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Functional and morphological responses of endothelial cells (ECs) to fluid shear stress are thought to be
mediated by several mechanosensitive molecules. However, how the force due to fluid shear stress
applied to the apical surface of ECs is transmitted to the mechanosensors is poorly understood. In the
present paper, we performed an analysis of an intracellular mechanical field by observation of the defor-
mation behaviors of living ECs exposed to shear stress with a novel experimental method. Lateral images
of human umbilical vein ECs before and after the onset of flow were obtained by confocal microscopy,
and image correlation and finite element analysis were performed for quantitative analyses of subcellular
strain due to shear stress. The shear strain of the cells changed from 1.06 + 1.09% (mean + SD) to
4.67 +1.79% as the magnitude of the shear stress increased from 2 to 10 Pa. The nuclei of ECs also exhib-
ited shear deformation, which was similar to that observed in cytoplasm, suggesting that nuclei transmit
forces from apical to intracellular components, as well as cytoskeletons. The obtained strain-stress rela-
tion resulted in a mean shear modulus of 213 Pa for adherent ECs. These results provide a mechanical
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perspective on the investigation of flow-sensing mechanisms of ECs.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Hemodynamic fluid shear stress (FSS) acting on vascular endo-
thelial cells (ECs) evokes a variety of cellular responses, including
proliferation [1], expression of adhesive molecules [2], cytoskeletal
structures and morphology [3], and mechanical properties [4] that
may be relevant to both the physiology and pathology of blood ves-
sels. Thus, numerous previous studies have attempted to deter-
mine the mechanism by which ECs sense FSS and adapt to
mechanical environments. Recently, FSS-induced activation of sev-
eral of the candidate mechanosensitive molecules, such as G pro-
teins [5] and PECAM-1 [6], has been demonstrated. However, as
of yet, there is no primary evidence as to whether these molecules
are activated directly by mechanical loading or by intracellular sig-
naling interactions that were cued by another mechanosensor. This
is thought to be due to the difficulties in precisely describing the
intracellular mechanical conditions, i.e., how FSS acting on the api-
cal surface of ECs is transmitted and generates an intracellular
mechanical field. As such, it is necessary to investigate the degree
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to which forces are exerted on the intercellular junction, focal
adhesions, and other candidates for mechanotransducers.

Helmke et al. [7,8] reported the flow-induced displacement of
intermediate filaments downstream of the flow and calculated
the intracellular strain field from movements of cytoskeletal net-
works. However, they could not clearly distinguish the passive
deformation of cells from the active response of cells via biochem-
ical responses. This may be one of the difficulties in experimentally
revealing the mechanism of FSS-sensing by ECs. Numerical ap-
proaches are efficient methods by which to overcome the difficulty
of separating passive deformation from active cell movements.
Some previous reports have used computational analysis to evalu-
ate the mechanical environment of ECs exposed to FSS [9,10]. Ferko
et al. [10] reported a method for analyzing the intracellular strain
fields of ECs exposed to shear flow using a cell-specific finite ele-
ment model, in which the subcellular structures of the nucleus
and focal adhesions were incorporated. However, these computa-
tional studies could not reveal the actual intracellular mechanical
environment at the subcellular level because living cells have more
complicated internal structures, such as cytoskeletons, which may
contribute to intercellular force transmission and mechanical
properties [11,12]. In addition, the actual shear modulus of cells,
which is a critical determinant of the shear-induced deformation
of cells, is thought to be different from the theoretical value
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computed from Young’s modulus with the assumptions of isotropy
and incompressibility, while the modulus has been used in almost
all computational studies.

In an attempt to solve this problem, in the present study, we re-
port a novel experimental technique that enables direct observa-
tion of the passive deformation of living ECs exposed to the
physiological range of FSS by confocal microscopy and the mea-
surement of the intracellular strain field together with the applica-
tion of image processing and the finite element method (FEM). To
reveal the role of actin filaments in force bearing in ECs exposed to
FSS, the deformation behavior of ECs treated with cytochalasin D is
also analyzed. In addition, we calculate the shear modulus of ECs
and measure the shear strain of ECs exposed to FSS controlled to
physiological magnitudes.

