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Endothelial basement membrane laminin 511 is
essential for shear stress response
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Abstract

Shear detection and mechanotransduction by arterial endothelium
requires junctional complexes containing PECAM-1 and VE-cadherin,
as well as firm anchorage to the underlying basement membrane.
While considerable information is available for junctional complexes
in these processes, gained largely from in vitro studies, little is
known about the contribution of the endothelial basement
membrane. Using resistance artery explants, we show that the inte-
gral endothelial basement membrane component, laminin 511
(laminin a5), is central to shear detection and mechanotransduction
and its elimination at this site results in ablation of dilation in
response to increased shear stress. Loss of endothelial laminin 511
correlates with reduced cortical stiffness of arterial endothelium
in vivo, smaller integrin b1-positive/vinculin-positive focal adhesions,
and reduced junctional association of actin–myosin II. In vitro assays
reveal that b1 integrin-mediated interaction with laminin 511 results
in high strengths of adhesion, which promotes p120 catenin associa-
tion with VE-cadherin, stabilizing it at cell junctions and increasing
cell–cell adhesion strength. This highlights the importance of
endothelial laminin 511 in shear response in the physiologically
relevant context of resistance arteries.
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Introduction

The endothelium bound to its underlying basement membrane

forms the inner seal of blood vessels and functions both as a

selective barrier to soluble molecules and cells, and as a physio-

logical sensor of changes in flow within the vessel lumen. Even

small changes in shear and pressure are rapidly signalled to the

underlying smooth muscle layers of the vessel wall, resulting in

dilation or contraction of the vessel and thereby maintenance of

constant flow and pressure. This occurs at the level of resistance

arteries; 100- to 250-lm-diameter vessels that form the large body

of the vascular bed and therefore play a central role in vascular

homeostasis.

The detection of changes in shear stress requires a junctional

complex containing PECAM-1, VE-cadherin and VEGF receptor 2

(VEGFR2) and VEGFR3, as well as anchorage to the extracellular

matrix (ECM) as demonstrated by a dependency on b1- and b3-
integrins (Davies et al, 1994; Orr et al, 2006). Considerable data

suggest that increased force/shear stress on PECAM-1 leads to

Src kinase activation (Chiu et al, 2008) and phosphorylation and

ligand independent activation of VEGFR2 and VEGFR3. Activated

VEGFR2 and VEGFR3 can trigger several pathways that lead to

the activation of integrins and subsequent downstream signalling,

including the release of vasoactive signals and vessel dilation

(Jin et al, 2003; Fleming et al, 2005). Shear detection requires

cell anchorage to the underlying ECM, the nature of which

appears to influence the response of the endothelium, since

endothelial cells bound to fibronectin versus collagen type I lead

to stronger adhesion, manifested as larger and more complex

focal adhesions and stronger tension development on PECAM-1

(Collins et al, 2014).

In contrast to PECAM-1, tension across VE-cadherin does not

increase under flow but VE-cadherin is nevertheless essential for

shear response (Conway et al, 2013). The role of VE-cadherin is not
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clear but it most likely regulates the strength of adhesion between

individual cells (Daneshjou et al, 2015). In addition, it has been

recently shown to interact with VEGFR2 and VEGFR3 and Src

kinases, which was hypothesized to facilitate phosphorylation of

VEGFR2 and VEGFR3 (Coon et al, 2015) and thereby promote

downstream signalling events.

Stable endothelial cell–cell junctions via VE-cadherin-mediated

interactions are required for normal vascular homeostasis and are

remodelled in cases of inflammation but also physiological

processes, such as angiogenesis. Recent data have shown enhanced

displacement of VE-cadherin from junctions to internal vesicles in a

b1-integrin-dependent manner during angiogenic events in the

mouse retina (Yamamoto et al, 2015). As b1-integrins bind mainly

ECM ligands, this suggests that the endothelial ECM may also affect

junctional tightness. We, therefore, here address whether endoge-

nous endothelial basement membrane components of resistance

arteries can affect physiological processes required for blood flow

and pressure regulation.

Data on ECM and shear detection stem mainly from in vitro

models using fibronectin and collagen type I as substrates that

are relevant to pathological situations, such as atherosclerosis,

but do not occur in the endothelial basement membrane of

healthy, mature arterioles. Both fibronectin and collagen type I

occur predominantly in the interstitial matrix of the arteriole wall,

which underlies the endothelial basement membrane, and are not

in direct contact with endothelial cells, unless the luminal layer is

damaged or the vessel is fibrotic. Rather, the endothelium of

healthy resistance arteries is anchored to the basement

membrane, which consists of collagen type IV, laminins, nidogens

and heparan sulphate proteoglycans, all of which are large fami-

lies of proteins containing several members that can assemble dif-

ferentially to form biochemically and functionally distinct

basement membranes. Of all these components, the laminins are

considered to convey biological activity and to account for the

functional differences between basement membranes. In the

endothelial cell basement membrane, laminin a4 and a5 chains

occur bound to b1 and c1 chains to form laminins 411 and 511.

Laminin 411 is ubiquitously expressed in all endothelial basement

membranes from the first stages of tube formation (Hallmann

et al, 2005) and has been shown to play a role in angiogenesis in

some tissues (Stenzel et al, 2011). By contrast, laminin a5 first

appears surrounding arteries when the heart commences to beat

(E10) and when blood pressure is initiated, and only much later

in basement membranes of microvessels (Sorokin et al, 1997); it

has been implicated in immune cell extravasation (Sixt et al,

2001a; Wu et al, 2009). Both laminin isoforms have been

reported to interact with b1-integrins (Kikkawa et al, 2000;

Nielsen & Yamada, 2001; Sixt et al, 2001b) and laminin 511 also

with the RGD-binding integrins (Sasaki & Timpl, 2001). Whether

these endothelial laminins also affect cell–cell adhesion and play

a role in vascular homeostasis has not been previously addressed.

We here employ resistance arteries from the mesenterium of

mice lacking laminin a4 or a5 in endothelial basement membranes

in ex vivo shear and pressure experiments, revealing almost

complete absence of a shear response in vessels lacking laminin a5.
In vitro and in vivo analyses suggest that b1-integrins mediate

endothelial binding to the laminin a5 chain, which stabilizes VE-

cadherin at the adherens junctions, thereby enhancing the strength

of cell–cell adhesion. This demonstrates the importance of the

endothelial basement membrane in shear detection by resistance

arteries and hence vascular homeostasis.

Results

Laminin 511 is required for resistance artery shear
stress response

To investigate whether the endothelial laminins affected the

response of resistance arteries to changes in shear force within

vessel lumens, resistance arteries dissected from the mesenterium of

Tek-Cre::Lama5�/� and Lama4�/� mice were employed in ex vivo

experiments. Varying the shear stress in isolated resistance arteries

from wild-type mice (WT) resulted in a dilatory response that

ranged from 10 lm at 2.5 dyn/cm2 to 30 lm at 40 dyn/cm2. The

same experiment performed using Tek-Cre::Lama5�/� arteries

revealed almost complete lack of dilation, while Lama4�/� arteries

showed a significantly enhanced dilatory response (Fig 1A and

Appendix Fig S1A and B).

To respond to changes in shear stress, not only proper attach-

ment of the endothelium to the basement membrane is essential but

also the capacity of the endothelium to generate vasodilatory

substances. In turn, smooth muscle cells need to be able to respond

to both dilatory and contractile stimuli. We therefore tested

response to a muscarinic receptor agonist, methacholine, and to the

thromboxane A2 receptor agonist, U46619, using a wire myograph

set-up. Methacholine induces the release of dilatory substances from

the endothelium, including NO, while U46619 directly induces vaso-

constriction. Dose responses to these two factors were indistinguish-

able between WT, Lama4�/� and Tek-Cre::Lama5�/� resistance

arteries (Fig 1B and C, and Appendix Fig S1C and D), indicating

absence of compromised endothelial or smooth muscle function in

either of the KO mice. To further test for defects in smooth muscle

function, dose responses to sodium nitroprusside (SNP), a nitric

oxide donor, and phenylephrine, an a1 adrenergic receptor agonist,

were tested in WT, Lama4�/� Tek-Cre::Lama5�/� resistance arter-

ies, revealing no differences (Appendix Fig S1C and D). Taken

together, these data suggest that the impaired shear stress response

in the Lama4�/� and Tek-Cre::Lama5�/� resistance arteries origi-

nates from an autonomous endothelial cell defect in response to

mechanical stress.

