyn/cm? (locally up to 100 dyn/cm?) in arteries [2, 16, 19,
20]. Typically, shear stress in the arterial network is actively regulated at a constant
level of approximately 15 dyn/cm? [16, 17, 21]. Ultimately, this determines blood
vessel geometry and function.

The pathways mediating the response of endothelial cells to hemodynamic stimuli
are largely unknown. Studies have suggested the importance of shear sensitive ion
channels, G-proteins, mechanical traction on endothelial cytoskeleton, integrins, cell-
cell-junction (PECAM-1) and adherens junctions (VE-cadherin) [19-21]. Activation
of mechanoreceptors releases second messengers such as focal adhesion kinase, phos-
pholipase C and mitogen-activated protein kinase (MAPK) cascades [20]. This in turn
leads to activation and translocation of transcription factors to the nucleus. Direct
force transmission through the cytoskeleton to different compartments in the cell is
another signaling mechanism involved [20, 21].

Methodological challenges in studies of biomechanical forces

It is a great methodological challenge to create suitable experimental models for stud-
ies of biomechanical forces. A vast amount of different experimental protocols have
been used for mechanical stress studies in vivo, in vitro and ex vivo, each hampered
with difficulties to control and monitor the various components of the complex bio-
mechanical stress profile.

In vivo experiments are typically based on perfusion studies of isolated organs, for
instance the human forearm [22, 23]. Although in vivo models have proved useful in
establishing a relation between vascular remodeling and mechanical stress to which
blood vessels are subjected, they do not permit clarification of signaling pathways
at the cellular level. Nor do they allow distinction between neurohormonal and me-
chanical effects. An advantage is that pressure and flow conditions are physiologically
relevant, however at the same time, this makes it impossible to define the exact force
each vessel segment is exposed to. This is particularly true for shear stress, since
shearing forces are extremely difficult to measure in vivo.

Due to these difficulties, in vitro cell culture models have been extensively used and
have permitted identification of biomechanical stress components that might affect
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smooth muscle and endothelial cell function. For studies on shear stress, the parallel-
plate flow chamber [24, 25] and cone-and-plate device systems [26, 27] are some of
the most widely used experimental systems. Tensile stress is usually studied by using
a device in which the cells are exposed to circumferential stretch [28]. The advantages
of in vitro systems are that the biomechanical stress can be exactly defined and that
the use of molecular biology techniques are more easily applied to cultured cells due
to the abundant amount of material that can be obtained. On the other hand, this ap-
proach has certain limitations. The in vitro culture conditions differ markedly from
the in vivo micro-environment and endothelial-smooth muscle cell interactions and
cell-matrix interactions that could be critical in modulating the cell response are not
reproduced. Also, the complex biomechanical stress interactions seen in vivo have
not been possible to study with traditional flow chambers in which only one stress
component may be studied. To overcome some of the limitations of these traditional
approaches, ex Vivo vascular perfusion systems have been developed.

The in vivo biomechanical flow situation shows a high grade of complexity which has
to be addressed in ex vivo systems. However, the technical problems with ex vivo per-
fusion systems have been to regulate and monitor the different types of biomechani-
cal stress. Instead of physiological pulse pressure generation many previous systems
have used a sinusoidal pulse wave form and shear stress calculations have only been
based on approximations [29, 30]. In vivo observations have shown that the endo-
thelium in particular is extremely sensitive to the local biomechanical flow situation.
Physiological laminar shear stress is thought to maintain normal endothelial structure
and function, whereas turbulent flow, stasis, and local shear gradients may activate
endothelial cells and induce a pro-atherogenic state [31, 32]. In particular, a rapidly
changing and oscillatory flow with reversing flow directions as well as low net flow
rates tend to induce a more pathologic state compared with laminar flow or oscillatory
flow that remains unidirectional [30, 31, 33]. Compliance of the underlying vascular
wall importantly modulates the consequences of oscillatory flow. Thus, if the vascular
wall has normal distensibility, oscillatory flow seems to be cytoprotective, but the
same stimulus has an adverse effect in a non-compliant vessel [34, 35]. Increases
in pulsation frequency and/or pulse pressure seem to influence endothelial cells in
an unfavorable way [36-38]. Increased pressure and flow have profound effects on
arterial structure, including increased arterial size through remodeling and effects on
growth of new vessels through angiogenesis [39]. Diastolic wave reflection mostly
seen in young, healthy adults may eliminate the exposure to repetitive and potentially
deleterious diastolic stasis [40]. Furthermore, repetitive short-term increases of pulse
pressure, pulse rate, and shear stress appear to contribute to the antiatherosclerotic ef-
fects of physical exercise in coronary [41, 42] as well as peripheral arteries [43].

In order to investigate the impact of complex biomechanical stress on the vessel wall,
ex Vvivo perfusion systems that meet diverse demands when it comes to combining
flow and pressure profiles are required. A great advantage of ex vivo systems is that
they make it possible to elucidate the impact of different types of biomechanical stress
on endothelial gene regulation as well as studies of intra-cellular signaling cascades.
Consequently, ex vivo perfusion systems with the capacity to control complex bio-
mechanical stress profiles may possibly enhance our knowledge in these issues and
increase our understanding of perservation of endothelial function.
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Inflammation

Chronic low grade inflammation has proved to be a risk factor for increased morbid-
ity and mortality in cardiovascular disease. Essential hypertension, angina pectoris,
intermittent claudication etc. may be associated with a low grade of chronic inflam-
mation. Inflammatory stress shifts the hemostatic balance to favor the activation of
coagulation. Inflammatory mediators can elevate platelet count, platelet reactivity,
down regulate natural anticoagulatory mechanisms, initiate the coagulation system,
facilitate propagation of the coagulant response and impair fibrinolysis. In extreme
situations, this may lead to either disseminated intravascular coagulation or thrombo-
sis [44]. Chronic low grade inflammatory stress seen in patients with chronic inflam-
matory diseases, €.g. systemic lupus erythematosus and rheumatoid arthritis, is asso-
ciated with an increased risk for developing myocardial infarction and stroke [45, 46].
Even increased chronic levels of C-reactive protein (CRP) without any other clinical
inflammatory symptoms are predictive of cardiovascular events [47]. Since inhibition
of tumor necrosis factor-alpha (TNF-a) reduces the incidence of cardiovascular event
[48], one suggestion is that the increased incidence is due to some part, being medi-
ated by proinflammatory cytokines. TNF-a. is one of the most important promoters of
inflammation. It is principally derived from mononuclear phagocytes and endothelial
cells are a major cellular target of its action. Exposure of endothelial cells to TNF-a
results in activation of three major proinflammatory signaling pathways: the NF-xB
pathway, the p38 MAPK pathway and the INK pathway [9, 49]. These signaling cas-
cades interact through a complex network, which mediates gene regulatory effects
primarily by activation of the two transcription factors NF-kB and AP-1 [49, 50].

In unstressed cells NF-kB resides in the cytoplasm because of its association with
inhibitor proteins (IkBs). Binding of TNF-a to its receptors (TNFR 1 & 2) results in
phosphorylation of IxB by the IxB kinase (IKK) complex [9]. This phosphorylation
results in a rapid degradation of IkB and unmasks a nuclear localization sequence of
NF-«B making it free to translocate to the nucleus and regulate transcription. In endo-
thelial cells, TNF-a induced NF-kB consists of homo- or heterodimers involving p50,
p65, and c-Rel subunit, [9]. AP-1 is a heterogeneous collection of dimeric transcrip-
tion factors comprising Jun, Fos, and ATF subunits, and is in response to TNF-o an
outcome of preferentially JNK and p38 MAPK signaling [50, 51].

Biomechanical stress has been reported to modulate the response in endothelial cells
to proinflammatory cytokines (TNF-q, interleukin (IL)-1B). However, the literature
is quite sparse and most previous studies have focused on shear stress and leukocyte
adhesion genes (VCAM-1, ICAM-1) [52-56]. There are no previous reports that have
investigated the synergistic effect between cytokines and tensile stress. The literature
is somewhat conflicting regarding the regulatory effect of biomechanical and inflam-
matory stress on t-PA and PAI-1 [57-59].

Influence of biomechanical and inflammatory stress on vessel wall
function

The endothelium has an important role as the active barrier between the nutritive
blood flow and the metabolically demanding tissue. It responds by synthesis and re-
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lease of a wide range of biologically active substances upon mechanical, chemical and
humoral stimulation. Hemodynamic and inflammatory stress influence the develop-
ment of atherosclerotic lesions, remodel vessel wall, impair endogenous fibrinolysis
and increase coagulation. In this thesis, the regulatory capacities of different types of
biomechanical stress and/or inflammatory stress were studied in endothelial cells. We
selected six key genes within our area of interest to represent the spectrum of some
different hemostatic functions of the endothelial cell.

t-PA

The endogenous fibrinolytic system protects the circulation from intravascular fibrin
formation and thrombosis. t-PA, a serine protease, is the physiologically most im-
portant trigger of fibrinolysis in the vascular compartment. t-PA is synthesized and
released by endothelial cells [60-63]. The fibrinolytic process acts as a counter-regu-
latory mechanism to the coagulation cascade and its main inhibitor is PAI-1 [64, 65].
Other circulating inhibitors of plasminogen activators, such as Cl-inhibitor, a2-mac-
roglobulin and al-antitrypsin are probably of less importance [66, 67]. The crucial
regulatory step of the endogenous fibrinolysis is the release of t-PA from endothelial
cells, since t-PA is released as an active enzyme. The proteolytic activity of t-PA is
greatly enhanced by fibrin, and t-PA associated with fibrin is protected from complex
formation with inhibitors. t-PA released and present during thrombus formation is far
more potent in inducing clot dissolution than when added after clot formation [60,
62].

The importance of t-PA has been confirmed in animal studies with t-PA deficient mice
[68], as well as observed in vivo in subjects with impaired capacity for t-PA release
due to a polymorphism in the t-PA gene; these individuals were found to have a more
than 3-fold increased risk for myocardial infarction [69]. Endothelial cells are the
main source of circulating t-PA and the release to plasma follows both a constitutive
and a regulated pathway [70]. Upon stimulation by several substances formed during
the process of thrombus formation, such as thrombin, bradykinin, factor X and plate-
let activating factor (PAF), large amounts of t-PA are released from intracellular stor-
age pools [6, 7]. In plasma, only approximately 20% of the t-PA circulates in its free
and active form [71-73]. t-PA has a short half-life in plasma, only 3-5 min [74].

u-PA

u-PA has similar catalytic properties as t-PA. In contrast to t-PA, which is the key en-
zyme in the intravascular fibrinolysis, u-PA has its main function in the extravascular
compartment. u-PA is also a serine protease and activates plasmin, through catalyzing
the conversion of plasminogen into plasmin, which in turn degrades fibrin [75]. u-PA
is active in tissue remodeling and cell migration in wound healing, tumor metastasis,
inflammation and atherosclerosis [76-78]. u-PA is secreted from cells and forms a
complex with cell membranes through binding the specific cellular receptor uroki-
nase-type plasminogen activator receptor (u-PAR). When binding the receptor, u-PA
is cleaved by plasmin and kallikrein to the active form of u-PA [75]. The proteolytic
activity of u-PAR bound u-PA is blocked by binding PAI-1 [75]. The u-PA-u-PAR-
PAI-1 complex is then internalized into the cells and u-PA is degraded, while u-PAR
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is recycled to the cell surface [79, 80]. u-PA is synthesized by many different cell
types, €.9. smooth muscle cells, macrophages and endothelial cells [8, 81, 82]. u-PA
expression is modulated by biomechanical stress, growth factors and cytokines [83].
u-PA has been shown to be overexpressed in atherosclerotic human aortas, carotid
arteries and coronary arteries [78, 81]. There is evidence that increased amount of u-
PA causes acute vascular constriction, accelerated atherosclerotic lesion growth, and
that it seems to break down elastin which could make the arterial wall more prone to
aneurysm formation [84, 85].

