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Abstract
Previous animal experiments have shown that the transport of LDL into arterial walls is shear
stress dependent. However, little work has probed shear effects on LDL transport in vitro where
conditions are well defined and mechanisms are more easily explored. Therefore, we measured
shear induced water and LDL fluxes across cultured bovine aortic endothelial (BAEC) monolayers
in vitro and developed a three-pore model to describe the transport dynamics. Cell apoptosis was
quantified by TdT-mediated dUTP nick end labeling (TUNEL) assay. We also examined the role
of nitric oxide (NO) in shear induced water and LDL fluxes by incubating BAEC monolayers with
a NO synthase inhibitor, NG-monomethyl-L-arginine (L-NMMA). Our results show that direct
exposure of endothelial monolayers to 12 dyn/cm2 shear stress for 3 hours elicited a 2.37-fold
increase in water flux (Jv), a 3.00-fold increase in LDL permeability (Pe), a 1.32-fold increase in
LDL uptake, and a 1.68-fold increase in apoptotic rate. L-NMMA treatment of BAEC monolayers
blocked shear induced Jv response, but had no significant effect on shear responses of Pe and cell
apoptosis. A long time shear exposure (12 h) of endothelial monolayers reduced Pe and apoptotic
rate close to the baseline. These results suggest that an acute change in shear stress from a static
baseline state induces increases in water flux that are mediated by a NO dependent mechanism.
On the other hand, the permeability of endothelial monolayers to LDL is enhanced by a short
term-shear application and reduced nearly to the baseline level by a longer time shear exposure,
positively correlated to the leaky junctions forming around apoptotic cells.
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1. Introduction
A principal function of endothelial cells is the regulation of fluid and solute transport into
the arterial wall and the underlying tissue. The ease of fluid transport across the endothelium
is described by the hydraulic conductivity (Lp), and changes in Lp likely correlate with the

© 2014 Elsevier Ireland Ltd. All rights reserved.
*Corresponding Author: Dr. John M. Tarbell, Department of Biomedical Engineering, The City College of The City University of
New York, Steinman Hall Room T403H, 140th Street and Convent Avenue, New York, NY10031, USA. Tel.: +1 212 650 6841; Fax:
+1 212 650 6727; tarbell@ccny.cuny.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Atherosclerosis. Author manuscript; available in PMC 2015 April 01.

Published in final edited form as:
Atherosclerosis. 2014 April ; 233(2): 682–690. doi:10.1016/j.atherosclerosis.2014.01.056.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



movement of water-soluble solutes (25). Hemodynamic factors, fluid flow induced shear
stress in particular, mediate the regulation of Lp as first demonstrated in vitro by Sill et al
(34). Using the same bovine aortic endothelial cell (BAEC) monolayer model, Chang et al.
(7) showed that shear-induced increases in hydraulic conductivity are mediated by nitric
oxide (NO) production since the increases in Lp could be completely blocked by a NO
synthase (NOS) inhibitor. A similar phenomenon has also been displayed in bovine retinal
microvascular endothelial cells (BRECs). Lakshminarayanan et al. (20) found that a 14.6-
fold increase of Lp in response to 20 dyn/cm2 step change could be significantly attenuated
by a preincubation of the BRECs with a NOS inhibitor, L-NMMA. These findings are
consistent with in vivo studies. Williams (37, 41) measured Lp after step changes in shear
stress in arterioles, true capillaries, and venules of the frog mesentery using the modified
Landis technique. The response of the vessels varied across the capillary bed, with arteriolar
capillaries showing no response of Lp while true and venular capillary Lp were related to the
magnitude of the shear stress stimulus. A recent in vivo study performed in autoperfused
microvessels in rat mesentery also indicated that changes in Lp were positively correlated
with the magnitude of acute changes in shear stress (19). However, controversy remains as
Adamson et al. (1) measured Lp in rat mesenteric venular microvessels and observed that
microvascular permeability to water is independent of shear stress but dependent on flow
direction.

As indicated above, acute changes in shear stress regulated water transport via a NO
dependent mechanism in many previous studies. The transport of water-soluble
macromolecules, such as low density lipoprotein (LDL), through the arterial wall could also
be affected by shear stress. Excess LDL filtration and accumulation in the subendothelial
space are important events in early atherogenesis (33). It has been well established that there
are three pathways for LDL transport across the endothelium: transcytosis in vesicles,
paracellular transport through the breaks in the tight junction strand and leaky junctions
associated with cell turnover or apoptosis (36). A number of studies, including in vivo (21,
22), in vitro (4–6), and theoretical investigations (39), have shown that leaky junctions
associated with dying or dividing cells are the dominant pathway for LDL transport. In
studies by Cancel et al., leaky junctions accounted for 90.9% of LDL transport under
convective conditions, with leaky junctions being closely associated with apoptotic cells (4,
5).

