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Abstract
Background: In the vasculature, misdirected apoptosis in endothelial cells leads to pathological conditions such as
inflammation. Along with biochemical and molecular signals, the hemodynamic forces that the cells experience are
also important regulators of endothelial functions such as proliferation and apoptosis. Laminar shear stress inhibits
apoptosis induced by serum depletion, oxidative stress, and tumor necrosis factor α (TNFα). Death associated
protein kinase (DAPK) is a positive regulator of TNFα induced apoptotic pathway. Here we investigate the effect of
shear stress on DAPK in endothelial cells on glass or silicone membrane substrate. We have already shown a link
between shear stress and DAPK expression and apoptosis in cells on glass. Here we transition our study to
endothelial cells on non-glass substrates, such as flexible silicone membrane used for cyclic strain studies.
Results: We modified the classic parallel plate flow chamber to accommodate silicone membrane as substrate for
cells, and validated the chamber for cell viability in shear stress experiments. We found that adding shear stress
significantly suppressed TNFα induced apoptosis in cells; while shearing cells alone also increased apoptosis on
either substrate. We also found that shearing cells at 12 dynes/cm2 for 6 hours resulted in increased apoptosis on
both substrates. This shear-induced apoptosis correlated with increased caspase 3/7 activities and DAPK expression
and activation via dephosphorylation of serine 308.
Conclusion: These data suggest that shear stress induced apoptosis in endothelial cells via increased DAPK
expression and activation as well as caspase-3/7 activity. Most in vitro shear stress studies utilize the conventional
parallel plate flow chamber where cells are cultured on glass, which is much stiffer than what cells encounter
in vivo. Other mechanotransduction studies have utilized the flexible silicone membrane as substrate, for example,
in cyclic stretch studies. Thus, this study bridges the gap between shear stress studies on cells plated on glass to
studies on different stiffness of substrates or mechanical stimulation such as cyclic strain. We continue to explore
the mechanotransduction role of DAPK in endothelial apoptosis, by using substrates of physiological stiffness for
shear stress studies, and by using silicone substrate in cyclic stretch devices.
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Background
In this paper, we present an update to our previous
publication where we began to analyze the role of
death-associated protein kinase (DAPK) in apoptosis in
sheared endothelial cells [1]. The endothelial lining of
the blood vessel wall plays a critical role in the initiation
and progression of cardiovascular diseases such as atherosclerosis which remain the leading cause of death in
developed countries [2,3]. Endothelial cells exist in a mechanically active environment where they are continuously
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exposed to frictional wall shear stress and cyclic strain due
to blood flow [4]. Along with biochemical and molecular
signals, the hemodynamic forces that the cells experience
on the lumen side are also important regulators of endothelial functions in cellular processes such as proliferation,
apoptosis, migration, and wound healing [5,6]. In the vasculature, misdirected control of apoptosis in endothelial
cells can lead to pathological conditions such as inflammation, clotting, and smooth muscle cells recruitment [7].
Increased cell turnover rate exists at sites prone to lesion
development – areas of disturbed flow and low levels of
shear stress [8,9]. On the other hand, laminar shear stress
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inhibits apoptosis induced by serum depletion, oxidative
stress, and tumor necrosis factor (TNFα) [10-12].
Recent studies have revealed that the pro-apoptotic
DAPK functions primarily as a mediator of programmed
cell death [13]. Loss of DAPK expression in human carcinoma cell lines and its ubiquitous presence in many
cell and tissues types suggest its importance in regulating apoptosis [14]. DAPK is activated following a variety
of stimuli including TNFα, ceramide, interferon (IFN-γ),
and oncogenes such as p53 [15-17], serving as a converging point for apoptotic signaling. DAPK is upstream of
caspases, except caspase 8, and induces other caspaseindependent cell death or autophagy [18]. DAPK is a
160 kDa, serine/threonine protein kinase that contains a
calmodulin (CaM) binding domain, a cytoskeleton binding domain, eight ankyrin repeats, two P-loops which is
a putative nuclear binding domain, plus an independent
death domain necessary for promoting apoptosis [19].
Auto-phosphorylation of DAPK at Ser 308 is an important inhibitory regulatory checkpoint [20]. Serine 308 is
in the Ca2+/CaM binding domain of DAPK, and is phosphorylated in growing cells. Apoptotic signals trigger
dephosphorylation of serine 308, which along with CaM
binding, are required for full activation of DAPK catalytic activities.
Precise mechanisms of DAPK functions in endothelial
cells are largely unknown. Due to its location on the
cytoskeleton, DAPK expression and activity are potentially susceptible to mechanical and structural stresses.
We found that while cytokines such as TNFα induces
apoptosis, adding shear stress significantly suppressed
TNFα induced apoptosis; while shear stress alone also
increased apoptosis. We also found that apoptosis was
correlated with caspase activity and DAPK expression,
suggesting that shear stress affected endothelial apoptosis by controlling DAPK expression. Like most in vitro
shear stress studies, we used the conventional parallel
plate flow chamber in our studies where endothelial cells
were cultured on glass slides. Glass, which has elastic
modulus on the order of 50 GPa, is much stiffer than
what cells encounter in vivo, such as extracellular matrix
(ECM), basement membrane, or other cells. In contrast,
mechanotransduction studies that include cyclic stretch
of endothelial and other cells have utilized fibronectincoated silicone membrane as substrate, which has an
average elasticity of 2 MPa [21-23]. We redesigned and
constructed a flow chamber to accommodate cells plated
on either glass or silicone membrane of similar size, in
order to analyze the effect of different substrates on
endothelial responses toward fluid shear stress. Our goal
is to integrate mechanical cues such as shear stress and
cyclic stretch, with mechanical properties of substrate, to
fully understand the role of DAPK in apoptosis as part
of endothelial mechanotransduction.
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Here, we continue to investigate the effects of substrate on shear stress regulation of DAPK and apoptosis
in bovine aortic endothelial cells (BAEC). We hypothesized that cells on the softer, flexible membrane substrate would be more protected from apoptosis under
shear stress. We validated cell attachment and morphology on fibronectin-coated substrates, and found that
shear stress induces apoptosis, through caspase and
DAPK activation on both substrates. We also saw suppression of apoptosis subsequent to TNFα activation on
membrane substrate, as we did on glass. Our data suggest that at least in terms of DAPK expression and
apoptosis, endothelial cells respond in a similar way toward shear stress, independent of glass or silicone membrane substrates.