Morphological analyses of the KO mice revealed the absence of

fibrosis or other changes in ECM expression in the endothelial layer

or the smooth muscle layers of the mesenteric artery wall, which

could indirectly affect shear stress response by changing the

stiffness of the vessel. Laminin a5 was absent from all endothelial

cell basement membranes in Tek-Cre::Lama5�/� (Fig 2A and

Appendix Fig S2A) and laminin a4 was not detectable in both

endothelial and smooth muscle basement membranes in Lama4�/�

mice, as revealed by 3D confocal microscopy of whole-mount-

stained mesenteric resistance arteries (Fig 2A). Only larger vessels

in Tek-Cre::Lama5�/� mice showed laminin a5 reactivity in associa-

tion with perivascular cells and smooth muscle basement

membranes. Scanning EM of mesenteric arteries denuded of

endothelium (Fig 2B) revealed the absence of differences from WT

vessels in basement membrane topography or integrity in both KO
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strains (Fig 2B). Immunofluorescence staining for basement

membrane components and interstitial matrix molecules, including

fibronectin and collagen type I, showed no differences between WT,

Lama4�/� and Tek-Cre::Lama5�/� arteries in staining intensities or

patterns for any of the molecules tested (Fig 2 and Appendix Fig

S2B, Table 1). Only Lama4�/� mice, which have been previously

characterized (Thyboll et al, 2002), show an aberrant ubiquitous

expression of laminin a5 in all endothelial basement membranes

(Wu et al, 2009).

The observed defects in shear response, therefore, stem from the

loss of laminin a5 or laminin a4 or, in the case of Lama4�/� mice, a

ubiquitous and more even expression of laminin a5, and not indirect

effects due to compensatory expression of other ECM molecules.

Loss of laminin 511 results in inward remodelling of resistance
arteries to maintain blood pressure constant

Given the dramatic changes in shear response in the absence of the

endothelial laminins, we examined whether mean systolic and dias-

tolic blood pressure were altered in Lama4�/� and Tek-Cre::

Lama5�/� mice using intra-carotid artery measurements.

Appendix Fig S3 shows that there were no significant differences

from WT littermates in both strains. In addition, we investigated

morphological changes known to correlate with chronic alterations

in shear, revealing that Tek-Cre::Lama5�/� resistance arteries,

which show almost no shear detection, have reduced vessel dia-

meters, while Lama4�/� resistance arteries, which showed a more

A B

C

Figure 1. Impaired endothelial cell-mediated response to shear stress in laminin KO mice.

A Shear–dilation relations of Tek-Cre::Lama5�/� and Lama4�/� mesenteric resistance arteries and corresponding wild-type controls show a reduced response of Tek-
Cre::Lama5�/� arteries and an enhanced response of Lama4�/� arteries. Data shown are mean changes in vessel diameter (D lm) � s.e.m. from eight experiments
with 16 wild-type and 16 KO arteries; KO and wild type were analysed as pairs in each experiment. **P < 0.01, paired t-test.

B, C The dose–response curves of arteries from wild-type, Tek-Cre::Lama5�/� (B) and Lama4�/� mice (C) and wild-type littermates stimulated with methacholine do not
show significant differences (n.s.). Data are expressed as per cent relaxation of the maximum force developed in the presence of 0.3 lM U46619 and are mean
values � s.e.m. from seven experiments with one wild-type artery and one KO artery in each experiment.

Figure 2. Laminin composition of laminin KO resistance arteries and topography of the endothelial basement membranes.

A Three-dimensional digital reconstructions of optical sections through immunofluorescently stained mesenteric resistance arteries from wild-type, Tek-Cre::Lama5�/�

and Lama4�/� mice, and optical sections through vessel walls to show the endothelial and underlying smooth muscle layers. DAPI staining permits identification of
endothelial cell nuclei, which lie perpendicular to the nuclei of the smooth muscle cells. Laminin a5 is absent from endothelial basement membranes of Tek-Cre::
Lama5�/� arteries (arrow) but is still present in smooth muscle basement membranes (asterisk), while laminin a4 is still detectable in both endothelial and smooth
muscle basement membranes. Lama4�/� arteries lack laminin a4 in both endothelial (arrow) and smooth muscle (asterisk) basement membranes, but laminin a5 is
still detectable. Scale bars are 10 lm.

B Scanning electron microscopy images of endothelial cell-denuded mesenteric resistance arteries show a comparable topography of the endothelial basement
membrane in wild-type, Tek-Cre::Lama5�/� and Lama4�/� arteries. The arrows indicate artificial ruptures due to preparation procedure. Scale bars are 100 nm.

C Intravital microscopic quantification of mesenteric arteries sizes in vivo shows smaller diameters (�24.3%) in Tek-Cre::Lama5�/� arteries and larger diameters
(+27.6%) in Lama4�/� arteries compared to wild-type controls. Autofluorescence of the internal elastic lamina allowed a good approximation of mesenteric arteries
lumen diameter. Scale bar is 100 lm. Data are means � s.e.m. from a minimum of four-first-order mesenteric arteries imaged at least in four mice per genotype.
*P < 0.05 unpaired t-test.

▸

ª 2016 The Authors The EMBO Journal Vol 36 | No 2 | 2017

Jacopo Di Russo et al Laminin a5 is required for shear response The EMBO Journal

185

Published online: December 9, 2016 



A

B

C

Figure 2.

The EMBO Journal Vol 36 | No 2 | 2017 ª 2016 The Authors

The EMBO Journal Laminin a5 is required for shear response Jacopo Di Russo et al

186

Published online: December 9, 2016 



sensitive response to shear, had larger vessel diameters (Fig 2C).

This is consistent with inward vessel remodelling in Tek-Cre::

Lama5�/� and outward remodelling in Lama4�/� in an effort to

maintain blood pressure constant (Mulvany, 1999).

Laminin 511 interacts with integrin b1 and influences focal
adhesion size

To investigate whether arterial endothelial cells can bind equally

well to both endothelial laminin isoforms, in vitro adhesion assays

were performed using human umbilical artery endothelial cells

(HUAECs). Control substrates included the non-endothelial laminin

111 and fibronectin. HUAECs showed dose-dependent and saturable

binding to all substrates, albeit to different extents. Laminins 511

and 111 supported the highest degree of binding, and low levels of

binding to laminin 411 were measured (Fig 3A), indicating preferen-

tial interaction with laminin 511 in the endothelial basement

membrane. To define whether such interactions could induce

release of endothelial cell-derived factors involved in shear-induced

vasodilation, the prostacyclin secretion pathway was investigated in

HUAECs plated at confluency onto purified laminin 511 versus

laminin 111 and subjected to 10 dyn/cm2 shear for 4 h or no shear.

It was not possible to use laminin 411 as the cells detached under

even low flow conditions due to weak adhesion. Prostacyclin is

released from endothelial cells under flow-induced shear (Frangos

et al, 1985) and its expression is controlled by COX2 (Topper et al,

1996); hence, elevated COX2 expression reflects an enhanced shear

response. Figure 3B shows a higher fold change in COX2 mRNA and

protein expression in shear versus non-shear conditions in HUAECs

plated on laminin 511 compared with laminin 111, consistent with a

role for laminin 511 in shear-induced arterial dilation in vivo. In

addition, endothelial cell alignment in the direction of flow, which

provides an in vitro measure of shear responsiveness (Levesque &

Nerem, 1985), revealed comparable rates of alignment of HUAECs

plated on laminin 511 and fibronectin, but little or no alignment of

cells plated on laminin 111 which remained perpendicular to flow

(Fig 3C and Appendix Fig S4A).

