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Shear stress affects the intracellular distribution of eNOS: direct demonstration
by a novel in vivo technique

Caroline Cheng, Rien van Haperen, Monique de Waard, Luc C. A. van Damme, Dennie Tempel, Laurens Hanemaaijer,
Gert W. A. van Cappellen, Joop Bos, Cornelis J. Slager, Dirk J. Duncker, Anton F. W. van der Steen, Rini de Crom, and Rob Krams

The focal location of atherosclerosis in
the vascular tree is correlated with local
variations in shear stress. We developed
a method to induce defined variations in
shear stress in a straight vessel segment
of a mouse. To this end, a cylinder with a
tapered lumen was placed around the
carotid artery, inducing a high shear
stress field. Concomitantly, regions of
low shear stress and oscillatory shear
stress were created upstream and down-
stream of the device, respectively. This

eNOS3GFP fusion gene. We observed a
strong induction of endothelial nitric ox-
ide synthase—green fluorescent protein
(eNOS-GFP) mRNA expression in the high
shear stress region compared with the
other regions (P < .05). Quantification of
eNOS-GFP fluorescence or of immunore-
activity to the Golgi complex or to plate-
let endothelial cell adhesion molecule 1
(PECAM-1) showed an increase in the
high shear stress region (P < .05) com-
pared with nontreated carotid arteries.
Colocalization of eNOS-GFP with either

the Golgi complex or PECAM-1 also re-
sponded to alterations of shear stress. In
conclusion, we showed a direct response
of mRNA and protein expression in vivo
to induced variations of shear stress.
This model provides the opportunity to
study the relationship between shear
stress alterations, gene expression, and
atherosclerosis. (Blood. 2005;106:3691-3698)

device was used in mice transgenic for an
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Wall shear stress is the drag force acting on the endothelial cells as
a result of the blood flow. In straight arteries, laminar flow with an
average shear stress level of 1.5 N/m? prevails and this level is
actively maintained by adjusting the vascular tone and by structural
remodelling in response to shear stress.!?

The relationship between low wall shear stress and the occur-
rence of atherosclerotic lesions in the vascular tree has been
recognized for several decades,>* but the mechanism underlying
this relationship is unknown. Furthermore, it is not clear whether
low shear stress (< 1.5 N/m?) or oscillatory shear stress (exhibiting
directional change) is more important for the development of
atherosclerosis.>® It has been postulated that altered shear stress
results in changes in gene expression and protein function.”-® This
was confirmed in experiments studying endothelial cells in flow
chambers under well-controlled shear stress conditions in vitro.>1°
Such changes can underlie the observed susceptibility to atheroscle-
rosis of the affected vascular regions. Indeed, endothelial cells
located at atherosclerosis-susceptible sites show a specific pattern
of gene expression in vivo,'!2 indicating a relationship with shear
stress. However, this relationship has not been substantiated by
direct causal in vivo evidence. Moreover, there is no in vivo model
that generates oscillations in shear stress. Therefore, we developed
a new method by which low and oscillatory shear stress is
introduced in different segments of a straight vessel. The first aim
of the present study is to demonstrate that the proposed method
induces a complex shear stress field in vivo.

To evaluate whether these changes in shear stress affect gene
expression, we monitored one of the best-characterized shear stress
responsive genes, endothelial nitric oxide synthase (eNOS).!314
This was studied in an in-house developed transgenic mouse model
in which eNOS expression and distribution can be easily monitored
by virtue of a fusion of the protein with green fluorescent protein
(GFP)."> The second aim is to study the effects of shear stress on
the intracellular distribution of eNOS.

Regulation of eNOS protein levels and activity is unusually
complex and occurs both at transcriptional and posttranscriptional
levels.'®!7 Posttranslational modification of eNOS by myristoyl-
ation and palmitoylation that targets the protein to the Golgi
complex and to the lipid-rich domains of the cell membrane are
both necessary for proper eNOS activation. Shear stress acti-
vates eNOS predominantly through Akt-dependent phosphoryla-
tion of eNOS at serine 1177.1%19 Recently, it was shown that the
fraction of eNOS localized in the Golgi complex is responsive to
phosphorylation by Akt.?’ This implies that shear stress acti-
vates eNOS when it is located in certain compartments of the
endothelial cells. At present, it is unknown how shear stress
affects the intracellular distribution of eNOS in vivo.2! There-
fore, we developed quantitative methods to analyze the intracel-
lular distribution of eNOS in vessel regions exposed to different
shear stress patterns in relation to the serine 1177 phosphoryla-
tion of eNOS.