Methods
Cell culture and reagents

Bovine aortic endothelial cells (BAEC), passage number 4
to 10, were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (JR Scientific), 1% L-glutamine, and 2% penicillin streptomycin (all Sigma) and incubated at 37°C in humidified 5% CO2 environment. Human TNFα (Sigma) was
reconstituted in water to a stock concentration of 10 μg/ml
and added to static or shearing media for final working
concentration of 10 or 25 ng/ml.
Substrate preparation

Silicone sheets were obtained from Specialty Manufacturing. MTS testing done on the material in our laboratory obtained elastic modulus 1.2 to 1.5 MPa. Silicone
membrane was cut to similar size as glass slides (38 ×
75 mm), and placed in 10 cm petri dishes to be cleaned
with ethanol, followed by sterilization under UV light.
Both silicone and glass substrates were coated with 1.5
μg/ml fibronectin for at least 4 hours on an orbital
shaker and stored at 4°C. BAEC at passage number 4 to
10 were passed and plated on 38 × 75 × 1 mm glass
slides or membrane at approximately 500,000 cells per
slide experiments and cultured for at least 24 hours to
confluency before shear stress experiments.
Shear stress

The parallel plate flow chamber was attached to a sterile,
laminar flow system as previously described [24] in an
environmental chamber kept at 37°C with 5% CO2. The
magnitude of shear stress (τ) on the cell monolayer is
calculated based on the Navier–Stokes equation for a
Newtonian fluid in a parallel plate geometry. The equation
for wall shear stress simplifies to: τ = 6μQ/(bh2), where
μ is the viscosity of the media (0.01 dynes-sec/cm2),
Q is the volumetric flow rate (~0.5 ml/s), b is the
width of the flow chamber (2.5 cm), and h is the
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separation distance between the chamber and the glass
slide (0.027 cm). The flow chamber is connected to a
flow loop system where media is flown steadily from an
upper to lower reservoir due to gravity, and the media is
returned to upper reservoir by a peristaltic pump. The
reservoirs act as buffers against any unsteadiness in flow.
The rigid walls of the plastic flow chamber also prevent
any significant stretch of the membrane substrate. Using
this system, cells were exposed to 12 dynes/cm2 laminar
wall shear stress. Flow experiments were done using regular growth media.
Protein analysis