Endothelial cells express several potential laminin 411 and 511

receptors (Kikkawa et al, 2000; Fujiwara et al, 2001; Sasaki &

Timpl, 2001), some of which have been implicated in shear stress

mechanotransduction processes (Jalali et al, 2001). To define which

receptors mediate HUAEC binding to the endothelial laminins, func-

tional-blocking antibodies to integrins b1 (P5D2), a3 (P1B5), a6
(GoH3), a5 (P1D6) and av (LM609) either alone or in combination

were included in the adhesion assays. Fibronectin was employed as

a positive control, where binding is known to be integrin a5b1-
mediated (van der Flier et al, 2010). Laminin 111 was used as a

non-endothelial laminin isoform. Adhesion assays revealed almost

complete inhibition of HUAEC binding to laminins 511 and 411,

laminin 111 and fibronectin by anti-integrin b1 (Fig 3D and E),

excluding the involvement of b3-integrins. This is consistent with

the involvement of b1- but not b3-integrins in shear stress mechan-

otransduction (Jalali et al, 2001) and with the complete lack of inte-

grin b3 in endothelial cells of mesenteric arteries (Appendix Fig

S4B). HUAEC binding to laminin 511 was predominantly integrin

a3-mediated, with strong synergistic effects of integrins a3 and a6
and to a less extent a3 and av (Fig 3D). By contrast, binding to lami-

nins 111 and 411 (Fig 3E) was mediated by integrin a6b1 as shown

by almost complete inhibition of binding by the GoH3 antibody,

consistent with previous studies (Fujiwara et al, 2001). To test for

potential species differences, similar experiments were performed

with a skin-derived mouse endothelial cell line (sEND.1; Williams

et al, 1989) revealing similar patterns of results as obtained with

HUAECs (Appendix Fig S5A).

b1-Integrin-containing focal adhesions (FAs) have been shown to

be important for shear stress mechanotransduction (Davies et al,

1994; Tzima et al, 2001), and changes in their size and number are

regulated in response to the intensity of the mechanical load,

Table 1. Overview of endothelial basement membrane and
interstitial matrix components tested.

ECM protein Wild type Tek-Cre::Lama5�/� Lama4�/�

Laminin a1 � � �
Laminin a2 � � �
Laminin a3 � � �
Laminin a4 + + �
Laminin a5 + � +*

Laminin b1 + + +

Laminin b2 + + +

Laminin c1 + + +

Laminin c3 � � �
Collagen type IV + + +

Nidogen-1 + + +

Nidogen-2 + + +

Perlecan + + +

Fibronectin + + +

Collagen type I + + +

+, present; �, not detectable; *, broader distribution.

Figure 3. Arterial endothelial cells preferentially adhere to laminin 511 via b1-integrins.

A In vitro cell adhesion assays employing HUAECs plated on increasing concentrations of purified laminin 411 and 511, compared to the non-endothelial cell laminin
111 and fibronectin, showing high levels of HUAEC adhesion to laminin 511 and low binding to laminin 411. Data are means � s.e.m. of 3 independent
experiments with triplicates/experiment.

B Enhanced fold change (D) in Cox2 mRNA expression and protein levels in HUAECs plated on laminin 511 versus laminin 111 in response to shear. mRNA data are
means � s.e.m. of four independent experiments with triplicates/experiment, paired t-test. Protein quantification data are means � s.e.m. of seven independent
experiments, Mann–Whitney U-test. *P < 0.05, **P < 0.01.

C Angle histogram of HUAEC orientation after 120 min of 10 dyn/cm2 shear stress showing the per cent cells at 10–90° in relation to the direction of flow. Cells were
plated on 25 nM laminin 511 and laminin 111. Data are means � s.e.m. of six independent experiments, t-test. *P < 0.05.

D, E Inhibition assays performed at 25 nM laminin 511 (D), laminin 111, laminin 411 or fibronectin (E) in the presence or absence of function-blocking integrin
antibodies. Data are means � s.e.m. of four experiments with triplicates/experiment, unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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thereby controlling the strength of adhesion (Jalali et al, 2001).

However, few studies have examined FA in vivo (van Geemen et al,

2014). To investigate whether b1-integrin-containing FAs occur in

the endothelium of resistance arteries and whether they change

in the laminin knockout mice, en face staining of the endothelium in

mesenteric resistance arteries for b1-integrin together with vinculin

as a marker of adhesion complexes (Collins et al, 2014; van Geemen

et al, 2014) was performed, revealing localization of integrin b1 in

adhesion complexes in the endothelium of WT, Lama4�/� and Tek-

Cre::Lama5�/� mice (Fig 4A). Quantification of the number and size

of the vinculin-positive adhesion complexes in the WT, Lama4�/�

and Tek-Cre::Lama5�/� mesenteric resistance arteries revealed

significantly smaller but more numerous adhesion complexes in the

Tek-Cre::Lama5�/� endothelium compared to WT littermates

(Fig 4B–D). By contrast, a higher number of large adhesion

complexes occurred in Lama4�/� endothelium, which show ubiqui-

tous laminin 511 expression in all endothelial basement membranes

(Fig 4B–D and Appendix Fig S5B).

To directly test whether the endothelial laminins affect FA size

and density, HUAECs were plated at confluent densities on laminins

511, 411 or 111 and stained for vinculin, confirming larger FAs in

cells plated on laminin 511 than on laminin 411 or 111, with compa-

rable density on laminin 511 and 411, but significantly lower

density on the non-endothelial laminin 111 (Appendix Fig S5C).

Since strength of adhesion has been correlated to FA size (Riveline

et al, 2001), taken together these data suggest that integrin

b1-mediated binding to laminin 511 supports stronger endothelial

cell anchorage to the underlying basement membrane in resistance

arteries than laminin 411.

Endothelial cell adhesion to laminin 511 increases cortical actin
stiffness and junctional tension

As mechanotransduction requires the cytoskeleton to connect and

transmit tensional forces from different regions of the cell (Geiger

et al, 2009; Hahn & Schwartz, 2009), the cortical stiffness of

endothelial cells in Tek-Cre::Lama5�/�
, Lama4�/� and WT mice

was measured using ex vivo arterial preparations and atomic force

microscopy (AFM). Test experiments performed on mesenteric

resistance arteries versus aortae revealed the absence of dif-

ferences in endothelial cortical stiffness between the two vessel

types (Appendix Fig S6A). The analyses were therefore performed

on the less fragile and more accessible aortae, showing a signifi-

cant reduction in cortical stiffness in Tek-Cre::Lama5�/� aortic

endothelial cells compared with WT littermates (Fig 4E). By

contrast, the Lama4�/� endothelium had a significantly increased

cortical stiffness compared to WT controls (Fig 4F). To investigate

whether the observed differences in cortical stiffness were due to

the presence or absence of laminin a5 or laminin a4, similar

measurements were performed using the mouse sEND.1, which

binds to laminin 411 and 511 (Appendix Fig S6). As HUAECs

show weak binding to laminin 411, it was not possible to employ

them in these experiments. Control experiments were therefore

performed with laminin 111. Interestingly, sEND.1 responded to

increasing concentrations of laminin 511 (0–30 lg/ml), but not

laminin 411, with increased cortical stiffness (Appendix Fig S6B).

HUAEC cortical stiffness was also higher on laminin 511 than on

the same concentration of laminin 111 (Fig 4G). These data

suggest a direct effect of laminin a5 on cortical stiffness of the

resistance artery endothelium and, hence, the actin cytoskeleton

arrangement, which is also crucial for shear stress response

(Hutcheson & Griffith, 1996).