From the Departments of Cardiology, Thoraxcenter, Cell Biology and Genetics,
Development and Reproduction, Experimental Medical Instrumentation, and
Vascular Surgery, Erasmus University Medical Center, Rotterdam, The Netherlands.

Submitted June 14, 2005; accepted July 22, 2005. Prepublished online as
Blood First Edition Paper, August 16, 2005; DOI 10.1182/blood-2005-06-2326.

Supported by the Netherlands Heart Foundation (NHS), grant 2002T45, and
the Interuniversity Cardiology Institute of the Netherlands (ICIN), project 33.

BLOOD, 1 DECEMBER 2005 - VOLUME 106, NUMBER 12

An Inside Blood analysis of this article appears in the front of this issue.

Reprints: Rob Krams, Erasmus MC, Rm Ee2216, Dr Molewaterplein 50 3015
GD Rotterdam, The Netherlands; e-mail: r.krams@erasmusmec.nl.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 U.S.C. section 1734.

© 2005 by The American Society of Hematology

3691

20z aunr g0 uo 3senb Aq Jpd'|69€0050£208UZ/Z0Y8S Y/ LB69E/Z /901 /4Pd-BloIuE/POOIQ/ABU  SUOlelgndysE//:dRy woly papeojumod


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2005-06-2326&domain=pdf&date_stamp=2005-12-01

3692 CHENGetal

Materials and methods

Animals

Mice expressing an eNOS-GFP fusion protein were generated as described
before.!> Mice were bred to C57BL/6 background for at least 10 genera-
tions (> 99% C57BL/6) and were 15 to 20 weeks of age. Animal care and
experiments complied with institutional and national guidelines.

In vivo alteration of shear stress

To induce standardized changes in shear stress, we designed a shear stress
modifier, which was manufactured from the thermoplastic, polyetherketon.
The device is referred to as “cast” throughout the study. The cast consists of
2 longitudinal halves of a cylinder with a cone-shaped lumen (Figure 1A).
The geometry of the cast has been designed with computational flow
dynamics software?? (Sepran; Sepra, Delft, The Netherlands) to produce
vortices downstream of the cast when placed around the common carotid
artery (Figure 1B). This downstream region will therefore be exposed to
oscillations in shear stress (oscillatory shear stress region). The upstream
inner diameter is 500 wm (nonconstrictive) and gradually declines to 250
pm at the downstream side of the cast (constrictive). This tapering induces
a gradual increase in shear stress (high shear stress region). In addition, the
constrictive stenosis decreases the blood flow, resulting in a low shear stress
region upstream from the cast. Control casts consist of a cylinder with a
continuous nonconstrictive diameter of 500 pm. Adequacy of the cast
design was evaluated by Doppler measurements.

For surgery, the mice were anesthetized with isoflurane. Both halves of
the cast were placed around the right common carotid artery and fixed with
a suture. Animals with cast implants were humanely killed at 1 to 6 days
after surgery by in situ fixation.

Doppler measurements in mice

Mice were anesthetized with isoflurane, intubated, and ventilated with a 1:2
mixture of O,/N,O to which 2.3% isoflurane was added. The animals were
maintained at 37°C on a heating-pad during the whole experiment; a neck
incision was made and both the left and right common carotid arteries were
dissected from connective tissue. Calibrated digital images were taken to
measure vessel diameters. Doppler velocity signals were measured on both
carotid arteries using a 20-MHz range-gated Doppler probe at a 45° angle
from the vessel wall. The cast was then placed around the carotid artery
upstream of the Doppler probe, and the measurement was repeated.
Additionally, the Doppler signal in the left carotid artery after cast
placement was recorded.
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Doppler measurements in rabbits

