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Abstract 

Background: Vascular endothelial cells (ECs) provide a highly interactive 
barrier between blood and the underlying tissues. It is well established 
that ECs exposed to laminar flow align in the direction of flow and also 
arrange their actin stress fibers in a parallel manner in the direction of flow. 
Also the organization of the microtubule network is altered in response 
to flow with repositioning of the microtubule-organizing centre (MTOC) 
in the direction of flow. Weibel-Palade bodies (WPBs) are endothelial 
cell specific storage organelles that contain a number of important 
homeostatic and inflammatory components. Dynamics of WPBs are 
controlled by microtubules and the actin cytoskeleton. Objectives: Here, 
we monitored flow-induced changes in distribution of WPBs. Methods: 
ECs were exposed for five days to laminar shear stress of 10 dyne/cm2. 
Subsequently we measured the distance of individual WPBs with respect 
to the centre of the nucleus using Image Pro Plus. Results: ECs aligned in 
the direction of flow under these conditions. After 5 days the MTOC was 
positioned downstream of the nucleus in the direction of the flow. The 
number of WPBs per cell was slightly reduced as a result of the application 
of flow. Unexpectedly, only minor differences in the distribution of WPBs in 
ECs cultured under laminar flow were observed when compared to that of 
cells grown under static conditions. Conclusions: Our findings suggest that 
laminar flow does not induce major changes in number and distribution 
of WPBs in ECs. 
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Abbreviations
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vein endothelial cells.
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Introduction

Endothelial cells (ECs) lining the vessel wall are of vital importance in 
maintaining vascular homeostasis. The vascular endothelium is constantly 
subjected to hemodynamic flow. ECs exposed to sustained flow have an 
artheroprotective phenotype, while at branchpoints (e.g. bifurcations) a 
disturbed or recirculating flow is observed, leading to sustained activation 
of inflammatory and proliferative pathways. As a result of this, areas 
subjected to low shear stress are susceptive for formation of atherosclerotic 
lesions [1].
The onset of laminar fluid shear stress or a disturbed flow induces various 
proliferative pathways and angiogenesis, thereby facilitating artery 
remodeling [1]. To maintain cellular homeostasis in the endothelium, 
sustained shear stress induces a feedback mechanism to minimize 
the effects of shear stress. Initially upregulated pathways become 
downregulated again and drive the cell towards a non-proliferative and 
artheroprotective state [1, 2]. In these artheroprotective regions the 
cells release components promoting cell survival [1, 3]. Additionally, 
morphological changes in confluent monolayer of ECs are induced. The 
cells become elongated and align parallel to the direction of the flow 
within 24 to 48 hours [4]. The nuclei of ECs will orient themselves parallel 
to the flow to minimize the effects of the fluid shear stress. Cells exposed 
to lower shear stress will display more rounded nuclei [5]. Sustained 
mechanotransduction leads to actin polymerization (12) and induced actin 
stress fiber formation that align in the direction of flow (13). Prolonged 
shear stress results in  polarization of the cell and translocation of the 
microtubule organizing centre (MTOC) downstream of the nucleus in vivo 
[6]. A random organization of the microtubule network is observed in 
cells cultured under static conditions, while cells subjected to prolonged 
shear stress displayed a bi-directional remodeling and stabilization of the 
microtubules [7].
ECs contain specific cigar-shaped storage organelles, designated Weibel-
Palade bodies (WPBs), which contain for instance von Willebrand factor 
(VWF), P-selectin, interleukin-8, angiopoietin-2 and osteoprotegerin [8-11]. 
Platelet binding to activated ECs excreting VWF is involved in the initiation 
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and formation of atherosclerotic lesions [12]. VWF is known to play an 
active role in angiogenesis [13], inflammation, recruitment of leukocytes 
and binding of platelets under shear stress and thereby contributes to the 
formation of atherosclerotic lesions [14, 15]. 
Upon activation of ECs in response to stimuli, for instance thrombin or 
histamine, WPBs fuse with the cell membrane and release their contents 
into the bloodstream. It is well-established that WPBs are linked to 
microtubules as well as to the actin cytoskeleton  [16, 17]. Interaction 
of microtubules with the actin cytoskeleton regulates dynamics of WPBs 
near the plasma membrane [18]. A complex of Rab27A/MyRIP and 
myosin Va has been shown to anchor WPBs to the actin cytoskeleton 
[19-21]. Motor protein complexes regulate plus and minus end directed 
transport of WPBs along microtubule [18, 22, 23]. Increased actin stress 
fiber formation has been associated with reduced VWF secretion [16]. In 
view of its pronounced effects of laminar shear stress on the microtubule 
network and actin cytoskeleton we anticipated that the distribution of 
WPBs in endothelial cell would also be affected. Unexpectedly, laminar 
shear stress did not induce major changes in distribution of WPBs when 
compared to ECs cultured under static conditions. 
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Materials and methods