As cortical actin dynamics and tension have been shown to

control cadherin adhesion at adherens junctions (Engl et al, 2014)

and VE-cadherin is required for shear stress sensing and mechan-

otransduction (Tzima et al, 2005), we investigated whether arterial

endothelial cell binding to laminin 511 or 411 affects adherens junc-

tion tension using a dual pipette-pulling assay (Fig 5A). HUAECs

were allowed to bind to laminin 411- or laminin 511-coated beads.

Cells attached to beads were then permitted to bind to each other,

and the strength required to detach two cells was measured (cell–

cell adhesion strength). Previous studies have shown that adhesion

complexes form in cells bound to the ECM-coated beads (Martinez-

Rico et al, 2010). It was not possible to measure cell–cell adhesion

strength after adhesion to laminin 411 due to the weak adhesion of

HUAECs to this laminin isoform. Laminin 111 was therefore

employed as a surrogate, as above in the AFM studies.

Cell–cell adhesion strength was significantly higher for HUAECs

bound to laminin 511-coated beads compared to laminin 111-coated

beads or single cells not bound to beads (Fig 5B). To test whether

laminin 511 specifically affects adherens junctions, the same

experiments were performed in the presence of functional-blocking

antibody to the integral adherens junction molecule, VE-cadherin

(BV9), revealing significantly reduced cell–cell adhesion strength

(Fig 5C).

To test whether these effects were due to strength of laminin

511-induced adhesion or signalling events independent of adhesion

strength, soluble laminin 511 was added to HUAECs alone (without

beads) and cell–cell adhesion strength was measured. Interestingly,

this revealed a similarly enhanced cell–cell adhesion strength as

Figure 4. Laminin 511 affects the size of endothelial adhesion complexes and cortical stiffness.

A Double immunofluorescence staining of whole-mount wild-type mesenteric resistance arteries for b1 integrin and vinculin shows colocalization in focal adhesions
(arrowheads). Scale bar is 10 lm.

B Vinculin immunofluorescence staining of whole-mount wild-type, Tek-Cre::Lama5�/� and Lama4�/� mice mesenteric resistance arteries reveals smaller adhesion
complexes in Tek-Cre::Lama5�/� (arrowheads) and larger adhesion complexes in Lama4�/� vessels (arrowheads). Scale bar is 10 lm.

C, D Corresponding quantification of sizes (C) and frequency distribution (D) of adhesion complexes per endothelial cell. Data are means � s.e.m. from 300 cells from
nine wild-type and nine KO arteries isolated from three mice/genotype. ***P < 0.001, ****P < 0.0001, unpaired t-test.

E, F The endothelium of excised wild-type, Tek-Cre::Lama5�/� and Lama4�/� aortae was analysed by AFM, revealing reduced cortical stiffness in Tek-Cre::Lama5�/�

vessels (�9.5%) and increased cortical stiffness in Lama4�/� vessels (+2%). Data are means � s.e.m. from four experiments employing four KO arteries and four
wild-type controls in each experiment. *P < 0.05, ****P < 0.0001, unpaired t-test.

G In vitro AFM measurements of cortical stiffness performed on HUAECs plated on 30 nM purified laminin 511 or 111 reveal increased cortical stiffness in cells on
laminin 511. Data are mean � s.e.m. from three experiments with triplicates/experiments, *P < 0.05, unpaired t-test.
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measured between cells bound to laminin 511-coated beads, and

was also inhibited by the addition of anti-VE-cadherin and anti-

integrin b1 (Fig 5C and D).

Inhibition of events downstream of b1-integrin binding to

laminin 511, including inhibition of focal adhesion kinase and Src

kinase (Martinez-Rico et al, 2010), also reduced the cell–cell adhe-

sion strengths (Fig 5D). Similarly, inhibition of RhoA signalling,

which has been implicated in both VE-cadherin junctional localiza-

tion and can also occur downstream of laminin–b1 integrin-

mediated interactions (Yamamoto et al, 2015), significantly reduced

cell–cell adhesion strengths (Fig 5D). Taken together, the data

suggest that the enhanced VE-cadherin-mediated cell–cell adhesion

requires laminin 511 engagement with b1-integrin but that laminin

511 may also act as a signalling molecule independent of its strong

adhesive effects.

Laminin a5 stabilizes VE-cadherin at the cell–cell junction

Cell–cell adhesion can be controlled by the complexity of junctional

complexes or by the proportion of VE-cadherin molecules located at

junctions versus those recycling (Yamamoto et al, 2015). HUAEC

cells were therefore plated at confluent densities on laminin 511,

A B

C D

Figure 5. Laminin 511 increases cell–cell adhesion strength.

A A dual pipette-pulling assay was employed to measure cell–cell adhesion strength in HUAECs bound to laminin-coated beads (asterisk) or in the absence of beads.
Scale bar is 10 lm.

B Quantification shows higher adhesion strength between cells bound to laminin 511-coated beads compared to laminin 111-coated beads or cells not incubated with
beads. Measurements could not be made with cells incubated with laminin 411-coated beads since it was impossible to find cell–bead complexes. Values are
means � s.e.m. from 15 cells from three independent experiments, unpaired t-test with Welch’s correction. *P < 0.05, ***P < 0.001.

C Dual pipette-pulling assay performed in the presence of VE-cadherin-blocking antibody, isotope control and soluble laminin 511, showing almost complete ablation
of adhesion strength in the presence of the blocking antibody in all conditions. Similar adhesion strengths were measured between cells in the presence of soluble
laminin 511 and cells bound to laminin 511-coated beads.

D Adhesion strength in the presence of soluble laminin 511 was significantly reduced in the presence of integrin b1-blocking antibody; cell–cell adhesion strength
between cells bound to laminin 511 coated beads was significantly reduced in the presence of ROCK, SRC or FAK inhibitors.

Data information: (C, D) Values are means � s.e.m. from 11 cells from three independent experiments, unpaired t-test with Welch’s correction. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, n.s. = not significant, n.d. = not determined.
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laminin 411 or laminin 111, and the VE-cadherin recycling rate was

measured with an antibody-feeding assay (Yamamoto et al, 2015).

Cells plated on laminin 511 showed lower proportions of vesicles

containing internalized VE-cadherin after 30 min of antibody feed-

ing compared to cells plated on laminin 411 or laminin 111 (Fig 6A

and B). We confirmed that a higher fraction of VE-cadherin

localized to the cell surface in cells plated on laminin 511

compared to laminin 111 by Western blot analysis of immuno-

precipitated surface-biotinylated VE-cadherin compared to the total

VE-cadherin content (Fig 6C and D). It was not possible to use

laminin 411 due to the extreme low numbers of cells bound and

hence difficulty in obtaining sufficient protein for Western blot

analyses. Western blots of immunoprecipitated VE-cadherin for

associated p120 catenin, which inhibits VE-cadherin endocytosis

(Xiao et al, 2005; Chiasson et al, 2009), revealed higher levels of

p120 catenin in HUAECs plated on laminin 511 compared to

laminin 111 (Fig 6E and F).