Two groups of rabbits were studied. In the first group (n =5), the
immediate effect of cast placement was studied, whereas in the second
group (n = 5) the chronic effect of a 2-week period of cast placement was
evaluated. The rabbits were premedicated with a mixture of fentanyl
(0.3 mg/mL) and fluanisone (0.6 mg/mL) and anesthetized with an infusion
of fentanyl (infusion rate: 0.3 mg/kg/h) and a 2:1 mixture of N,O and O,.
Subsequently, the rabbits were intubated and the respirator (Infant Respira-
tor, Hoek Loos, Schiedam, The Netherlands) was adjusted to achieve and
maintain physiologic blood gas levels (pH = 7.35-7.45; pCO, = 35-45 mm
Hg; pO, > 100 mm Hg). The marginal ear artery was cannulated for arterial
pressure measurement with a fluid-filled catheter (Amatek, Paoli, PA) for
arterial blood withdrawal and for the infusion of fentanyl. During instrumen-
tation of group 1 and after 2 weeks in group 2, the iliac artery was dissected
and a 4 French sheet (Fast Cath; Daig, Minnetonka, MN) was placed for the
advancement of guide wires and guiding catheters. Subsequently, the
carotid artery was surgically exposed and dissected from its surrounding
tissue. As a next step, in both groups, one of the carotid arteries was
dissected and a 20-mHz range-gated Doppler sensor (model VF-1; Crystal
Biotech, Hopkinton, MA) was placed at an angle of 45°. The range-gating
properties allowed us to determine minimal and maximal velocities across
the vessel lumen. The other carotid artery was used as a control vessel. Then
the cast was placed around the carotid artery and recordings of systemic
hemodynamics and Doppler velocities downstream of the cast were
repeated. The Doppler measurements distally from the cast were used for
the detection of velocity reversal. To that end, we carefully positioned the
Doppler sensor to place the sample volume near the expected location of the
vortex. All experiments were performed in accordance with the “Guiding
Principles for the Care and Use of Animals” as approved by the Council of
the American Physiological Society.

Confocal microscopy

Tissue samples were examined under a Zeiss LSMS10LNO inverted laser
scanning confocal fluorescence microscope (Carl Zeiss, Thornwood, NY).
Images of GFP fluorescence were acquired by excitation with a 488-nm
argon laser and were detected using a 500- to 550-nm band pass barrier
filter. Background fluorescence was corrected by subtracting the image that
was acquired after filtering the emission spectrum with a 560-nm long pass
filter. To obtain an image of an intact whole mounted vessel, an optical slice
of 40 wm thickness and 500 X 500 pm in cross-sectional area was obtained
using a 10 X/0.3 Axiovert lens. Next, the position of the table was changed
to image several adjacent vessel sections encompassing the entire vessel
segment under study. Individual images were fused to form a tile
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Figure 1. Design of the shear stress modifier: cast model. (A) The cast consists of 2 longitudinal halves of a cylinder with a conical lumen. (B) The theoretical design with
induction of large vortices downstream of the cast in the carotid artery. Additionally, the conical lumen induces a stenosis of the vessel, causing a gradual increase in vascular
shear stress in the cast area. Because of the stenosis, a region of low shear stress is created upstream of the cast. (C) Contours were obtained of GFP images, assuming a
circular geometry of the vessel. (D) The computer generated 3-dimensional mesh of the vessel lumen in which the shear stress was calculated. (E) The distribution of shear
stress (N/m?) along the vessel. (F) Quantification of the GFP signal using the same images as used for shear stress calculations. The distribution of eNOS-GFP (in arbitrary

units) is given along the vessel wall.
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(Figure 1D) to provide a complete picture of the vessel. To study
eNOS-GFP expression on a cellular level, stacks of optical slices
(0.5 X 20 X 20 wm) were obtained using a 40 X/1.2 water-immersion
Axiovert lens. To investigate the location of serine 1177—phosphorylated
eNOS, platelet endothelial cell adhesion molecule 1 (PECAM-1) and the
Golgi complex, images of rhodamine fluorescence were taken applying a
543-nm excitation from a NeHe laser, using a 560-nm long pass filter
for detection.