Using the trapped ligand method, Berceli et al. (2) examined the incorporation and
degradation rates of LDL at the rabbit aorto-iliac bifurcation in three regions of distinct flow
patterns: flow separation, transitional, and unidirectional flow. They showed that both the
accumulation and degradation were greater in the flow separation region with low shear
stress. This finding is consistent with a later numerical study reported by Buchanan et al. (3),
performed by correlating hemodynamic parameters with sites of elevated LDL permeability
around the rabbit aorto-celiac branch in vivo. Most recently, Olgac et al. (27) developed a
novel modeling method of LDL transport in a stenosed coronary artery, taking into account
the effects of local wall shear stress on the endothelial layer and the pathways of water and
solute fluxes by a three pore model, and predicted increased permeablility of solutes in low
shear stress regions because of the presence of a larger number of leaky junctions compared
with high shear stress regions. Previous in vitro studies focusing on the effects of shear
stress on LDL uptake into (not across) endothelial cells have shown that imposition of shear
stress to BAECs (35), EC-SMC cocultures (26), or ECV304 cells (38) enhances LDL uptake
by the cells. All of these studies have highlighted the importance of shear effects on LDL
transport. However, no studies have probed the effect of shear stress on LDL transport
across cultured endothelial cell monolayers in vitro under well controlled conditions.
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In this study we investigated effects of steady shear stress on water and LDL transport
simultaneously, using the same BAEC model and shear apparatus previously employed to
study the effect of shear stress on Lp by Lopez-Quintero et al (23). We also examined the
effect of shear on apoptosis rates, and the role of NO on shear-induced changes in LDL and
water transport and apoptosis.

2. Materials and methods
2.1. Cell culture

BAECs were purchased from Lonza Inc. (Walkersville, MD). Cells were grown in T-25
flasks in endothelial cell growth media supplemented with 5% FBS and growth factors
(Lonza, Walkersville, MD). The flasks were kept at 37°C and 5% CO2. The medium was
changed every 2 days. For the transport experiments, cells were plated at a density of 104

cells/cm2 on Transwell polyester filters (Corning, Acton, MA) with 0.4 μm pores which
were previously coated with 30 μg/ml fibronectin (Sigma Chemical, St. Louis, MO).
Experiments were run 5–7 days after plating, when the cells reached confluence but were
free from overgrowth. Cells were used from passages 4 to 7, similar to our previous study
(5). However, note that the cells used in the previous study were purchased from a different
source (VEC Technologies Inc.) and grown in different medium.

2.2 Measurement of water and LDL flux
A custom made transport system previously developed in our lab and extensively described
was used to measure both water and solute flux simultaneously (4–6, 23). Briefly, the filter
covered with a monolayer of cells was sealed in a chamber to form a luminal compartment
and an abluminal compartment. The abluminal compartment was connected to a fluid
reservoir via Tygon and borosilicate glass tubing. The height of the reservoir could be
adjusted to apply a hydrostatic pressure differential across the EC monolayer. When 10 cm
H2O hydrostatic pressure was applied, the water flux (Jv) was recorded by tracking the
position of an air bubble which had been inserted into a glass capillary connected to the
chamber’s outflow line. To test the accuracy of the volume recorded by the bubble tracker,
the fluid reservoir was replaced with a calibrated pipette capable of measuring volume in
increments of 10 μL. When volumes in the range of 10 to 80 μL were measured, the bubble
tracker recorded volumes within the margin of error of our calibrated pipette (5 μL). During
a typical 4-hour experiment, about 35 μL of water are transported through the cell
monolayer. The LDL flux was determined by measuring the concentration of 1,1′-
dioctadecyl-3,3,3′,3′-tetramethyl-indocarbocyanine labeled LDL (DiI-LDL) (Biomedical
Technologies, Stoughton, MA) in the abluminal chamber using an automated fluorometer
system consisting of a laser excitation source, an emission detector, optical fibers, a
photomultiplier and the FluorMeasure data acquisition program (C&L Instruments,
Hummelstown, PA).

