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Dynamics of shear stress-induced remodelling

S. Lehoux

McGill University, Montreal, QC, Canada

Chronic changes in wall shear stress lead to vascular remod-
elling, characterized by increased vascular wall diameter and
thickness, to restore wall shear stress values to baseline.
Release of nitric oxide (NO) from endothelial cells exposed to
excessive shear is a fundamental step in the remodelling
process, and potentially triggers a cascade of events, includ-
ing growth factor induction and matrix metalloproteinase
(MMP) activation, that together contribute to restructurali-
sation of the vessel wall. MMPs, which are secreted as inac-
tive zymogens (pro-MMPs), are rapidly cleaved and activated
in in vivo models of chronic increased blood flow, and remain
active until shear stress is normalized. Enhanced production
of NO in high flow conditions, along with generation of reac-
tive oxygen species through NADPH oxidase, combine to form
peroxynitrite, which is important for MMP cleavage in the
early phase of arterial remodelling. However, the later phase
of this process implicates not only the activation of MMPs but
also their ongoing synthesis. In this respect, we have uncov-
ered a role for NF-kappaB as a key factor regulating the expres-
sion of MMP-9 and thus participating to the remodelling of
vessels.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.
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Stem cell differentiation into vascular cells induced by
mechanical stress

Q. Xu

King’s College London, London, UK

It was established that stem cells could repair lost endothelial
cells and participate in the formation of neointimal lesions,
because stem cells can differentiate into a variety of cells to
replace dead cells or to repair damaged tissues. In this process,
stem cells homing to the surface of injured vessels have to dif-
ferentiate into vascular cells to exert their repairing functions
(Xu Q. Circ Res. 2008;102:1011). Obviously, microenvironment
where stem cells are attached play a crucial role in cell differ-
entiation, although the spectrum of the initiators/stimulators
responsible for such a differentiation remain to be clarified. It
is well known that atherosclerotic lesions in the arteries are
localized in some areas where blood flow is disturbed resulting
in endothelial dysfunction/death in the presence of hyperlipi-
demia. Since recent findings suggest the potential role of stem
cells in endothelial regeneration, it can be hypothesized that
mechanical stress induced by blood flow can influence the dif-
ferentiation process of stem cells (Xu Q. Nature Clin. Pract. Car-
diovasc. Med. 2006;3:94). Support this hypothesis is recent

findings that shear stress can induce differentiation of stem
cells towards endothelial cell phenotype (Zeng et al. J Cell Biol.
2006; 174:1059), while stretch stress leads to differentiate into
smooth muscle cells. It indicates that “good” blood flow (lam-
inar shear stress) promotes endothelial differentiation from
stem cells that tethering the surface of the vessel wall. How the
stem cells sense and transduce the extracellular physical stim-
uli into intracellular biochemical signals is a crucial issue for
understanding the mechanisms of stem cell differentiation.
Collecting data derived from our and other laboratories showed
that many kinds of molecules in the cells such as receptors, G
proteins, cell cytoskeleton, kinases and transcriptional factors
could serve as mechanoceptors directly or indirectly in response
to mechanical stimulation implying that the activation of
mechanoreceptors existing on the surface of stem cells is a cru-
cial event. The sensed signals can be further sorted and/or mod-
ulated by processing of the molecules both on the cell surface
and by the network of intracellular signalling pathways result-
ing in a sophisticated and dynamic set of cues that enable stem
cell responses. The new findings indicate that signal pathway
VEGF-Akt-HDAC-p53/p21 is crucial for stem cell differentiation
into endothelial cells. The present presentation will summarize
the data on shear stress-induced stem cell differentiation and
the impact of such a differentiation on the pathogenesis of vas-
cular diseases.

Xu Q. Stem cells and transplant arteriosclerosis. Circ. Res.
2008;102:1011-1024.

Zeng L, Xiao Q, Margariti A, Zhang Z, Zampetaki A, Patel S, Capogrossi
MC, Hu Y and Xu Q. HDAC3 is essential for shear- and VEGF-induced
stem cell differentiation toward endothelial cells. J. Cell Biol.
2006;174:1059-1069.
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Stretch-dependent growth and differentiation in vascular
smooth muscle