For protein analysis, cells were scraped off slides after each
experiment and lysed with RIPA buffer with 0.5 mM
PMSF, 150 mM protease inhibitor, 1 mM DTT, plus
50 μM sodium fluoride to preserve phosphorylated DAPK.
Protein concentrations were measured using the colorimetric Bradford assay. Gel electrophoresis was done using
NuPage 4-12% Bis-Tris SDS-PAGE gels (Invitrogen)
loaded with equal sample protein amounts in each well,
per manufacturer’s instruction. Gels were transferred to
0.45 μm nitrocellulose membrane (GE Technologies).
After blocking for 1 hour, anti-DAPK 55 and antiphospho-DAPK PS308 mouse antibodies (both Sigma)
were used to detect protein expression at 1:1000 dilution,
followed by goat anti-mouse HRP-conjugate secondary
antibody (Bio-Rad) at 1:4000 dilution. Loading control
was done using rabbit anti-actin antibody (Sigma) at
1:5000 dilution, followed by goat anti-rabbit HRP-conjugate secondary antibody (Bio-Rad) at 1:4000. Blocking and
incubation with the anti-DAPK 55 antibody were done in
5% milk solution made with non-fat dry milk (Carnation)
in PBS with 0.1% Tween (PBS-T) at room temperature.
Blocking and incubation with the anti- anti-DAPK PS308
antibody were done in 5% milk solution in TBS with 0.1%
Tween (TBS-T) to preserve phosphorylated antibody binding. Membranes were illuminated using Super Signal West
Pico ECL reagents (Pierce). Imaging was done using BioRad
Molecular Imager ChemiDoc XRS + System. Quantity One
Image Analysis Software was used to quantitatively analyze
band intensities.
Caspase-Glo 3/7 apoptosis assay

Cells were plated on glass slides or silicon membranes at
approximately 800,000 cells per slide 1 day prior to experiments. Sample sets were: glass control (static) and 6 hr
shear, and membrane control (static) and 6 hr shear.
Afterwards, cells were trypsinated and counted for each
sample set, and adjusted to 15,000 cells per 50 μl of culture
media. The Caspase assay was carried out as per manufacturer’s protocol. Briefly, using a 1:1 ratio of Caspase Glo
3/7 Reagent (Promega) to cell culture media, cell suspensions and reagent were combined, gently mixed, and

®

added to white 96-well plates. Wells containing media
only were used as negative controls. After incubation
for 1 hour at room temperature, luminescence of each
well was read using a luminometer (PerkinElmer). Luminescence for each well was corrected for background
readings, and normalized to control samples. Each sample was done in triplicates. All experimental samples
were repeated at least 4 times (n = 4).
TUNEL – flow cytometry

For TUNEL staining, cells were detached gently using
non-enzymatic Cell Stripper (Mediatech) and collected
for analysis. Cell suspensions were fixed with 1% parafomaldehyde and permeabilized with 0.2% Triton X-100,
before TUNEL staining using In Situ Cell Death Detection Kit (Roche), according to manufacturer’s protocol.
The FACScan flow cytometer (BD Biosciences) was used
to categorize cells based on fluorescence characteristics,
and Cell Quest Pro software (BD Biosciences) was used
for data analysis. For the apoptosis results, all samples
were replicated in least 4 different trials (n = 4).
Statistics

All experiments were carried out for a minimum of
three times, and each time samples were prepared and
analyzed independently. Standard error of each group
was calculated to verify the statistical significance of the
results. Quantification of digital Western images was
done to incorporate repeated blots for statistical analysis.
Each Western band is corrected for background and the
loading control on the same blot. Paired Student t-test
was used to compare one condition between two sample
sets [25,26]. P values less than 0.05 was considered sufficient for statistical significance.

Results
Shear stress significantly reduced apoptosis following
TNFα activation on silicone substrate