2. Materials and methods
2.1. Cell culture and fluorescent labeling

Human umbilical vein endothelial cells (HUVECs) isolated from
umbilical veins by trypsin treatment, as described in a previous
study [13], were grown in Medium 199 (Invitrogen) containing
20% fetal bovine serum (JRH Biosciences), 10 ng/ml basic fibroblast
growth factor (Austral Biologicals), and penicillin-streptomycin
(Invitrogen). For the experiment, cells were seeded on a $35-mm
glass-bottom dish (with a $12-mm hole on the bottom and cov-
ered with a $27-mm cover glass, AGC Techno Glass) pre-coated
with 0.1% bovine gelatin (Sigma-Aldrich). The following experi-
ments were conducted after the cells achieved confluence.

Two hours before the experiment, the cytoplasmic domain and
nuclei of living HUVECs were stained with 10 pM Cell Tracker Red
CMTPX (Invitrogen) and 5 pM SYTO13 (Invitrogen), respectively.
These fluorescent dyes induced speckled patterns of labeling,
which are suitable for the image correlation described later herein.

In order to evaluate the role of actin cytoskeletons in FSS-in-
duced deformations, HUVECs were treated with 0.2 or 2 uM cyto-
chalasin D (CytoD, Enzo Life Sciences), which is a commonly used
regent for the inhibition of actin polymerization, for 30 min prior
to the experiments.

2.2. Experimental setup and procedure

The flow-exposure system consisting of a parallel plate flow
chamber, a syringe pump (KDS210, KD Scientific), a tube heater
(MATS-TH, Tokai hit), and polyethylene tubes (Imamura) was used
in the present study (Fig. 1). The flow chamber was composed of a
cell culture dish, a polycarbonate I/O unit, and a silicone gasket,
which determines the geometry of the flow section of 0.2 mm in
height and 2 mm in width. The mean shear stress acting on the HU-
VEC monolayer is expressed as

T =6uQ/bh’, (1)

where p is the viscosity of the culture medium, which was 0.74
mPa s (at 37 °C) as measured with a sine wave vibro-viscometer
(SV10, A&D), Q is the flow rate, and h and b are the flow channel
height and width, respectively. The flow rate driven by the pump
was controlled to expose the HUVEC monolayer to FSS of desired
magnitudes. To maintain the appropriate pH during the experi-
ments in a low CO, atmosphere (room atmosphere), the medium
was replaced into M199 with Hanks’ salts (Invitrogen). For the Cy-
toD-treated experiment, the same concentration of CytoD used to
pre-treat the HUVECs was added to the medium. The chamber
was mounted on a stage equipped with a thermo-control system
(MI-IBC, Olympus) of an inverted confocal laser scanning micro-
scope (CLSM, FV1000, Olympus). The temperature of the medium
was maintained at between 35 and 37 °C by means of the tube

heater and the thermo-control system. Lateral images of HUVECs
were obtained using a 100x objective lens (UplanApo, NA = 1.35,
Olympus) in line scanning mode at a pixel resolution of 124 nm/
pixel and a vertical spacing of 120 nm/pixel. Based on the Rayleigh
criterion, the optical horizontal resolution was 226 nm at a wave-
length of 500 nm. The image size was approximately 1000 pixels
(horizontal) x 150 pixels (vertical), and the time required for scan-
ning was 3-4 s/frame. The scanning line was set to be parallel to the
direction of flow crossing the vicinity of the center of the nucleus
and containing two to four HUVECs in one frame. A personal com-
puter (NJ2150, Epson Direct) with a custom Labview 8.6 (National
Instruments) program was used to synchronize the pushing motion
of the syringe pump and the trigger signal for image acquisition by
CLSM for a temporally well-coordinated measurement.

Fig. 1B shows the experimental regime for measurements of cell
deformation. Based on the intracellular stress tomography
reported by Hu et al. [11], we used intermittent patterns of FSS
exposure and image acquisition, which was phase-locked to the
periodic FSS exposure, for precise measurement of the intracellular
mechanical field. The square-wave form pattern of FSS with a fre-
quency of 0.05 Hz, which corresponds to the alternating repetition
of a 10 s FSS exposure and a 10 s pause of FSS, were applied to ECs.
Trigger signals for image acquisition were input to the CLSM at 5 s
after onset and offset of flow. This 20 s cycle of flow pattern and
image acquisition was repeated five times at the same FSS level.
Therefore, we obtained five “deformed” and five “undeformed” lat-
eral images of HUVECs. This procedure facilitated the reduction of
the effect of random movement of intracellular structures and ac-
tive deformation of cells due to cell migration. This five-cycle rep-
etition was performed sequentially while varying the maximum
ESS as 2, 4, 6, and 10 Pa, so that the deformation of identical cells
could be measured under various shear stress levels.