PAI-1

PAI-1 is the main inhibitor of t-PA and u-PA. It is a serine protease inhibitor (serpin).
The interaction between t-PA/u-PA and PAI-1 is very rapid, with a second order rate
constant of approximately 107 M-! s'! [64]. PAI-1 is synthesized and secreted as an
active inhibitor, but is spontaneously converted into a latent, non-inhibitory form [86].
The fraction of active PAI-1 in plasma has been reported to vary between 20 and 90
percent [87-89]. The active form in plasma is stabilized by binding to vitronectin.
PAI-1 is present in a several-fold molar excess over t-PA in plasma [90]. The origin of
plasma PAI-1 is under debate. PAI-1 is produced by a variety of cells in culture and
is widely distributed in many tissues in vivo. In vitro PAI-1 can be synthesized by en-
dothelial cells, smooth muscle cells, macrophages, hepatocytes, adipocytes and even
platelets [91-93]. Our group has shown that plasma PAI-1 in healthy lean individuals
probably originates from platelets [94, 95]. Furthermore, Schleef et al. reported that
the majority of PAI-1 associated with cultured human endothelial cells was located
beneath the cells in the extracellular matrix [96] indicating that PAI-1 synthesized in
endothelial cells might be more important in regulating subendothelial fibrinolysis. In
contrast to t-PA, PAI-1 is not stored in endothelial cells. PAI-1 has been shown to be
regulated by a number of different factors including lipoproteins, glucose, cytokines,
thrombin, growth factors and insulin [97]. In vivo elevated plasma level of PAI-1 is
a common feature of the insulin resistance syndrome, and show correlations with
obesity, hyperlipidemia, hyperinsulinemia, hypertension etc. [98, 99]. In this condi-
tion there are indications that the fat tissue is the main source of plasma PAI-1 levels
[95].

™

Thrombomodulin (TM) is an integral membrane protein expressed on the surface of
endothelial cells. The main function of TM is to act as a cofactor in the thrombin-
induced activation of the anticoagulant protein C pathway. TM binds thrombin with
high affinity and results in >1000-fold amplification of the rate of protein C activation
[100]. The procoagulant properties of thrombin are lost on binding to TM since TM
occupies the functionally important exosite I in thrombin and thereby blocks interac-
tions with other thrombin binding proteins. The protein C system together with its
cofactor protein S provides an important control of blood coagulation through inhibit-
ing coagulation by degrading FVIIla and FVa on the surface of negatively charged
phospolipid membranes [100, 101]. Furthermore, the TM-thrombin complex has an
antiinflammatory, antiapoptotic function and promotes fibrinolysis by cleaving the
thrombin activatable fibrinolysis inhibitor (TAFI) into its active form. The rate limit-
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ing step is the interaction of thrombin with TM [101]. The entire vascular endothelium
expresses TM, the concentration being particularly high in the capillaries where the
ratio between the endothelial cell surface and blood volume reaches its peak [100].
TM is also expressed by astrocytes, keratinocytes, mesothelial cells, neutrophils and
platelets [101].

eNOS

eNOS plays an important role in maintaining vascular tone and integrity. It is consid-
ered to be a vasoprotective molecule [102]. Mice with homozygous eNOS deletion
are prone to develop hypertension and ischemia-induced tissue damage [103, 104].
eNOS is expressed in endothelial cells in the entire vasculature. The protective action
of eNOS is attributed to its catalysis of nitric oxide (NO), a radical that diffuses ex-
tracellular and targets subendothelial smooth muscle cells and blood platelets. NO is
produced from arginine and oxygen in a variety of mammalian cell types by three dis-
tinct NOS (nitric oxide synthase) isozymes: the two constitutively transcribed forms
neuronal NOS (nNOS) and endothelial NOS (eNOS) enzymes, and an inducible form
(iINOS) found in a number of cell types including macrophages and vascular smooth
muscle cells [104]. NO is a highly reactive molecule and excessive NO production
causes cell damage. Therefore the catalytic action of eNOS is tightly regulated [102].
Augmented NO production at vascular sites possesses inhibitory actions against in-
flammation, vascular remodeling, smooth muscle proliferation and myocardial dam-
age. The catalytic activity of eNOS is stimulated by various physical and chemical
stimuli such as shear stress, thrombin, histamine and bradykinin, [102] and suppressed
by hypertension, dyslipidemia and smoking [105].

VCAM-1

VCAM-1 is an endothelial adhesion molecule of the Ig gene superfamily that partici-
pates in atherogenesis by promoting monocyte, lymphocyte, eosinophil and basophil
granulocyte accumulation in the arterial intima [106]. VCAM-1 has important roles in
the development of atherosclerosis and rheumatoid arthritis. VCAM-1 is not consti-
tutively expressed under physiological conditions. However, under pro-inflammatory
conditions, expression of VCAM-1 is rapidly increased by the vascular endothelium
[105]. VCAM-1 may also be expressed on macrophages, myoblasts and dendritic
cells. VCAM-1 interacts with integrin 041 on rolling and tethering leucocytes. The
integrin-VCAM-1 interaction triggers changes in shape of the endothelial cells allow-
ing leukocytes to migrate extravascular [105, 107]. Mice with homozygous VCAM-1
deficient domains have significantly reduced early atherosclerotic lesions although
cholesterol levels, lipoprotein profiles and numbers of circulating leukocytes were
comparable to wild-types [106]. In vivo, VCAM-1 is unique in that its expression is
largely restricted to atherosclerotic lesions and lesion-predisposed regions, whereas
the other major adhesion molecule, ICAM-1, is expressed in lesions-predisposed as
well as in uninvolved regions [106].
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AIMS

Against this background the objective of the present work was to:

develop a new vascular experimental perfusion platform for integrative phys-
iological and molecular biological studies of small intact biological or artifi-
cial endothelialized vessels (Paper I)

create a system which enables prolonged perfusion of biological vessels un-
der strictly controlled biomechanical (shear stress, tensile stress) as well as
metabolic (temperature, pH, oxygen tension) conditions (Paper I)

biologically and technically validate the capacity of the system (Paper I and
1I)

study the effects of complex hemodynamic stimulation profiles on hemostatic
gene expression in a vessel-like environment (Paper 11)

further investigate the underlying mechanism beyond the shear stress sup-
pressive effect on t-PA found in paper II (Paper I1I)

investigate the interaction between biomechanical stress and simultaneous

proinflammatory stress by the cytokine TNF-a on the expression of anti- and
prothrombotic genes in endothelial cells (Paper 1V)
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STUDY OVERVIEW

Paper |

The first study is a methodological evaluation of the new ex vivo perfusion system
developed by us. This new experimental platform enables perfusion of small intact
vessels or artificial vessels with a confluent endothelial cell layer. The biomechanical
flow profile and the metabolic environment are strictly controlled and regulated by in
house developed software.

Paper ll

The second study is a further development and biological evaluation of the perfusion
system. In this study confluent endothelial cells seeded in silicone tubes or glass cap-
illaries were exposed to different levels of tensile stress (static/pulsatile) or different
levels of shear stress. The gene regulatory effect of different biomechanical stress
profiles was studied on six central hemostatic genes.

Paper Il

The third study focuses on the unexpected finding in Paper II that shear stress sup-
presses t-PA in a dose-dependent way. To verify these results a similar shear stress
study was performed in a commercially available perfusion system, the Streamer™
device (Flexcell). Further, this study aimed at elucidating by which intracellular
mechanism this suppressive effect is mediated.

Paper IV

The fourth study was designed to investigate the interplay between biomechanical
stress and inflammatory stress on central hemostatic genes. Confluent endothelial
cells were exposed to the combination of different biomechanical stress profiles (simi-
lar as in Paper II) and the proinflammatory cytokine TNF-a, which was added to the
perfusion medium.
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THE PROCESS OF DEVELOPMENT OF A NEW BIOMECHANICAL
EX VIVO PERFUSION SYSTEM

The new biomechanical ex vivo perfusion model

The fundamental task was to develop a novel ex vivo perfusion system in which the
advantages from previous in vitro, in vivo and ex vivo systems could be combined.
The aim was to develop a platform that enabled us to combine, generate, regulate and
monitor virtually any biomechanical stress profile.

The perfusion system was designed to meet the following specifications:

- perfusion of intact vessels with a diameter range of 1-4 mm and a length of
10-15 cm

- two parallel perfusion circuits independently regulated and monitored

- static pressure regulation

- apulsatile profile regulation in terms of pulse pressure, frequency, duration, and
systolic and diastolic waveform morphology

- diastolic reversed flow regulation

- continuous measurement of diameter at different positions of the vessel

- shear stress monitoring and regulation at different positions of the vessel

- regulation of pH, pO,, and temperature

Overview of the ex vivo perfusion model that was developed

The perfusion system consists of two separate perfusion circuits. Each perfusion cir-
cuit enables perfusion of up to three different vessels separately controlled. An over-
view of one of the perfusion circuits is shown in Figure 2. Each perfusion circuit has a
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Figure 2. The system consists of two parallel perfusion circuits which are separately controlled.
One of the two circuits is shown in the overview. (1) reservoir; (2) inlet pump; (3) pre-pressur-
ized reservoir; (4) on/off switch, variable resistance and capacitance for pulse profile shaping;
(5) on/off switches for flow direction control; (6) pressure transducers, (7) perfusion chamber
monitored by a video system, (8) flow resistances, (9) variable flow resistance; (10) resistance,
sub pressure reservoir, sub-pressure pump and outlet.
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perfusate reservoir placed in a temperature-controlled water bath (Grant GD100/S12,
VWR international AB, Stockholm, Sweden). The perfusate is driven by a high preci-
sion tubing pump (Ismatec IPC, Labinett AB, Gothenburg, Sweden), controlled by the
software. Downstream of the inlet pump is a static pre-pressurized reservoir. An oper-
ator-defined pulsatile profile is generated by a variable flow resistance (Biirkert 2821,
Fluid Control Systems, Malmd, Sweden), a circuit on/off switch (Biirkert 2821), and
a variable capacitance. A diastolic flow reflection wave is generated by leading the
perfusate the opposite way through the vessel by controlling the opening and closing
of two different circuits on/off switches. Intraluminal pressure is measured by pres-
sure transducers (DPT-600, Triplus, Gothenburg, Sweden) up- and downstream of the
vessel. Volume flow through the vessel is calculated by measuring the pressure drop
over a resistance in serial with the vessel. Intraluminal mean pressure level is regu-
lated by a variable flow resistance (Biirkert 2821) downstream the vessel. To be able
to maintain any desired mean vessel pressure there is a sub pressure unit downstream
of the variable flow resistance, consisting of an outlet and sub pressure pump (Ismatec
IPC), a sub pressure reservoir, and a parallel flow resistance.

Each perfusion circuit has a superfusate reservoir placed in a temperate water bath
(the same as for the perfusate reservoirs). The superfusate is circulated by a tubing
pump (Ismatec IPC). Before reaching the vessels, both the perfusate and superfus-
ate pass through a final specially designed heat exchanger (Department of Medical
Technology SU/Ostra, Gothenburg, Sweden) to ensure constant temperature of 37° +
0.1°C. pH and pO, is continuously monitored and regulated by administration of CO,
and O, in the perfusate and superfusate reservoir.

The custom-designed vessel perfusion chamber (Department of Medical Technology)
hosts two vessels, two reference capillaries and 100 ml superfusate for each vessel.
The vessel perfusion chamber, final heat exchanger, pressure transducers, pulse damp-
ers, resistances, and temperature sensors are enclosed in a dark temperature controlled
chamber (Department of Medical Technology). The perfusion chamber is placed un-
der a microscope (Olympus SZX 12, Olympus Optical AB, Solna, Sweden), equipped
with a video camera (Sony ExwaveHAD) and a mercury lamp (Olympus U-LH100Hg
Olympus Optical AB, Solna, Sweden), for excitation and recording of emitted fluo-
rescing light. This is used for diameter measurement.

Vessel

The aim was to create a system allowing perfusion of a wide range of different ves-
sels. However, it was necessary to restrict the vessel lumen to less than 4 mm in the
actual setups because of the capacities of the tubing pumps, Luer connections and
electromagnetic valves. To be able to perfuse larger vessels in the future, the dimen-
sion of the different parts of the circuits need to be modified.

The initial focus was to use intact human vessels. Human umbilical arteries were used
as a prototype in the evaluation of the system. However, these vessels turned out to
be inconvenient for further biological studies since most arteries were in an extremely
contracted mode which was hard to reverse. A wide range of different smooth muscle
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cell relaxing substances as well as endothelial dependent vasodilator substances were
evaluated with a success rate of one vessel out of six.