Reagents and antibodies

Phosphate buffered saline (PBS) was from Fresenius Kabi (‘s-Hertogenbosch, 
the Netherlands), methanol was purchased from Merck (Darmstadt, 
Germany) and saponin was obtained from Sigma. Human serum albumin 
(HSA) was obtained from Sanquin (Amsterdam, the Netherlands). Mouse 
monoclonal anti-VWF antibody CLB-RAg20 (subclass IgG2b) has been 
described previously [24]. Rabbit anti β-catenin (sc-7199) antibody was 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA), mouse IgG1 
anti γ-tubulin (1:1000) was obtained from Sigma Aldrich (Steinheim, 
Germany), and Alexa  488-, 568-, 633-conjugated secondary antibodies 
and 488-conjugated phalloidin were from Molecular Probes (Breda, the 
Netherlands). Mowiol 4-88 reagent was purchased from Calbiochem 
(La Jolla, CA) and 37% formaldehyde was from JT Baker (Deventer, the 
Netherlands). 

Cell culture

Human umbilical vein endothelial cells (HUVECs) were isolated from 
umbilical veins and cultured in endothelial growth medium-2 medium 
supplemented with growth factors (Lonza Walkersville). HUVECs passage 
1 up to 3 were used for experiments. HUVEC were cultured under flow 
using IBIDI pump system (IBIDI GmbH, Munchen, Germany). The ECs were 
cultured to 100% confluence in T25 or T80 culture flasks (maximal passage 
number 3), trypsinized and resuspended in 0.8 or 3 ml of culture media, 
respectively. Cells were seeded in fibronectin (2 mg/ml) coated IBIDI 
µ-Slide l0.4 Luer (IBIDI GmbH). Cells were cultured statically for 4 hours 
to allow for attachment and subsequently the µ-Slide was connected to 
the IBIDI pump system. Shear-stress levels were gradually increased over 
several hours (2,5 to 10 dyne/cm2) to allow for adaptation to continuous 
laminar flow. Cells were cultured for 5 days at 10 dyne/cm2. 

Immunofluorescence

Following culturing under flow, HUVECs were fixed with 3.7 % para-
formaldehyde (PFA) at 37 °C (5 min at 2,5 dyne/cm2 and 5 min statically) 
and incubated with ice-cold methanol for 10 minutes. WPBs were 
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visualized using monoclonal CLB-RAg20 primary antibody directed against 
human VWF and Alexa 488 conjugated goat anti-mouse IgG2b, the cellular 
membrane was visualized using polyclonal rabbit anti β-catenin antibody 
and Alexa goat anti-rabbit 633 and the microtubule organizing center 
(MTOC) with mouse anti γ-tubulin antibody in combination with the Alexa 
goat anti-mouse IgG1-568 secondary antibody. Antibody incubations were 
performed in PBS supplemented with 1% HSA and 0.02% saponin. Cells 
were mounted in Mowiol 4-88 and analyzed by confocal microscopy using 
a LSM510 microscope and a plan-neofluor 40x or 63x/0.3 oil immersion 
lens (Carl Zeiss, Sliedrecht, the Netherlands). Adequate adaptation to flow 
was confirmed by translocation of the MTOC.