P. Hellstrand

Dept Exp. Med. Sci., Lund University, Lund, Sweden

Vascular adaptation to pressure and flow involves an intricate
interplay of the endothelium, the smooth muscle layer and the
extracellular matrix. Shear stress on the endothelium causes
vasodilatation, which in turn increases tension in the vascular
wall and causes stretch-induced growth (outward remodel-
ling). Reduced endothelial function causes instead increased
vascular tone, which leads to inward remodelling of the vas-
cular wall and an increased wall-to-lumen ratio. Vascular
smooth muscle cells exposed to physiological levels of stretch
grow in a maintained contractile phenotype, in contrast to the
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proliferative growth seen in vascular lesions and plaque for-
mation. Organ culture of intact blood vessels is a useful tech-
nique to study molecular mechanisms of stretch-induced
growth with maintained cell-cell and cell-matrix interactions.
This technique has been applied to pressurized large and small
arteries as well as to veins, revealing basically similar molecu-
lar mechanisms but with functional effects dependent on tis-
sue organization and physiological role of the vessel. A con-
venient model is the rat or mouse portal vein, which has a
dominantly longitudinal muscle layer that rapidly hypertro-
phies in vivo in response to increased portal pressure. Organ
culture of portal veins under longitudinal stretch reproduces
this growth response (1), and analysis of signal mechanisms
shows that stretch causes synthesis of smooth muscle-spe-
cific contractile and cytoskeletal proteins, such as SM 22α,
calponin, desmin and α-actin, by a sequence of events includ-
ing biphasic (minutes and hours) phosphorylation of focal adhe-
sion kinase (FAK), early (minutes) phosphorylation of the pro-
liferation-related signal ERK1/2, and late (hours) Rho activation,
cofilin phosphorylation and actin polymerisation (2,3). Syn-
thesis of smooth muscle-specific proteins is regulated by the
transcription factor serum response factor, in concert with co-
factors such as myocardin and myocardin-related transcription
factors, which are dependent on the state of actin polymeri-
sation (reviewed in ref. 4). The actin filament stabilising agent
jasplakinolide causes increased synthesis of smooth muscle
proteins in the mouse portal vein, and also activates the ERK1/2
pathway, whereas effects of stretch on FAK phosphorylation or
contractility are abolished (3). This suggests that actin filament
dynamics are crucial for vascular remodelling responses. Cho-
lesterol-rich membrane caveolae are important for integrating
signal mechanisms in the plasma membrane, and studies in
caveolin-1 deficient mice suggest that caveolae are needed for
endothelium-dependent relaxation in response to flow, involv-
ing Akt phosphorylation and NO production. In contrast,
stretch-induced responses in mouse portal vein do not involve
Akt phosphorylation and are unaffected in caveolin-1 deficient
mice (5). The signal mechanisms regulating contraction and
growth responses seem to be integrated partly via the intra-
cellular Ca2+ concentration, and evidence suggests that volt-
age-dependent Ca2+ influx via L-type membrane channels elic-
its smooth muscle differentiation via a Rho kinase dependent
mechanism (6). In mouse portal vein, stretch-induced effects
on cofilin phosphorylation, regulating actin polymerisation,
are attenuated by L-type channel inhibition, correlating with
decreased synthesis of smooth muscle marker proteins, while
inhibition of Ca2+ influx via store-operated channels causes a
global decrease in protein synthesis but does not inhibit stretch-
induced cofilin phosphorylation or synthesis of smooth mus-
cle-specific proteins. Thus Ca2+ exerts a dual influence on the
regulation of protein synthesis in vascular smooth muscle. Since
phenotype modulation of smooth muscle cells is associated
with loss of voltage-dependent channels and gain of store-oper-
ated channels, the contractile and synthetic cellular pheno-
types may be specifically susceptible to interventions target-
ing the different modes of Ca2+ entry.

Zeidan A et al .(2000). Circ Res 87, 228-234.

Albinsson S et al. (2004). J Biol Chem 279, 34849-34855

Albinsson S & Hellstrand P. (2007). Am J Physiol Cell Physiol 293, C772-
C782.

Parmacek MS. (2007). Circ Res 100, 633-44.

Albinsson S et al. (2008). Am J Physiol Cell Physiol 294, C271-C279.

Wamhoff BR et al. (2004). Circ Res 95, 406-414.

Supported by the Swedish Research Council and the Heart-Lung
Foundation.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.

SA4

Bio-mechanical activation and notch signaling - how vascular
cells respond to stress !

D. Morrow2, S. Guha1, E.M. Redmond2 and P.A. Cahill1

1Biotechnology, Dublin City University, Dublin, Leinster, Ireland and
2Surgery, University of Rochester, New York, NY, USA

Over the last couple of years it has become increasingly clear
that the Notch signaling pathway plays a pivotal role in the devel-
opment and homeostasis of the cardiovascular system. The
rapid increase in the number of publications that focus on the
role of Notch signaling in regulating vascular cell function both
in vitro and in vivo reflects the degree of interest in under-
standing the role of this pathway in vascular homeostasis. An
emerging paradigm suggests that developmental gene regu-
latory networks are often recapitulated in the context of phe-
notypic modulation, vascular remodeling and repair in adult
vascular disease. Notch receptor-ligand interactions, in con-
junction with vascular endothelial growth factor (VEGF) and
components of the Hedgehog (Hh) signaling pathway have all
been implicated in vascular morphogenesis and modeling of
the embryonic vasculature. The presentation will focus on the
specific role of a Hh/VEGF/Ang axis in controlling vascular
smooth muscle cell (SMC) growth (proliferation and apoptosis)
through regulation of Notch signaling [1-5]. Using dynamic in
vitro cultures of SMC under flow and pressure and ligated murine
carotid arteries in vivo to mimic vascular injury, the components
of these pathways in dictating the vascular SMC response to
bio-mechanical injury will be addressed. Collectively, data will
provide an insight into the coordinate regulation of Notch by
sonic hedgehog (shh) and VEGF-A in adult SMC and thus may
represent a future novel therapeutic target for intervention in
vascular proliferative disorders.