The maintenance and stability of cell–cell junctions is regulated

by the balance of cell–cell adhesion and cellular contractility (Liu

et al, 2010; Yamamoto et al, 2015). We therefore compared the

level of phosphorylated myosin light chain II (pMLC II) in WT,

Tek-Cre::Lama5�/� and Lama4�/� mesenteric resistance arteries as

a measure of actomyosin contractility (van Nieuw Amerongen

et al, 2007; Abraham et al, 2009). As the number of endothelial

cells that can be isolated from the mesenteric resistance arteries

was insufficient for Western blot analyses, we investigated pMLC

II (ser19) localization at cell–cell junctions by double immunofluo-

rescence staining of whole-mount arteries for VE-cadherin and

pMLC II and analysis by confocal microscopy. pMLC II staining in

the proximity of the VE-cadherin-positive adherens junctions was

most pronounced in Lama4�/� mesenteric resistance arteries, with

some junctional staining in WT arteries and the least observed in

Tek-Cre::Lama5�/� arteries (Fig 7A). To quantify this junction-

associated pMLC II staining, we measured the length of continu-

ous staining along the 3D adherens junction (Brevier et al, 2007),

revealing significantly shorter stretches of junctional pMLC II in

Tek-Cre::Lama5�/� arteries, and longer stretches in Lama4�/�

arteries (Fig 7B). These data are consistent with enhanced stabi-

lization of VE-cadherin at junctions in the Lama4�/� mesenteric

resistance arteries, which show ubiquitous laminin 511 expression.

Given that junctional localization of VE-cadherin is also essential

for efficient shear stress response (Tzima et al, 2005; Coon et al,

2015), it is also consistent with the almost complete lack of

response to increased shear stress by mesenteric arteries lacking

laminin a5.

Discussion

We show here that endothelial cell basement membrane laminin

isoforms are required for a normal shear response by resistance

arteries. The loss of laminin 511 from endothelial basement

membranes in Tek-Cre::Lama5�/� mice resulted in an almost

complete ablation of dilation in response to increased shear stress,

which correlated with reduced endothelial cell cortical stiffness and

reduced size of integrin b1-positive/vinculin-positive focal adhe-

sions. In vitro assays suggest that arterial endothelial cells directly

bind to laminin 511 via b1 integrins and that this interaction

enhances VE-cadherin stabilization at cell–cell junctions, required

for an adequate shear response (Fig 8).

The flow-induced defects observed in Lama4�/� and Tek-Cre::

Lama5�/� resistance arteries were not due to defects in the ability

of endothelial cells to communicate with the underlying smooth

muscle cells, as demonstrated by comparable responses to metha-

choline, indicating the absence of endothelial cell intrinsic defects in

the production of vasodilators. Nor were the smooth muscle cells

compromised in their ability to contract or dilate in response to

drugs or mechanical stimuli in either Lama4�/� and Tek-Cre::

Lama5�/� resistance arteries, excluding the possibility that the

observed defects in flow-induced dilation were due to smooth

muscle cell malfunction. Importantly, the resistance arteries of the

Tek-Cre::Lama5�/� did not reveal any compensatory expression of

other ECM molecules such as fibronectin, which has been previ-

ously shown to be required for shear detection and adhesion

complex remodelling in in vitro studies. Only Lama4�/� arteries

showed an aberrant ubiquitous expression of laminin a5 throughout

the endothelial cell basement membrane (Wu et al, 2009), and a

hypersensitive response to shear. Our in vivo data therefore support

a direct effect of laminin 511 on endothelial cell shear stress

response. This was also supported by in vitro analyses showing

enhanced COX2 expression and, thereby prostacyclin release, in

HUAECs under shear when bound to laminin 511, as well as the

alignment of HUAECS to the direction of flow when plated on

laminin 511 but not on non-endothelial laminin 111.

Given the lower shear response in mice lacking endothelial

laminin 511, one may have expected a higher blood pressure, which

was not the case and was shown to be due to remodelling of the

resistance arteries. Measures of vessel dimensions revealed

a smaller lumen diameter in Tek-Cre::Lama5�/� mice, while

Lama4�/� mice, which showed a hypersensitive response to shear,

had larger diameter lumens, suggesting changes in the vessel wall

to maintain blood pressure constant. Hence, while there was no

◀ Figure 6. Laminin 511 stabilizes VE-cadherin at cell–cell junctions.

A Immunofluorescence-based antibody-feeding assay performed using HUAECs seeded on laminin 411-, 511- or 111-coated coverslips reveals more VE-cadherin at
junctions and less in vesicles in cells plated on laminin 511 (arrowheads mark VE-cadherin-positive vesicles). Scale bar is 10 lm.

B Quantification of VE-cadherin-positive vesicles/cell in HUAECs plated on laminin 411, 511 or 111. Values are means � s.e.m. from 300 cells from three independent
experiments, unpaired t-test. ****P < 0.0001.

C Western blot of biotinylated (surface) VE-cadherin in HUAECs plated on different laminins versus total VE-cadherin (input) confirms more junctionally located VE-
cadherin in cells bound to laminin 511.

D Quantification of Western blots expressed as relative signal proportions (surface VE-cadherin/total VE-cadherin). Values shown are means � s.e.m. of six
experiments, unpaired t-test. **P < 0.01.

E, F (E) Western blot of p120 catenin co-immunoprecipitated with VE-cadherin (input) from HUAECs plated on different laminins, and (F) corresponding quantification
of the p120 signal intensity relative to the total VE-cadherin signal. Asterisks are isotope controls. Values shown are means � s.e.m. of four experiments, Mann–
Whitney U-test. *P < 0.05.
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overt remodelling, such as increased collagen deposition and large

changes in wall thickness (Mulvany, 1999), there were changes to

the vessel dimensions to accommodate their inability to respond

appropriately to changes in flow, as reported in other mice models

(Albinsson et al, 2007). There are reports of altered shear response

in resistance arteries of diabetic and hypertensive rats (Matrougui

A

B

Figure 7. Laminin 511 affects the tension of endothelial cells adherens junctions in vivo.

A Double immunofluorescence staining for phosphorylated myosin light chain II (pMLC II) and VE-cadherin in mesenteric resistance artery endothelium from wild-type,
Tek-Cre::Lama5�/� and Lama4�/� mice (arrowheads). Scale bar is 10 lm.

B Quantification of the pMLC II signal along VE-cadherin signal revealed significantly less overlap in Tek-Cre::Lama5�/� and more overlap in Lama4�/� endothelium,
compared with wild-type controls. The data are normalized to the skeletal length of the VE-cadherin signal. Values shown are means � s.e.m. resulting from
quantification of four field of view per arteries, four mice/genotype. *P < 0.05, **P < 0.01, paired t-test.
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et al, 1998; Bouvet et al, 2007; Belin de Chantemele et al, 2009;

Vessieres et al, 2012; Dumont et al, 2014) where expression or

glycosylation state of extracellular matrix molecules is commonly

affected (Intengan & Schiffrin, 2000; Rauch et al, 2011; Bogdani

et al, 2014). However, there has been no investigation of whether

changes in shear response in such pathological vessels are associ-

ated with changes in laminin isoform expression, a possibility that

requires future investigation.

In vitro studies using HUVECs or BAEC plated onto fibronectin

have shown that endothelial cells modulate the avidity and affinity

of adhesion complexes upon increased shear stress, which results

in increased adhesion strength and intracellular signalling (Urbich

et al, 2000; Jalali et al, 2001; Tzima et al, 2001). This is consistent

with the small adhesion complexes observed in the endothelium of

Tek-Cre::Lama5�/� arteries, which lack laminin 511 and have a

reduced shear stress response, and the larger adhesion complexes

in Lama4�/� vessels, which express laminin 511 and have an

enhanced response to shear stress. In vitro studies with HUAECs

plated on laminin 511 versus laminins 411 or 111 supported the

larger size and higher density of focal adhesions on laminin 511.