Other suitable vessels were searched for with no success. Optimal vessels would have
been human vessels with no major curvatures or branches, minimizing the risk for
turbulence or a non-laminar flow profile. The left internal mammary artery, LIMA,
may be an optimal vessel for future studies.

Since we had no success in finding an appropriate intact human vessel, we decided
to start working with artificial vessels. Two different vessel chambers were used for
silicone tubes and glass capillaries, respectively. The dimension of the silicone tubes
and glass capillaries were chosen to have a comparable intra luminal surface area.

Component sustainability

All the different components in the perfusion circuits were carefully tested and con-
trolled to be non-toxic for biological tissue. All surfaces exposed to the perfusion
circuit should remain intact during the autoclave process (i.e. high temperature and
pressure) and resist 70% EtOH perfusion. Preferentially, all parts should be flow-dy-
namically optimized, to minimize the risk for appearance of locus that are vulnerable
for contamination or deposition of salt crystals. It was hard to find magnetic valves
insensitive for deposition of salt crystals and pH electrodes resistant to EtOH as well
as the autoclave process.

Metabolic conditions

To assure well controlled and regulated metabolic conditions, in despite of the sur-
rounding temperature, flow conditions etc., we initially sought to incorporate the
whole system into a CO, incubator. However, this turned out to be unsuccessful since
the electronic equipment could not withstand the humidified air and the pumps, valves
etc. generated too much heat disabling the temperature control of the incubator. In-
stead, we constructed a temperature controlled chamber. Since all components did
not fit into the chamber we had to assure that in despite of flow velocity, the tempera-
tures of the super- as well as the perfusate were at the required temperature when it
reached the vessels. This required careful testing of the construction of the final heat
exchanger and placement of the temperature measurement electrodes. The super- and
the perfusate circuits were optimized to need as little perfusion volume as possible.

pH and pO, is measured by pH and pO, electrodes connected to WTW pH 340i me-
ters (Christian Berner AB, Gothenburg, Sweden) and regulated in the system by inter-
mittent bubbling of CO, and O,, respectively. The regulation of gas delivery through
syringe filters with 0.2-um PTFE membranes (Life Sciences, Sweden) to each cir-
cuit is separately controlled by the computer through gas valves (Biirkert 2821). The
bubbling of gas into the perfusion medium caused problems since this resulted in
intensive foaming of the serum containing medium (Paper II-1V). We did not want to
reduce the serum levels since this could affect the endothelial cells. Different outlet
syringe filters were tested but they all clotted immediately by the bubbles. We solved
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this by optimizing the gas delivery to be as small as possible and replacing the syringe
filters with an EtOH-lock where the gas bubbles could pass through. There was a natu-
ral delay between gas delivery and response in pH/pO2 which the regulation algorithm
had to compensate for. Extensive evaluating work were performed in optimizing the
regulation routines of the gas valves (valve extrapolation factor, valve opening dura-
tion, valve delay, valve sensitivity, derivate evaluation smooth factor) which finally
assured a stable pH/pO,. Before as well as after perfusion the super- and perfusates
were analyzed for endotoxin and microbiological contamination.

Pressure regulation

The pressure regulation has to be calibrated prior to each experiment. The intraluminal
pressure immediately before (Pys) and after (Ppg) the perfusion chamber is recorded
by pressure transducers (DPT-600) which are calibrated simultaneously with a pneu-
matic pressure transducer calibrator, through an automatic calibration routine in the
software, which keeps the maximum inter-transducer variability below 0.001 mmHg.
The mean intraluminal pressure is calculated (Pyg + Ppg)/2 and regulated by a vari-
able flow resistance (Biirkert 2821). During the development we had large problems
in finding a suitable flow resistance since the most common variable flow resistances
on the market were constructed with an electromagnetic piston. The problem with
the piston constructed valves was that these were extremely sensitive to deposition
of salt crystals, proteins etc., resulting in malfunctioning of the valve. Finally, we
found a variable flow resistance in which no critical moving parts came into contact
with the perfusate but instead worked through an elastic silicone membrane which
was extended into the lumen. The software regulation parameters for the variable
flow resistance were crucial in achieving a stable and fast enough regulation function
as well as preventing internal pressure oscillations. The calibration parameters were
optimized to different flow rates and saved in different calibration files for predefined
flow intervals.

We constructed the flow circuits to minimize the flow resistance. This was important
in order to enable high volume flows and concomitant intraluminal pressure close to
zero. It was a matter of priority how large tubings that could be accepted, since the
larger tubing we chose, the lower the flow resistance would be, while the turn-over
time of the medium in the tubes increased, especially during low flow stimulations.
We optimized the ratio between the flow resistance contra medium turn-over in the
tubes and we also created a so-called sub pressure unit downstream of the perfusion
chamber. This unit lowers the overall resistance in the circuits.

In the final version a variable flow resistance in parallel with an on/off switch fol-
lowed by a capacitance is used to induce pulsations. The timing of the switch (pulsa-
tile rate, systolic/diastolic duration, position and duration of pulse wave reflection) is
controlled by the operator through the software. The capacitance is used to control the
diastolic phase. The volume of the capacitance can be used to create different diastolic
profiles. To learn how we could control the pressure profile we had to create numerous
different combinations of flow resistances, different regulation loops for the on/off
switch and capacitances.
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Flow direction

The flow direction through the vessel is regulated by two on/off switches. The timing
of the switches is independently controlled, with an accuracy of 10 ms. Different for-
ward and reversed flow, turbulence and pressure profiles can be generated by different
combinations of flow resistances and timing of the switches.

Measurement of vessel diameter

The precision of the shear stress calculation is critically dependent on the precision of
the measurement of the vessel lumen diameter. In the shear stress formula the lumen
diameter is raised to the third power and small errors in lumen measurements results
in large shear stress deviations. One limitation of many previous perfusion systems
is that the shear stress calculation, if implemented at all, has been based on the aver-
age diameter of the whole vessel [108, 109]. We thought that this was an essential
drawback since numerous reports have reported that shear stress has important gene
regulatory effects. We aimed at creating a system admitting continuous measurements
of the diameter at different loci of the vessel, €.g. up- and downstream of a stenosis.

Creating a method that enabled measuring the internal lumen diameter precisely
turned out to be one of the most difficult tasks of the developing work. Also, the
method should enable diameter measurements within different segments of the vessel.
One of our first approaches was to use ultrasonographic measurements. This turned
out to be an unreliable method since it was impossible to synchronize the ultrasono-
graphic apparatus software with the software controlling the perfusion system. Fur-
ther, our aim was to be able to measure at different loci simultaneously which would
require multiple probes which the apparatus could not handle. Our next step was to try
to visualize the intraluminal space through an edge-detection system. We placed the
perfusion chamber under a microscope with a wide-angle objective and connected a
video camera to the microscope which digitized the image and fed it into the software
for image analysis. The lumen of the vessels were visualized by fluorescein isothio-
cyanate dextran, 150 kDa molecular weight (FITC-dextran, Sigma, St Louis, MO;
USA). The FITC-dextran was stable for more than 24 h and it had a Stokes radius of
approximately 85 A which was large enough to prevent any leakage through the ves-
sel wall, even in the presence of endothelial damage. However, this was also an unreli-
able method since we had problems in establishing a calibration method for the edge-
detection and there was poor correlation between the luminal diameter controlled by
ultrasonographic measurement. The inexactness of the method was in large part due to
the uncontrolled dispersion of the light from excited FITC-dextran in the vessel wall
as well as light scattering during passage between different medium (liquid/gas).

To bypass this problem, we had to construct a method independent of luminal wall de-
tection and therefore we created an indirect method to measure the inner diameter. In
the final version, the diameter of a defined segment of the vessel is calculated from the
corresponding intraluminal volume of the segment. FITC-dextran is added to the per-
fusion medium and the intraluminal volume is determined by quantifying the amount
of emitted light within the selected segment of the vessel. The amount of emitted light
from this segment is proportional to the volume of the segment (Figure 3).
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Figure 3. A schematic of vessel lumen imaging and measurement of the vessel dia-
meter. Amercury lamp excites the FITC-dextran in the vessel lumen. The emitted light
passes through a GFP-light filter and is recorded by the video camera and transferred
to the computer. The operator has chosen to place three different ROls over the ves-
sel. Within each ROI, light is quantified from which mean lumen diameter within the
ROl is determined. At the top of the picture is the reference capillary with a ROl placed
over it. (1) mercury lamp; (2) GFP-light filter; (3) perfusion chamber; (4) microscope;
(5) video camera attached to the microscope.

Fluorescein is excited through the vessel wall by the mercury lamp attached to the
microscope. The peak of excitability is at 480 nm and the emission peak is at 525
nm. The emitted light passes through a light-filter (GFP-filter, Chroma Technology
Corporation, Brattleboro, USA) to eliminate any interfering background light. The
emitted light is detected by the computer through the video camera attached to the mi-
croscope. The light is quantified by the software within a region-of-interest (ROI) of
the segment of the vessel as defined by the operator. The length of the vessel segment
within the ROI is measured by the software. The frequency of diameter measurement
up-dating is set by the operator, so the vessel is only exposed to the ultraviolet emis-
sion for a short time at intervals defined by the operator. Lumen diameters within each
ROI can be measured independently of each other and accordingly shear stress can be
calculated in the different ROIs, i.e. over different segments of the vessel.

Optimizing the different steps of the method was necessary to achieve a reliable high
precision estimation of the internal luminal diameter. The following steps needed a
strict evaluation and synchronization: FITC-dextran concentration, variability over
time, background light, gain control regulation, shutter speed, calibration routines.

Transmission and Scanning electron microscope

Morphological validations of the vessel wall in umbilical arteries as well as the in-
tegrity of the endothelial monolayer of the artificial vessels were performed. These
validation experiments were performed in separate series and are not reported in Pa-
per L. At the end of the perfusion period (8 h for umbilical arteries, up to 48 h for the
artificial vessels) the vessels were perfused with 5 mL 2.5% glutaraldehyde. For each
vessel 10 min were allowed for fixation with vessels still connected to the perfusion
system. Thereafter, the vessels were disconnected and placed in a formaldehyde res-
ervoir. Vessels that had not been run in the perfusion system were fixed with formal-
dehyde and used as control. Randomly selected small pieces were prepared for mor-
phological examination with transmission (LEO 912 AB Omega) and scanning (LEO
982 Gemini field emission SEM) electron microscopy (TEM and SEM, respectively).
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For TEM examination post fixation was done with 1% OsO,4 and 1% potassium ferro
cyanide in 0.1 M cacodylate for 2 h at 4°C, followed by a bloc staining with 1%
uranyl acetate in H,O for 1 h. Thereafter the vessels and tubes were dehydrated in
a graded series of EtOH and infiltrated with epoxy resin (Agar 100, Agar Scientific
LTD., Stanstead, UK), followed by curing by heat. Ultra thin sections (50-60 nm)
were cut using a Reichert ultra microtome equipped with a diamond knife. Sections
were collected on copper grids and counter stained with lead citrate and uranyl acetate
before TEM examination. For SEM examination fixed vessels were dehydrated in
ascending EtOH series and embedded in paraffin. The silicone scaffold was gently re-
moved before they were deparaffinized in xylene and once again dehydrated in EtOH
followed by immersion in hexamethyldisilazane and evaporated in a fume hood. The
dried specimens were mounted on stubs. Digital images were taken with a Megaview
IIT camera (SIS, Munster, Germany).

In the umbilical arteries the TEM and SEM images revealed an intact vessel wall
as well as an intact endothelial layer. There were no signs of overhydration. No sig-
nificant differences could be detected between the perfused and the control arteries
(Figure 4 A and B).

In the artificial vessels an intact monolayer of endothelial cells could be detected
by TEM and SEM images. However, due to preparation difficulties (swelling of the
silicone) the SEM images revealed endothelial cells drifted apart from each other
meanwhile the TEM images revealed intact tight junction between the endothelial
cells (Figure 4 C and D).