2.3. Shear stress application
A rotating disk device was used to apply shear stress. The disk was set at a height (h) of 500
μm from the monolayer surface. The speed of the shear rod was ramped up from zero to its
final value over one minute, after which it remained constant to provide a steady flow. The
shear level could be defined by τ = μ ×ω ×r/h, where μ is the viscosity of the medium, ω is
the rotational speed and r is the radius of the disk. The maximum shear level at the edge of
the disk was adjusted to 12 dyn/cm2. The average shear stress over the entire filter was two-
thirds of the maximum. To drive a physiological amount of water flux across the cell
monolayer, a 10 cm H2O hydrostatic pressure differential was applied at time zero for 1 hr
of sealing then shear stress was applied while Jv and Pe were simultaneously measured.
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2.4. VE-cadherin immunostaining
At the end of certain experiments, BAEC monolayers were washed twice with DPBS, fixed
in 1% paraformaldehyde for 10 min, permeabilized with 0.2% Triton X-100 for 10 min and
blocked in 10% goat serum and 0.1% Triton X-100 for 1 hour at room temperature. After
washing with DPBS, BAEC monolayers were incubated with VE-cadherin antibody (rabbit
polyclonal antibody, Cell Signaling Technology, Danvers, MA) overnight at 4 °C.
Afterwards, cells were washed 5 times and incubated with Alexa Fluor 488 goat anti rabbit
IgG (Invitrogen, Carlsbad, CA) for 1h at room temperature. The monolayers were washed 4
times and imaged under a Nikon Eclipse TE2000-E microscope coupled with a Photometric
Cascade 650 CCD camera (Roper Scientific, Tucson, AZ), or with a Zeiss LSM 510
confocal microscope.

2.5. TUNEL assay
The apoptotic rates of BAEC monolayers were measured by the TdT-mediated dUTP nick
end labeling (TUNEL) technique using the in situ cell death detection kit (TMR red) from
Roche (Indianapolis, IN). After transport experiments, the filters were fixed in 4%
paraformaldehyde for 1h, then rinsed with DPBS and incubated with fresh blocking solution
(3% H2O2 in methanol) for 10 min. Cells were permeabilized with 0.1% triton X-100 in
0.1% sodium citrate for 2 min and incubated with TUNEL reaction mixture for 1 h at 37 °C.
After washing with DPBS 3 times, the monolayers were incubated with DAPI solution for 5
min and analyzed under a fluorescent microscope in a dark room. The apoptosis rate was
defined as the number of apoptotic cells (TMR red positive) divided by the total cell number
of that field and presented as a percent.

2.6. L-NMMA treatment
In order to determine the role of nitric oxide in shear induced water and LDL flux, 50 μM
NG-monomethyl-L-arginine (L-NMMA) (Sigma Chemical, St. Louis, MO ) (7) was added
on the luminal side of the BAEC monolayers at the beginning of the experiment to inhibit
the activity of nitric oxide synthase (NOS). Paired monolayers with or without L-NMMA
were run side by side.

2.7. Fixation/excess LDL experiments
To test the role of LDL receptors in LDL transport through BAEC monolayers, fixation or
excess LDL was used to block LDL receptor mediated transcytosis. For fixation
experiments, one monolayer was fixed in 1% paraformaldehyde for 10 min at 37 °C before
being placed into the chamber, while the control monolayer was incubated with 1% BSA
MEM under the same conditions. For excess LDL studies, 5 μg/ml DiI-LDL was added to
one monolayer, and 5 μg/ml DiI-LDL plus 250 μg/ml native LDL (Biomedical
Technologies, Stoughton, MA) was added to the other monolayer to saturate the LDL
receptors. The two monolayers were run side by side under diffusive conditions (no
hydrostatic pressure gradient).

2.8. Three-pore model
As described elsewhere (4, 24), the three pores used to model macromolecular transport
across the endothelium are: transcellular/vesicles (pore 1); paracellular/breaks in the tight
junction strand (pore 2); leaky junctions associated with cell turnover or death (pore 3). For
a single pathway, the apparent permeability (Pe) of a solute resulting from diffusive and
convective contributions can be described using the Patlak equation (30):

(1)
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where P0 is the diffusive permeability, σ is the reflection coefficient of the solute, Jv is the
water flux, and Z, which defines the relative importance of convection and diffusion, is
defined as:

(2)

where Npe is the Peclet number,

(3)

In applying this model to our data to determine the relative contribution of each pore to LDL
and water transport, we assume that water can only be transported through pore 2 (Jv2) and
pore 3 (Jv3). In addition, due to its large size LDL cannot go through pore 2, so it is only
transported through vesicles (P01) and the leaky junction (P03), and σ3 is equal to 0, since
the size of leaky junction is expected to be much larger than LDL diameter (8).