We modified the current flow chamber to allow for use
with either glass slide or a silicone membrane of similar
size as substrate for cells (Figure 1A), and we have validated the new flow chamber with BAEC on glass slide
or membrane, coated with fibronectin. Within 24 hours,
cells have spread and reached a monolayer on either
substrate, which can then be used for shear stress studies
using our modified flow chamber. Experiments are conducted after cells reach confluency (Figure 1B). When
cells have been sheared at 12 dynes/cm2 for over 6
hours, they begin to align in the direction of the flow on
both substrates. Our data show that cells behave similarly on either glass or silicone substrates.
We have already shown that TNFα induces apoptosis
in endothelial cells, and adding shear stress subsequent
to TNFα treatment significantly suppresses apoptosis on
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Figure 1 Shear stress suppressed apoptosis subsequent to TNFα induction on cells plated on silicone membrane. (A) Parallel plate design
was redesigned to accommodate membrane substrate. (a) The top, middle, and bottom portion of parallel plate flow chamber, and (b) flow chamber
assembled together. (B) BAEC spread on both glass and silicone membrane substrates, and after 24 hours cells reached confluency and formed
uniform monolayer. Phase contrast images of static and sheared BAEC (12 dynes/cm2 for 6 and 12 hours) show that cells have begun to align with the
direction of flow. White scale bar = 50 μm. (C) Diagram of 4 experimental groups. Control groups are static (Control BAEC) and 12 dynes/cm2 for 6
hours alone (6 hr Shear). Other cells were either incubated with TNFα (25 ng/ml) for a 24-hour period (Static + TNFα) or treated with TNFα for 18 hours
followed by shearing at 12 dynes/cm2 for 6 hours (6 hr Shear + TNFα). We examined cell apoptosis using TUNEL staining. Results were quantified using
FACS flow cytometry, and apoptosis data is presented as fold increase over control BAEC (D). TUNEL positive cells increased with TNFα treatment
(25 ng/ml) (* P < 0.01), while subsequent shearing significantly reduced percentage of apoptotic cells (+ P < 0.05). Shear stress alone at 6 hours also
promoted apoptosis, independent of TNFα treatment, though apoptosis was still significantly less than static TNFα treated cells. All data represent
average ± standard error (n ≥ 5). * P < 0.01, compared to Control BAEC, + P < 0.05, compared to Static + TNFα.
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glass [1]. We now confirm the same results for cells
sheared on silicone membrane substrate. Cells were either incubated with TNFα (25 ng/ml) for a 24-hour
period to fully induce apoptosis (Static + TNFα) or treated with TNFα for 18 hours followed by shearing at 12
dynes/cm2 in media containing TNFα for another 6
hours (6 hr Shear + TNFα). Control groups included
static (Control BAEC) and cells sheared for 6 hours
alone (6 hr Shear). The 4 experimental groups are
depicted in Figure 1C. After TNFα and shear stimulation
in flow chambers, apoptosis in endothelial cells was
assessed by TUNEL staining with fluorescein label
(Figure 1D). TNFα alone induced a significant two-fold
increase in apoptotic cells compared to control BAEC
on membrane (* P < 0.01). Applying shear stress (6 hrs)
to cells already activated by TNFα (18 hrs) significantly
decreased the fraction of apoptotic cells compared to
non-sheared, TNFα treated cells (+ P < 0.05, compared
to Static + TNFα). We also saw a significant increase of
apoptosis in cells sheared for 6 hours compared to control BAEC (* P < 0.01); however, the result was still significantly less than TNFα treated static cells (+ P < 0.05).
In fact, sheared BAEC, either with or without TNFα pretreatment, demonstrated similar levels of apoptosis that
is significantly different from both static control and
TNFα induction alone. These data correlates well with
what we observed for cells on glass substrate, and suggests that while shear stress alone induces apoptosis, it
also represses apoptosis subsequent to TNFα induction,
regardless of substrate.
Shear stress reduced DAPK expression following TNFα
treatment on membrane substrates

As previously discussed, shear stress was shown to
antagonize TNFα induced apoptosis on silicone membrane substrates. To further examine this apoptosis
pathway, we wanted to investigate the subsequent shear
stress effects on a key cell death mediator, DAPK, for
cells plated on membrane substrates. For each membrane experiment, cells were treated as described above:
incubated with TNFα (25 ng/ml) for a 24-hour period
(Static + TNFα), treated with TNFα for 18 hours followed by shear for 6 hours (6 hr Shear + TNFα). Control
groups were static (Control BAEC) or shear for 6 hours
(6 hr Shear). Relative intensity of DAPK expression was
quantified and normalized to the loading control, actin.
Protein samples from at 3 separate experiments were
analyzed. In Figure 2A, Western blot analysis showed a
significant two-fold increase in DAPK expression in
Static + TNFα. TNFα treated then sheared cells and cells
that were sheared alone also showed 1.5-fold increase
DAPK compared to Control BAEC (* P < 0.01). However,
6 hr Shear + TNFαcells showed a significant decrease in
DAPK expression compared to cells treated with TNFα
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alone (+ P < 0.05). Representative blot and quantitative
statistical analysis are presented, and these results reflect
what we observed for cells on glass [1]. These results
confirm that on membrane substrate TNFα and shear
stress increase DAPK expression, and shear stress
decreased DAPK expression after treatment with TNFα.
Shear stress decreased DAPK activation in TNFα treated
cells on membrane substrates