Quantification of WPB distribution and MTOC translocation

The distribution of WPBs (distance between individual WPBs and the 
MTOC) was determined as described previously [25]. In short, randomly 
chosen single-cell z-stacks were analyzed using Image Pro Plus 6.1 software 
(Media Cybernetics, Breda, The Netherlands) with 3D constructor tool to 
determine WPB distribution. The localization of individual WPBs and the 
MTOC in the 3D model was represented in x, y and z coordinates. Using the 
β-catenin staining for visualization of the membrane and regarding this as 
one structure, the 3D constructor tool determines the center coordinates 
of the cell. The distance between the individual WPBs and MTOC/center of 
the cell was calculated using the following formula: d = √((xWPB-xMTOC)2 
+ (yWPB – yMTOC)2 + (zWPB – zMTOC)2). The flow direction in the samples 
subjected to shear stress was from left to right and the MTOC localization 
was designated as upstream when left, or downstream when right of the 
center of the nucleus.

Statistics

Differences in MTOC translocation, distribution of WPBs and number of 
WPBs per cell were analyzed using a Student’s t-test with significance 
assumed at p < 0.05.
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Results

Sustained laminar shear stress induces polarization of the cell

To assess the morphology of ECs subjected to sustained laminar flow, 
we cultured HUVECs to confluence for five days in µ-Slide l0.4 Luer IBIDI 
flowchambers, either statically or under continuous laminar flow (10 
dyne/cm2). HUVECs cultured under static conditions had the characteristic 
cobblestone morphology, while HUVECs exposed to shear stress were 
elongated and aligned parallel to the flow direction (Figure S1A) in 
agreement with the phenotype of polarized ECs [7, 26]. To further analyze 
the shear stress induced morphological changes, actin stress fibers were 
visualized. Fluid shear stress induced actin stress fiber alignment parallel 
to the direction of the flow, while cells cultured under static conditions 
displayed random stress fibers (Figure S1B). 

Sustained shear stress induces MTOC polarization 

To investigate the influence of prolonged shear stress on the localization 
of the microtubule organizing center (MTOC) and the distribution of 
microtubule associated WPBs, fixed cells were incubated with antibodies 
directed against γ-tubulin, VWF and β-catenin to visualize the MTOC, WPBs 
and cell membrane, respectively. The position of the MTOC in relation to 
the nucleus in the cells was assessed for each condition in three randomly 
chosen optical fields with a 40x objective lens (Fig. 1A) and in single-cell 
close-ups (z-stacks) of 20 randomly chosen cells with a 63x lens. Laminar 
shear stress induced translocation of the MTOC towards the downstream 
side of the nucleus, while under static conditions the MTOC was positioned 
randomly on either side of the nucleus (Figure 1B). 

Prolonged shear stress significantly decreased the average number of WPBs 
per cell and induced a small but significant change in WPB distribution

Subsequently the positioning of the WPBs relative to the MTOC or 
center of the cell was determined in 20 single cell z-stacks per condition 
(Figure 1C). The distance of each individual WPB to the MTOC or center 
of the cell was calculated, using their defined x, y and z-coordinates and 
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Figure 1. Sustained shear stress induces MTOC translocation. (A) Immunofluorescence image 

of cells cultured under static or shear stress conditions. Membranes were immunostained for 