Figure 4. Validation of endothelial integrity with scanning and transmission
electron microscopy. Figure A and B show images of the vessel lumen of
an intact umbilical artery. Figure C is a scanning image of the endothelial
cell layer in a silicone tube, where the cells are drifted apart due to prepara-
tion difficulties. Figure D is a transmission image of the endothelial cell layer
showing intact tight junctions.
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Software measurement and regulation

The perfusion system is monitored and regulated by a PC/Windows based software.
The software was developed using LabVIEW 6.01 (National Instruments) and Mat-
Lab (Math Works). In the monitoring module the pressure and flow signals are con-
tinuously acquired. Further, in order to continuously evaluate the vessel diameter, a
video image of the vessel is sampled. The control of pressure (upstream, downstream
and intraluminal), volume flow, flow direction, shear stress, CO,, and O, is regulated
by a set of different electromagnetic valves and roller pumps. All monitor and regulat-
ing signals are subjected to calibration prior to start of an experiment (Figure 5).
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Figure 5. Schematic overview of software interfaces and functionality. Temperature,
pH and pO, monitoring and regulation is excluded in the figure

Visualization and measurement of vessel

The algorithm is based on the assumption that the amount of light emitted from the
FITC-dextran is proportional to the intraluminal vessel volume. The algorithm is cali-
brated prior to the start of the perfusion system. The intricate calibration procedure
is based on an online image processing involving image filter, edge-detection and a
dynamically compensation for changes of FITC-dextran concentration and light re-
sponse sensitivity. The detection of the vessel edges involves a x- and y-edge-detec-
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tion algorithm, based on a first derivative equation. The derivation of the image is
performed using a 2-dimensional slope template used to convolve the image matrix.
These derivatives are combined forming a gradient vector, one for each pixel. By us-
ing a linear fit model, the gradient vectors are “connected”, thus detecting the edges of
the vessel within each ROI defined by the operator. Once having the edges detected, a
vessel length within the ROI can be calculated. Thereafter, in order to be able to mea-
sure the inner diameter of the vessel over a pre-specified ROI, a light/volume response
factor has to be settled. It is done by using a specified pump-volume setting and a
N,-bubble transport time over the ROI. A reference capillary is used to compensate
for time dependent FITC-dextran concentration/light response variations. With the
assumption that the vessel intersection within a ROI is circular, the lumen diameter
can be calculated using the measured volume value and the length of the vessel within
the actual ROI. The reference capillary is constantly monitored and the change of the
amount of light is used for online calibration of the volume-light response factor.

It was difficult to automatize the diameter calculation process and to create the op-
eration to run online throughout an experimental setup. A MatLab algorithm was de-
veloped for this, called by the LabVIEW code, each time a new video image was ac-
quired. This method required a lot of optimization before the precision of the method
was acceptable. The following parameters were of special interest: efficient trade-off
between performance and execution speed, image matrix size, acquisition speed and
derivative convolution template size.

Regulation of biodynamic and metabolic parameters

The control loop of the regulation of the process variables, i.e. volume flow, shear
stress, CO, and O, involves a “sensitivity problem”. The regulation signals (control of
pumps/valves) for a difference between the measured process variable and its desired
set point have to be finely tuned.

These sensitivities, and corresponding response delays, may change from setup to
setup, alter over time, pump flow etc. Several approaches were tested in order to find
the most appropriate strategy. In the final version the software constantly compares
the change of the regulator signal to the actual change of the process variable, thus
evaluating a dynamically changing sensitivity factor in a kind of adaptive fashion.

A challenge was how to handle the fact that there may be a considerable time delay
between a regulator signal change and the actual change of the process variable. In
early versions this caused a lot of problems in terms of regulating oscillations and/or
poor/slow regulation. A set of standard linear regulation algorithms based on PID-
regulation concept was evaluated to handle this. Finally, the method chosen is a non-
linear regulation algorithm using a forecast method. The regulator signal is controlled
according to the difference of an estimated process variable value and the desired set
point value. The estimation is done using the current process variable value, its de-
rivative and the predicted response of the recently applied regulator signal changes.
The forecast period may be changed by the operator, but is typically in the range of
20-120s.

29



Pressure application

A special problem arose with flow profiles targeting low pressure with a moderate to
high volume flow. As the downstream components (Luer connections, valves etc.)
gave rise to a pressure drop, the pressure in the vessel was biased by that pressure
drop. Even though the valves were wide open the pressure did not settle at all, or at
least not fast enough. A set of solutions based on different connectors, valves etc. were
tested without satisfactorily results. Instead of trying to minimize the flow resistance in
the downstream flow circuits, a shift of the downstream pressure operation level was
created. A variable sub pressure (i.e. negative pressure) was generated downstream of
the vessel and downstream of all connections and valves. Hence, the generation of the
sub pressure compensated fully for the pressure drop in the flow circuits.

Pulsatile flow and pressure

To create a device for the generation of physiological pressure/flow profiles was com-
plicated. At first, a lot of effort was focused on the regulation of an electrically oper-
ated syringe. Even though it seemed to work in generating a wide range of different
pulsatile pressure/flow profiles it was not possible to reach a sufficient precision level.
Finally, a simple, yet powerful construction was created, composed of flow resistance
in parallel with an open/close valve and a series of capacitances which generated a
pressure/flow profile with acceptable regulating precision. The regulation of the open-
ing and closing of the valve was controlled by the software to mimic the systolic and
diastolic phases respectively.

By using the above monitoring and regulation facilities, pressure, pressure/flow pro-
files and direction, CO,, O,, flow and/or shear stress can be monitored and controlled
by the software with high precision. It was complicated to construct software holding
all complex calibrations, setups, user interactions, monitoring function, data storage
and so forth. The software is run on an ordinarie PC with Windows OS and LabVIEW.
Data is acquired by a modest sampling rate of 25 Hz and the regulation signals are
updated by 100 Hz. The video image data is acquired in slightly lower pace and made
time-coherent, using interpolation, with the other sampled signals. This is due to the
fact that it is an extremely time-consuming process to handle each video image. A lim-
itation of the system setup now is that evaluating the changes of the vessel diameter
with good time resolution within each “heart beat” is not possible. This will required
further optimization and development.

Mathematical background

Diameter: Assuming a circular cross-section of a vessel segment with length (1; cm)
and intraluminal volume (V; ml), the diameter (d; cm), can be expressed as:

d=2.| Y
l- &
The volume can be expressed from the quantification of light emitted from the vessel
segment (I) using a calibration factor (Cpy; ml), which may change over time:

V=I-C,
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The calibration factor’s initial value is determined and set prior to start of perfusion. It
is done by a low predefined volume flow (Qcalip; ml/min), the amount of emitted light
(Icalib) over the vessel segment, and the passage time (tpass; min) for a N, bubble to
pass through the vessel segment. In order to compensate for FITC degradation, FITC
concentration or light recording efficiency a reference glass capillary is continuously
monitored (Iref(t)) and compared with the value at the calibration moment (IRefealib)-
Thus, the calibration factor is continuously tuned:

C. — Qeariv - pass ° Tketeatib
[\
Icalib IRef (t)

The calibration step is performed by a special module in the software.

The attenuation and scatter of the emitted fluorescence light through the vessel wall
can vary between different vessels. This is corrected for by the calibration procedure
which is performed at the beginning of each experiment on all vessels within each
ROI. Any irregularity of light attenuation and dispersion does not have any impact on
the diameter calibration.

Shear stress: Based on the vessel volume flow (Q; ml/min), the vessel diameter (d;
cm), and the viscosity (n; g cm™! s-1) the wall shear stress (t; dyn/cm?) can be ex-
pressed as:

Critical entrance length: The critical entrance length (L), i.e. the distance required
until a fully developed laminar flow profile is established, can be approximated ac-
cording to Hornbeck:

where Q is volume flow (ml/min), p is the density (g/cm3) and n is the viscosity
(g omr! 51)

Reynolds’s number: Reynolds’s number (Re) is used to estimate potential turbulence
within the flow system and can be described in a cylindrical tube as:

where Q is volume flow (ml/min), p is the density (g/cm?3), n is the viscosity (g cm-!
s1) and d is the vessel diameter (cm).
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EXPERIMENTAL AND ASSAY TECHNIQUES

Cell culture

Fresh intact umbilical arteries were used in Paper I. The tubes and glass capillaries
used in Paper II-1V were seeded with a human umbilical vein endothelial cell (HU-
VEC) layer. In Paper III both HUVECs and human aortic endothelial cells (HAEC),
(Clonetics, Cambridge) were used. Umbilical arteries and HUVECs were isolated
from fresh umbilical cords obtained from normal deliveries at the maternity ward at
Sahlgrenska University Hospital/Ostra, Gothenburg, Sweden. The umbilical arteries
were isolated by gentle dissection of the surrounding Wharton’s jelly under sterile
conditions. HUVECs were isolated by collagenase (Sigma-Aldrich) digestion [110].
In brief, the vein was mounted onto specially designed glass connections under ster-
ile conditions and was infused by warm phosphate buffer saline (PBS) to remove
the remaining blood. Thereafter, the vein was filled with 0.1% collagenase followed
by gentle mechanical manipulation of the umbilical cord to explant the endothelial
cells. HUVECs and HAECs were grown in plastic culture flasks in EGM-2 complete
culture medium, consisting of EBM-2 basal medium (Clonetics) supplemented with
2% fetal bovine serum and growth factors (SingleQuots® kit; Clonetics) at 37°C in a
humidified 5% CO, incubator. The cell culture medium was replaced every 2-3 days
and subcultures were obtained by trypsin/EDTA treatment of confluent monolayers.
In all experiments HUVECs were used in passage 1 and HAECs in passage 5.

Capillary microslides

For the shear stress studies (Paper II-1V) rectangular glass capillaries with internal
length (L), width (W) and depth (D) = 10 x 0.4 x 0.04 cm (Microslides, Camlab,
Cambridge, UK) were used [111]. Wall shear stress in the microslides was calculated
by the following formula t=6mQ/(W2D), were Q is the volume flow (ml/min) and 7 is
the viscosity of the medium (dynes x s/cm?).

Distensible tubing

For the tensile stretch or pulsatile tensile stretch studies, distensible silicone tubes
were used, specially manufactured by Specialty Manufacturing, Saginaw, MI, USA
(Paper II, IV). The tubes were composed of dimethyl silicone applied over a bovine
gelatin-coated glass or highly polished (electropolished) stainless steel mandrels (ra-
dius/thickness ratio = 20, i.e., for 4.0 mm radius, thickness was 0.2 mm, with 100 mm
length). Manufacturing tolerance for wall thickness was within 0.05 mm, which could
result in some minor variability in tube elasticity. The internal diameter and surface
area did not vary (a 4 mm diameter tube was 12.7 cm? and yielded 4-8 pg of total RNA
from cell lysate).

The tubes used had an incremental elastic modulus of 12.4 x 10 dyn/cm?2, commen-
surate with in vivo vessels of this size [112]. Thus, pulse pressures of 0-180 mmHg
translate to 0-19% strain and the pulse strain was uniformly radially applied to the
side wall and thus cells lining the tube. Wall shear stress (dyn/cm?) in the tubes was
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calculated by the following formula 1=32nQ/(nd?), where Q is the volume flow (ml/s),
n is the viscosity of the perfusion medium (dynes x s/cm?), and d is the diameter of
the tube (cm).

Microslide and tube preparation and cell seeding

The capillary microslides and the silicone tubes were connected to the perfusion sys-
tem by Luer connections. The connection between the slides/tubes and the Luer device
consisted of a silicone rubber adaptor. Thereafter, they were rinsed with glutaraldehyde
and 70% EtOH and then autoclaved. Solutions of 0.01% fibronectin (Sigma-Aldrich)
were injected into the microslides/tubes and were thereafter incubated for one hour at
an atmosphere of 5% CO, and a temperature of 37°C. After this, fluid was withdrawn
and replaced by cell culture medium for one hour before cell seeding. The slides and
tubes were thereafter instilled with a cell suspension (6 x 103 cells/ml) and incubated
at an atmosphere of 5% CO, and a temperature of 37°C. A slow rotation of 10 rpm
was applied to achieve uniform seeding using a custom rotisserie apparatus. Cells
were allowed to attach for four hours. The slides were mounted in a custom-designed
perfusion system and were flowed at a low flow rate, 0.005 ml/min. This was not nec-
essary for the tubes since the silicone was permeable for oxygen diffusion and the cell
medium volume was sufficient for the cells to attach and grow. The cells were then
left for another 18 h. The endothelial layer was evaluated with a light microscope, and
when confluence was achieved they were mounted in the perfusion system.