With these assumptions, the three-pore model can be described by the following three
equations:

(4)

(5)

(6)

where P03 is the diffusive permeability of pore 3, and Z3 is defined as above.

2.9. LDL uptake measurement
LDL uptake by BAEC monolayers was measured following a method described by Sprague
et al (35). In brief, after exposure to shear or static conditions for 4 h, BAEC monolayers
were rinsed with 2% BSA in DPBS at 4°C. The monolayer was washed a total of five times,
the final two rinses with 10 min duration, with 2% BSA followed by one rinse with ice cold
DPBS. In order to remove the surface binding DiI-LDL from the cells, 200 μl heparin at a
concentration of 10 mg/ml in DPBS was added to the filter and incubated with the cells for 1
h at 4°C. Afterwards, cells on the porous filters were rinsed with DPBS for three times, and
then lysed with 0.1% SDS in 0.1 N NaOH for 1 h at room temperature. The lysate combined
with 3X DPBS washes were collected and used to measure the fluorescence intensity as well
as the total protein using a Synergy HT multi-model microplate reader (Winooski, VT).

2.10. Statistical analysis
Data are presented as mean ± SE. Differences were assessed by using two-way ANOVA
(time and treatment) and unpaired Student’s t-test with P<0.05 considered significant. For
multiple comparisons, the Bonferroni correction was used, which gives a conservative
significance level of P divided by the number of comparisons.
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3. Results
3.1. Effect of short term-shear stress on water flux (Jv) and LDL permeability (Pe)

Figure 1 displays the Jv responses of BAEC monolayers to an acute change in shear stress
level. The Jv values were normalized by the respective baseline value for each case at 60
min, when shear stress was applied. Baseline Jv values were not significantly different
between static control (1.97 ± 0.33 × 10−6 cm·s−1), shear (2.27 ± 0.23 × 10−6 cm·s−1; P>0.48
vs static), and shear + L-NMMA (3.04 ± 0.55 × 10−6 cm·s−1; P>0.22 vs shear). As observed
in previous experiments, both the static and shear groups showed the typical “sealing”
behavior in which Jv decreased continuously to its baseline value during the first 60 min of
10 cm H2O pressure gradient application (9). The sealing effect was not affected
significantly by a treatment of BAEC monolayers with 50 μM L-NMMA on the luminal
side. As shown in figure 1, application of shear stress at 60 min elicited a time-dependent
increase in Jv to 2.37±0.24-fold relative to its baseline, and 3.10-fold compared with the
static control, after 3-h exposure to shear stress. This marked increase of Jv in response to
shear stress was completely suppressed when the cells were treated with 50 μM L-NMMA,
which showed no significant differences from the static control (for all time points). This
indicates that shear-induced increase in water flux is mediated by a NO-dependent
mechanism.

Figure 2 displays the effect of shear stress on LDL convective permeability (Pe). Pe was
calculated at 1 hr intervals by determining the slope of the tracer concentration in the
abluminal reservoir vs time plots within each hour interval. Similar baseline values of Pe,
established during the first 60 min of pressure differential application, were obtained for
static control (4.22 ± 0.83 ×10−7 cm·s−1), shear (4.80 ± 0.58 ×10−7 cm·s−1; P>0.56 vs static
control), and shear plus L-NMMA (5.58 ± 0.80 ×10−7 cm·s−1; P>0.42 vs shear). At 60 min,
the acute application of shear stress increased Pe significantly in a time-dependent manner,
up to 3.00±0.46-fold at the end of 4 h (data are normalized to each baseline). As expected,
LDL transport was not inhibited significantly when 50 μM L-NMMA was added. The mean
value of Pe for shear plus L-NMMA monolayers shows attenuation but no significant
difference relative to shear without L-NMMA cells (P>0.50). This suggests that shear
induced increases of LDL transport are not mediated primarily by a NO dependent
mechanism.

