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Abstract

Flow-induced production of nitric oxide (NO) by endothelial cells plays a fundamental role in 

vascular homeostasis. However, the mechanisms by which shear stress activates NO production 

remain unclear due in part to limitations in measuring NO, especially under flow conditions. Shear 

stress elicits the release of ATP, but the relative contribution of autocrine stimulation by ATP to 

flow-induced NO production has not been established. Furthermore, the importance of calcium in 

shear stress-induced NO production remains controversial, and in particular the role of capacitive 

calcium entry (CCE) has yet to be determined. We have utilized our unique NO measurement 

device to investigate the role of ATP autocrine signaling and CCE in shear stress-induced NO 

production. We found that endogenously released ATP and downstream activation of purinergic 

receptors and CCE plays a significant role in shear stress-induced NO production. ATP-induced 

eNOS phophorylation under static conditions is also dependent on CCE. Inhibition of protein 

kinase C significantly inhibited eNOS phosphorylation and the calcium response. To our 

knowledge, we are the first to report on the role of CCE in the mechanism of acute shear stress-

induced NO response. In addition, our work highlights the importance of ATP autocrine signaling 

in shear stress-induced NO production.
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Introduction

It is well established that endothelial cells (ECs) are involved in the regulation of vascular 

tone and are able to sense and response to shear stress caused by blood flowing across their 

surface. One important physiological response to the mechanical forces of shear stress is the 

release of nitric oxide (NO). NO is a major vasodilator that causes relaxation of the smooth 

muscle but is also involved in the inhibition of platelet aggregation (1, 2), adhesion of 

leukocytes to the endothelium (3, 4) and smooth muscle cell proliferation (5). Despite its 

importance, our understanding of the mechanisms of shear stress-induced NO production 

Address correspondence to K.A. Barbee, School of Biomedical Engineering, Science, and Health Systems, Drexel University, 3141 
Market St. Philadelphia, PA 19104, USA, kab33@drexel.edu. 

Conflicts of Interest: Dr. Andrews has nothing to disclose. Dr. Jaron reports grants from NIH, from NSF, during the conduct of the 
study. Dr. Buerk has nothing to disclose. Dr. Barbee reports grants from NIH, grants from NSF, during the conduct of the study.

NIH Public Access
Author Manuscript
Cell Mol Bioeng. Author manuscript; available in PMC 2015 December 01.

Published in final edited form as:
Cell Mol Bioeng. 2014 December 1; 7(4): 510–520. doi:10.1007/s12195-014-0351-x.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



remains incomplete, due in part to difficulties in measuring NO in response to acute changes 

in flow.

Ample evidence exists for calcium dependent NO production in static cultures (6-10) and 

that shear stress stimulates a calcium response (11-13). Yet the role of calcium, its source 

(extra- vs intracellular, plasma membrane vs. endoplasmic reticulum) and mechanism for 

release under flow in NO production has been unclear and sometimes controversial. One 

mechanism for the flow-induced calcium response is through the release of ATP. A number 

of studies have shown that shear stress causes the release of ATP in blood vessels (14, 15) 

and endothelial cells (16, 17) and its release precedes and spatially coincides with the 

initiation of a calcium wave (13). In static cultures, the mechanism by which ATP stimulates 

a calcium response is well characterized and has been shown to increase endothelial nitric 

oxide synthase (eNOS) phosphorylation and NO production (14, 18, 19). Despite this 

evidence, some studies have discredited or diminished the contribution of ATP and calcium 

in shear stress-induced NO production using NO measurements (20, 21) and mathematical 

modeling (22).

ATP stimulates a calcium response through both the release from endoplasmic reticulum 

(ER) stores as well as the influx through store-operated channels (SOCs). This influx from 

the extracellular space has been termed capacitiatve calcium entry (CCE) and in static 

cultures maximally activates NO production as compared to the ER calcium release (6-8, 

23). The shear stress-induced ATP release and the clear connection between calcium, ATP 

and SOCs under static conditions suggests a role for ATP autocrine stimulation in shear 

stress-induced NO production but the relative contribution and CCE dependence has yet to 

be confirmed or fully explored.