Streamer™ shear stress device

In Paper III a commercially available parallel-plate flow system was used, the Stream-
er™ ghear stress device (Flexcell). This system enables stimulation of cultured cells
with fluid-induced laminar shear stress. One of the reasons for using the Streamer™
system was the possibility to retrieve enough cell material to enable studies of the sig-
naling mechanism behind the t-PA suppression by shear stress detected in the ex vivo
perfusion system. In the Streamer™ device cells were seeded on fibronectin coated
(Roche Diagnostics) glass culture slides. The cells where grown to confluence and
thereafter mounted into two different Streamer chambers with either low (1.5 dyn/
cm?) or high (25 dyn/cm?2) shear stress. The two chambers shared perfusion medium
(50% EGM-2, 50% M199, 2% FBS). Medium was driven through the chambers by
peristaltic roller pumps. Each loop had pulse dampener to ensure laminar flow. The
Streamer chambers were placed in a 37°C humidified 5% CO, incubator. Control
slides with endothelial cells grown on identical fibronectin coated glass culture slides
under static conditions, were placed in the same cell culture incubator. The shear
stress experiments lasted up to 48 h in Paper I11.

Shear experiments with MAPK inhibition were performed according to an identical
protocol as described above, except that cells were preincubated with inhibitors for
1 h prior to shear stress stimulation. Ten micromolar of SP600125 (Calbiochem),
SB203580 (Biosource), and PD98059 (Biosource) were used to inhibit JNK, p38
MAPK and ERK1/2, respectively. Inhibitors were present during the whole experi-
ment.
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Real-Time RT-PCR

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Paper III, IV) or E.Z.N.A.
total RNA kit, (Omega Bio-Tek, Paper II). Contaminations of DNA were removed by
treatment with DNase (Qiagen, Omega Bio-Tek, respectively). Total RNA concentra-
tion and purity were determined by absorbance measures at 260/280 nm wavelength
and RNA quality was controlled on 1% agarose gels. Next RNA was reverse tran-
scribed to cDNA using the GenAmp RNA PCR kit (Applied Biosystems).

Levels of t-PA, PAI-1, u-PA, TM, VCAM-1, eNOS and GAPDH mRNA were an-
alyzed with real-time RT-PCR. The real-time RT-PCR were performed on an ABI
Prism 7700 Sequence Detection System (Applied Biosystems), and normalized rela-
tive to the reference gene GAPDH. GAPDH is a constitutively expressed gene, and
thus works as an internal control to correct for potential variation in RNA loading and
cDNA synthesis. The principle of the real-time RT-PCR method is that a fluorescently
labeled probe hybridizes to its target sequence during PCR, and the Taq polymerase
cleaves the reporter dye from the non-extendable probe. The reporter dye is then re-
leased to the solution and the increase in dye emission is monitored in real-time. The
threshold cycle (Cy) is defined as the cycle number at which the reporter fluorescence
reaches a certain level. There is a linear relationship between Ct value and the log of
the initial target copy number as shown by Higuchi et al. [113]. Relative quantifica-
tion of gene expression was analyzed as a treatment-to-control expression ratio using
the comparative Ct method (User Bulletin #2, Applied Biosystems). The relative ex-
pression value of the target gene is obtained by calculating the difference in threshold
cycles for a target and a reference gene in a treated sample, and comparing it to that
of a control sample.

Oligonucleotide primers and Tagman® probes for quantification of t-PA, PAI-1, eNOS
and GAPDH mRNA were designed from the GenBank database using Primer Express
version 1.5 (Applied Biosystems), whereas u-PA and TM mRNA were quantified
with Tagman® Assays-on-Demand™ and VCAM-1 mRNA with Tagman® Assays-
by-Design™ (Apphed Blosystems) The oligonucleotide sequences are presented in
Table 1. All the primer pairs were selected so that the amplicon spanned an exon
junction to avoid amplification of genomic DNA. t-PA, PAI-1 and eNOS probes were
dual-labeled with 5 -reporter dye FAM (6-carboxy-ﬂuorescein) and 3’-quencher dye
TAMRA (6-carboxy-tetramethyl-rhodamine), while TM, VCAM-1 and u-PA were
single-labeled with 5'-reporter dye FAM, (Table 1). cDNA from 30 ng of total RNA,
Tagman® Universal PCR Mastermix (Applied Biosystems), 10 pmol of each primer
and 5 pmol probe (1.25 puL 20X Assays-by-Demand or 0.42 uL. 60X Assays-by-De-
sign mix for u-PA, TM and VCAM-1) were mixed for each reaction in a final volume
of 25 uL. All samples were amplified in duplicate or triplicate.

Enzyme-linked immunosorbent assay (ELISA)

Total t-PA protein in cell culture medium from shear stress and static cell cultures
were determined by ELISA (TintElize t-PA, Biopool International) (Paper III). Due
to large perfusion volumes, all samples were concentrated 10 times by vacuum cen-
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Table 1. Primers and probes used in real-time RT-PCR

Gene Oligonucleotide sequence

t-PA FP: 5-GGC CTT GTC TCC TTT CTA TTC G-3"
RP: 5"-AGC GGC TGG ATG GGT ACA G-37
PR: 5"-TGA CAT GAG CCT CCT TCA GCC GCT-3’

PAI-1 FP: 5-GGC TG ACTT CAC GAG TCT TTC A-3"
RP: 5-TTC ACT TTC TGC AGC GCC T-3’
PR: 5"-ACC AAG AGC CTC TCC ACG TCG CG-3’

eNOS FP: 5'-CGC AGC GCC GTG AAG-3’
RP: 5-ACC ACG TCA TACT CA TCC ATA CAC-3’
PR: 5"-CCT CGC TCA TGG GCA CGG TG-3"

VCAM-1  FP:5"-GGA AGA AGC AGA AAG GAA GTG GAA T-3"
RP: 5"-GAC ACT CTC AGA AGG AAA AGC TGT A-3"
PR: 5"-CCA AGT TACT CC AAA AGA C-3’

GAPDH  FP:5'-CCA CAT CGC TCA GAC ACC AT-3’
RP: 5-CCA GGC GCC CAA TAC G-3’
PR: 5"-AAG GTG AAG GTC GGA GTC AAC GGA TTT G-3"

u-PA Sequences not provided by Applied Biosystems.
ID: Hs00170182_ml

™ Sequences not provided by Applied Biosystems.
ID: Hs00264920 sl

Abbreviations: FP:forward primer, RP: reverse primer, PR: probe

trifugation (Speed Vac® Plus SC210A; Savant) prior to analysis. The principle of this
assay is that the samples, or a standard containing human recombinant protein are
added to microtest wells that are coated with anti-t-PA. After t-PA has been allowed to
bind to the antibodies, peroxidase-labeled anti t-PA is added. Peroxidase then converts
the substrate to a yellow product that is directly proportional to the amount of protein
present in the sample. All samples were assayed in duplicate. Intra-assay variation
coefficients was <5%.

Western blotting

Western blotting was used to study the effect of shear stress on the activation of the
NF-kB, ERK1/2, p38 MAPK and JNK pathways (Paper III). Stimulated HUVECs
were harvested in Laemmli sample buffer (Bio-Rad) with 5% p-merkaptoethanol,
sonicated and boiled before being applied to a 10% Tris-Glycine gel (Cambrex) and
electrophoresed in 1 X running buffer (Bio-Rad). Resolved proteins were transferred
by electroblotting onto Hybond-P polyvinylidene fluoride membranes (Amersham
Biosciences) in transfer buffer (25 mmol/L Tris, 192 mmol/L glycine, 20% metha-
nol and 0.01% SDS). To minimize nonspecific binding, membranes were placed in
blocking solution (5% fat-free dried milk in tris-buffered saline with 0.05% Tween-20
(TBST)) for 1 h. Thereafter, membranes were incubated over night, 4°C, with pri-
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mary antibodies (Cell Signalling Technology) directed against the phosphorylated or
total forms of p65 (NF-kB subunit), ERK1/2, p38 MAPK and JNK, 1:1000 in TBST
supplemented with 5% bovine albumin, and thereafter with secondary antibody (anti-
rabbit IgG, horseradish peroxides linked, 1:2000) in blocking solution for 1 h at room
temperature. Proteins were visualized using SuperSignal Chemiluminescent Substrate
(Pierce Biotechnology).

Electrophoretic mobility shift assay (EMSA)

EMSA was used in Paper III to detect interactions between nuclear proteins and gene
regulatory elements in the t-PA promoter. Five double-stranded oligomers, each de-
signed to contain a t-PA promoter specific element of interest, and consensus oligo-
nucleotides for NF-kB were used as EMSA probes. The t-PA specific elements were
as follows; the recently described functional kB element found in the t-PA gene of
human neuronal cells [114] (5’-agggccggggattsssagtcta-3), the t-PA cyclic adenosine
monophosphate (cAMP) response element (CRE-)like site [115] (5’-attcaatgacatcac-
ggctgtg-3), the t-PA shear stress responsive element (SSRE) [116] (5’-caaggtctggtct-
cagccagacat-3’) and the t-PA GC boxes Il and III [117] (5’-acacagaaacccgcccagec-
gg-3’ and 5’-accgaccccaccccctgectgg-3’). To identify specific proteins involved in
DNA-binding, supershift experiments were performed using antibodies (Santa Cruz)
against HUVEC t-PACRE binding proteins [115] ; CREB, ATF-2, c-jun and c-fos.

The preparation of nuclear extracts from HUVECs was performed as previously de-
scribed [118] and protein concentrations were quantified with a fluorometer (FLUO-
star Optima; BMG Lab Technologies) using Bio-Rad reagents. Labeling of the oligo-
mers was carried out as described using T4 polynucleotide kinase and [y-32P]ATP
[119]. Annealing was performed (excluded step for consensus oligonucleotide) by
adding a molar excess of the complementary strand to the kinase treated, heat inacti-
vated mixture, which was subsequently heated to 95°C, after which the samples were
left to anneal during the cooling process. Probes were gel purified by electrophoresis
and eluted overnight at 37°C in buffer containing 0.5 M ammonium acetate and 1 mM
EDTA. Supernatant solutions containing the labeled oligomer were precipitated to ap-
proximately 1000 cps/uL as previously described [120]. The binding reactions were
carried out in a volume of 10 pL containing 5 pg crude nuclear extract in 2 pL Os-
borne buffer D [118], 1 pg poly [d(I-C)] [polydeoxy(inosinate-cytidylate)], 3 pL SMK
buffer (12 mM spermidine, 12 mM MgCl,, and 200 mM KCL) and 32P-labeled probe
(4 uL; 100 cps diluted in buffer D) as described. The protein/probe complexes were
seperated on a 5% native polyacrylamide gel, and visualized by autoradiography. In
supershift experiments antibodies were added to binding reactions before complexes
were loaded on the gel.

Statistics

Data are presented as mean and standard error of the mean. All comparisons were
done on samples from the same experiment. Linear regression calculation and linear
correlation coefficient r (Pearson’s r) were used in Paper . One-way ANOVA (analy-
sis of variance) was used in Paper II. Paired student’s t-test was used in Paper II-IV. A
p-value <0.05 was considered significant.
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PERFUSION SYSTEM VALIDATION AND BIOLOGICAL RESULTS

Study |

Validation of diameter calculation

The accuracy of the new method of measuring the lumen diameter was evaluated
in two different experimental setups. In the first experiment the inner diameter of
glass capillaries with precisely defined diameters were measured. Close correlations
were observed between the true and observed values in the range of 0.8 — 3.0 mm
(r=0.99).

Thereafter, the diameter of intact umbilical arteries were measured and compared with
direct ultrasonographic measurement of the same vessel segment. The ultrasonograph-
ic images were processed by image analysis software with a maximum resolution of
0.001 mm. Again, when comparing the ultrasonographically measured diameters with
the measured diameter based on the amount of emitted light, a close correlation be-
tween the two methods was observed (r=0.99) (Figure 6).
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Figure 6. This diagram illustrates the correlation between light in-
tensity based diameter measuring (y-axis) and ultrasonographi-
cally measured diameter (x-axis) of different vessels.