Fluorescence immunohistochemistry

Following in situ perfusion and overnight fixation, common carotid arteries
were washed in phosphate-buffered saline (PBS) and treated with 0.2%
Triton X-100 (Sigma Chemical, Zwijndrecht, The Netherlands) in PBS. The
arteries were subsequently incubated with 2.5% horse serum in PBS/0.2%
bovine serum albumin (BSA) for 30 minutes, washed again in PBS/0.2%
BSA, and incubated with rabbit polyclonal antibodies against phospho-
eNOS (serine 1177; New England Biolabs, Leusden, The Netherlands),
PECAM-1 (Sigma Chemical), or mouse monoclonal antibodies against
P115 (BD Biosciences PharMingen, San Diego, CA) in PBS/0.2% BSA
overnight at 4°C. After washing in PBS/0.05% Tween-20 (Sigma Chemi-
cal), the arteries were incubated with mouse anti—rabbit IgG conjugated to
R594 (Molecular Probes, Leiden, The Netherlands) or goat anti-mouse IgG
conjugated to Texas red (Molecular Probes) in PBS/0.2% BSA for 2 hours
at room temperature, followed by wash steps and were mounted in
Vectashield (Vector Laboratories, Burlingame, CA).

Quantitative PCR

Carotid arteries treated with casts were divided into 3 different regions:
1 mm of the low shear stress region immediately upstream of the cast, | mm
of the high shear stress region in the cast, and 1 mm of the oscillatory shear
stress region immediately downstream of the cast. Similar 1-mm sections of
the untreated contralateral carotid arteries from the same animals were
isolated to serve as controls. Total RNA from each region was obtained
using the RNAeasy kit (Qiagen, Cologne, Germany) and treated with
DNase. cDNA was obtained by a reverse transcriptase reaction. Tissue
samples of each region from 5 individual mice were pooled and human
eNOS mRNA expression levels were analyzed by real-time polymerase
chain reaction (PCR) using the iCycler iQ Detection System (Biorad,
Veenendaal, The Netherlands) in 3 separate experiments. Specific primers
for either human or mouse eNOS were used (primer sequences available on
request). The hypoxanthine guanine phosphoribosyl transferase (Hprt) gene
was used as a housekeeping gene.

Computational fluid dynamics

To estimate the augmentation in wall shear stress distribution after cast
placement, a 3-dimensional computational fluid dynamic (CFD) technique
was used.?> The CFD needed the vessel geometry as input, which was
obtained from the contours of the GFP images, assuming a circular
geometry and constant circumference of the intact vessel (Figure 1C). On
the basis of this geometry, a mesh was generated, which consisted of
approximately 20 000 nodes. The boundary conditions for the calculations
were no slip conditions at the wall, stationary parabolic inflow at the
entrance with a maximal velocity equivalent to a shear stress of 1.5 N/m?,
and zero stress outflow. The combination of the mesh geometry and
boundary conditions was used to solve the Navier-Stokes equations,
applying a well-validated finite element software package (Sepran; Sepra,
Delft, The Netherlands) to calculate shear stress (Figure 1D-E). The
accuracy of the calculations was set at 10~* m/s, which resulted in a
numerical error of wall shear stress of approximately 1%.

Analysis and statistics

To relate the GFP signal to the shear stress calculations, the in-house
developed software automatically selected the same region as used for the
CFD analyses. The center line of the vessel was generated using an iterative
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optimization method. Lines of integration perpendicular to this center line
served to average the GFP signal at similar positions as the shear stress
calculations (Figure 1F). The relationship between shear stress and
eNOS-GFP was described for each individual vessel by a sigmoid curve,
applying an iterative algorithm. After setting initial parameters, an optimal
data set was selected on the basis of a line search algorithm and a steepest
decline algorithm.

Localization was quantified as percentage of the total image area.
Colocalization of eNOS with the Golgi complex or with the plasma
membrane compartment was quantified as percentage colocalization area of
the total eNOS area. In addition, phospho-eNOS was expressed in
percentages of total eNOS. All software was developed in Matlab (The
Mathworks, Delft, The Netherlands). All regression analyses were per-
formed by a commercial package (SigmaStat, version 2.03; Systat Soft-
ware, Richmond, CA). Statistical analyses were performed using one-way
ANOVA followed by the Dunnett ad-hoc test. The Student 7 test was used in
the Doppler evaluations. Data are presented as mean plus or minus SEM.
P values less than or equal to .05 were considered statistically significant.

Results
Evaluation of shear stress induction in vivo

Cast placement in rabbits induces flow reversal in the distal
region. In a group of 10 New Zealand white rabbits, mean arterial
blood pressure and heart rate were not affected, immediately and
2 weeks after cast placement. Average, maximal, and minimal
Doppler velocities were consistent with a laminar velocity profile
before cast placement. However, after cast placement all animals
exhibited reversal of velocity near the endothelium distal from the
cast with an unchanged maximal velocity in the center of the blood
vessel (Table 1). These reversals in velocity indicate the occurrence
of vortices in the area downstream from the cast.