β-catenin in light blue, MTOC (γ-tubulin) in red and nuclei (DAPI) in white. (B) Quantification of 

endothelial cell polarization. Cells cultured statically displayed a random positioning of the MTOC, 

while sustained laminar flow induced a significant MTOC translocation towards the downstream 

side of the nucleus. (C) Immunofluorescence image of cells cultured under static (a and b) or shear 

stress conditions (c and d). Membranes were immunostained for β-catenin in blue, WPBs (VWF) in 

green, MTOC (γ-tubulin) in red and nuclei (DAPI) in magenta. (D) Shear stress affected the average 

number of WPBs per cell. Cells cultured under flow contained a significantly reduced average 

number of WPBs compared to cells cultured statically. **P<0.01 by Student’s t-test; N=2 to 3 per 

group. MTOC translocation was shown as mean plus or minus SD and assessed in an average of 100 

cells per condition in each experiment. The number of WPBs per cell was shown as mean plus or 

minus SD and was determined in 20 cells per condition in each experiment.
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categorized in distance intervals of 5 µm. A small but significant effect was 
observed on the average number of WPBs per cell. Cells cultured under 
static conditions contained approximately 128 WPBs per cell, while this 
was decreased to an average of 109 WPBs in cells cultured under shear 
stress (Figure 1D). HUVECs exposed to shear stress were elongated and 
therefore the WPBs were distributed over a broader range of distance 
intervals when compared to the distribution of WPBs in static cells. The 
overall trend of WPB distribution in cells cultured under static and flow 

Figure 2.  WPB distribution in cell cultured statically or under flow. WPB distribution of EC 

cultured under static conditions or exposed to prolonged laminar flow. The distance of individual 

WPBs to the center of the cell is listed on the y-axis. Distance intervals of 5 μm were selected for 

this analysis. The percentage of total WPBs within the 5 μm intervals is listed on the x-axis. Twenty 

randomly chosen cells were analyzed per experiment. In total 2 to 3 experiments were performed. 

Black bars denote distribution of WPBs in EC cultured under static conditions. Grey bars denote 

distribution of WPBs in EC cultured under flow.  
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conditions was quite similar (Figure 2). Similar results were obtained when 
the MTOC was used as a reference point (Figure S2). WPB localization was 
categorized as upstream (left) or downstream (right) of the center of the 
cell. A small but significant effect was observed in WPB distribution in cells 
cultured under flow (Figure 3). In HUVECs cultured under laminar flow the 
percentage of WPBs upstream of the center of the cell was slightly higher 
when compared to cells cultured under static conditions. 

Figure 3. Sustained shear stress induced a small but significant shift in WPB distribution. 

The position of WPBs relative to the center of the cell was assessed in 20 individual cells per 

experimental condition. The WPBs were designated as upstream when left, or downstream when 

right of the center of the cell. Data was shown as mean plus or minus SD and was determined in 

20 cells per condition in each experiment. In total 2 to 3 experiments were performed. *P<0.05 by 

Student’s t-test.
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Discussion