As an inhibitory checkpoint, DAPK is auto-phosphorylated
in its static state. We analyzed phosphorylated DAPK expression (DAPKp308) in TNFα treated and sheared cells
on membrane substrates. In Figure 2B, protein analysis
showed significant decrease in phosphorylated DAPK at
Ser 308 for Static + TNFα, 6 hr Shear + TNFα, and 6 hr
Shear alone compared to Control BAEC (* P < 0.01). On
the other hand, TNFα treated and then sheared cells displayed a significant increase in phospho-DAPK when compared to cells treated with TNFα alone (+ P < 0.05). Due to
changes in both overall and phospho-DAPK, we evaluated
the fraction of phospho-DAPK with respect to overall
DAPK expression (Figure 2C). Western blot loading and
transfer procedures were identical for both overall and
phosphorylated DAPK protein analysis. Briefly, protein
loading was standardized based on protein concentrations
determined using Bradford protein assay. Each blot was
incubated with antibody in 5% milk blotting solution at
1:1000 ratio. Therefore, the protein signal of DAPK or
DAPKp308 is proportional to total DAPK or phosphorylated DAPK, respectively. The ratio of DAPKp308 to
DAPK signal in turn, is proportional to percent of phosphorylated DAPK and demonstrates the overall DAPK activation in each sample group. Compared to Control
BAEC, we see a significant decrease in ratio of phosphorylated DAPK, down to 25%, for TNFα treated cells. On the
other hand, the ratio decreased to 50% and 53% respectively, for the 6 hr Shear + TNFα and 6 hr Shear cells (* P <
0.01). TNFα treated cells that were subsequently sheared
displayed a smaller degree of DAPK activation, or higher
Ser 308 phosphorylation, compared to TNFα treatment
alone (+ P < 0.05). This data confirms that shear stress
modulates DAPK expression and activation, possibly as another mechanism to antagonize TNFα induced apoptosis
on membrane substrates, similar to cells on glass substrate.
Shear stress alone induced apoptosis in cells on both
glass and membrane substrates

To this point, we have investigated the effect of shear
stress on TNFα induced apoptosis for silicone membrane substrates. To further investigate the effect of
shear stress alone for cells on glass or membrane substrate, we compared cellular apoptosis using TUNEL
staining. We have previously shown that shear stress
alone would increase apoptosis on glass slide [1]. Here
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Figure 2 Shear stress reduced DAPK expression following TNFα treatment on membrane substrates. Western blot analysis for total DAPK
expression (A) as well as phosphorylated serine 308DAPK (B) in Control BAEC, Static + TNFα, and 6 hr Shear + TNFα, and 6 hr Shear cells on
membrane substrate. Each western blot image is representative of the DAPK or phospho-DAPK protein expression in each particular sample (Top
panels). Loading control was assessed with anti-actin antibody on the same blot. We observed an increase total DAPK expression and a decrease
of phospho-serine 308 DAPK after TNFα induction alone and in cells that were sheared for 6 h. Relative band intensity was quantified and
analyzed based on results from 3 independent experiments, and presented as fold increase over control BAEC for overall DAPK and phosphoserine 308 DAPK (Bottom panels). Expression of total DAPK increased while phospho-serine 308 DAPK decreased following TNFα treatment
compared to control BAEC. Adding shear stress to TNFα treatment or shearing cells alone significantly decreased DAPK expression compared to
TNFα alone, but the difference was more significant in the phospho-DAPK analysis. Phosphorylated DAPK decreased to close to 50% with the
addition of 6 h of shear stress, with or without prior TNFα treatment as compared to a near 26% decrease from TNFα treatment alone.
(C) Phosphorylated DAPK as a fraction of total DAPK expression was calculated for each sample group based Western blots. All data represent
average ± standard error (n = 3). * P < 0.01 compared to control cells, and + P < 0.05 compared to static TNFα treated cells.

cells plated on either glass or silicone membrane substrates were sheared at 12 dynes/cm2 for 6 hours, and
after each experiment, cells were stained and quantified
using flow cytometry. As shown in Figure 3A, there was
a 1.64 fold increase in apoptosis for cells sheared on the
glass substrate, when compared to control (* P < 0.01).
For the membrane substrate, there was a 1.32 fold increase in apoptosis compared to control (+ P < 0.01). Furthermore, we also observed a significant decrease in
apoptosis for cells sheared on membrane compared to
glass substrate (# P < 0.01). There was no significant difference in apoptosis, however, between static control cells on
either substrate. These data suggest that while shear stress
induced apoptosis in cells on either substrate, cells on the

softer membrane substrate demonstrate reduced apoptosis
compared to glass.
Shear-induced apoptosis correlated with increased
caspase-3 and −7 activation