Cast placement reduces the blood flow in the proximal region.
In a group of eNOS-GFP transgenic mice, the average blood flow
was initially 2.9 = 0.3 mL/min and 2.8 = 0.2 mL/min in the right
and left common carotid arteries, respectively. Directly after cast
placement, the blood flow was significantly reduced to an average
of 2.0 £ 0.2 mL/min (P < .001) in the low shear stress region
upstream of the cast in the right carotid artery. This reduction was
observed in each animal. The reduction in blood flow was solely
due to the increase in resistance from the stenosis caused by the cast
because vascular diameters upstream of the cast region before
(538 = 39 pm) and immediately after (535 * 48 wm) cast place-
ment remained unchanged. The vascular diameter downstream of
the cast region also remained unchanged after cast placement
(546 £ 48 pum versus 593 = 91 wm, respectively). In the left
carotid artery, the blood flow was not affected by cast placement
around the right vessel (2.75 £ 0.21 mL/min versus 2.88 = 0.18
mL/min, respectively). Placement of a nontapering control cast
around the right carotid artery did not affect the blood flow in both
carotid arteries. Vascular remodelling of the carotid artery was

Table 1. Systemic hemodynamics before and after cast placement
in 10 rabbits

Before cast After cast Follow-up

placement placement at 2 wk
Heart rate, bpm 200 + 13 200 + 12.5 196 = 9.8
Mean arterial pressure, mm Hg 77 = 1.8 73 = 3.6 67 =22
Minimal velocity, cm/s 9.8 +25 —9.9*1.9* -10.4 = 2.8*
Maximal velocity, cm/s 455 +10.7 371 +£83 39.0 + 14

*P < .05 versus before cast placement.
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Figure 2. Effect of cast placement around carotid arteries on eNOS-GFP fluorescence. (A) Fluorescence of eNOS-GFP was imaged in the right carotid artery after the
installation of a tapering cast (dashed line). The arrow indicates the position where the cast was situated (high shear stress region). The direction of the blood flow was from left
to right. (B) Relationship between shear stress and eNOS-GFP fluorescence. Representative example of the relationship between the calculated shear stress and eNOS-GFP
fluorescence along a linear segment of the carotid artery of an individual mouse. (C) Effect on eNOS-GFP fluorescence following downstream ligation of the carotid artery with
a tapering cast or (D) placement of a nontapering cast. Arrows indicate the cast region, and dashed lines mark the site of ligation. (E) eNOS mRNA levels of the human
transgene in the segments of the right carotid artery after the installment of a tapering cast: 1 mm immediately upstream of the cast (low shear stress), 1 mm in the cast (high
shear stress), and 1 mm immediately downstream of the cast (oscillating shear stress), and in 1 mm of the contralateral control carotid artery (undisturbed shear stress); n = 3
groups (5 animals/group), *P < .05 versus low shear stress, 1P < .05 versus undisturbed shear stress. All data are means = SEM. Note that panel Ais derived from the same

picture as that in Figure 1C.

minimal both in the upstream and downstream segments during the
time period used in this study (6 days; data not shown).

Expression of eNOS protein is responsive to shear stress in
vivo. In mice instrumented with the cast, a gradual increase in
fluorescence is clearly visible along the length of the vessel
segment that was located in the cast (Figure 2A, arrow). Both the
fluorescent signal and the shear stress were quantified along the
length of the carotid artery segment and were found to increase
along the decreasing diameter of the cast (Figure 2B). Similar
responses were observed in all of the treated animals. In a time
series of 1, 2, 4, and 6 days of cast implantation, the response is
already present after 1 day and remains unchanged for at least
6 days (data not shown). To exclude other factors introduced by
tapering (eg, damage to the vessel wall and endothelium), control
experiments were performed in which the blood vessel was ligated
downstream of the cast, resulting in complete obstruction of the
flow and consequently in the abolishment of shear stress. In this
situation, the cast model does not induce variations in eNOS-GFP
expression (Figure 2C), indicating that there are no direct effects of
the surgical procedure or the presence of the cast. In addition,
placement of the nonconstrictive control cast does not result in
changes in eNOS-GFP expression (Figure 2D), indicating that the
geometry of the constrictive cast, inducing variations in shear stress
patterns, is responsible for the observed effects.