In this study, we used our novel technique for measuring NO directly and in real-time from 

endothelial cells under flow conditions to study the mechanism for shear stress-induced NO 

production. To accomplish this, we inhibited aspects of the ATP and SOC pathway to 

determine the relative contribution of each in the flow-induced NO response. Our data show 

that ATP autocrine signaling and the subsequent activation of CCE is in part responsible for 

shear stress-induced NO production. In addition, activation of CCE and its PKC dependency 

leads to an increase in eNOS phosphorylation as well as NO production under flow and 

static cultures.

Materials and Methods

Cell Culture

Primary culture Bovine Aortic Endothelial Cells (BAECs) were obtained from Dr. Peter 

Davies' Laboratory (University of Pennsylvania). BAECs were cultured in Dulbeccos 

modified Eagle's medium (Mediatech Cellgro), supplemented with 10% fetal bovine serum 

(Sigma), 2 mmol/l L-glutamine (Mediatech Cellgro), and penicillin-streptomycin 

(Mediatech Cellgro) as described previously (24).
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Chemicals and Reagents

Suramin, apyrase, SKF-96365 (SKF), chelerythrine (Cheler), and Dulbecco's phosphate 

buffered saline (PBS) with calcium and magnesium were purchased from Sigma. PBS 

without calcium was purchased from Mediatech, Inc. BCA protein assay was purchased 

from Pierce.

Protein Assay

Total protein content was determined using bicinchoninic acid for colorimetric detection and 

quantification of total protein (BCA Protein Assay Kit). Standards were created using 

Albumin (BSA) diluted in lysis buffer (20 mM Tris, 1% Deoxycholate, 150 mM NaCl, 1% 

Triton X-100, 2 mM EDTA, 2 mM PMSF, 0.1% SDS, 1 μg/mL leupeptin, 50 mM mM NaF, 

10% glycerol, Pierce complete protease inhibitor, pH 7.4). Concentrations of BSA ranged 

from 2000 μg/ml to 0 μg/ml. 25 μL of each sample was used in each microplate well in 

triplicates. BCA working reagent was mixed in 1:50 ratio of BCA Reagent A to BCA 

Reagent B and 200 μL added to each well. Microplate was covered with aluminum foil and 

incubated at 37°C prior and read at 562 nm in a Tecan Infinite M200 Series. Blank 

absorbances were subtracted from all standard and experimental sample values. Standards 

were then plotted and a best-fit curve was used to calculate total protein content of 

experimental samples.

Nitric Oxide Measurements Under Flow

Our device consists of a parallel plate flow chamber in which a NO sensitive electrode is 

located in a stagnant upper compartment separated from the ECs and the flow field by a 

porous membrane, the details of which have been described previously (25). In typical NO 

responses, an increase in flow (shear stress) first causes the NO concentration to decrease 

due to increased convection. Then the NO concentration increases due to an increase in 

production, which overcomes these convection effects until a higher NO steady-state 

concentration is reached. Previously, we have shown that this time-dependent response 

represents the actual kinetics of NO production and not a transport lag of the device (25).

Cells were grown on the underside of transwell™ membranes until confluent. Membranes 

were washed in PBS with calcium/magnesium supplemented with 70 μM L-arginine 3× and 

then inserted in the flow chamber. In experiments to degrade endogenous ATP using 

apyrase, cells were exposed to multiple step changes in shear stress from a basal level of 0.1 

dyn/cm2 to 1, 6,10 or 20 dyn/cm2 with 3-minute interval between step changes. The 

experimental solution was then exchanged with PBS with calcium/magnesium and 1U/mL 

apyrase, and the step change sequence was repeated.

In experiments involving the inhibition of SOCs or purinergic receptors, cells were 

pretreated with SOC blocker, SKF-96365 (50 μM, 10 min) or purinergic receptor antagonist, 

suramin (200 μM 10 min). Each membrane of cells was exposed to 3-5 step changes in shear 

stress from 0.1 to 10 dyn/cm2. Each cycle, the shear stress was held at 10 dyn/cm2 for 3 min 

then returned to 0.1 dyn/cm2 for 3 min before the next step increase to 10 dyn/cm2. The NO 

responses to each of the 3-5 step increases to 10 dyn/cm2 were of similar magnitude and 
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were averaged to give a single value representing the response of that membrane and group 

of cells.