Shear stress induces both short term and long term effects on endothelial 
cell function. In response to prolonged fluid shear stress ECs acquire an 
artheroprotective gene expression profile whereas at sites of disturbed 
flow genes that promote atherogenesis are upregulated [27]. Sustained 
laminar shear stress induces EC alignment in the direction of flow that 
coincides with remodeling of the cytoskeleton [28]. Morphological changes 
of ECs in response to mechanical stimuli also induce reorganization of the 
cell-cell contacts at junctions. The cytoplasmic domains of transmembrane 
proteins located at these cell-cell junctions (e.g. β-catenin) are linked to 
the cytoskeleton [29]. Staining for β-catenin in cells exposed to prolonged 
shear stress showed an intense but discontinuous and fragmented staining, 
while in cells cultured under static conditions the staining lining the cell 
membrane is continuous (Figure 1A). This confirms previous findings 
that revealed that after 48 hours the expression of β-catenin is increased 
but the expression pattern is irregular. In this study we demonstrated 
that prolonged shear stress does not induce major differences in the 
distribution of WPBs in ECs. WPBs are anchored to the actin cytoskeleton 
as well as to microtubules [16, 18, 19, 22]. It has been reported that long-
range motion of WPBs are microtubule-dependent, whereas Rab27A/
MyRIP/myosin Va dependent anchoring of WPBs to the actin cytoskeleton 
limits their mobility [18, 20, 21, 30]. In ECs exposed to prolonged shear 
stress the actin stress fibers aligned with the direction of the flow (Figure 
S1B). Despite the remodeling of these cytoskeletal components, the WPB 
distribution was not drastically altered in response to shear stress.  
In this study we have both analyzed the distribution of WPBs relative to 
the MTOC as well as relative to the center of the cell. Consistent with 
previous observations translocation of the MTOC downstream of the 
nucleus is observed for cells cultured under laminar flow (Figure 1B) [6]. In 
ECs subjected to shear stress the surface area upstream of the MTOC is on 
average larger than that downstream of the MTOC. A random distribution 
of WPBs can potentially overestimate the number of WPBs upstream of 
the MTOC due to the different sizes of both areas. Therefore the center of 
the cell was used as reference point for analyzing the distribution of WPBs. 
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In cells cultured under flow a small but significantly increased percentage 
of WPBs was localized upstream of the center of the cell (Figure 3). 
Prolonged shear stress induces elongation of ECs, which affects the 
distribution of WPBs in endothelial cells (Figure 2). In ECs cultured under 
static conditions the majority of WPBs are located within 20 μm of the 
center of the cells whereas in cells cultured under flow a considerable 
number of WPBs is present beyond a distance of 20 μm (Figure 2). Following 
release of WPBs VWF multimers assemble into ultra large VWF strings 
on the surface of ECs [11, 31]. We anticipate that simultaneous agonist-
induced release of WPBs from elongated cells may facilitate assembly of 
ultra large VWF strings. 
We observed a small but significant decrease in number of WPBs in cells 
cultured under flow (Figure 1D). We did not explore the mechanism by 
which flow reduces the number of WPBs. Potentially this could be due 
to release or decreased biogenesis of WPBs. It has been reported that 
sustained flow induces the expression of transcription factor KLF2 in ECs in 
vitro [2] and in vivo [32]. Overexpression of KLF2 using a lentiviral delivery 
system increased the average number of WPBs per cell [33]. Upregulation 
of KLF2 expression by laminar shear stress may result in only a modest 
effect on VWF levels when compared to lentiviral overexpression of KLF2. 
In vivo, in large veins the shear stress level are lowest and go up to 1 dyne/
cm2, while in the smaller venules and arterioles the shear stress levels 
range from 20 to 80 dyne/cm2 [34]. At branchpoints or curves a disturbed 
flow is observed and various wall shear stress levels can be measured 
[34]. In our experimental set-up we subjected ECs to 10 dyne/cm2; higher 
levels of sustained laminar shear stress might induce additional changes 
in ECs potentially resulting in a different number and /or distribution of 
WPBs. Taken together, our data suggest that at moderate shear stress 
levels ECs adapt to sustained mechanotransduction without modifying the 
intracellular distribution of WPBs. 
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Supplementary data

Figure S1. Sustained laminar shear stress induces polarization of ECs. (A) Phase contrast images 

of HUVECs cultured statically or under shear stress conditions (5 days 10 dyne/cm2). Cells exposed 

to shear stress were elongated and aligned in the direction of flow, while under static conditions 

they display the characteristic cobblestone morphology. (B) F-actin staining of EC cultured under 

static or prolonged laminar fluid shear stress conditions. Nuclei were stained with DAPI (red). Arrow 

indicates the direction of flow (from left to right). 
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Figure S2. WPB distribution in cells cultured statically or under flow with either MTOC or center 

of cell as reference point. (A) WPB distribution in cells cultured under static conditions. The black 

bars represent the distribution using MTOC as reference point and the grey bars represent the data 

analyzed relative to the center of the cell. (B) WPB distribution in cells exposed to sustained laminar 

flow. Also here we observed a similar trend in distribution using either the MTOC or center of the 

cell as reference point. Twenty randomly chosen cells were analyzed per experiment. In total 2 to 

3 experiments were performed. 
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