Next we assessed whether shear stress affects mRNA expres-
sion of the human eNOS transgene in the different regions. Both
the low and oscillatory shear stress regions show a 3-fold decrease
in eNOS mRNA expression compared with the control vessel
(undisturbed shear stress; Figure 2E), whereas the average eNOS
expression in the high shear stress region is similar to the control.
The expression of endogenous murine eNOS was similarly affected
by shear stress variations.

Shear stress affects intracellular distribution and activation
of eNOS in vivo

Shear stress alters the intracellular distribution of eNOS. We
compared the intracellular distribution of eNOS-GFP in the regions
with different shear stress patterns. Endothelial cells in low, high,
and undisturbed shear stress regions are elongated in shape and are
aligned with the direction of the flow. In contrast, endothelial cells
in the oscillatory shear stress region appear disorganized (middle
panels in Figures 3A and 4A). At the intracellular level, eNOS-GFP
is mainly located at a perinuclear site where the Golgi complex is
situated, and it is present at the plasma membrane (Figure 3A,
undisturbed shear stress). We investigated whether shear stress has
an effect on the localization of eNOS-GFP protein in the Golgi
complex by en face immunostaining (Figure 3A). Quantification of
the fluorescent signal showed a 3-fold increase in the Golgi
complex area in the vessel segment with high shear stress
compared with undisturbed shear stress or low shear stress
(Figure 3B). The eNOS-GFP area was increased by 8-fold and
7-fold in high shear stress and oscillatory shear stress, respectively,
compared with either low or undisturbed shear stress (Figure 3C).
High and oscillatory shear stress decreases the localization of
eNOS in the Golgi complex by approximately 2-fold compared
with undisturbed shear stress (Figure 3D). The difference in
colocalization in the low shear stress area did not reach statistical
significance.

We also studied the effect of shear stress on the localization of
eNOS at the cell membrane by en face immunohistochemistry
using a PECAM-1 antibody (Figure 4A). A 2-fold increase in
PECAM-1 was observed in the high shear stress region (Figure
4B). The response of eNOS-GFP to the different shear stress fields
was as observed before (Figures 3C and 4C). More eNOS
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Figure 3. Intracellular localization of eNOS-GFP and A
Golgi complex in areas of the carotid artery experienc-
ing different shear stress patterns after 2 days of cast
placement. (A) In the top panel, Golgi complex in
corresponding vascular regions visualized by en face
immunofluorescence staining. Indicated are the low shear
stress region (low), the high shear stress region (high),
the oscillatory shear stress region (oscillatory), and the
control region (undisturbed). Fluorescence was moni-
tored by en face confocal microscopy in stacks of
500 X 500 X 40 pm each. In the middle panel, fluores-
cence of eNOS-GFP in endothelial cells located in the 3
different shear stress regions and in the contralateral
carotid artery. In the bottom panel the top and middle
panels are merged, showing the colocalization signal in
yellow. (B-D) Quantification of the localization of (B) the
Golgi complex, (C) the eNOS-GFP, and (D) the colocaliza-
tion signals in response to the different shear stress fields
in percentages of the total area (B-C) or of the total
eNOS-GFP signal (D); n = 4, *P < .05 versus low shear
stress. TP < .05 versus undisturbed shear stress. All
data are means = SEM.
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colocalized with PECAM-1 in the low and high shear stress region
compared with the oscillatory shear stress region (2.5-fold differ-
ence; Figure 4D). A statistically significant correlation was found
between the eNOS area and the Golgi complex area (Figure 5).

Shear stress effects on eNOS phosphorylation. To investigate
whether shear stress has an effect on the phosphorylation of eNOS,
en face immunostaining on carotid arteries was performed with
antibodies against phospho-eNOS (serine 1177; Figure 6A). An
increase in phospho-eNOS was observed in the high shear stress
region compared with regions of low or undisturbed shear stress
(6-fold), and oscillatory shear stress (2-fold; Figure 6B). Phospho-
eNOS was also increased in the oscillatory shear stress area
compared with regions of low or undisturbed shear stress (5-fold;
Figure 6B). The eNOS-GFP response is similar to the results
obtained before (Figure 6C). The fraction of eNOS that was
phosphorylated, approximately 50%, did not change by alterations
in shear stress (Figure 6D).