To analyze shear-induced endothelial apoptosis further,
we examined caspase activity. Caspases are downstream
of DAPK in the apoptotic pathway, and we had previously demonstrated increase of caspase 3/7 activity by
shear stress alone in cells on glass [1]. Results from at
least five different experiments were quantified for each
case: control and sheared (12 dynes/cm2 for 6 hours) on
glass or on membrane. Statistical analysis showed a significant increase of caspase 3/7 activity in sheared cells
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for both substrates when compared to control (Figure 3B).
For cells on glass, we saw a 1.56 fold increase in caspase
activity compared to control cells (* P < 0.01). Similarly for
cells on the membrane, we saw a 1.2 fold increase compared to control (+ P < 0.05). This data suggest that shear
induced apoptosis on glass and membrane was due to
increased caspase 3/7 activities. Interestingly, we also
observed a significant decrease in caspase 3/7 activities in
cells sheared on membrane compared to glass (# P < 0.05);
although, there was no statistical difference between control cells on the glass and membrane subsets. Our caspase3/7 results showed a similar trend to what was observed in
our quantitative analysis of the TUNEL results. This data

Fold increase in Apoptosis
Normalized to Control

A

1.8

suggests that shearing cells on silicone substrate, instead of
glass, resulted in decreased caspase activities, and that
shear-induced apoptosis in endothelial cells on both glass
and membrane substrate correlated with increased caspase
3/7 activities.
Shear stress increased overall DAPK expression cells on
both glass and membrane substrates

Since the increase in apoptosis after 6 hours of shear stress
alone correlated with increased caspase activity, we further
anticipate DAPK to play a role in shear-induced apoptosis.
Western blot analysis revealed that sheared cells (12
dynes/cm2, 6 hr)on glass and membrane substrate
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Figure 3 Shear stress on cells plated on membrane induced apoptosis similar to cells on glass. (A) TUNEL positive cells are presented as
fold increase over static control on either substrate. Sheared cells demonstrated significant higher apoptosis compared to static control cells on
both glass and membrane substrate. However, sheared cells on membrane cells exhibited significantly less apoptosis when compared to the
sheared cell on glass. Data represent average ± standard error for n ≥ 4. * P < 0.01 compared to control-glass cells, + P < 0.01 compared to
control-membrane cells, and # P < 0.01 compared to 6hr shear-glass. (B) Caspase-3 and −7 results are presented as fold increase over static
control BAEC, and shear stress also induced significantly increased caspase 3/7 activities compared to static control cells on both substrates.
Again, sheared cells on membrane exhibits significantly decreased caspase activity compared to sheared cells on glass. Data represent average
± standard error for n ≥ 5. * P < 0.01 compared to control-glass cells, + P < 0.05 compared to control-membrane cells, and # P < 0.05 compared to
6 hr shear-glass.
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demonstrated a significant increase in DAPK expression
compared to static control cells (Figure 4A Top). Relative
intensity of DAPK expression was quantified and normalized to the loading control, actin. Protein samples from at
least 4 separate experiments were analyzed, and we saw a
1.87 fold increase on glass and a 1.46 fold increase on
membrane, in sheared cells compared to their respective
control cells. The increase in DAPK in sheared cells on either substrate was significant: * P < 0.01 for cells on glass
cells and # P < 0.05 for cells on membrane (Figure 4A Bottom). This result reflects what was previously reported for
cells on glass substrate [1]. By comparing cells on membrane versus glass substrate, we found that there was no
significant difference in DAPK expression in either the
control or sheared cases. Our data suggests that, for cells
on glass and membrane substrate, shear stress effectively
increased DAPK expression after 6 hours.

Shear stress decreased DAPK phosphorylation at serine
308 on glass and membrane substrates