2.3. Image correlation

To obtain the intracellular displacement field, an image correla-
tion analysis was carried out between the undeformed and de-
formed images. Prior to the analysis, the following image
processing was performed using Image] 1.40b software (National
Institutes of Health). First, the parallel displacement in the vertical
direction of the cells in the lateral images were corrected because
the change in internal pressure of the chamber due to flow induced
the deflection of the glass bottom, resulting in a vertical shift of the
images. The center-of-mass of the cross section of the cells was de-
tected with the “Analyze particle” function of Image]. Based on
these obtained drift data, the vertical positions of the images were
corrected using the “Translate” function of Image] with sub-pixel
interpolation. Then, the aspect ratio of the images was corrected
from 0.124:0.120 (horizontal:vertical) to 1:1. Finally, the averaged
images were generated from “deformed” and “undeformed”
images, respectively, using the image calculation function of Ima-
ge] in order to reduce the noise.

Displacement vectors of each pixel in lateral images were ob-
tained from a pair of averaged “deformed” and “undeformed”
images with an image correlation method using Flow-vec 2.8 soft-
ware (Library). A small region of 13 x 13 pixels surrounding the
object pixel was set as the sample window. The displacement of
each window was detected with a spatial resolution of approxi-
mately 1/10 pixel, corresponding to approximately 12 nm.

2.4. FEM analysis

FEM analysis was performed to calculate the strain field from
the displacement field using ANSYS 11.0 multipurpose FEM analy-
sis software (ANSYS). Conversion of image data to the finite
element model was performed as follows. All pixels in an image
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Fig. 1. Experimental setup and procedure. (A) Schematic diagram of the experimental setup for visualization of FSS-induced deformation of ECs. A parallel plate flow chamber
is illustrated in a cross-sectional view. (B) Diagram of the experimental regime. A HUVEC monolayer was exposed to square-wave form FSS with a frequency of 0.05 Hz, a duty

cycle of 50%, and amplitudes of 2, 4, 6, and 10 Pa.

were converted into nodes of four-node shell elements in FEM, and
the vectors obtained from image correlation were allocated to
nodes as constraint displacements. After the obtaining the solu-
tion, we obtained the shear strain in each pixel as nodal solutions.

2.5. Calculation of shear modulus

To calculate the shear modulus of adherent HUVECs, the mean
shear strain of a cell was calculated by averaging the shear strains
of all pixels on the cells. Therefore, the shear modulus (G) can be
calculated using following simple equation, which is the definition
of shear modulus:

T =Gy, 2)

where 7 is the applied FSS and y is the mean shear strain.

3. Results and discussion
3.1. FSS-induced deformation of ECs

In the present study, we observed the deformation of ECs
exposed to FSS by confocal microscopy. As shown in Movie S1 (in
Supplementary material), we successively observed the deforma-
tion behavior of ECs under a shear stress of 2-10 Pa. Fig. 2 shows
representative lateral views of fluorescent images of ECs
(Fig. 2A-H), displacement fields (Fig. 2I-L), and shear strain fields

(Fig. 2M-P). As shown in Fig. 2I-L (particularly clearly in Fig. 2K
and L), large displacements (of up to 600 nm) were observed at
the apical side of the cells, whereas the displacements of the bot-
tom sides were small compared to the apical side. The difference
in displacement between the apical and basal sides provides a di-
rect indication of the shear deformation of cells. To our knowledge,
this is the first report of the direct measurement of shear deforma-
tion of adherent ECs exposed to FSS. Helmke et al. [7,8] observed
the FSS-induced deformation of ECs using an experimental proce-
dure similar to that of the present study. They analyzed the total
passive and active cell deformation that occurred 3 min after flow
onset. On the other hand, in the present study, from the total defor-
mation, we extracted only the displacements due to passive defor-
mation that occurred 10s after flow onset. Therefore, to our
knowledge, the observation of the present study is the first to dis-
tinguish passive deformation from the active responses of ECs ex-
posed to FSS.