3.2. Effect of short term-shear stress on BAEC apoptosis
The measurements of Pe indicate that shear stress increases LDL transport through cultured
BAEC monolayers. To explore whether the shear responses of Pe are due to shear induced
cell apoptotic effects, we performed immunostaining of VE-cadherin and measured
apoptosis using the TUNEL technique. The nuclei of apoptotic cells in Fig. 3 are stained red
with TMR-red labeled dUTP incorporated into damaged DNA. Apoptotic cells were usually
observed to be located in a narrow space between two or more healthy cells. As a secondary
marker and to confirm the TUNEL staining, morphological hallmarks of apoptosis were
identified: arrows in Fig. 3 denote condensation of nuclear material and cell shrinkage, while
arrowheads denote apoptotic bodies. We found a near perfect agreement between the
TUNEL staining and the morphological hallmarks of apoptosis. In addition, orthogonal
views of the confocal images in Fig.3 show that most of the apoptotic cells protrude out
from the monolayer as if being extruded by neighboring cells, a process that has been
previously described for apoptotic epithelial cells (32). Gaps in the cell-cell junction
(denoted by an asterisk in Fig. 3) formed in the vicinity of the apoptotic cells, often on the
junction of a neighboring cell opposite the apoptotic cell.
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Considering the uneven distribution of the shear stress over the entire filter, with maximum
at the edge and minimum in the centre, we counted the apoptotic cells separately in these
two areas. However the results showed no significant difference between the centre and the
edge so the average over the entire filter was used. The average apoptotic rate of the static
control was 2.09±0.23% (Fig. 4). 3h-shear application increased the apoptotic rate by
1.68±0.26-fold (P < 0.01 vs. static control). To examine whether the treatment of BAECs
with L-NMMA could affect the apoptosis, we ran two experiments with or without L-
NMMA side by side and then determined the apoptotic rates. As shown in figure 4, the
apoptotic rate of the shear plus L-NMMA monolayers was not significantly different from
the shear without L-NMMA cells (P=0.49).

3.3 Effect of short term-shear stress on LDL uptake
We measured the LDL uptake by BAEC monolayers after exposure to static or shear
conditions. It is evident in Fig. 5 that the internalization of LDL at the end of 3 h shear
application increased by 1.32 fold over the static control (shear: 1878 ± 446 ng/mg BAEC
protein vs. static control: 1425 ± 338 ng/mg BAEC protein, P < 0.05).

3.4. Three-pore model
To assess the contribution of transcellular transport through vesicles to the overall LDL
transport, we ran experiments on BAEC monolayers with or without fixation (side by side)
for the static controls without a pressure differential to assess diffusive permeability. To
further assess the transcellular transport of LDL, we incubated some monolayers with both
DiI-LDL and 50-fold excess native, untagged LDL that could competitively bind to the
active sites of the receptor. Table 1 shows the diffusive permeability of control (P0) and
fixed or receptor-blocked monolayers (P03). The contribution of the vesicular pathway to
diffusive permeability (P01) was calculated from these values using equation (6). The
diffusive permeability of fixed monolayers is less than those incubated with excess LDL
(P<0.05) which suggests that a small portion of LDL could go through the cells via a non-
specific vesicular mediated pathway. It should be noted that we only used receptor blocking
not fixation for shear experiments since live cells are required to obtain shear responses.
Shear stress application increased the diffusive permeability for both control and receptor-
blocked monolayers.

Using data from Table 1 and the values of Jv and Pe obtained from the solvent drag
experiments, we solved equations 4–6 to determine Jv2, Jv3, and P01. Note that for the
calculation of P01, only the “excess LDL” data in Table 1 was used since it is available for
both static and shear experiments. The parameters of the three-pore model are summarized
in Table 2 along with the contributions of each pore to overall transport.

3.5. Effect of long term-shear stress on LDL permeability (Pe) and BAEC apoptosis
To examine the effect of a long time-shear exposure of BAEC monolayers on LDL
transport, we extended the recording time of Pe to 12hr, then stained the VE-cadherin of the
cells, and measured apoptosis using the TUNEL technique. As shown in Fig. 6A, BAECs
displayed the typical cobblestone morphology for the static control and showed an
elongation after shear. There are small gaps beginning to form around the apoptotic cells
(arrows).

Baseline Pe values, established during the first 60 min of pressure differential application,
were similar for static control and shear groups (1.55 ± 0.13 × 10−7 cm/s and 1.64 ±
0.38×10−7 cm/s, respectively; P>0.36). However, these values are about 3-fold lower than
the baselines established for the short term experiment. We hypothesize that this may be due
to the timing of the experiments. Short term experiments were run on monolayers 5–7 days
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post platting. At these time points, for the short term experiment, we obtained monolayers
with Jv and Pe values that were within the normal range based on our previous work.
However we found that older monolayers (days 6 and 7) did not remain intact for the
duration of the long term experiment. For this reason, the long term experiments were
always run on day 5. Earlier work in our lab (13) has shown that younger confluent
monolayers display lower transport properties, most likely due to the appearance of giant
cells in older monolayers.