DAPK is dephosphorylated at Ser 308 when it becomes
activated. We analyzed phosphorylated DAPK expression
(DAPKp308) in static and sheared cells on both glass and
membrane substrates. Western blot analysis consistently
showed a decrease in phosphorylated serine 308 DAPK in
sheared cells (12 dynes/cm2, 6 hr) on both substrates
when compared to their respective controls (Figure 4B
Top). After quantifying repeated western blots, we found
that sheared cells showed an average 30% decrease in
DAPKp308 on glass (* P < 0.01) and 45% decrease on
membrane (# P < 0.05), when normalized to static controls
(Figure 4B Bottom). Again, there was no significant difference between substrates in either static or sheared case.
Due to changes in both total and phosphorylated DAPK,
we evaluated DAPKp308 as a fraction of total DAPK,
which is an indication of overall DAPK activation, not
just expression (Figure 4C). Both DAPK and DAPKp308
Western blot analysis were carried out as described above.
Protein loading was normalized to actin, and the same
Western blot procedure and analysis were carried out for
both DAPK and DAPKp308. We saw that the ratio of
phospho-DAPK decreased to 38% on glass and to 43% on
membrane in sheared cells, as compared to their respective control cells (P < 0.01). These results are comparable
to what was observed previously for cells on glass [1].
However, we saw no significant changes in Ser 308 phosphorylation between cells on glass and membrane in
both control and sheared conditions. These data suggests that shear stress induced DAPK activation on
membrane surfaces, similar to DAPK activation on glass
surfaces. Expression and activation of DAPK by p308
dephosphorylation therefore are increased by fluid shear
stress, regardless of substrate.
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Discussion
Understanding apoptosis, a fundamental cellular process,
fully would have major impact on a multitude of cell
and tissue types, as well as disease and therapeutic models. In atherosclerosis, for example, increased apoptosis
contributes to prolonged inflammatory response, plaque
instability, rupture, and thrombus formations [27]. Atherosclerosis develops preferentially at regions of disturbed flow and low shear stress, which are also sites of
increased cell turnover rate [28], and shear stress has
been shown to suppress cytokine induced apoptosis in
endothelial cells [29]. DAPK is an important protein
kinase in modulating apoptotic pathways [30]. Its potential role in endothelial apoptosis and mechanotransduction has been largely unexplored. Identifying the role of
DAPK in endothelial cell function would be important
to understanding apoptosis under both homeostatic and
diseased conditions in the vasculature.
We have shown previously that DAPK is a mechanosensitive regulator of apoptosis, in cells cultured on glass
and sheared in parallel plate flow chambers [1]. Both
apoptosis and expression and activation of DAPK are
sensitive to fluid shear stress. Here we extend the study
to cells cultured on a different substrate, silicone membrane, typically used for cyclic stretch studies. We again
saw shear stress significantly attenuated TNFα activated
apoptosis, and that shear stress alone also increased
apoptosis (Figure 1D). Furthermore, we repeated our analysis of DAPK expression and activation in cells on membrane, and found that shear stress decreased TNFα
activated DAPK expression and activation (Figure 2). This
observation corresponds well to the results for cells on
glass substrate. We continued to investigate further the
effect of shear stress alone on cells plated on different
substrates. We found that on either glass or membrane,
shearing cells resulted in elevated apoptosis (Figure 3).
Furthermore, shear-induced apoptosis on both substrates
corresponded to an increase in caspase 3/7activities, and
increased DAPK expression and activation via dephosphorylation of serine 308 (Figure 4). These data suggest
that that in terms of apoptosis and DAPK expression,
endothelial cells respond to shear stress similarly on either
glass or silicone membrane substrate, and that DAPK expression in endothelial cells is more influenced by shear
stress, rather than substrate.
Overall, regardless of substrate, we found that shear
stress alone induced apoptosis, through a mechanism
that involves increased DAPK expression and activation,
upstream of caspase 3 and 7 activities. These findings
agree well with our previous study, and further confirm
that expression and activation of DAPK are regulated in
part by fluid shear stress alone on both glass and membrane substrates. However, adding shear stress subsequent to TNFα induction suppressed both apoptosis and
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Figure 4 Shear stress decreased DAPK phosphorylation at serine 308 on glass and membrane substrates. (A) Western blot of overall
DAPK expression in control and sheared cells (6 hours). Loading control bands are probed with anti-actin antibody on the same blot. DAPK
expression increased with extended shear (Top). Quantitative analysis of band intensities was carried out on at least 4 separate sample sets. DAPK
expression relative to actin is presented in the panel below as fold increase over control cells, for both glass and membrane samples. For both
glass and membrane, DAPK expression increased with extended shear (Bottom). Data represent average ± standard error (n = 4) with * P < 0.01
compared to control-glass cells and + P < 0.05 compared to control-membrane cells. (B) Western blot of phosphorylated DAPK at serine 308, for
control and sheared cells (6 hours). Loading control bands are probed with anti-actin antibody on the same blot (Top). Quantitative analysis of
phospho-serine DAPK expression as fold increase over control, showed a decrease in phosphorylated DAPK serine 308 with 6hr shear, for both
glass and membrane substrates (Bottom). Data represent average ± standard error (n = 4) with * P < 0.01 compared to control-glass cells and
+ P < 0.05 compared to control-membrane cells. (C) Phosphorylated DAPK as a fraction of total DAPK expression was calculated for each sample
group based Western blot analysis. Compared to control cells, the fraction of phosphorylated DAPK decreased to a minimum of 38% for glass
and 43% for membrane after 6 hours of shear stress. Data represent average ± standard error for 4 independent experiments (n = 4). # P < 0.01
compared to control-glass and Δ P < 0.01 compared to control-membrane.