Discussion

In the present study, we describe a novel technique to induce
complex shear stress fields in vivo. From the results, we conclude
that (1) the technique induces changes in shear stress; (2) augmen-
tation of shear stress results in elevated NOS3 gene expression and
eNOS protein levels as previously suggested by in vitro experi-
ments; (3) intracellular distribution and phosphorylation of eNOS
is responsive to high and oscillatory shear in vivo; and (4) these
shear stress conditions result in eNOS redistribution with a
relatively lower association to the Golgi complex. However, the
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fraction of eNOS that is activated by serine 1177 phosphorylation is
not responsive to in vivo changes in shear stress.

Validation of the model by monitoring eNOS-GFP expression

Augmentation of shear stress up-regulates eNOS within 1 day,
reaching a steady state after 2 days, which lasted until at least
6 days. These results are in agreement with previous findings.!3-142!
Control experiments with a nontapered cast or the abolishment of
shear stress in the tapered cast by blood flow arrest indicate that
variations in local shear stress induce the observed responses in
eNOS expression. Induction of oscillatory shear stress in the
downstream area from the cast is demonstrated by Doppler
sonography as well as by the loss of the alignment of endothelial
cells with the flow direction. These results demonstrate that the new
cast model is effective in triggering responses in gene expression
caused by variations in shear stress.

The effects of shear stress on intracellular eNOS distribution

The correct intracellular localization of eNOS is of crucial impor-
tance for its activity.?? By using eNOS mutants that were kinetically
identical to unmodified eNOS, it was demonstrated that mislocaliza-
tion of the enzyme impairs the production of NO in response to
agonists.* Activation of eNOS by shear stress involves the
Akt-dependent phosphorylation of eNOS at serine 1177.1%2% It was
recently shown that mainly the fraction of eNOS localized in the
Golgi complex is responsive to phosphorylation by Akt.?0 Thus, the
cellular distribution of eNOS in complex shear stress fields is
essential for its function. To the best of our knowledge, the effect of
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Figure 4. Intracellular localization of eNOS-GFP and
PECAM-1 in regions of the carotid artery experienc-
ing different shear stress patterns after 2 days of cast
placement. (A) In the top panel, PECAM-1 in correspond-
ing vascular regions visualized by en faceimmunofluores-
cence staining. Indicated are the low shear stress region
(low), the high shear stress region (high), the oscillatory
shear stress region (oscillatory), and the control region
(undisturbed). Fluorescence was monitored by en face
confocal microscopy in stacks of 500 X 500 X 40 pm
each. In the middle panel, fluorescence of eNOS-GFP in
endothelial cells located in the 3 different shear stress
regions and in the contralateral carotid artery. In the
bottom panel the top and middle panels are merged,
showing the colocalization signal in yellow. (B-D) Quanti-
fication of the localization of (B) the PECAM-1, (C) the
eNOS-GFP, and (D) the colocalization signals in re-
sponse to the different shear stress fields in percentages
of the total area (B-C) or of the total eNOS-GFP signal
(D); n =5, *P < .05 versus low shear stress. 1P < .05
versus undisturbed shear stress. #P < .05 versus oscilla-
tory shear stress. All data are means + SEM.

shear stress on the intracellular redistribution of eNOS in endothe-
lial cells has only been evaluated once in blood vessels in vivo.2¢

Our study shows that the Golgi complex becomes more
extended in response to the augmentation of shear stress. This
finding is in agreement with a previous study showing a difference
in Golgi complex areas between venous endothelium (low shear
stress) and arterial endothelium (high shear stress) in rats.”’ A
significant part of eNOS bound to the plasma membrane is present
at the cell-to-cell contact sites and colocalizes with PECAM-1.27-28
We found that PECAM-1 itself is up-regulated under high shear
stress. The relative distribution of eNOS to the PECAM-1"* cell
membrane region was not influenced by shear stress, indicating that
intracellular eNOS and PECAM-1 increased to similar amounts in
response to shear stress. In summary, our data show that both the
cell membrane and the Golgi complex compartments of the eNOS
pool are increased after augmenting shear stress.