At 60 min, the application of shear stress affected LDL permeability in a time-dependent
manner, with significant increases at the end of 4 (2.24±0.54 fold), 6 (2.42±0.56 fold), and
8hr (3.25±0.95 fold) and then decreases close to the baseline level (0.87±0.26 fold)at the end
of 12 hr (Fig. 6B, data are normalized to each baseline). Pe of the static control stayed at the
baseline level without any significant change. Fig. 6C shows the apoptotic rates of BAEC
monolayers at the beginning of each experiment and after exposure to static or shear
conditions for 4hr and 12hr. The average apoptotic rate of BAEC monolayers at the
beginning was 1.54±0.17% and increased insignificantly for the static control. The apoptosis
of BAEC monolayers exposed to shear stress was enhanced significantly at the end of 4 h,
up to 2.28±0.36 fold relative to the apoptotic rate at the beginning, and came down at the
end of 12 h (shear: 1.33 ± 0.37 fold vs. static control: 1.46 ± 0.35 fold, P>0.05).

4. Discussion
Shear induced increases in water flux have been observed in many endothelial cell types in
vitro, e.g. BAEC (7, 23, 34), BREC (20) and HUVEC (29), as well as some intact vessels in
vivo (19). Several studies have shown that this phenomenon is mediated by shear induced
NO release that may be related to endothelial glycocalyx and its mechanotransduction (7,
23). The present study of BAEC confirms that shear induced increase in Jv is indeed
mediated by NO production, since this increase could be completely suppressed when the
cells were treated with L-NMMA (Fig 1). It should be noted that the increase of Jv after 3h
exposure to shear was 2.37-fold relative to the 60-min baseline value, which is somewhat
lower than shear induced responses in previous studies performed on BAEC, ranging
between 3.5 and 5 times the 60-min baseline value (7, 23, 34). This discrepancy may be
attributed to the different sources of BAEC (Lonza vs. VEC Technologies) and levels of
shear application (the maximum at the edge: 12 dyn/cm2 vs. 20 dyn/cm2). The maximum
shear stress imposed in the present study (12 dyn/cm2) is within the range of shear stresses
that has been used in previous in vitro studies in endothelial cells and within the
physiological range (16, 17, 31).

The concentration of L-NMMA used in the present study was consistent with the previous
study by Chang et al (7), but there are some differences between Chang’s and our
treatments. They preincubated the cells with L-NMMA for one additional hour before
imposing a 10 cm H2O pressure differential, while we added L-NMMA on the luminal side
of the monolayer at the beginning of the experiment. However, these two different
treatments led to the same blocking effect on shear induced increases in Jv responses. It
should also be noted that the L-NMMA treatment did not affect the water flux during the
first 60-min sealing period (Fig. 1). Previous studies (9, 10) in our lab have demonstrated
that sealing is driven by the transmural flow through the intercellular junctions induced by
the pressure gradient and involves the recruitments of zonula occludens-1 along the
microtubules to the tight junction area of the cells which is NO independent.

Previous animal studies using the rabbit aorto-iliac bifurcation both in vivo (2) and ex vivo
(12) have shown that the incorporation and degradation rates of LDL vary with different
hemodynamic forces. Very recently, Olgac et al. (28) computed the transport of LDL in a
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three-dimensional, patient-specific model of a human left coronary artery where the
endothelium was represented by a shear stress-dependent, three pore model, taking into
account the LDL passage through leaky junctions, and the vesicular pathway. They
confirmed the relationship between high-LDL accumulation and actual plaque locations
where flow recirculation and low wall shear stress were present. The success of their model
hinged on the assumption that the leaky junction (pore 3) was dependent on apoptosis that
was reduced with increasing shear stress. However, in vitro studies of the effects of shear
stress on LDL permeability under well defined and controlled conditions have not been
reported previously.

The baseline values of both convective and diffusive permeability measured in the present
study are close to those measured by Cancel et al (4). Results in Fig. 2 show that shear stress
application initiated a time-dependent increase in endothelial permeability to LDL, up to
3.00±0.46-fold of the baseline value at the end of 3 hours of shear. This shear induced
increase in permeability of macromolecules is consistent with one previous study performed
in vitro to measure the permeability of bovine serum albumin under physiological levels of
shear stress (17). It should be noted that a step change in shear stress from a static condition
is not typical of normal arterial physiology in vivo, but might occur in pathological
situations such as ischemia-reperfusion (14). Moreover, results in Fig. 6B demonstrate that
application of shear stress for a longer time (12h) reduced the endothelial permeability to
LDL even lower than the baseline value (0.87±0.26 fold). This phenomenon is consistent
with the observation in the fully shear adapted cardiovascular system in vivo, that
atherosclerosis and enhanced LDL uptake occur preferentially in regions of low and
oscillatory shear and not in stable streamline flow regions of higher shear stress (37)