DAPK expression. This finding suggests that the antiapoptotic effect of shear stress depends on the order of
induction, in relation to pro-apoptotic agent. We are
currently further investigating the competing effects of
shear stress and apoptotic triggers such as TNFα.
When apoptosis or caspase results of Figure 3 were evaluated for statistical difference between substrates, instead
of comparing static vs. shear, we did observe statistically
significant differences between substrates. Both TUNEL
and caspase-3 and 7 activities were significantly lower in
cells sheared on membrane, compared to cells sheared
on glass. There was no difference between the substrates
under static condition. Furthermore, cells sheared on
membrane substrate also demonstrated reduced DAPK

expression and activation compared to cells sheared on
glass, although the differences were not statistically significant (Figure 4). The reduced apoptosis and caspase
activities in cells sheared on membrane suggest that
while shear stress induced apoptosis overall, membrane
substrate is more protective against apoptosis compared
to glass substrate. The finding that shear-induced apoptosis was attenuated on membrane compared to glass
suggests that there is at least some substrate-dependent
differences in how endothelial cells respond to fluid
shear stress.
Aside from its primary role in downstream activation
in the death cascade, DAPK also regulates other cytoskeleton changes associated with apoptosis such as stress
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fibers and membrane blebbing [31]. DAPK also phosphorylates myosin regulatory light chain (MLC) at Ser19
[19,32], and promotes actomyosin contractility and stabilizes stress fibers in serum starved fibroblasts [32]. Thus,
under shear, DAPK might be utilized for non-apoptotic
functions such stress fiber formation, focal adhesion
reorganization, and eventual re-alignment of cytoskeleton
in the direction of flow [33]. Shear stress may induce
structural changes in cells that are dependent on substrate. Other non-apoptotic functions of DAPK in endothelial cells would also be influenced by both shear stress
and substrate.
In addition, mechanical properties of the substrate
could also affect the substrate-dependent differences in
apoptosis. Substrates stiffness is an important factor in
behavior and functions of fibroblasts, smooth muscle
cells, and neurons [34-36], and affects cell adhesion,
shape, and cytoskeleton structure of endothelial cells
[37]. Thus, substrate stiffness could be an important factor in determining how cells respond to external forces,
and should be considered in conjunction with other
mechanical cues such as shear stress. In addition to fluid
shear stress, endothelial cells in vivo are also subject to
cyclic stretch and reside on much softer substrate than
glass. While most in vitro substrate studies have focused
on cell behaviors under static conditions, other mechanotransduction studies have used cells cultured on glass
surfaces for shear stress, or flexible silicone membrane
for cyclic stretch devices.
This study bridges the gap between shear stress studies
on cells plated on glass, to substrates of a more physiologically relevant stiffness. Our investigation on the mechanotransduction role of DAPK in endothelial apoptosis will
continue in two fronts. We will examine the effect of
shear stress on cells on substrates of varying mechanical
properties, on the order of kPa. We plan to generate polyacrylamide hydrogels of different stiffness according to
published protocols [38], which can be anchored to a base
and accommodated into our flow chamber. We will also
continue to use silicone membrane as substrate in a cyclic
stretch device to examine the effect of substrate strain on
endothelial apoptosis.

Conclusions
In summary, we have shown that cells plated on either
glass or silicone substrate showed increased apoptosis in
response to fluid shear stress that also correlates with
increased DAPK expression and activation, and caspase
3/7 activities. Cells are actively sensing and responding
to their environment, which includes not only external
and internal forces, but also mechanical properties of
their surroundings [39]. This study provides the basis for
continued research to further examine cellular apoptosis
and DAPK activity in cells exposed to different substrate
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stiffness or to cyclic stretch. This study lays the groundwork for our goal to elucidate the simultaneous effect of
multiple mechanical stresses (shear stress, cyclic stretch,
and substrate stiffness) on endothelial functions such as
apoptosis.
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