Each experimental condition was repeated 3 times (i.e. with 3 different membranes of cells) 

for SKF and suramin, and 4 times for treatment with apyrase. The Δ[NO] response to each 

step change was calculated using the average concentration of NO over a 10 s interval prior 

to the step increase and the average concentration at the new steady state over a 10 s 

interval.

eNOS Phosphorylation and Shear Stress

Cells grown on the underside of transwell membranes were washed 3× with experimental 

fluid and then inserted into the flow chamber. The chamber was placed in a water bath for 

10 min prior to exposure to 10 dyn/cm2 for 0, 1 or 3 min. In experiments with apyrase, the 

circulating experimental fluid contained 1U/mL apyrase. The membrane was removed, and 

cells were harvested for western blots. The increase in phosphorylation after 3 min of shear 

stress was normalized by the untreated response. Each condition was repeated 5 times.

Western Blot

Samples were prepared for Western blot by scraping cells in lysis buffer at 4°C for 20 min. 

Samples were then centrifuged for 10 min at 10,000g, 4 °C to remove insoluble material. 

Cell lysates were normalized for protein content, separated by SDS-PAGE on a 4–20% Bis-

Tris gel (Lonza), and transferred to a nitrocellulose membrane (Invitrogen, Iblot). After 

blocking in 5% Blotto (Bioexpress), membranes were incubated with primary peNOS 

(1179) antibody (Invitrogen) overnight at 4 °C followed by a secondary horseradish 

peroxidase-conjugated antibody for 2 h at room temperature. Following protein band 

detection, the membrane was stripped (Western blot stripping buffer, Pierce) for 8 min and 

then incubated overnight with primary eNOS antibody (BD biosciences) at 4 °C and 

subsequently by a secondary horseradish peroxidase-conjugated antibody at room 

temperature. Protein bands were detected using an enhanced chemiluminescence kit 

(Western Lightning, PerkinElmer), and visualized with a Fluorchem digital imager (Alpha 

Innotech). Band intensity was quantified using AlphaEase FC software.

Calcium Fluorescence Imaging

Cells were grown on 25 mm2 round glass coverslips for 2 days prior to experiments. Cells 

were incubated with 1.5 μmol/L fluo-3AM (Molecular Probes) for 40 minutes at room 

temperature. SKF-96365 (SKF) treated cells were incubated with 50 μM for 10 min and 

chelerythrine (cheler) treated cells were treated with 30 μM for 2 min prior to incubation 

with fluorescent dye. Following treatment, cells were stimulated with 500 μL of 100 μM 

ATP. Each experimental condition was repeated the following number of times: Untreated 

n=8, SKF n=5, Cher n=4. Cells were viewed with an inverted light microscope 20× (Nikon 

TE300 Eclipse microscope). All fluorescence measurements were expressed as a ratio (R) of 

fluorescence intensity (F) to the basal fluorescence intensity (F0): R= F/F0 which has been 

described previously (24).
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ATP stimulation and eNOS Phosphorylation

Cells were grown on 25 mm2 round glass coverslips for 3 days prior to experiments. 

Experimental treatments include incubation with 50 μM SKF-96365 (SKF) for 10 min, 30 

μM cheler for 2 min, and 30 μM BAPTA for 30 min. Stimulation in the presence of 

extracellular calcium: cells were washed 3× with PBS with calcium, stimulated with 100 μM 

ATP with calcium and then harvested at time intervals 0, 1, 3, 5, 10 min. In experiments 

without calcium, cells were washed 3× with calcium-free PBS then stimulated with calcium-

free agonist, and cells were harvested at time intervals 0, 1, 3, 5, 10 min. After 10 min, 500 

μL of PBS with calcium or 500 μL of calcium-free was added, and cells were harvested at 

time intervals (1, 3, and 10 min). Each experimental condition was repeated the following 

number of times: Untreated n=4, BAPTA n=4, ATP wo Ca n=5, addition of PBS with Ca+2 

n=3, No Ca n=3, SKF n=5, Cheler n=4.