It should be noted that the apoptotic rate of our controls (1.54±0.17%) is higher than in a
previous study performed by Cancel et al. (5), where the baseline apoptotic rate was 0.3 ±
0.036%. Again, different cell sources for BAEC are likely to account for the differences in
growth and death behavior. The apoptotic level induced by 3h-shear application (Fig. 4 and
Fig. 6C) is similar to that observed in the same Lonza BAEC by Rennier et al (31). This
group exposed BAEC to 12 dyn/cm2 for 6 h and investigated the effects of shear stress and
tumor necrosis factor alpha (TNFα) on endothelial apoptosis. They found that TNFα
induced a two-fold increase in apoptotic cells over control while 6h of shear stress alone
increased the apoptotic rates by 1.5 fold over the static control condition. Results in Fig. 6C
show that the apoptotic rate of BAEC monolayers at the end of 12hr shear experiment was
not significantly different from the static control. This observation is consistent with a
previous study by Hu et al (16). They studied the effect of colchicine and shear stress on
BAEC apoptosis and found that the treatment of colchicine could induce a sustained c-Jun
NH2-terminal kinase (JNK) activation and cell apoptosis, while the exposure to shear stress
alone for 8 hrs did not induce apoptosis. Two other studies examined the effect of long term
(18hrs) shear stress on TNFα (11) or H2O2 (15) induced endothelial cell apoptosis. Both of
these studies found that shear suppressed TNFα or H2O2 induced apoptosis, and that this
effect could be attenuated by the NO synthase inhibitor L-NMMA. In the present study, we
found that L-NMMA treatment had a small, but not statistically significant, effect in
reducing shear induced increases in EC apoptosis (Figure 4), and a larger, but still
insignificant effect in reducing shear induced LDL permeability (Figure 2). Taken together
these results suggest that the time scale of shear stress application leads to different effects
on endothelial apoptosis behavior – shorter exposures to shear inducing apoptosis and longer
exposures suppressing apoptosis.

The predictions of our three-pore model, summarized in Table 2, indicate that pore 3 (leaky
junction) is the dominant pathway for LDL transport but pore 2 (break in the tight junction
strand) carries most of the water. These predictions are consistent with in vitro models of
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BAEC (4) and BREC (24) reported before. A previous in vivo study by Wiklund et al. (40),
using methylated LDL to block its recognition by the LDL receptor and comparing the
influx rates of both kinds of LDL (methylated and native), has also shown that the influx of
LDL into the aorta is not significantly dependent on the LDL receptor, implying other
mechanisms are involved.

Shear stress enhances the pore 2 contribution to water flux (shear: 78% vs. static: 61%) and
this could be blocked by L-NMMA treatments of BAEC monolayers (shear: 78% vs. shear +
L-NMMA: 58%), which confirms the important role of NO in shear induced Jv responses.
Although the relative contributions of pore 1 (vesicles) and pore 3 to LDL transport show no
significant difference between static and shear groups, shear indeed increases the values of
Pe and P0. As discussed above, shear induced leaky junctions forming around apoptotic cells
are the main cause of the enhanced LDL transport. Moreover, shear also increased the
vesicular transport of LDL, which is consistent with our LDL uptake measurements (figure
5) as well as previous uptake studies performed on BAECs (26, 35) and HUVECs (18).
Another prediction from the three-pore model indicates that there is no significant difference
in pore contributions to LDL transport between shear treatment groups with and without L-
NMMA. This is consistent with our observations that L-NMMA had no significant effect on
LDL Pe (figure 2) and apoptosis rate (figure 4).

In conclusion, this was the first in vitro study to measure shear effects on hydraulic
conductivity and LDL permeability simultaneously. Our results for Lp are consistent with
previous reports indicating that an acute change in shear stress (from zero to a steady level)
induces an increase in water flux that is mediated by a NO dependent mechanism. Our
results for Pe suggest that the permeability of endothelial monolayers to LDL is enhanced by
a short term-shear application and reduced nearly to the baseline level by a longer time-
shear exposure, positively correlated to the leaky junctions forming around apoptotic cells.
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Highlights

We measured shear induced water and LDL fluxes across cultured BAEC
monolayers.

We developed a three-pore model to describe the transport dynamics.

An acute change in shear stress increases water flux that are mediated by NO.

LDL flux is enhanced by a 3h-shear application and reduced by a 12h-shear
exposure.