As shown in Fig. 2A through, the greater part of the lateral
images of the HUVECs was occupied by nuclei, and the shear defor-
mation of the cell was accompanied by deformation of the nucleus
(Fig. 2E-H, Movie S1). The shear strain mappings shown in
Fig. 2M-P had scattered distributions, and no difference in the
magnitude of shear strain between the cytoplasm and the nuclei
was observed. According to previous reports [14,15], the nucleus
is approximately 2.5-16 times stiffer than the cytoplasm. These re-
sults suggest the existence of mechanical connections between the
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Fig. 2. Lateral images of HUVECs exposed to FSSs of 2 Pa (A, E, I, and M), 4 Pa (B, F, ], and N), 6 Pa (C, G, K, and 0), and 10 Pa (D, H, L, and P). (A-D) Fluorescent images of nuclei
(green) and cytoplasm (red) of HUVECs under given FSS. (E-H) Merged images of HUVECs under static (red) and flow (green) conditions. Disagreement of green and red colors
indicates the displacement due to the flow. (I-L) Contour mappings of displacement in the flow direction. (M-P) Contour mappings of shear strain analyzed using FEM. The
dextral and sinistral shear strains are indicated by warm and cold colors, respectively. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this paper.)

apical surface and the basal side via the nucleus transmitting
forces. Crisp et al. [16] reported a structural linkage between the
actin cytoskeleton and the nuclei via nesprin molecules, and Wang
et al. [17] suggested that this connection contributes to the force
transmission from the extracellular matrix to the nuclei. Taken to-
gether, the nucleus can act not only as a mechanosensor but also as
a force transmitter as well as a cytoskeletal structure [11], which is
known to transmit forces on the apical surface to focal adhesions
containing several candidate mechanosensitive molecules.

3.2. Shear modulus of HUVECs

The mean shear strain level in each cell was increased propor-
tional to the magnitude of FSS applied, as indicated in Fig. 3. The
shear strain was 1.03 £ 1.09% (mean + SD) at 2 Pa and increased
to 4.67 £ 1.79% at 10 Pa. These values correspond to shear angles

of 0.59° and 2.67°, respectively. From the linear relationship be-
tween the applied FSS (7) and the shear strain (y), we obtained fol-
lowing relationship:

v [%] =1/G-100 -7 = 0.469 - T [Pa]. 3)

Then, the shear modulus (G) of HUVECs is expressed as follows:
G=1/0.469 -100 = 213 [Pa]. (4)

We can also obtain the shear modulus of the cell from Young’s
modulus (E) from the following equation under the assumptions of
incompressibility and isotropy, as follows:

G=E/2(1+V), (5)

where v is Poisson’s ratio. Under the assumption of incompressibil-
ity (v=0.5), we obtain:

G=E/3. (6)
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Fig. 3. Relationship between the applied FSS and the shear strain of HUVECs. Control cells (closed circles), 0.2 uM CytoD treated cells (open squares), and 2 pM CytoD treated

cells (closed triangles).
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Kataoka et al. [18] and Mathur et al. [14] measured the Young's
modulus of HUVECs by indentation measurement using atomic
force microscope (AFM) and reported the Young’s modulus to be
in the range of 3-6 kPa, which, based on Eq. (6), yields a shear
modulus in the range of from 1 to 2 kPa. Therefore, the shear mod-
ulus obtained in the present study is considered to be smaller than
the value calculated from the previously reported Young’s modulus
under the assumptions of incompressibility and isotropy. Although
the reason for this difference is unclear, a number of possibilities
have been suggested. First, the limitation of the assumption of isot-
ropy has been suggested to induce the difference in the values. Hu
et al. [19] reported that the anisotropic mechanical property of
adherent cells depends on actin cytoskeletons. Second, we calcu-
lated the shear modulus under the assumption that the average
shear stresses of 2, 4, 6, and 10 Pa induced shear strain in the
ECs. However, it has been reported that shear stresses acting on
the EC surface are nonuniformly distributed, depending on the sur-
face topography of ECs, and that a maximum shear stress greater
than mean is exerted at the apex of ECs [10,20]. In the present
study, we averaged the shear strain in each pixel of a cell in calcu-
lating the mean shear strain in a cell. If FSS increases at the apex
region of ECs, the mean shear strain may have been overestimated
because the local strain beneath the apex region, which occupies a
large part of the vertical section of the ECs, would be much larger
than the other part of the ECs and would have a significant effect
on the mean value. Furthermore, the heterogeneity of the cell is
thought to be the reason for this difference. Previous studies
reporting the Young’s modulus of HUVECs have used AFM. The
Young's modulus obtained by AFM may be affected by the local
stiffness of the cell surface, which contains a stiff cortical layer con-
sisting primarily of actin filaments. On the other hand, the shear
modulus presented in the present study is calculated from the
strain over the entire area of the HUVEC.