Results

The Shear Stress-Induced NO Response is due in part to ATP autocrine signaling

In order to determine the relative contribution of ATP autocrine stimulation on shear stress-

induced NO production, we utilized direct real-time measurements NO concentrationas well 

as eNOS phosphorylation in response to changes in shear stress. First, we used apyrase to 

degrade endogenously released ATP. Steady-state levels of the NO response to shear stress 

were compared before and after apyrase treatment. Following stimulation at multiple shear 

stresses, the experimental fluid was exchanged with 1U/mL apyrase. Measurements with 

apyrase were made under the same protocol as prior to treatment with apyrase, with the 

shear stress starting at 0.1 dyn/cm2 or 1 dyn/cm2 and then increased to 1, 6, 10 or 20 

dyn/cm2. In the sample traces (Figure 1A-D) this step change occurs at 50s. The steady-state 

concentration was offset to zero in order to show the comparison between individual NO 

responses due to the step changes. Whether the baseline shear stress was 0.1 or 1 dyn/cm2, 

the response to step changes to higher flow rates were not statistically different and were 

averaged within a single experiment for untreated and apyrase treatment. Comparison of the 

Δ[NO] response between untreated and apryase treated responses were found to be 

statistically significant for step changes to 6, 10 and 20 dyn/cm2 but not for 0.1 to 1 dyn/cm2 

(Figure 1E). The steady-state NO response in the presence of apyrase were reduced to 57%, 

77%, and 80% of untreated controls for shear stress steps of 6, 10, and 20 dyn/cm2, 

respectively. We also examined the effect of degradation of ATP on shear stress-induced 

eNOS phosphorylation. Cells were exposed to a step change to 10 dyn/cm2 in untreated cells 

for 1 min and 3 min, and the ratio of phosphorylated eNOS to total eNOS was determined 

and normalized by the sham control (no flow). Under normal conditions (no apyrase), shear 

stress caused a statistically significant increase in phosphorylation at 3 min but not at 1 min 

(data not shown). Treatment with apyrase to degrade endogenously-released ATP prevented 

the shear stress-induced phosphorylation of eNOS at 3 mins (Figure 2). We also interfered 

with ATP autocrine signaling by inhibiting downstream purinergic receptors using the non-

specific purinergic receptor blocker suramin. Blocking purinergic receptors attenuated the 

Δ[NO] response to a step change from 0.1 to 10 dyn/cm2 to 40% of the untreated responses 

(Figure 3A,B).
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The Shear Stress-Induced NO Response is Dependent on CCE

Since a significant portion of the shear stress-induced NO response is dependent on 

endogenously released ATP and subsequent activation of purinergic receptors, we 

hypothesized that shear stress-induced NO production was mediated by the activation of 

SOCs. We and others have shown that eNOS is preferentially activated by CCE when 

stimulated with agonists under static cultures (6-8). This occurs because of the 

colocalization of eNOS with SOCs, which create high local calcium concentration gradients 

leading to maximal eNOS activity (23). To determine the role of CCE in shear stress-

induced NO responses, we inhibited SOCs using SKF-96365. Inhibition of SOCs caused a 

40% reduction in the Δ[NO] responses to 10 dyn/cm2 (Figure 4A,B).

In order to further elucidate the mechanism of CCE-dependent autocrine stimulation of NO 

production, we next focused on the mechanism of ATP induced eNOS phosphoration under 

static conditions. ATP-induced eNOS phosphorylation has been reported to be dependent on 

calcium (19); however, the exact nature of that relationship is still unclear. To determine the 

importance of increases in intracellular calcium in ATP-induced eNOS phosphorylation, we 

first chelated intracellular calcium using BAPTA. Treatment with BAPTA completely 

abolished the increase in eNOS phosphorylation in response to ATP stimulation (Figure 5).

ATP stimulation elicits the release of calcium from the ER and concomitant influx via 

SOCs. To evaluate the relative effect on eNOS phosphorylation of calcium from the two 

sources, we separated them temporally by stimulating with ATP in the absence of 

extracellular calcium for 10 min followed by the replacement of extracellular calcium 

(Figure 6, open squares). This type of experiment is frequently used to separate ER calcium 

release and calcium influx from the extracellular space through SOCs (23). ATP stimulation 

in the presence of extracellular calcium (closed triangles) showed a rapid increase in 

phosphorylation that peaked at 3 min followed by a sustained elevation through 10 min. In 

contrast, ATP stimulation in the absence of extracellular calcium (open squares), elicited a 

transient peak in eNOS phosphorylation at 1 min that returned to baseline by 5 min. 