Our data suggest the involvement of b1- but not b3-integrins in

arterial endothelial cell adhesion to laminin 511, consistent with

published data (Kikkawa et al, 2000). In particular, integrin a3b1

together with one or more other b1 integrins appears to play a

central role; however, conclusive identification of a3b1 integrin

in vivo is not possible at present, due to the absence of appropriate

tools for use in mouse tissues. Our data suggest that the higher

strength of adhesion provided by laminin 511 acts to stabilize VE-

cadherin at cell–cell junctions by inhibiting its endocytosis, reflected

in the enhanced association with p120 catenin (Xiao et al, 2005;

Chiasson et al, 2009). This enhanced junctional localization of VE-

cadherin induced by laminin 511 correlated with increased cell–cell

adhesion strength as shown in the dual pipette-pulling assays and,

in vivo, by the enhanced junctional phospho-myosin II staining in

Lama4�/� mice, which show an aberrant ubiquitous laminin a5
expression (van Nieuw Amerongen et al, 2007; Abraham et al,

2009). Others have shown that the strength of endothelial cell adhe-

sion to the extracellular matrix affects the force that can be gener-

ated at junctions, across the force-sensing molecule PECAM-1

(Collins et al, 2014). Taken together, this suggests that one way in

which laminin 511 in the endothelial cell basement membrane acts

is to support greater strength of adhesion which permits greater

force transduction across junctional force sensors and more sensi-

tive shear response. In addition, the ability of soluble laminin 511 to

enhance HUAEC cell–cell adhesion strength in the duel pipette

experiments suggests a signalling role for laminin 511 independent

A B

Figure 8. Central role of laminin a5 in shear response of resistance arteries.

A Laminin a5 in the basement membrane supports strong adhesion of endothelial cells via b1 integrins, which ensures the correct cortical tension and stabilizes VE-
cadherin at cell-to-cell junctions, required for a normal shear response.

B In the absence of laminin a5, the strength of endothelial cell adhesion is significantly reduced, leading to reduced cortical stiffness, less VE-cadherin at cell-to-cell
junctions and correlated higher number of recycling VE-cadherin molecules, and a reduced shear response. Blue denotes recycling VE-cadherin-positive vesicles.
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of its function as a strong adhesive substrate. Precisely how integrin

b1-mediated endothelial interactions with laminin 511 act to stabi-

lize VE-cadherin at junctions is not yet clear. However, data

presented here suggest the involvement of both RhoA and Src

kinases that are probably downstream of integrin-associated FAK

events.

One possibility is that tissue/matrix stiffness directly affects the

cytoskeleton and thereby cell behaviour (Discher et al, 2005; Halder

et al, 2012), as described in the concept of cellular “tensegrity”

(Ingber & Jamieson, 1985). Our work demonstrated that the presence

of laminin a5 in endothelial basement membrane correlates with

increased endothelial cell cortical stiffness in vivo and in vitro, which

suggests changes in cortical actin arrangement may also mechani-

cally affect junctional proteins (Engl et al, 2014; Sauteur et al, 2014).

Although it is very difficult to prove, the absence of a single molecule

such as laminin 511 from the basement membrane is unlikely to

affect the overall stiffness of the matrix, plus the stiffness of the glass

on which isolated laminins were plated in the AFM experiments is

likely to override any laminin-specific effects. It is therefore likely

that biochemical signals derived from endothelial adhesion to

laminin 511 act downstream to regulate actin arrangements and

thereby cortical stiffness and mechanotransduction processes

(Hutcheson & Griffith, 1996; Tzima et al, 2001). Candidate down-

stream signalling molecules include RhoA, which has been impli-

cated in force generation via b1-integrins (Schiller et al, 2013) and

shear responses (Jalali et al, 1998; Tzima et al, 2001), and Src kinase

(Huveneers & Danen, 2009; Martinez-Rico et al, 2010).

In conclusion, our interdisciplinary approach, combining physio-

logical, biochemical and biophysical analyses of resistance arteries,

supports a central role for the endothelial cell basement membrane

protein laminin 511 in in vivo endothelial cell shear stress mechan-

otransduction and identify two potential mechanisms of action—

remodelling of integrin b1-containing adhesion complexes and stabi-

lization of VE-cadherin at cell-to-cell junctions (Fig 8). Our data

suggest that laminin 511 interactions are required for maintaining a

healthy responsive endothelium in resistance arteries.

Materials and Methods

Mice and cells

The laminin a4 (Lama4�/�) (Thyboll et al, 2002) and endothelial

cell-specific laminin a5 knockout mouse (Tek-Cre::Lama5�/�; Song
et al, 2013) have been previously described. The Tie2 promoter

drives Cre recombinase expression in the Tek-Cre::Lama5�/� mice

and is active in all endothelial cells by E9.5 (Kisanuki et al, 2001)

prior to any Lama5 endothelial expression (Sorokin et al, 1997). All

experiments were conducted according to German and Swedish

Animal Welfare guidelines.

Human umbilical artery endothelial cells (HUAECs), obtained

from Promo Cell, were cultured in endothelial cell growth medium

(Promo Cell) at 37°C and 5% CO2 and employed up to passage 8.

Mouse skin-derived endothelial cell line (sEND.1) was immortalized

using the polyoma middle T oncogene (Williams et al, 1989), which

was grown in Dulbecco’s MEM (DMEM/high glucose) plus 10%

FCS, at 37°C and 7.5% CO2. Authentication of HUAECs and sEND.1

was according to the recommendations of ATCC; cells were tested

for expression of endothelial markers including LDL uptake and

PECAM-1, and E-selectin in the case of sEND.1. sEND.1 was tested

regularly for maintenance of expression of these endothelial mark-

ers. HUAECs were tested for the absence of HIV-1, HIV-2, HBV,

HCV and microbial contaminants, including mycoplasma; sEND.1

cells were tested regularly for the absence of mycoplasma by PCR

(van Kuppeveld et al, 1994) and by staining with Hoechst dye

(Chen, 1977).

Immunofluorescence staining and adhesion
complexes quantification

Immunofluorescence staining was performed on 5-lm cryosections

as previously described (Sixt et al, 2001a). For whole-mount stain-

ing of mesenteric resistance arteries, mice were perfused i.v. with

4% ice-cold paraformaldehyde (PFA) and the whole intestine was

excised. Dissected resistance arteries were post-fixed at 4°C in 1%

PFA in phosphate-buffered saline (PBS) containing 0.1% triethano-

lamine, 0.1% Triton X-100, 0.1% Nonidet� P-40. Arteries were

opened longitudinally and incubated in 1% bovine serum albumin

(BSA) in PBS containing 1% Triton X-100, followed by overnight

staining with primary antibody diluted in 1% BSA, 0.3% Triton

X-100 in PBS. Secondary antibodies were diluted in PBS containing

1 lg/ml DAPI and 0.3% Triton X-100 and incubated for 1 h with

the arteries. For cell staining, HUAECs were grown on coated glass

coverslips, fixed with ice-cold 1% PFA in PBS and stained as

previously described (Sixt et al, 2001a). Samples were analysed

using a Zeiss AxioImager equipped with epifluorescent optics or a

Zeiss LSM 700 confocal microscope. Images were analysed using

Volocity 5.5 software (Perkin Elmer). Vinculin-positive adhesion

complexes were quantified using maximum intensity projections of

each acquired image. Single cells were manually identified as

“region of interest,” and adhesion complexes were quantified with

ImageJ software.

Antibodies and proteins

The following antibodies were employed in immunofluorescence

and in vitro assays, unless otherwise stated: rabbit antibodies to

mouse laminin a4 (377) (Ringelmann et al, 1999), laminin a5 (405)

(Ringelmann et al, 1999); laminin a1 (317) (Durbeej et al, 1996),

laminin a2 (401) (Ringelmann et al, 1999), laminin b1 (Sasaki et al,

2002), laminin b2 (Sasaki et al, 2002), laminin c3 (Gersdorff et al,

2005), collagen type IV (AB756P, Millipore), nidogen 1 (Fox et al,

1991), nidogen 2 (Kohfeldt et al, 1998), perlecan (Costell et al,

1997); rat anti-mouse laminin c1 (3E10) (Sixt et al, 2001b), PECAM-1

(MEC13.3, BD Bioscience), laminin a5 (4G6) (Sorokin et al, 1997),

integrin b1 (9EG7) (Lenter et al, 1993), phospho-myosin light chain

2 (3671, Cell Signaling), vinculin (AB73412, Abcam); goat anti-

human VE-cadherin (C-19, Santa Cruz); mouse anti-alpha-smooth

muscle actin (C6198, Sigma), rabbit anti-cyclooxygenase2 (Cox2)

(4842, Cell Signaling). Secondary antibodies employed were the

following: Cy3 donkey anti-rat (712-166-153, Dianova/Jackson

immunoresearch), AF647 donkey anti-rat (AB150155, Abcam),

AF488 goat anti-rabbit (A-11008, Molecular Probes/Invitrogen),

AF647 goat anti-rabbit (111-605-144, Dianova/Jackson Immunore-

search), AF594 donkey anti-rabbit (A21207, Invitrogen), AF488

donkey anti-goat (A11055, Molecular Probes/Invitrogen), HRP goat
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anti-rabbit (172-1019, Bio-Rad). AF488-phalloidin (Life Techonolo-

gies, A12379) was employed for F-actin staining.