Validation of computer control and feedback algorithms

Control and feedback algorithms were challenged by switching between the differ-
ent glass capillaries in a variety of combinations of constant shear stress (range 1-8
dyn/cm?2) and constant mean intraluminal pressure (range 20-120 mmHg). In these
experimental setups the lumen diameter was instantaneously changed, which would
not be the normal behavior of a biological living vessel.

The complexity of the system and its capacities is illustrated in Figure 7. The pulsa-
tion rate was predefined to 60 beats per minute, the systolic phase to 0.33 s, mean
vessel pressure to 90 mmHg and mean volume flow to 40 ml/min. The pulse pressure
was 120 mmHg; there was a diastolic pulse reflection and a short period of diastolic
flow reversal. The maximum and minimum flow rates were 101 and -84 ml/min, re-
spectively.
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Figure 7. lllustration of a flow and pressure profile generated by the system.

The next system evaluation was performed on intact umbilical arteries. In these exper-
iments, volume flow and mean intraluminal pressure were kept constant. The system
was then challenged by varying the intraluminal diameter by adding various pharma-
cological substances. The endothelium-independent vasodilator sodium nitroprusside
dehydrate was added to the perfusate to induce dilatation of the artery, and serotonin
(5-HT) was used to induce vasoconstriction. As shown in Figure 8 A, sodium nitro-
prusside caused a dose-dependent vasodilation of the umbilical artery and serotonin
caused a dose-dependent vasoconstriction. Thereafter, experiments were performed to
evaluate endothelial function with the endothelium-dependent vasodilator histamine
(Figure 8 B).
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Figure 8. Pharmacological interventions in a perfused human umbilical artery. In these experi-
ments mean intraluminal pressure and flow were kept constant. The dramatic changes in the
vascular diameter induced by exogenously applied vasoactive substances caused large variation
in shear stress since mean pressure and flow were kept constant. In Figure 8 A the following ad-
ditions were made to the perfusate at a final concentration of (1) 6 x 10> M sodium nitroprusside
dehydrate; (2) 4 x 10 M sodium nitroprusside dehydrate; (3) 103 M sodium nitroprusside; (4) 5
x 104 M 5-HT; (5) 103 M 5HT. In Figure 8 B the following additions to the perfusate were made at
a final concentration of (1) 5 x 10* M histamine; (2) 10° M histamine; (3) 102 M histamine.



Study Il

Shear stress suppressed expression of t-PA and VCAM-1

Prolonged unidirectional shear stress stimulation (24 h) of HUVECs resulted in a
distinct dose-dependent reduction of t-PA and VCAM-1 gene expression (Figure
9). Compared to low shear stress, high and moderate shear stress resulted in a 49%
(p<0.001) and 35% (p<0.001) reduction of t-PA gene expression, respectively. The re-
duction attained statistical significance even between high and moderate shear stress,
p<0.05. High and moderate shear stress resulted in a reduction of VCAM-1 gene
expression compared to low shear stress 70% (p<0.001) and 46% (p<0.001), respec-
tively. Interestingly, shear stress regulation of VCAM-1 gene expression also seemed
to be dose-dependent (moderate compared to high shear stress, p<0.01).

Shear stress induced expression of eNOS, TM, u-PA and PAI-1

Prolonged unidirectional shear stress stimulation (24 h) of HUVECsS, resulted in a
distinct increase of eNOS, TM and u-PA gene expression (Figure 9). This increase
attained statistical significance in the high shear stress stimulated HUVECs as well
as in the moderate shear stress stimulated HUVECs. High and moderate shear stress
up-regulated eNOS gene expression compared to low shear stress, 4-fold (p<0.001)
and 3-fold (p<0.001), respectively. High and moderate shear stress up-regulated TM
gene expression compared to low shear stress, 5-fold (p<0.01) and 3-fold (p<0.01),
respectively. The increase was dose-dependent, (moderate compared to high shear
stress p<0.05). High and moderate shear stress up-regulated u-PA gene expression
compared to low shear, 200% (p<0.01) and 160% (p<0.001), respectively. There was
no difference between moderate and high shear stress, p>0.05. PAI-1 gene expression
was only modestly increased by high shear stress, 32% up-regulation, (p<0.05), but
not by moderate shear stress (p>0.05).
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Figure 9. Effect of different shear stress levels on mRNA gene regulation of six different
genes. Statistical comparisons are made relative to low shear stress (n=10).



Tensile stress had no gene regulatory effect on important hemostatic
genes

In contrast to shear stress, tensile stress stimulation for 6 or 24 h of HUVECs dis-
played no regulatory effect on the six studied genes (t-PA, u-PA, PAI-1, TM, eNOS,
VCAM-1) (Figure 10). There was no detectable effect, neither of different static intra-
luminal pressure levels (80 mmHg or 120 mmHg) nor of different pulsatile pressure
levels (45 mmHg pulse pressure with a mean of 80 mmHg or 85 mmHg pulse pressure
with a mean of 120 mmHg).
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Figure 10. Effect of different static and pulsatile pressure levels on mRNA gene regu-
lation of six different genes after 24h. Statistical comparisons are made relative to 5

mmHg (n=10).

Study Il

Shear stress suppressed t-PA gene expression

To exclude the possibility that the shear stress suppressive effect on t-PA observed
in Paper II was restricted to the specific experimental setup or to human umbilical
vein endothelial cells similar experiments were performed with the Streamer™ shear
stress device (Flexcell) and tests were performed also on HAECs. These experiments
confirmed the findings and showed an almost identical magnitude-dependent sup-
pression of t-PA by high shear stress. Measurements of t-PA in the culture medium
confirmed the observed shear effects also on the protein level. A magnitude-dependent
suppression was observed after 24 h and 48 h. Furthermore, the shear stress suppres-
sive effect was observed to be time dependent and the response could be confirmed in
human aortic endothelial cells (Figure 11).

Shear stress mediated intracellular signaling

MAPK and NF-kB cascades have previously been suggested to be important path-
ways for intracellular signaling originating from mechanical forces which can lead
to altered gene expression and protein synthesis [21]. Western blotting experiments
directed against the activated (phosphorylated) forms of p65, ERK 1/2, JNK and p38
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Figure 11. Effects of shear stress on t-PA and eNOS expression. Relative
mRNA expression of (A) t-PA and (B) eNOS in HUVECs (n=8) and HAECs
(n=6) exposed to LSS (1.5 dyn/cm2) or HSS (25 dyn/cm?) for 6 or 24 h. (C)
Relative t-PA secretion in HUVECs (n=3) exposed to LSS or HSS for up to
48 h. Unless indicated in the figure, statistical comparisons are made rela-
tive to static controls. *P< 0.05, **P< 0.01 and ***P< 0.001.

MAPK were performed. A rapid activation of all four studied signaling pathways by
either low or high shear stress was observed after 1.5 h (Figure 12). However, the acti-
vation pattern was diversified with prolonged stimulation. NF-«xB signaling, measured
as phosphorylation of the p65 subunit, was relatively unchanged at 6 h, but gradually
suppressed by increasing shear stress at 24 h. The initial increase in EKR1/2 activity
was observed to level-off to basal levels by prolonged high shear stress stimulation.
Meanwhile the elevated activity in low shear stress cells was preserved. Further, a
similar pattern was observed for JNK signaling, where a relatively higher activity was
observed in low shear stress stimulated cells after 24 h. Early low shear stress induced
activation of p38 MAPK but was gradually decreased by prolonged stimulation, while
high shear stress was observed to have a sustained high p38 MAPK activity.
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Shear stress modulated t-PA kB and CRE binding

EMSA experiments directed against five putative t-PA promoter specific sites were
performed in order to determine the possible involvement of these sites in the shear
stress induced suppression of t-PA. A marked induction of t-PA kB binding was ob-
served after 3 h of low shear stress, while high shear stress showed a more modest
induction. However, extended shear stress exposure for 24 h revealed no altered bind-
ing to this element. Also, t-PA CRE showed enhanced binding upon short-term shear
stress exposure, n=10 (Figure 13). After 24 h, the pattern was reversed with most
experiments showing a magnitude-dependent reduction in nuclear protein binding.
Supershift experiments identified binding of c-jun and CREB, but not ATF-2 or c-fos.
EMSA experiments directed against the t-PA SSRE, GC box II and GC box III ele-
ments showed no altered binding of nuclear proteins from either low or high shear
stress HUVECs (3 and 24 h, n=4, data not shown)
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Shear stress-induced suppression of t-PA was JNK-mediated

The EMSA results suggested that the t-PA CRE site was the most logical candidate for
the t-PA shear stress response, and we proceeded by investigating potential upstream
signaling mechanisms to this site. Shear stress experiments with pharmacologic inhi-
bition of MAPKs were performed, as these pathways are known to affect t-PA CRE
binding proteins.

Inhibition of JNK with 10 pM SP600125 showed an almost completely abolished
shear stress response (Figure 14 A). The shear stress-induced suppression of t-PA
was 13% and 66% with and without JNK (10 uM SP600125) inhibition, respectively
(p<0.01), confirming our previous finding that JNK is a stimulatory pathway for t-
PA expression [58]. Similar experiments with p38 MAPK (10 uM SB203580) and
ERK1/2 (10 uM PD98059) inhibition indicated no involvement of these pathways,
and the shear stress-mediated suppression of t-PA transcript was of an almost identical
magnitude independently of p38 MAPK or ERK /2 inhibition (Figure 14 B and C).
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Figure 14. Effects of MAPK inhibitors on shear stress-mediated t-PA mRNA suppression.
Relative mRNA expression of t-PA in HUVECs (n=3) preincubated with inhibitors against
(A) JNK (10 pM SP600125), (B) p38 MAPK (10 uM SB203580), and (C) ERK 1/2 ( 10 uM
PD98059) and thereafter exposed to HSS (25 dyn/cm?) for 24h. *P<0.05 and **P<0.01.
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Study IV

Shear stress modulated TNF-a gene regulatory effect

Again, shear stress showed a dose-dependent suppressive effect of t-PA gene expres-
sion (Figure 15 A). TNF-a in combination with low shear stress had a similar suppres-
sive effect on t-PA, as high shear stress alone (LSS compared to HSS or LSS + TNF-a
p<0.001, p<0.001, respectively, HSS compared to LSS + TNF-a: p=NS). However,
our results indicated that moderate and high shear stress neutralized the suppressive
effect observed by TNF-a (MSS compared to MSS and TNF-o p=0.8 and HSS com-
pared to HSS + TNF-a p=0.35). Shear stress did not have a regulatory effect on u-PA
gene expression (Figure 15 B). TNF-a had a modest 2-fold inducing effect on u-PA.
Similar to t-PA, high shear stress seemed to block the effect of TNF-a on uPA (LSS
compared to HSS + TNF-a, p=NS). Interestingly, TNF-o had a similar inducing ef-
fect on PAI-1 gene expression as moderate and high shear stress (approximately 50%
induction each, p<0.05) (Figure 15 C). TNF-a in combination with moderate or high
shear stress seemed to have an additive effect in inducing PAI-1 (LSS compared to
MSS/HSS + TNF-a, 40% (p=0.012) / 56% (p=0.021), respectively).
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Figure 15. Relative mRNA expression of t-PA, u-PA and PAI-1 in HUVECs exposed to low (<1
dyn/cm?), moderate (12.5 dyn/cm?) or high (25 dyn/cm?) shear stress with or without TNF-a
for 24 h. Statistical comparisons are made relative to low shear stress without TNF-a (n=10).
*P<0.05, **P<0.01 and ***P<0.001.

While shear stress had a strong inductive effect on TM gene expression (3-fold) (Fig-
ure 16 A), TNF-a and low shear stress had a strong suppressive effect on TM (7-fold).
This suppressive effect was to some extent opposed by moderate and high shear stress
(LSS + TNF-a compared to MSS/HSS + TNF-a, 3-fold (p=0.001) / 4-fold (p=0.005),
respectively). However, TNF-a was the strongest stimuli. While shear stress had a
2-fold inducing effect on eNOS gene expression, TNF-a and low shear stress had a
strong suppressive effect (5-fold) (Figure 16 B). This was to some extent opposed
by moderate and high shear stress (LSS + TNF-a compared to MSS/HSS + TNF-o,
3-fold (p<0.001) / 4-fold (p=0.005), respectively). Shear stress had a dose response
suppressive effect on VCAM-1 (Figure 16 C). TNF-a massively induced VCAM-1
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while increasing levels of shear stress to some extent could counteract this induction
(LSS + TNF-a compared to MSS/HSS + TNF-a, 45% (p<0.05) / 65% (p=0.01), re-

spectively).
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Figure 16. Relative mRNA expression of thrombomodulin, eNOS and VCAM-1 in HUVECs
exposed to low (<1 dyn/cm?2), moderate (12.5 dyn/cm?) or high (25 dyn/cm?) shear stress with
or without TNF-a for 24 h. Statistical comparisons are made relative to low shear stress without
TNF-a (n=10). *P<0.05, **P<0.01 and ***P<0.001.