In vitro studies demonstrated that phosphorylation of serine
1177 is responsive to shear stress.”” Indeed, we found increased
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Figure 5. The correlation between the Golgi complex area versus eNOS-GFP
area. Both are shown as a percentage of the total area.

serine 1177 phosphorylation of eNOS under high and oscillatory
shear stress conditions. It was recently demonstrated that the eNOS
pool residing in the Golgi complex is more responsive to Akt
phosphorylation of serine 1177 than eNOS residing in the cell
membrane,” indicating that the shear stress—responsive eNOS pool
is located predominantly in the Golgi complex. Rather unexpect-
edly, the relative fraction of eNOS located in the Golgi complex
was unchanged in the low shear stress region but decreased in the
high and oscillatory shear stress regions. The correlation found
between Golgi complex area and total eNOS area (Figure 5)
demonstrates a possible response by the endothelial cells to
increase the size of the Golgi complex to accommodate more
eNOS-GFP. When only the Golgi-localized eNOS fraction was
taken into account, a similar correlation was found (r2 = 0.71,
P < .001). Therefore, we hypothesize that chronic changes in shear
stress in vivo induce adaptations in the extension of the Golgi
complex, enabling the endothelial cells to accommodate more
eNOS protein in this shear stress—responsive intracellular compart-
ment. This results in an absolute increase in eNOS phosphorylation
and NO production, although the relative portion of eNOS that is
phosphorylated remains unchanged.

Limitations of the study

mRNA studies. Although the fluorescent signal is clearly increased in
the high shear stress region compared with the undisturbed shear stress
region (middle panels in Figures 3A, 4A, and 6A), the eNOS mRNA
levels were similar (Figure 2E). This could be due to differences
in sampling. Confocal microscopy demonstrated significant varia-
tion in eNOS-GFP signal within the high shear stress region
(Figure 2A). However, for RNA measurements complete segments
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Figure 6. Intracellular localization of eNOS-GFP and A
phospho-eNOS in areas of the carotid artery experi-
encing different shear stress patterns after 2 days of
cast placement. (A) In the top panel, phospho-eNOS in
corresponding vascular regions visualized by en face
immunofluorescence staining. Indicated are the low shear
stress region (low), the high shear stress region (high),
the oscillatory shear stress region (oscillatory), and the
control region (undisturbed). Fluorescence was moni-
tored by en face confocal microscopy in stacks of
500 X 500 pwm each. In the middle panel, fluorescence of
eNOS-GFP in endothelial cells located in the 3 different
shear stress regions and in the contralateral carotid
artery. In the bottom panel the top and middle panels are
merged, showing the colocalization signal in yellow. (B-D)
Quantification of the localization of (B) the phospho-
eNOS, (C) the eNOS-GFP, and (D) the colocalization
signals in response to the different shear stress fields in
percentages of the total area (B-C) or of the total
eNOS-GFP signal (D); n = 5, *P < .05 versus low shear
stress. TP < .05 versus undisturbed shear stress. All
data are means = SEM.
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were collected and therefore the data represent the average eNOS
expression, masking variations caused by hemodynamic differ-
ences within the segments. Part of the discrepancy might also be
due to a posttranscriptional mechanism altering the half-life of
eNOS mRNA."3 When monitoring the expression of endogenous
murine eNOS, we found responses in the 4 shear stress regions that
were similar to those of eNOS-GFP (data not shown), supporting
our findings.

Transgenic model. Overexpression of eNOS-GFP may result
in a negative feedback by the increased NO production inhibiting
transcription of the gene.’® Thus, the effect of shear stress on eNOS
expression might have been underestimated in the present study.
However, the expression of murine eNOS in wild-type controls
shows a similar response to the shear stress alterations induced by
the cast. The observed effect of shear stress on eNOS-GFP is
therefore not restricted to the human eNOS transgenic construct.

The GFP reporter might interfere with eNOS localization.
eNOS myristoylation and palmitoylation, which are both important
for the localization,?® occur at the N-terminus. It is unlikely that
these processes are affected because the GFP part is fused at the
C-terminus of the eNOS protein.!> Although GFP could induce
changes in protein folding, our experiments show normal localiza-
tion of eNOS-GFP in the Golgi complex and plasma membrane.'’
Previous studies extensively studied the location and function of
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