For adhesion assays, the following function-blocking antibodies

were employed: rat anti-integrin a6 (GoH3) (Sonnenberg et al,

1987) and mouse anti-human integrin b1 (P5D2) (Wayner & Carter,

1987), integrin a3 (P1B5) (Wayner & Carter, 1987), integrin a5
(P1D6) (Wayner & Carter, 1987) and integrin av (LM609) (Mitjans

et al, 1995).

Laminins 111, 411 and 511 were purified as previously described

(Sixt et al, 2001b). Fibronectin was purified from human serum

(Vuento & Vaheri, 1979).

Scanning electron microscopy of endothelium-denuded arteries

Mesenteric resistance arteries were dissected, open longitudinally

and denuded from endothelium by incubation in 50 mM Tris–HCl

plus 20 mM EDTA, pH 7.4, plus proteinase inhibitors (Roche),

followed by a second incubation in 50 mM Tris–HCl, 1 M NaCl, pH

7.4, plus proteinase inhibitors. Arteries were then processed for

electron microscopy as described (Maser & Trimble, 1977). Samples

were visualized and imaged with a Hitachi FESEM S5000, 20 kV.

Pressure myograph analyses

WT, Lama4�/� and Tek-Cre::Lama5�/� mice were euthanized by

cervical dislocation; second-/third-order small mesenteric arteries

were cleaned from surrounding tissues and 4- to 5-mm vessel

segments were mounted on glass cannulas (�90 lM tip diameter)

in a heated pressure myograph chamber (Living Systems Instrumen-

tation, Burlington, VT, USA).

Mesenteric resistance arteries in Ca2+-free HEPES-buffered Krebs

solution were mounted on glass cannulae in a pressure myograph

chamber (Living Systems Instrumentation, Burlington, VT). Vessels

were equilibrated in HEPES-buffered Krebs solution (composed of

135.5 mM NaCl, 5.9 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2,

11.6 mM glucose, and 11.6 mM HEPES, pH 7.4) at 45 mmHg and

38°C and monitored continuously in real time using a Nikon

Diaphot 200 inverted microscope equipped with a CCD camera.

VediView 1.2 software (Danish MyoTecnology) was used to deter-

mine vessel diameter. Flow-induced dilation, myogenic response

and passive diameter/pressure relationships were analysed: during

the 30 min of equilibration period, 0.3 lM phenylephrine (Sigma-

Aldrich) was added to the vessel lumen at a speed of 0.1 ll/min

(shear stress was calculated before running the pump to keep it at

less than 10 dynes/cm2 to preserve endothelial cell integrity). At the

end of the equilibration period, the pressure was increased to

70 mmHg for 5 min before stabilizing at 95 mmHg. To maintain

stable vessel tone, 0.3 lM phenylephrine was also added to the bath

in which the vessel was suspended. Shear stress rate was calculated

using the formula: s = 4lQ/pr3, where l is viscosity (0.007 poise),

Q is the flow (cm3/s) and r is the vessel radius (cm). Vessels were

stepwise subjected to 2, 2.5, 5, 10, 20 and 40 dynes/cm2, maintain-

ing the direction of shear as originally in the animal. The shear level

was maintained for 2 min, and vessel diameter was then measured.

At the end of every flow-induced dilation experiment, endothelial

cell viability was checked by adding 10 lM (final concentration)

acetylcholine (Ach) (Sigma-Aldrich). Unresponsive vessels were

excluded from final analyses. For the myogenic response,

intraluminal pressure was set at 20, 45, 70, 95 and 120 mmHg. Each

pressure level was maintained for 5 min, and the vessel diameter was

measured. Myogenic tone at each pressure was calculated as: myogenic

tone = (Dp – Da)/Dp × 100, where Dp is the passive vessel diameter

measured after every experiment in Ca2+-free HEPES-buffered Krebs

solution plus 2 mM EGTA, and Da is the active diameter, that is, the

diameter calculated during the myogenic response.

Wire myograph analyses

Mesenteric resistance arteries were collected in ice-cold 3-N-

morpholino propane sulphonic acid (MOPS) buffer and mounted on

the wire myograph. After exchanging the buffer with physiological

saline solution containing 5 mM HEPES (PSS) (gassed with 5% CO2,

pH 7.4), vessels were normalized to the diameter that they would

have in situ when relaxed and under a transmural pressure of

100 mmHg (Mulvany & Halpern, 1977). Vessel viability was

checked by replacing PSS with PSS containing potassium (KPSS) for

5 min, vessels that did not show any force development were

discarded. After several washes to allow vessels to reach baseline

force levels, responses to different doses of contractile drugs

(U46619, phenylephrine) were measured, or the vessels were pre-

constricted with a submaximal dose of U46119 (3 × 10�7 M) and

the effects of vasodilatory drugs (sodium nitroprusside, metha-

choline) were tested.

Atomic force microscopy

AFM was employed to measure cortical stiffness as previously

described (Oberleithner et al, 2009). Briefly, the measurements

consisted of gradually approaching a non-coated polystyrene spheri-

cal cantilever tip (10 lm diameter; Novascan) onto the endothelial

cell for approximately 200 nm in order to record its cortical stiffness

(50–150 nm depth). For endothelial cell measurements, sEND.1

(Williams et al, 1989) or HUAECs were seeded onto glass coverslips

coated with different concentrations of purified laminin 511, laminin

411 or laminin 111 (1, 5, 10, 20 and 30 nM). At least two coverslips

were employed for each laminin concentration tested. Aortas were

collected and cleaned from the surrounding adipose tissue, and

equal-sized rings were obtained from each vessel. The aortic rings

were opened longitudinally to expose the endothelium, stuck onto a

15-mm-diameter glass coverslips using Cell-TakTM (BD Bioscience)

and kept at 37°C and 5% CO2 in DMEM (Invitrogen) until the AFM

measurement. The quality of the aortic endothelial cell layer was

checked after AFM by immunofluorescence staining for endothe-

lial cell markers, such as PECAM-1 or VE-cadherin. Control experi-

ments were performed with mesenteric resistance arteries. The

force–distance curves obtained from the AFM measurements were

analysed with the protein unfolding and nano-indentation analysis

software PUNIAS version 1.0, release 1.8 to calculate cortical stiff-

ness of the endothelial cells.

Adhesion assay

Cell adhesion assays were performed with HUAECs and mouse

sEND.1 cells as previously described (Sixt et al, 2001b). Substrates

employed included the endothelial laminins 411 and 511, non-

endothelial laminin 111 and fibronectin. Cells were incubated for
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45 min at 37°C, and bound cells were measured using the hexosa-

minidase assay (Landegren, 1984) or violet blue staining of cells

and manual counting. Inhibition assays to determine receptors

required for binding to the different ECM substrates involved a 10-

to 15-min pre-incubation of cells on ice with 15–20 lg/ml blocking

antibody, prior to adding cells and antibody to the substrates. Only

saturating concentrations of the laminin isoforms were employed

(20–30 lg/ml) and adhesion was measured at times points when

adhesion to the substrate had plateaued (1–2 h). Functional-

blocking antibodies to human integrins b1 (P5D2), a3 (P1B5), a6
(GoH3), a5 (P1D6) and av (LM609) were employed either alone or

in combination.