Addition of extracellular calcium at 10 min after stimulation (open squares) caused a 

sustained increase in eNOS phosphorylation over 10 min (representing time point 20 min) 

which was not seen with the addition of PBS without calcium (Eight Spoked Asterisks). To 

test our hypothesis that the influx of extracellular calcium specifically through SOCs was 

responsible for the large, sustained phosphorylation response, we treated cells with the SOC 

channel inhibitor SKF-96365 prior to stimulation with ATP. Typical calcium responses to 

ATP in untreated cells (Figure 7 A, B) showed a transient peak occurring within 30s 

followed by a sustained response, which continues past 3 min. When SOCs were inhibited, 

the peak calcium was reduced by 25% and the sustained response was strongly attenuated, 

returning to baseline by 150s. Inhibiting calcium influx via SOCs significantly attenuated 

ATP-stimulated eNOS phosphorylation at 1 and 3 min (Figure 8).

Recently, PKC has been shown to be important for eNOS phosphorylation and CCE 

separately (26-28). Thus, we sought to investigate the role of PKC in CCE-dependent eNOS 

phosphorylation. Inhibiting PKC with the general PKC inhibitor chelerythrine reduced the 

transient calcium peak by 40% and attenuated the sustained response (Figure 9 A,B). 
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Furthermore, inhibition of PKC significantly attenuated eNOS phosphorylation at 1 and 3 

min (Figure 10), to an extent similar to inhibition of SOCs.

Discussion

We have made use of our group's unique ability to measure NO directly and in real-time 

from endothelial cells under flow conditions to study not only the importance of the ATP 

autocrine pathway in shear stress-induced NO production but also how calcium dynamics, 

particularly CCE, contributes to the kinetics of the acute NO response.

Shear stress has been shown to cause the release of ATP, with higher flow rates releasing 

larger concentrations of ATP (17, 13). We utilized two approaches to interfere with 

autocrine stimulation in the flow induced NO response. Degradation of endogenously 

release ATP using apyrase inhibited NO production in response to a change in shear stress 

between 5-20 dyn/cm2 (Figure 1A-E). The degree of inhibition was less at higher shear 

stresses, which can be explained by the greater release rates at higher shear stresses and the 

diffusion limited reaction of apyrase with ATP. Further, ATP release is spatially dependent 

with maximal concentrations localized in membrane invaginations called caveolae where 

eNOS preferentially resides (13) and may further imped degradation by apryase. Inhibiting 

downstream purinergic receptors with suramin, which would not be diffusion limited, 

showed greater attenuation of the NO response at 10 dyn/cm2 than seen with apyrase (Figure 

3A,B). The degree of inhibition is similar to in vivo studies by Silva et al. (18).

ATP stimulates purinergic receptors P2Y (G protein-coupled receptors (GPCRs)) and P2X 

(calcium channels). Both have been shown to be activated in response to shear stress (29, 

30); however, a recent study showed that luminal P2Y purinergic receptors were responsible 

for flow-induced NO production (30). Activation of P2Y receptors stimulates ER store 

depletion and subsequent activation of SOCs responsible for CCE. We and others have 

shown that CCE preferentially activates NO production under static conditions (6-8, 23) and 

that ATP activates CCE, which led us to hypothesize that the increase in calcium 

specifically through SOCs caused by flow-induced autocrine activation of purinergic 

receptors was responsible for NO production. Using an SOC blocker, SKF-96365, we were 

able to inhibit the shear stress-induced NO response (Figure 4A,B). Previous studies have 

shown that under static conditions, SOC activation is predominantly responsible for the 

agonist stimulated NO response (7, 8, 31). In contrast, inhibition of SOCs caused a 40 % 

decrease in the flow-induced Δ[NO] whereas blocking purinergic receptors with suramin 

caused a 60% inhibition of the flow-induced Δ[NO]. Thus, SOC inhibition can only account 

for a portion of the ATP-dependent NO response to flow. This may be due to incomplete 

inhibition of SOCs by SKF or to the contributions of P2X purinergic receptors or other 

calcium sources (ER, L-type channels etc.). The identities of the SOCs inhibited by SKF in 

our experiments are beyond the scope of this paper. However, recent developments in 

calcium signaling point to members of the transient receptor potential (TRP) (see review 

(32)) and the Orai channels (33) as SOCs. To our knowledge, we are the first to report on 

the importance of CCE in the acute shear stress-induced NO production. Our experiments 

have demonstrated that the mechanism by which endogenously released ATP activates 
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purinergic receptors and consequently SOCs plays a significant role in shear stress-induced 

NO production.