3.3. Role of actin filaments in FSS-induced deformation
Fig. 4G-L and M-R shows the displacement fields and shear

strain fields, respectively, of HUVECs treated with CytoD. Both
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displacement and shear strain increased with the increase in CytoD
concentration. The maximum displacement was more than 2 pm,
and the maximal shear strain exceeded 50% (both indicated in gray
in the contour images) in the HUVECs treated using 2 uM CytoD
exposed to 10 Pa. As shown in Fig. 3, the shear strain caused by
FSS of the ECs increased significantly upon CytoD treatment. The
shear moduli of HUVECs treated with 0.2 and 2 pM CytoD were
90.6 and 55.3 Pa, respectively. Wakatsuki et al. [21] reported the
relationship between the normal stiffness of cells measured by
indentation testing and the concentration of treated CytoD.
According to their report, the normal stiffness decreased to approx-
imately 40% and 15% when cells were treated with 0.2 uM CytoD
and 2 uM CytoD, respectively. In the present study, treatment with
CytoD of the same concentrations reduced the shear moduli to 42%
and 25%, respectively. This result suggests that actin cytoskeleton
contributes to the shear force bearing as well as the normal force.

Some previous studies have reported polarized biochemical re-
sponses in ECs exposed to FSS [22,23]. For example, Zaidel-Bar
et al. [22] reported that FSS induces phosphorylation of paxillin
at the downstream edge and inactivation of small GTPase Rac1 at
the upstream side of ECs. In addition, we previously suggested that
the directional remodeling of ECs are mediated by activation of
mechanosensors in the localized region of a cell [24]. Taken to-
gether, locally concentrated forces are considered to be exerted
on mechanosensors to induce the localized activation of the signal
transduction leading to the directional remodeling of cells. Recent
reports have suggested that the locally applied force transmitted
through cytoskeletons induces rapid activation of Rac1 at the distal
point from the point of application of the force [25], which sug-
gests that force transmission via cytoskeletons may play an impor-
tant role in the polarized activation of mechanosensors. However,
in the present study, we did not investigate force transmission to
an extracellular matrix or to adjacent cells. According to these find-
ings and considerations, further investigations should include
quantitative evaluations of force transmission to the candidates
for mechanosensors, such as focal adhesions or intercellular junc-
tions, and localized biological responses such as the activation of
RhoGTPases [22,23,25] in order to demonstrate the correlation be-
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Fig. 4. Lateral images of HUVECs exposed to FSSs of 2 Pa (A, G, M, C, 1, O, E, H, and Q) and 10 Pa (B, H, N, D, ], P, F, L, and R). (C, D, I, ], O, and P) HUVECs treated with 0.2 uM
CytoD, and (E, F, K, L, Q, and R) HUVECs treated with 2 pM CytoD. (A-F) Fluorescent images of nucleus (green) and cytoplasm (red) of HUVECs under a given FSS. (G-L)
Contour mapping of the displacement to the flow direction (left to right). (M-R) Contour mapping of the shear strain. The dextral and sinistral shear, strains are indicated by
warm and cold colors, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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tween mechanical fields and mechanotransduction in ECs exposed
to FSS.

4. Conclusion

In the present study, we proposed a novel but simple technique
to observe the passive shear deformation of living ECs exposed to
ESS of physiological levels. Using image correlation and FEM anal-
ysis, we analyzed the subcellular strain field of ECs quantitatively
and calculated the shear modulus of adherent ECs without any
contacting probes. As a result, ECs and their nuclei were demon-
strated to exhibit shear strain proportional to the applied FSS
and the shear modulus of ECs was found to be 213 Pa.
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