Dual pipette assay

To determine whether cell–cell adhesion strengths were affected

by endothelial cell adhesion to different laminins, a dual pipette

assay was performed (Chu et al, 2004; Martinez-Rico et al, 2010).

Polystyrene macrobeads (15 lm, Polysciences, Inc.) were coated

overnight at 4°C with 20 lM purified laminin 511, laminin 411 or

laminin 111, added to a cell suspension of HUAECs in HEPES-

buffered cell culture medium at a ratio of 1:2 and incubated at

37°C, 5% CO2 for 1 h to permit cell adhesion to the coated

beads. Individual cells bound to a bead were captured using

micropipettes connected to a micromanipulator and a hydraulic-

pneumatic system with a pressure sensor. Two cells were permit-

ted to bind to each other for 5 min, after which one cell was fixed

by one micropipette, while the other was pulled away by stepwise

increases in aspiration force. The aspiration forces prior to detach-

ment of the two cells (Pn�1) and at the time point of detachment

(Pn) were recorded, and the adhesion strength (AS) was calcu-

lated: AS = p(d/2)2 (Pn�1+Pn)/2, where d is the inner diameter of

the pipette. Controls included the addition of VE-cadherin-blocking

antibody (BV9, Santa Cruz), integrin b1-blocking antibody (P5D2)

or IgG2a isotope control (Santa Cruz) diluted in the HEPES-

buffered cell culture medium and added to dissociated cells

directly before the measurements. To some experiments, 10 lM
ROCK inhibitor Y27632 (Y0503, SIGMA), focal adhesion kinase

inhibitor I (324877, MERK-Millipore) or SRC inhibitor PP1

(567809, MERK-Millipore) was added to the HEPES-buffered

medium containing cell–bead complexes 10 min before measure-

ments were taken.

To investigate whether laminin 511 effects were due to the

strength of HUAEC adhesion to this substrate, experiments were

also performed using soluble laminin 511 (20 lM) added to the

medium, individual cells were then captured directly by micro-

pipettes and the strength of cell–cell adhesion was measured as

above, in the presence or absence of anti-VE-cadherin or anti-

integrin b1 antibody.

Antibody-feeding assay

To determine junctional levels of VE-cadherin, HUAECs were seeded

onto glass coverslips coated with 20 nM purified laminin 511,

laminin 411 or laminin 111. After 6 h in culture, the confluent cell

layer was incubated for 30 min with 2.5 lg/ml mouse anti-human

VE-cadherin (BV9, Abcam). Cells were washed and fixed with 4%

PFA, and surface-bound anti-VE-cadherin was bound with excess

Alexa 488-conjugated donkey anti-mouse antibody. Cells were then

permeabilized with 0.2% Triton X-100 in PBS, post-fixed with 4%

PFA and incubated with Cy3-conjugated goat anti-mouse antibody

to detect internalized anti-VE-cadherin. Cells were examined using a

Zeiss LSM 700, and numbers of Cy3-positive vesicles containing

internalized VE-cadherin were determined using Volocity5.5

software.

Surface biotinylation assay and Western blot

To determine surface levels of VE-cadherin, HUAECs were seeded at

confluency in 6-cm Petri dishes coated with 20 lM purified laminin

511, laminin 411 or laminin 111. Cells were subsequently incubated

with 4 mM EGTA for 20 min and then moved to 4°C and incubated

with 0.5 mg/ml sulfo-NHS-biotin (Life Technologies) for 1 h. After

quenching unbound biotin with ice-cold 100 mM glycine in PBS,

total proteins were extracted in the presence of proteinase inhibitor

cocktail (Roche) and the biotinylated proteins were precipitated

with NeutrAvidinTM agarose beads (Life Technologies). The amount

of VE-cadherin in the precipitated biotinylated proteins (surface

bound) and the total VE-cadherin protein (input) in the sample

before immunoprecipitation of biotinylated proteins were analysed

by fluorescence Western blotting (Gingrich et al, 2000) using a poly-

clonal goat anti-human VE-cadherin antibody (C-19, Santa Cruz).

The blots were quantified using the gel analysis functionality of the

software ImageJ; the precipitate results were normalized to total

protein (http://rsb.info.nih.gov/ij/docs/menus/analyze.html#gels).

VE-cadherin co-immunoprecipitation

HUAECs were plated at confluent density on 20 nM purified laminin

511 and 111. After 6 h in culture, the total proteins were extracted

and VE-cadherin was precipitated with anti-human polyclonal anti-

body (C-19) conjugated to protein G–Sepharose beads (GE Health-

care). The amount of coprecipitated p120 catenin was quantified by

fluorescence Western Blots using a rabbit anti-human p120 catenin

antibody (S-19, Santa Cruz). Normal goat IgG (Santa Cruz) was

used as isotope control in the precipitation process.

Intravital microscopy of mesenteric arteries

To determine the average size of mesenteric arteries in vivo WT,

Lama4�/� and Tek-Cre::Lama5�/� mice were anaesthetized using

intraperitoneal (i.p.) injection of a mixture of ketamine hydrochlo-

ride (125 mg/kg) and xylazine (12.5 mg/kg) in saline. The distal

tract of small intestine was exposed, and first-order mesenteric

arteries were imaged using a Zeiss AxioScope A1 microscope

equipped with a saline immersion objective (SW 40/0.75 NA) and

stroboscopic epifluorescent illumination (Colibri-2, Zeiss). The

animal temperature was kept at 37°C with a heat pad. Autofluores-

cence of the internal elastic lamina as shown in Fig 2C was

employed as an approximate marker of the inner lining of arteries

and for measures of vessel diameters.

Arterial blood pressure measurement

Mean systolic and diastolic blood pressures were measured in WT,

Lama4�/� and Tek-Cre::Lama5�/� mice anaesthetized using
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isoflurane–air mixture; their body temperature was kept constant

with a heating pad. The right common carotid was exposed, and a

25G Millar catheter connected to pressure transducer was inserted

approximately 9 mm into the vessel to reach the aortic arch, and

the blood pressure was recorded for 10 min.

Shear stress-induced COX2 expression and HUAEC alignment

HUAECs were plated at confluent density on 25 nM purified laminin

511 and 111 in chamber slides (l-Slide I0.2 Luer or l-Slide VI0.4;

Ibidi) and then subjected to 10 dyn/cm2 or no shear for 4 h using

an Ibidi pump system. Control cells (static) and shear-subjected

cells were collected, and mRNA was extracted using an RNeasy Mini

Kit (Qiagen). Quantitative real-time PCR was performed with 10 ng

amplified cDNA per sample in an Rotor-Gene Q (Qiagen) using Bril-

liant SYBR Green QPCR Master Mix (Agilent Technologies). Results

were normalized to Top1 expression levels. The following primers

sequences were employed:

Cox2 – Fwd 50 AAGTGCGATTGTACCCGGAC 30;
Rev 50 TTTGTAGCCATAGTCAGCATTGT 30;
Top1 – Fwd 50 CCAACGGAAGCTCGGAAAC 30;
Rev R 50 GTCCAGGAGGCTCTATCTTGAA 30.

Total proteins were extracted from control (static) and shear-

subjected HUAECs, and the COX2 protein levels were detected by

Western blots. Quantification of band intensities was performed

with ImageJ software.

To quantify HUAEC orientation in response to shear stress, live

imaging was performed over 120 min using the conditions described

above. Cell alignment was documented using a Zeiss Axiovert 200M

equipped with a temperature and CO2 controller. Cell orientation

was analysed first with FogBank technique (Chalfoun et al, 2014)

and quantified using ImageJ software.

Expanded View for this article is available online.
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