A number of researchers have reported that shear stress (34-37) and ATP (38, 39, 19, 10) 

increase eNOS phosphorylation at the serine residue. We detected a rise in eNOS 

phosphorylation in response to an increase in shear stress at 3 min (Figure 2), which is 

consistent with our static experiments showing maximal ATP-induced phosphorylation 

occurring around 3 min (Figure 6), noting that shear-induced ATP release occurs rapidly 

within a few seconds of the onset of flow (13). Flow induced eNOS phosphorylation was 

inhibited when endogenous ATP was degraded suggesting a role for ATP in shear stress-

induced eNOS phosphorylation. ATP induces eNOS phosphorylation in static culture (18, 

19); however, little is known about the role of calcium, and specifically CCE, in ATP-

induced eNOS phosphorylation. Gonçalves da Silva et al.(19) reported that chelating 

intracellular calcium with BAPTA abolished the phosphorylation response 1 min after ATP 

stimulation (18, 19). Our data expand those results to demonstrate the full time course of the 

phosphorylation response to ATP as dependent on intracellular calcium changes (Figure 5). 

ATP mobilizes intracellular calcium from both the ER and the extracellular space. Inhibiting 

SOCs attenuated ATP-induced phosphorylation (Figure 8). By stimulating in the absence of 

extracellular calcium we were then able to separate those two events to show the importance 

of extracellular calcium specifically. Furthermore, phosphorylation could be recovered upon 

the re-addition of calcium corresponding with calcium influx through SOCs (Figure 6). 

Inhibition of SOCs decreased eNOS phosphorylation at t=1 and t=3 min (Figure 8). This is 

in agreement with the typical calcium response time course to ATP which peaks within 30 s 

and returns to baseline around 3 min (Figure 7). In addition, the NO response to flow also 

follows this timeline with a rapid response reaching a steady state concentration by 3 min 

(Figure 1,3 & 4). Inhibition of the magnitude of eNOS phosphorylation at early time points 

(via inhibition of SOCs and PKC) would therefore affect the magnitude of the steady state 

concentration, which is in agreement with our direct measurements under flow.

A number of studies have shown the importance of PKC in eNOS phosphorylation and CCE 

separately (26-28). Gonçalves da Silva et al.(19) showed an attenuation in ATP induced 

eNOS phosphorylation when PKC is inhibited which they have proposed is due to direct 

phosphorylation of eNOS by PKC (19). Our results indicated that inhibition of PKC 

attenuated both the ATP induced calcium response and eNOS phosphorylation (Figure 9 and 

10). These responses are virtually identical to inhibition of SOCs (Figure 7 and 8) and 

suggest that PKC is upstream of CCE. Based on our data we have proposed the following 

mechanism for shear stress-induce NO production (Figure 11). Shear stress causes the 

release of ATP in nM-to-μM concentrations. ATP activates purinergic receptors in the 

plasma membrane and the release of inositol tri-phosphate (IP3). IP3 causes the depletion of 

ER calcium stores and activation of SOCs, which is PKC dependent. The influx of calcium 

through SOCs then preferentially activates eNOS to produce NO.

Our results demonstrate the importance of ATP autocrine signaling and activation of CCE in 

the shear stress-induced NO response. We showed that degrading ATP using apyrase led to 

decreased NO and eNOS phosphorylation in response to shear stress. In addition, purinergic 

receptor blocker suramin reduced shear stress-induced NO responses, further supporting the 
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role of ATP. We also demonstrated the importance of CCE in the shear stress-induced NO 

response using the SOC inhibitor SKF-96365, which attenuated the NO response. 

Furthermore, we found that ATP-induced eNOS phosphorylation is dependent on both the 

activation of CCE and upstream PKC signaling. While our quantification of the shear stress-

induced NO response focused on the change in the steady state [NO], our direct NO 

measurements show a more complex picture of the kinetics of the NO response and open the 

door to the development of a mathematical model which can take into account multiple 

components in the mechanism of NO production.
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Non-standard Abbreviations and Acronyms

NO Nitric oxide

EC endothelial cells

BAPTA 1,2-bis(2-aminophenoxy)ethane-N, N, N, N-tetraacetic acid

ER endoplasmic reticulum

BAECs bovine aortic endothelial cells

IP3 inositol triphosphate

PKC protein kinase C

DAG diacylglycerol

CCE capacitative calcium entry

SOCs store operated channels

SKF SKF-96365

Cheler chelerythrine

PBS Dulbecco's phosphate buffered saline

L-NAME Nω-nitro-L-arginine methyl ester

eNOS endothelial nitric oxide synthase
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Figure 1. 
Degradation of endogenous ATP attenuates shear stress-induced NO production. A-D. 