Tensile stress did not modulate TNF-a gene regulatory effect

Static or pulsatile tensile stress was shown in Paper II to lack a regulatory effect on
t-PA, u-PA, PAI-1, TM, eNOS and VCAM-1. Meanwhile, TNF-a showed a stronger
regulatory effect on the studied genes. It had a suppressive effect on t-PA, TM, eNOS
and an inductive effect on PAI-1, VCAM-1 and u-PA. Inflammatory stress did not
render the EC in a distinct phenotypic mode where they became sensitive to static or
pulsatile tensile stress (Figure 17). Thus, tensile stress did not have a regulatory ef-
fects on the selected genes in a proinflammatory activated endothelium.
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Figure 17. Relative mRNA expression of t-PA, u-PA, PAI-1, thrombomodulin, eNOS and VCAM-
1in HUVECs exposed to different levels of pulsatile/static tensile stress with or without TNF-a
for 24h. Statistical comparisons are made relative to 5 mmHg with TNF-a (n=16).
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DISCUSSION

Elucidation of the mechanisms of vascular adaptation due to changes in biomechanical
flow conditions is an important issue in vascular biology under normal and diseased
states. Many different systems have been designed to subject endothelial cells to me-
chanical stress. In most of these systems, one or a maximum of two mechanical forces
can be applied at the same time. However, the physiological mechanical environment
generated during the cardiac cycle has a more complex nature, which includes differ-
ent combinations of shear stress, pressure and cyclic tensile stress. Therefore, more
refined and advanced biological perfusion systems are needed that as accurately as
possible mimics the in vivo conditions.

Development of a new ex vivo perfusion system

Most of the systems previously described can differentiate between pressure and flow
[30, 121-123], but they cannot be used to simultaneously and differentially control
shear stress and complex intraluminal pressure and flow profiles. Few systems admit
determination of mean shear stress over the vessel segment [108, 109] and to our
knowledge, no other system permits shear stress measurement at different discrete
points of the vessel continuously.

The shortcomings of each approach have contributed to the relative paucity of studies
on the vascular remodeling and adaptation process to different biomechanical stress
combinations. This important gap prompted us to develop a perfusion system suitable
for perfusion of intact living blood vessels or artificial vessels that mimic advanced
physiological in vivo flow profiles. The major advantage of our system over prior
models is the ability to combine virtually any of the biomechanical forces present,
under normal as well as pathological states, under well-regulated conditions and on-
line monitored. Importantly, shear stress can be measured at different segments of
the vessel and the pulsatile wave form and oscillatory flow patterns can be varied in
endless combinations.

Early attempts to perfuse intact vessels with irregular geometry and variable resis-
tance under well-defined biomechanical conditions were hampered by the problems
of defining and thereby controlling shear stress online. With traditional approaches it
was challenging to calculate shear stress without monitoring vascular resistance [108]
or direct lumen measuring [109] with high precision, and thereby difficult to adjust
deviations from target levels continuously. In our new system, shear stress calculation
is based on the intraluminal diameter which is measured by quantification of the light
emission from a fluorescent perfusion medium in the vessel lumen, proportional to the
lumen diameter. The molecular size of the FITC-dextran is large enough to prevent
any leakage through the vessel wall, even in the presence of endothelial damage.

Furthermore, the system admits measurement of irregular lumen diameters and deter-

mination of shear stress at different loci, e.g. upstream and downstream of stenoses or
other flow obstacles.
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Given the critical dependence of adequacy of the inner diameter measurement for
calculation of shear stress, it was necessary to perform careful physical and biologi-
cal validations of the method. Excellent agreement was found between the true and
observed diameter readings in the glass capillaries as well as in the vessels. Since
calibration is done separately for each ROI, any difference in emitted light attenuation
or dispersion does not have any effect on the correctness of the diameter measure-
ment. The lumen measurement technique we use has two advantages compared to the
technique used by VanBavel et al. [109]. First, by deploying a reference glass capil-
lary, any variations in the light to volume factor (FITC concentration, mercury lamp
etc.) is compensated for. Second, performing light-to-volume calibration precludes
the necessity of visual lumen detection or measurement, which is a great advantage.
Taken together with the exactness of the flow measurements by the high-precision
flow meters, the present approach can provide very accurate and reliable measure-
ments of shear stress.

An additional advantage of ex vivo systems similar to the one presented here is that it
admits perfusion studies of intact biological vessels. Previous co-culture studies have
demonstrated that cross-talk between vascular smooth muscle and the endothelium
is important and can alter the nature of cellular signaling to mechanical stimulation
[124-126]. Studies in whole animal models preserves the entire vessel integrity but
interpretation is often complicated by difficulties in monitoring biomechanical stress
profiles and controlling additional extrinsic variables, e.g. hormones and nervous
regulation. Furthermore, cultured endothelial cells often undergo phenotypic changes
that can influence mechanosignaling responses and complicate data interpretation.
However, when an intact vessel is perfused, there is a potential risk for overhydration
of the vessel in long term experiments. This is important since elastic modules and
other biomechanical parameters may be altered. This overhydration varies consid-
erably with different perfusion media, between arteries and veins, between vessels
of different origin and also between vessels from different species. Since our perfu-
sion system can detect and measure both the outer (light microscopy) and the inner
(fluorescence microscopy) diameter of the vessel, the geometry of the vessel can be
calculated before, during and after perfusion. Alterations in elastic properties due to
swelling of the vessel wall can be analyzed by measuring diameter responses after
application of various levels of intraluminal pressure.

The present setup, with the use of tubing pumps, limited us to use cell-free perfu-
sion fluids. However, there are no limitations in altering the perfusion medium, €.g.
in terms of shear dependent viscosity, by adding dextran or by using cell cultivation
medium. An interesting further development of the model may be to exchange the
tubing pumps with centrifugal pumps, which will make it suitable for studies with
cell-containing perfusion media.

Influence of complex hemodynamic stress on hemostatic genes

Many of the previously reported systems combining pulse distension and flow have
employed a sinusoidal waveform to generate pulsatility [30, 127]. This distinction
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may be important because the physiological waveform yields nearly an order of mag-
nitude greater rate of strain and shear change when compared to a sine wave of similar
amplitude [112]. Indeed, there are observations indicating that rapidly changing flow,
oscillatory flow with flow reversal and low net flow tend to induce a more pathologic
state compared with laminar flow or oscillatory flow that remains unidirectional [30,
31, 33]. Higher pulse pressure, which is strongly related to stiffness of the arterial
wall, is associated with endothelial dysfunction [34, 35]. In order to address these
issues we performed experiments where endothelial cells were exposed to different
levels of static pressure with or without pulsatile stress and at the same time control-
ling a steady laminar shear stress. In the next series, pressure was kept constant while
shear stress levels were altered. Based on our interest profile we chose to study six key
hemostatic genes (t-PA, u-PA, PAI-1, TM, eNOS and VCAM-1).

We found that shear stress was a much more powerful stimulus than static or pulsatile
tensile stress. Shear stress suppressed, in a dose-response dependent manner, t-PA
and VCAM-1, while TM was induced. u-PA, eNOS and PAI-1 were upregulated by
shear stress, but there was no obvious dose-dependent effect on these genes. Pressure,
static or pulsatile, under controlled flow, was not capable of significantly influencing
mRNA expression of the six studied genes. There may, of course, be other genes in the
endothelial cell that may respond to tensile stress but even microarray studies includ-
ing thousands of genes have suggested that tensile stress compared to shear stress in
general has a much weaker regulatory effect on endothelial gene expression pattern
[128, 129].

We previously reported on cyclic stretch effects on t-PA, PAI-1 and u-PA in human
aortic endothelial cells after 48 hours of stimulation [28]. However, these effects were
of minor magnitude and in a stretch device without flow control. Frye et al. [130] re-
ported in 2005 the risk with stimulation setups where not all hemodynamic forces are
under control. They showed that different stretch devices, where cells are stretched
over an elastic membrane, create an uncontrolled fluid motion of the medium. The
influence of this motion of the medium, even though it was only a reversing shear
stress of less than 0.5 dyn/cm?, seemed to be the essential gene regulatory stress for
most of the responsive genes studied. Once again, this illustrates the importance of
more complex perfusion systems were the mechanical forces are combined and under
strict control.

Within the vessel wall, physiologic stress is mostly manifested as cyclic strain, while
in the lumen, the endothelial cells are mainly subjected to shear stress [21, 131]. The
vascular wall responds to and compensates for changes in the local biomechanical
flow environment almost immediately via endothelial mediated dilation or smooth
muscle contraction. In the case of hypertension, vascular remodeling will occur in the
long term with media thickening and narrowing of the lumen. This may impair the
important endothelial shear stress dependent regulatory system [132, 133]. Khayutin
et al., proposed that it was physiologically more relevant for endothelial cells to be
sensitive to shear stress and not to tensile stress, since mean intraluminal pressure
varies considerably over time while shear stress is more or less constant [133]. This
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is well in line with our observations of no regulatory effect on the six marker genes
neither after 6 nor 24 hours of pulsatile pressure stimulation.

One drawback with this system is that it has limited capacity to provide specific in-
formation on mechanisms of gene regulation. Studies with pulsatile stimulation at
high shear levels are complicated since the accuracy of the formulas that can be used
to approximate pulse-flow shear stress are dependent on the elastic properties of the
vessel. The strength, on the other hand, is the possibility to elucidate complex gene
expression patterns, which can be further focused on detail in more suitable systems.

Shear stress suppressive effect of fibrinolytic gene expression

Surprisingly, we found that laminar shear stress had a suppressive effect on t-PA
mRNA and protein. This suppressive effect, observed in our ex vivo perfusion system,
was also confirmed in the commercially available Streamer™ shear device (Flexcell,
Hillsborough, NC, USA). Even though shear stress has been extensively studied, re-
ports on t-PA and its regulation are scarse. Previous reports have suggested that shear
stress induces t-PA protein secretion [24, 59]. Based on semi-quantitative Northern
blotting techniques, t-PA gene expression has also been shown to be induced by shear
stress [59, 134, 135], but one of the laboratories was unable to reproduce these data
in a more recent study based on the microarray technique [128]. In a previous study
from our group we found that the capacity for acute release of t-PA is markedly im-
paired in patients with hypertension [136] and that this can be restored by lowering
of blood pressure [137]. Hypertension is associated with vascular wall remodeling
causing shear stress alteration, which could in part explain the suppression of t-PA.
Recently, our in vitro results were also confirmed by Metallo et al. who reported on
a similar suppression of t-PA by shear stress in different endothelial cell types [138].
The validity of the responses in our systems was also strengthened by confirming pre-
vious documentation on shear-dependent eNOS and VCAM-1 regulation [53, 55].

Mechanical forces have been suggested to signal through the MAPK and NF-«B
cascades, and our group has previously shown that the JNK pathway induces t-PA
gene expression whereas the p38 MAPK and NF-kB pathways mediate suppression
[58]. Interestingly, western blotting of shear stress samples showed reduced JNK and
enhanced p38 MAPK activity. Further, inhibition experiments demonstrated no in-
volvement of the p38 MAPK pathway but a critical dependence on JNK signaling.
Since JNK inhibition reduces basal t-PA expression, our data indicate that the shear
stress-induced suppression of t-PA is mediated by reduced JNK signaling, an effect
of shear that is in line with previous reports [139]. The observation that long-term
shear stress experiments showed a reduced binding of c-jun and CREB to the t-PA
CRE site may indicate that the t-PA response involves this element, which is known
to bind effector molecules of the JNK pathway [115]. However, in contrast to inflam-
matory stimulation, shear stress-induced suppression of t-PA does not seem to involve
NF-«B signaling. We observed a declining NF-kB activity and unaltered binding to
either the t-PA «B site or a consensus NF-kB element upon long-term shear stress
exposure. Similar effects on NF-«xB activity has been reported in HAECs, where high
shear stress induced a rapid transient activation which reversed and declined upon
continued exposure [140].
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Thus, although laminar shear stress of physiologic levels has been shown to con-
vey some atheroprotective effects on the vascular wall and retard atheroma formation
[141], the present findings of suppressed t-PA expression, but also induced PAI-1
expression, indicate that such positive effects of shear stress do not necessarily extend
to those exerted on the fibrinolytic system.