Morrow D, Guha S, Sweeney C, Birney Y, Walshe T, O’Brien C. Walls D,
Redmond EM, Cahill PA. Notch and Vascular Smooth Muscle Cell Phe-
notype. Circ Res 2008; (in press)

Morrow D, Cullen JP, Cahill PA, Redmond EM. Cyclic strain regulates the
Notch/CBF-1 signaling pathway in endothelial cells: role in angiogenic
activity. Arterioscler Thromb Vasc Biol. 2007 27:1289-96.

Morrow D, Sweeney C, Birney YA, Guha S, Collins N, Cummins PM, Mur-
phy R, Walls D, Redmond EM, Cahill PA. Biomechanical regulation of
hedgehog signaling in vascular smooth muscle cells in vitro and in vivo.
Am J Physiol Cell Physiol. 2007 292:C488-96
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Mechanotransduction and the glycocalyx

J.M. Tarbell

Biomedical Engineering, The City College of New York, New York,
NY, USA

The surface of endothelial cells (ECs) is decorated with a wide
variety of membrane-bound macromolecules that constitute
the glycocalyx (GCX). As the most apical structure on the EC,
theGCXsensestheforce(shearstress)offlowingbloodandtrans-
mits it via the cytoskeleton throughout the cell to sites where
transduction of force to biochemical response (mechanotrans-
duction) may occur. In this presentation the structure of the GCX
and many of the experiments that demonstrate its role in
mechanotransduction and vascular remodeling will be reviewed.
Experiments with enzymes that degrade specific glycosamino-
glycan components have been used to show that the GCX medi-
ates the shear-induced production of nitric oxide, a central
process in cardiovascular control, while the same enzyme treat-
ments do not affect shear-induced production of prostacyclin,
another hallmark of EC mechanotransduction. These experi-
ments reinforce the concept of distributed sites of mechan-
otransduction in EC. The characteristic remodeling of the EC
cytoskeleton and intercellular junctions in response to shear
stress are dependent on the GCX as well, and the experiments
that support the role of the GCX in these processes will be
reviewed as well.

U.S. NIH Grants HL 57093 and HL 35549
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Modulation of inflammatory responses of endothelial cells
by changes in local shear stress

G.B. Nash, N. Luu, S. Sheikh, N. Matharu, R. Vohra and G. Rainger

College of Medical and Dental Sciences, University of Birmingham,
Birmingham, UK

Stable local haemodynamic microenvironments may deter-
mine the phenotype of endothelial cells (EC) in different
regions of the circulation, but acute changes in flow might
also modulate functional responses. We aim to understand
how different levels or patterns of shear stress applied to
endothelial cells regulate inflammatory responses, and in par-
ticular, leukocyte recruitment. For this purpose, we developed
models in which human EC of various types (HUVEC from
umbilical veins; HUAEC from umbilical arteries; HCAEC from
coronary arteries) were cultured in glass capillaries coated
with desired substrates. These constructs were conditioned
by different levels of shear stress for different periods, or
exposed to abrupt changes in shear. Conditioning could be
combined with treatment with cytokines such as tumour
necrosis factor-α (TNF) and interleukin-1β (IL-1), and adhe-
sion and migration of flowing neutrophils analysed as an
‘inflammatory ’ readout.
Initial studies showed that conditioning of HUVEC for 24h at
increasing shear stress acted to powerfully suppress responses
to TNF, but not IL-1, judged by neutrophil recruitment (Sheikh
et al., 2003; 2005). However, in subsequent studies, responses
to both cytokines were suppressed by shear conditioning for
HUAEC and HCAEC. Studies in which culture medium con-
stituents, such as basic fibroblast growth factor, were swapped,
indicated that this difference between the endothelial cells arose
from culture conditions rather than from an in vivo imprinted
phenotype. The fact that the original ‘ static ’ cultures of each
cell type showed similar abilities to support adhesion and migra-
tion of neutrophils also indicated that the phenotypes of EC
were plastic and could be re-set by conditioning in vitro. Taking
this further, we analysed expression of selected genes in HUVEC
immediately after digestion from veins, after standard culture
in vitro and then after shear conditioning. Changes were induced
by initial culture, which were reversed in part at least by the
return to a shear environment. Thus it seems that endothelial
phenotype is highly pliable, with enviromental factors, such as
shear stress and growth factors, modifying responses in an inter-
linked but reversible manner.
We thus investigated whether the less responsive state induced
in vitro by shear stress would change when flow was ceased. This
might be relevant to ischaemic conditions in vivo (for instance
linkedtothrombo-embolism,surgicalinterventionsororgantrans-
plantation), where an inflammatory response typically follows
reperfusion. We found that response of EC to TNF only increased
slowly over 24-48h after cessation of flow, and that if a very low
levelofshearstresswasretained,thentheresponseremainedsup-
pressed (Matharu et al.,2008). In all of the above, functional