Sample traces of the NO response before (solid line) and after (dotted line) treatment with 

1U/mL of apyrase. The steady-state concentration was offset to zero in order to show the 

individual NO response due to the step change (at 50s). Sample responses from a step 

change to A. 1 dyn/cm2 B. 6 dyn/cm2 C. 10 dyn/cm2. D. 20 dyn/cm2. E. Within an 

experiment, apyrase showed an inhibition of the shear stress-induced NO response; 

however, due to the variability between experiments, we normalized the responses for an 

untreated step change to 10 dyn/cm2 within each experiment. Comparisons of the Δ[NO] 

response before and after treatment with apyrase. Δ[NO] between untreated and apryase 

treated cells were found to be statistically significant for step changes to 6, 10 and 20 

dyn/cm2 but not to 1 dyn/cm2. Δ[NO] for apyrase treated cells averaged 57% for 6 dyn/cm2, 

77% for 10 dyn/cm2 and 80% for 20 dyn/cm2 of the untreated responses. (Mean and SEM, 

one-tailed t-test, *p<0.05, n=4)
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Figure 2. 
Apyrase attenuates shear stress-induced eNOS phosphorylation. Bar graph comparing shear 

stress-induced eNOS phosphorylation after 3 min in untreated and apyrase treated cells. 

Phosphorylation increased in untreated cells after 3 mins and was attenuated when 

endogenous ATP was degraded using apyrase as compared to the no flow condition. 

Responses are normalized by the untreated response (Mean and SEM were plotted, *p<0.05 

one-tailed t-test n=5 each condition).
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Figure 3. 
Inhibition of purinergic receptors attenuates shear stress-induced NO production. Purinergic 

receptors were blocked with using the non-specific blocker suramin. Cells were incubated 

with 200 μM of suramin for 10 min prior to insertion into the chamber. Each membrane was 

exposed to a series of 4 step changes from 0.1 to 10 dyn/cm2. A. Sample traces of the 

response for untreated (solid line) and suramin (dotted line) treated cells. The steady-state 

concentration was offset to zero in order to show the individual NO response due to the step 

change occurring at 50s. B. Bar graph comparing the Δ[NO] response to shear stress in 

untreated and suramin treated cells. The Δ[NO] response in cells treated with suramin 

averaged 40% of the untreated responses and were statistically significant. (Mean and SEM 

were plotted, one-tailed t-test. n=3 each, *p<0.05).
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Figure 4. 
Inhibition of store-operated channels (SOC) attenuates shear stress-induced NO production. 

SOCs were inhibited using the blocker SKF-96365 (SKF). Cells were treated with 50 μM of 

SKF for 10 min prior to insertion into the chamber. Each membrane was exposed to a series 

of 5 step changes of 0.1 to 10 dyn/cm2. A. Sample traces of the response for untreated (solid 

line) and SKF treated (dotted line) cells. The steady-state concentration was offset to zero in 

order to show the individual NO response due to the step change occurring at 50s. B. Bar 

graph representing the Δ[NO] response to shear stress in untreated and SKF treated cells. 

The Δ[NO] response for SKF treated cells averaged 60% of the untreated responses and 

were found to be statistically significant (Mean and SEM, one-tailed t-test. n=3 each, 

*p<0.05).
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Figure 5. 
ATP induced eNOS phosphorylation is dependent on increases in intracellular calcium. 