LDL transport is positively correlated to the leaky junctions around apoptotic cells.

Kang et al. Page 13

Atherosclerosis. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Effect of short term-shear stress on water flux (Jv). At time 0 min, a hydrostatic pressure
differential of 10 cm H2O was applied, and a baseline was established after 60 min.
Application of shear stress at 60 min triggered a time-dependent increase in Jv, which was
blocked by a treatment of BAEC monolayers with 50 μM L-NMMA. Baseline Jv for static
control, shear, and shear + L-NMMA were 1.97 ± 0.33 ×10−6 cm·s−1 (n=7), 2.27 ± 0.23
×10−6 cm·s−1 (n=7), and 3.04 ± 0.55 ×10−6 cm·s−1 (n=7), respectively. * P < 0.05,
significant differences between shear and static monolayers. Data are presented as mean ±
SEM.
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Fig. 2.
Effect of short term-shear stress on LDL permeability (Pe). Application of shear stress at 60
min elicited a time-dependent increase in Pe. This marked increase cannot be significantly
blocked by a treatment of BAECs with 50 μM L-NMMA (P>0.999 vs. shear). Baseline Pe
for static control, shear, and shear + L-NMMA were 4.22 ± 0.83 ×10−7 cm·s−1 (n=8), 4.80 ±
0.58 ×10−7 cm·s−1 (n=12), and 5.58 ± 0.80 ×10−7 cm·s−1 (n=9), respectively. * P < 0.01,
significant differences compared to the baseline value for each case at 60 min. + P < 0.01,
significant differences compared to the static control within each hour interval. Data are
presented as mean ± SEM.
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Fig. 3.
Representative confocal photomicrographs of BAEC monolayers stained with VE-cadherin
(green), DAPI (nucleus; blue), and TUNEL (apoptosis marker; red). As a secondary marker,
morphological hallmarks of apoptosis were identified: arrows denote condensation of
nuclear material and cell shrinkage, arrowheads denote apoptotic bodies. Gaps in the cell-
cell junction (denoted by an asterisk) formed in the vicinity of the apoptotic cells, often on
the junction of a neighboring cell opposite the apoptotic cell. (A) and (B) static control; (C)
and (D) shear; (E) and (F) shear + L-NMMA. The orthogonal XZ views go across the
apoptotic cell in each image.
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Fig. 4.
Effect of short term-shear stress on the apoptosis rate of BAEC monolayers. 3h-shear
application enhanced apoptosis significantly (n=6). * P < 0.01, significant differences
between shear and static monolayers. Data are presented as mean ± SEM.
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Fig. 5.
Effect of short term-shear stress on the uptake of LDL by BAEC monolayers. * P < 0.05,
significant differences between shear and static monolayers. Data are presented as mean ±
SEM.
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Fig. 6.
A: Fluorescence microscopy images of BAEC monolayers after VE-cadherin (top) and
TUNEL staining (bottom) for 12hr static control and 12hr shear group. Scale bar is 20 μm.
Arrows denote gaps around apoptotic cells. B: Effect of long time-shear application on LDL
permeability (Pe). Baseline Pe for static control and shear were 1.55 ± 0.13 ×10−7 cm·s−1

(n=4) and 1.64 ± 0.38 ×10−7 (n=4) cm·s−1, respectively. * P < 0.05, significant differences
compared to the baseline value for each case at 60 min. + P < 0.05, significant differences
compared to the static control within each hour interval. Data are normalized to each
baseline and presented as mean ± SEM. C: Effect of long time-shear application on cell
apoptosis. The apoptotic rate of the cells at the beginning of each experiment was
1.54±0.17%. * P < 0.05, significant differences compared to the value at time zero. + P <
0.05, significant differences compared to the static control at the end of 4 h. Data are
normalized to the apoptotic rate at time zero and presented as mean ± SEM.
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Table 1

LDL diffusive permeability of fixed and receptor-blocked BAEC monolayers

Expt. set n P0, cm/s ×10−7 P03, cm/s ×10−7 P01, cm/s ×10−7

Static, fixation 8 2.12 ± 0.36 0.66 ± 0.04 1.46

Static, excess LDL 5 2.03 ± 0.28 0.86 ± 0.08 1.17

Shear, excess LDL 8 4.60 ± 0.70 2.45 ± 0.44 2.15

P0: the diffusive permeability of control; P03: the diffusive permeability of fixed/receptor-blocked (P03) monolayers; P01: the diffusive

permeability of the vesicular pathway. Data are presented as Mean ± SEM.
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