Influence of TNF-a and biomechanical stress on hemostatic genes

Hypertension, acute/chronic coronary syndrome, intermittent claudication etc. are
clinical states most often associated with a low grade of inflammation and a disturbed
biomechanical flow profile. Therefore, we found it important to study the combined
effects of inflammatory and biomechanical stress. The cytokine TNF-a is an impor-
tant mediator of the inflammatory process which causes endothelial dysfunction and
promotes the atherosclerotic process. Different levels of tensile or shear stress in com-
bination with TNF-a were studied in the perfusion system. Our findings indicate that
moderate and high shear stress can modify the endothelial cell sensitivity to inflam-
matory stress while low shear stress and tensile stress can not.

To our surprise, static and pulsatile tensile stress seemed to lack gene regulatory effect
on the studied genes in Paper II. However, previous studies have shown that genes
non-responsive to TNF-a were shifted to a TNF-a sensitive state by biomechanical
stress [52]. Therefore, we hypothesized that cytokine stimulation may cause ECs to
become sensitive to different combinations of tensile stress. However, we could not
observe such a mode shift in ECs by cytokine stimulation. None of the studied genes
modulated their response to TNF-a by simultaneous tensile stress stimulation.

By contrast, shear stress was a potent stimulus. Moderate and high shear stress modu-
lated the response to cytokines in all the studied genes. The effect of shear stress and
TNF-0 on VCAM-1 and eNOS are in accordance with previous reports [53, 55, 56].
The uniqueness of our study approach was that the effect of different shear stress lev-
els in combination with TNF-o was addressed. The setup enabled a direct comparison
of the effect of TNF-a with unstimulated ECs exposed to identical shear stress, which
has been a shortage in previous reports. This is important in validating the intergroup
significance for different stimulations e.g. thrombomodulin, eNOS and VCAM-1 in
this study. Regarding thrombomodulin, the meaningfulness can easily be exaggerated
of the 2-3 fold induction of shear stress on TNF-o stimulated ECs. However, when
comparing it to non-inflamed shear stressed ECs, the relative quantitative effects are
modest. Inflammatory stress was a quantitatively stronger stimulus than shear stress
on thrombomodulin, eNOS and VCAM-1.

It is interesting that shear stress in combination with TNF-a can have bidirectional
effects on different genes, i.e. shear stress attenuated cytokine-induced expression
of VCAM-1 opposed the effects on thrombomodulin and eNOS gene expression and
additively induced PAI-1 expression, whereas shear stress seemed to totally block
the cytokine-suppressive and inducing effects on t-PA and u-PA, respectively. Shear
stress showed a dose-dependent suppressive effect on t-PA. TNF-o in combination
with low shear stress demonstrated a suppression of t-PA, similar to the effect of high
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shear stress alone. However, our results indicate that moderate and high shear stress
neutralize the suppressive effect observed by TNF-a. Shear stress did not seem to
have any regulatory effects on u-PA gene expression, while a modest inducing effect
was observed with TNF-a. As for t-PA, high shear stress seemed to induce a blocking
effect of TNF-a on u-PA. Interestingly, TNF-o and low shear stress showed a similar
inducing effect on PAI-1 mRNA as moderate and high shear stress. TNF-a in combi-
nation with moderate or high shear stress seemed to have additive effects in inducing
PAI-1. Regarding thrombomodulin, shear stress counteracted the suppressive effect
exerted by TNF-o on thrombomodulin gene expression.
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CONCLUDING REMARKS

In the present work we have developed a system suitable for many studies, including
intact biological vessels of different sizes as well as possible artificial vessels, or dif-
ferent perfusion chambers for cultivated cells. The advantage of this system compared
to previous developed ones is that it permits stimulation of a wide range of biome-
chanical stress within the same system under controlled metabolic conditions. Previ-
ous system setups have been hampered by difficulties in monitoring and regulating the
different types of biomechanical stress. The danger with these approaches is that the
background “noise” may be of critical importance which was elegantly demonstrated
by Frey et al. in a stretch device system [142]. It is also of importance when compar-
ing different stimuli with each other that the experimental setups are as identical as
possible except for the actual stimuli of interest. The present model overcomes many
of these shortcomings and has the potential of expanding our understanding of a vari-
ety of vascular adaptations to alterations in local flow and pressure conditions.

Atherosclerotic plaques are not randomly located within the vascular tree. Interest-
ingly the heterogeneity of the distribution of plaque is closely correlated with specific
local hemodynamic flow profiles, characterized by low shear stress, turbulence, flow
reversal and oscillatory flow. Furthermore, biomechanical stress has also been shown
to regulate a number of physiological functions in the vessel wall, inter alia vascu-
lar tone by release of vasoactive substances, vascular adaptation and remodeling by
growth factors, formation of new blood vessels and the vessel’s thromboprotective
mechanisms. It was of great surprise that tensile stress did not have any regulatory ef-
fect on six important marker genes, representing different hemostatic functions, while
shear stress was a powerful stimulus.

Low grade inflammatory activity has emerged as an important determinator of vascu-
lar dysfunction and progression of atherosclerosis as well as endothelial dysfunction.
It has been suggested that shear stress has the capacity to protect the endothelium
from some of the negative effects of inflammatory stress. The interaction between
tensile and inflammatory stress has not previously been studied. In the present studies
we found that shear stress but not tensile stress was able to strongly interfere with the
inflammatory response in a protective way.

A possible pathophysiological scenario is that the local hemodynamic forces lead to
a lower threshold for the induction of genes related to endothelial dysfunction in le-
sion-prone areas upon negative stress. Disturbed flow with low shear stress and high
shear gradients may predispose these regions to the early events of atherosclerosis and
thrombosis. These areas are rendered more vulnerable to negative systemic stimuli,
such as inflammatory stress. In contrast, the endothelium in the lesion-resistant areas
may be desensitized to noxious stimuli by the laminar flow with high shear stress. In
conclusion, imbalanced expression of hemostatic genes by the endothelium (“endo-
thelial dysfunction’) constitutes an important pathogenetic risk factor for vascular dis-
eases such as atherosclerosis. Increasing understanding of these intricate relationships
is crucial in finding new therapeutic strategies to prevent cardiovascular mortality.
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CONCLUSION

An ex vivo perfusion system was developed permitting virtually any combination of
the biomechanical forces present under normal as well as pathological states under
well-regulated conditions and online monitored.

Shear stress but not tensile stress had a powerful gene regulatory effect on mRNA
expression of t-PA, u-PA, PAI-1, TM, eNOS and VCAM-1.

Laminar shear stress magnitude dependently suppressed t-PA gene expression by a
JNK dependent mechanism.

Physiological levels of shear stress but not tensile stress modulated the inflammatory

response as well as anti- and pro-thrombotic functions in endothelial cells stimulated
by TNF-a.
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POPULARVETENSKAPLIG SAMMANFATTNING

Hjart-karlsjukdomar dr en av de vanligaste dodsorsakerna i den industrialiserade
varlden. Ruptur av &derforkalkningsplack leder till aktivering av koagulationskas-
kaden som ohdmmat bildar en kérltilltippande tromb, vilket resulterar i hjartinfarkt
och slaganfall. Trots att hela kérltrddet exponeras for systemiska riskfaktorer, finner
man aderforkalkningsplack foretradesvis i kérlforgreningar dér flodesprofilen ofta ar
ogynnsam. Blodkérlets vigg har ett eget inneboende forsvarssystem mot blodpropps-
bildning - fibrinolysen. Experimentella studier har visat att den lokala biomekaniska
flodesprofilen och laggradig inflammatorisk stress paverkar kérlvaggens funktion. Av-
handlingsarbetets syfte var att utveckla ett perfusionssystem for att kunna studera hur
biomekanisk och inflammatorisk stress paverkar den vaskuldra hemostasen.

I delarbete | utvecklades och utvirderades ett datorstyrt perfusionssystem som maoj-
liggor perfusion av intakta sdvil som “artificiella” blodkarl under strikt kontrollerade
flode och metabola forhéllanden. Styrkan med detta nya modellsystem ér att de olika
kraftkomponenterna som cellerna paverkas av i kroppen kan separeras och studeras
var for sig eller i olika kombinationer. Systemet kan generera pulsatila tryckkurvor
som efterliknar forhdllandet i kroppen, systoliska respektive diastoliska fasen kan
kontrolleras och utformas pé olika sétt. Systemet mojliggdr dven att méta innerdiame-
tern av kérlet inom olika segment. Detta dr en styrka vilket medfor exakta berdkningar
av skruvningskraften istéllet for att denna estimeras, vilket &r fallet i de flesta tidigare
liknande modellsystem. Styrkan och det unika med detta system ir att olika kombina-
tioner av mekaniska krafter kan studeras i ett och samma perfusionssystem under vél
reglerade forhéllanden.

I delarbete Il gjordes en biologisk utvérdering av systemet samt en utvirdering av
olika krafters inverkan (olika nivéer av statisk och pulsatile strickning eller olika
nivéer av skuvningskraften) pa reglering av 6 viktiga hemostasgener (t-PA, PAI-1,
u-PA, TM, eNOS och VCAM-1). I detta arbete odlades humana endotelceller fran
navelstingsvenen (HUVEC) i silikonslangar alt glaskapillarer, darefter perfunderades
de under 6 respektive 24 timmar. Till var forvaning verkade endast skuvningskraf-
ten ha en dosrespons reglerande effekt pA mRNA nivé pé de gener vi valde att stu-
dera. Skuvningskraften nedreglerade t-PA och VCAM-1 medan u-PA, PAI-1, TM och
eNOS uppreglerades.

I delarbete 111 gick vi vidare med fyndet fran delarbete tva att skuvningskraften ned-
reglerar t-PA. Detta skiljer sig fran ett fatal tidigare publicerade artiklar som pavisat
en uppreglering av t-PA av skuvningskraften. Initialt for att bekrifta resultaten gjordes
liknande forsok i ett annat modellsystem (Streamer'™) med HUVEC savil som hu-
mana aorta endotelceller, (HAEC). Vi kunde dven hér se en dosberoende nedreglering
av t-PA pd mRNA och protein niva. Vi kartlade de intracelluléra signaleringsvégar
genom vilka skuvningskraften skulle kunna inhibera t-PA expressionen. Detta utfor-
des genom att tillsétta olika inhibitoriska substanser som blockerar kénda signale-
ringsviagar (MAPK, NF-kB). Vara slutsatser fran detta arbete ir att t-PA produktionen
blockeras av skuvningskraften via himning av MAP-kinaset JNK.
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Delarbete IV ér en studie av hur inflammatorisk stress, medierad via TNF-a, paverkar
endotelceller som samtidigt utsétts for olika kombinationer av mekanisk stress. Var
grupp har i ett tidigare arbete kartlagt hur t-PA paverkas av TNF-a i statiskt odlade en-
dotelceller. Varken statisk eller pulsatile tensil stress kunde paverka endotelcellernas
respons pa inflammation. Daremot kunde shear stress modulera den inflammatoriska
stressen pa samtliga studerade gener (t-PA, u-PA, PAI-1, TM, eNOS och VCAM-1)
pa mRNA niva.

Sammanfattningsvis har ett helt nytt ex vivo kirlperfusionssystem utvecklats och ut-
vérderats tekniskt sdvil som biologiskt. Systemet kan bli ett viktigt redskap for att 6ka
kunskapen kring mekaniska krafters reglerande effekter pa endotelceller savél som in-
takta humana karl. Mekaniska krafter i kombination med eller utan inflammation har
viktiga reglerande effekter pa centrala hemostasgener, diribland det fibrinolytiska en-
zymet t-PA. En ogynnsam flodesprofil 6kar vulnerabiliteten for inflammatorisk stress
lokalt vilket medfor 6kad risk for atherotrombotiska hindelser.
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