Cells were simulated with 100 μM ATP with calcium. Prior to stimulation, cells were treated 

with 30 μM of BAPTA for 30 min. Cells were harvested before stimulation (t=0) and at time 

points 1, 3, 5, and 10 min after stimulation. All peNOS/eNOS ratios were normalized by 

t=0. Treatment with BAPTA abolished the eNOS phosphorylation response. (p<0.05 *; 

p<0.01 ** one-tailed t-test, n=4 each)
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Figure 6. 
ATP induced eNOS phosphorylation is dependent on the calcium influx from the 

extracellular space. Cells were simulated with 100 μM ATP in the presence (ATP w CA) or 

absence of extracellular calcium (ATP wo Ca). Cells were harvested before stimulation (t=0) 

and at time points 1, 3, 5, and 10 min after stimulation. All peNOS/eNOS ratios were 

normalized by t=0. eNOS phosphorylation remained elevated after 1 min, which was not 

seen in the absence of extraceullular calcium. After the initial response to stimulation in the 

absence of calcium, PBS with calcium was added (t=10) which caused an increase in eNOS 

phosphorylation that was not observed when PBS without calcium was added. (p<0.05 *,#; 

p<0.01 **, ## two-tailed t-test; ATP wo Ca+2 n=5, ATP w Ca+2 n=4, addition of PBS with 

Ca+2 n=3, No Ca n=3)
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Figure 7. 
Inhibition of ATP-induced CCE by SKF-96365. Prior to the experiment, cells were 

incubated with PBS with Ca+2 or 50 μM of SOC inhibitor SKF-96365 for 10 min. A. 

Representative traces of the calcium response in untreated (solid line) and SKF (dotted line) 

treated cells to 500 μL of 100 μM ATP with calcium. B. Bar graph representing average 

responses for each condition at the peak response, 60s and 100s. SKF reduced transient and 

sustained calcium response, which was statically significant from untreated and SKF treated 

cells. Average responses represent multiple coverslips (cs) and total cell count among 

coverslips (n) Untreated: #cs= 8, n=512; SKF: #cs=5, n=298. (Mean and SEM, Two-tailed t-

test p<0.0001)
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Figure 8. 
ATP induced eNOS phosphorylation is dependent on CCE. Cells were simulated with 100 

μM ATP with calcium. Prior to stimulation, cells were treated with 50 μM of SKF-96365 for 

10 min. Cells were harvested before stimulation (t=0) and at time points 1, 3, 5, and 10 min 

after stimulation. All peNOS/eNOS ratios were normalized by t=0. SKF-96365 treated cells 

(SKF) show an attenuated eNOS phosphorylation at 1 and 3 min, which was statistically 

significant. (p<0.05 * one-tailed t-test, ATP w Ca+2 n=4, SKF n=5)
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Figure 9. 
Inhibition of PKC attenuates the ATP stimulated sustained calcium response. Prior to 

stimulation with 500 μL of 100 μM ATP with calcium, cells were incubated with 30 μM of 

the general PKC inhibitor cheler for 2 min. A. Representative traces of the calcium response 

in untreated (solid line) and cheler (dotted line) treated cells to 500 μL of 100 μM ATP with 

calcium. B. Bar graph representing average responses for each condition at the peak 

response, 60(s) and 100(s). Cheler treated cells showed attenuation of the peak and sustained 

calcium response. Average responses represent multiple coverslips (cs) and total cell count 

among coverslips (n) Untreated: #cs= 3, n=120, Cheler: #cs=4, n=160, two-tailed t-test 

***p<0.0001.
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Figure 10. 
Inhibition of PKC attenuates ATP induced phosphorylation of eNOS. Prior to stimulation 

with 100 μM ATP with calcium, cells were treated with 30 μM of cheler for 2 min prior to 

stimulation. Cells were harvested before stimulation (t=0) and at time points 1, 3, 5, and 10 

min after stimulation. All peNOS/eNOS ratios were normalized by t=0. Cheler treated cells 

showed an attenuated agonist stimulated phosphorylation of eNOS, which was statistically 

significant at 1 and 3 min (p<0.05 * one-tailed t-test, ATP w Ca+2 n=4, Cheler n=5).
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Figure 11. 
Proposed pathway for the mechanism of shear stress-induced NO. Flow causes the release of 

ATP in nM-μM levels, which activate purnergic receptors causing the release of IP3 and 

DAG. IP3 then causes the ER to deplete intracellular calcium stores. Depletion of ER 

calcium stores leads to the activation of store-operated channels (SOCs) (known as 

capacitative calcium entry (CCE)), which is PKC-dependent. CCE then activates calcium-

dependent calmodulin (Ca+2-CaM), which leads to phosphorylation of eNOS and production 

of NO.
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