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       The regulation of blood vessel size is closely 
coordinated to changes in blood fl ow. Initial 
variations in blood fl ow elicit reversible vaso-
motor responses, whereas sustained alterations 
in hemodynamic forces result in permanent 
structural changes aff ecting vessel external di-
ameter and/or vessel wall thickness that are 
described as vascular remodeling ( 1, 2 ). These 
adaptive changes in vessel size and medial 
thickness serve to normalize abnormal vascular 
stresses initiated by developmental or physio-
logical perturbations of hemodynamic forces. 
For example, increases in blood fl ow and shear 
stress after construction of an arteriovenous fi s-
tula induce outward remodeling, whereas de-
creases in blood fl ow and shear stress caused by 
ligation of arterial branches result in inward re-
modeling ( 3, 4 ). Vascular remodeling is inte-
gral to the development of the vasculature and 
the progression of arterial disease. Attenuated 
fl ow in the embryo leads to defective vascular 

growth that compromises viability ( 5 ), and in-
ward remodeling of arteries distal to fl ow-lim-
iting occlusive lesions results in luminal loss 
that further exacerbates tissue ischemia ( 6, 7 ). 

 The endothelium is responsible for the 
detection of shear stress and plays an essential 
role in fl ow-mediated vascular remodeling ( 8 ). 
Physical perturbation of various  “ mechanorecep-
tors ”  trigger a network of intracellular signaling 
pathways, collectively termed mechanotrans-
duction, which activate several transcription 
factors, notably NF- � B, that regulate the ex-
pression of mechanosensitive genes and ulti-
mately lead to vessel wall remodeling through 
cellular and extracellular matrix reorganization 
( 9 ). The generation of reactive oxygen species 
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 Vascular remodeling normalizes abnormal hemodynamic stresses through structural changes 

affecting vessel size and wall thickness. We investigated the role of infl ammation in fl ow-

mediated vascular remodeling using a murine model of partial outfl ow reduction without 

fl ow cessation or neointima formation. Common carotid arteries decreased in size after 

ipsilateral external carotid artery ligation in wild-type mice, but not in myeloid differentia-

tion protein-88 (MyD88) – defi cient mice. Inward remodeling was associated with MyD88-

dependent and superoxide-initiated cytokine and chemokine production, as well as 

transient adventitial macrophage accumulation and activation. Macrophage depletion 

prevented fl ow-mediated inward vascular remodeling. Expression of MyD88 by intrinsic 

vascular cells was necessary for cytokine and chemokine production and changes in vessel 

size, whereas MyD88 expression by bone marrow – derived cells was obligatory for changes 

in vessel size. We conclude that there are at least two distinct roles for MyD88 in fl ow-

mediated inward remodeling of conduit arteries. Our fi ndings suggest that infl ammation is 

necessary for vascular adaptation to changes in hemodynamic forces. 
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remodeling of common carotid arteries after ligation of the ip-
silateral external and internal carotid arteries ( 2, 27 ). Interest-
ingly, endothelial expression of proinfl ammatory molecules 
and leukocytic infi ltrates have been noted in rabbit and mouse 
models with marked fl ow reduction in the common carotid 
artery caused by prevention of outfl ow from both internal and 
external carotid arteries ( 28 – 31 ). However, neointima also de-
velops in these very low-fl ow models in rodents, and it is diffi  -
cult to distinguish physiological adaptations from pathological 
remodeling. Similar caveats apply to complete arterial ligation 
models with an absence of blood fl ow ( 32 – 34 ), in which coag-
ulation and platelet activation may further confound the inter-
pretation of mechanisms for vascular remodeling in response to 
hemodynamic forces. 

 Here, we show that vascular infl ammatory responses and 
macrophage function requiring MyD88 are necessary for 
flow-mediated, superoxide-dependent inward remodeling of 
common carotid arteries after partial outfl ow obstruction 
using an established murine model with proportional vessel 
shrinkage, but without fl ow cessation or neointima forma-
tion. Our new observations suggest that infl ammatory re-
sponses may be central to vascular remodeling even in the 
absence of overt injury. 

  RESULTS  

 MyD88 is necessary for fl ow-mediated inward 

vascular remodeling 

 Because MyD88 is central to many innate immune responses, 
we fi rst compared adaptive vascular remodeling in re-
sponse to reduced blood fl ow in WT versus MyD88-deficient 
(MyD88  � / �  ) mice by measuring common carotid artery size 
and wall thickness after ipsilateral external carotid artery liga-
tion ( Fig. 1 a ).  Surgical occlusion of the branch vessel resulted 
in sustained 40 – 50% reduction in blood fl ow within the par-
ent vessel in both strains ( Fig. 1 b ). As previously reported for 
WT mice ( 35 ), the left common carotid artery decreased 10 –
 15% in external diameter without changes in medial thick-
ness compared with the unmanipulated right vessel after 2 wk 
( Fig. 1, c and d ). The remodeling changes occurred primarily 
between 3 and 7 d after the operation (Fig. S1 a, available at 
http://www.jem.org/cgi/content/full/jem.20081298/DC1). 
Strikingly, common carotid arteries in MyD88  � / �   mice 
did not inwardly remodel, but responded instead by medial 
thickening at 2 wk ( Fig. 1, c and d ). Vascular compartment 
areas derived from perimeter measurements showed similar 
results (though with enhanced diff erences caused by the sec-
ond power relationship), except for medial atrophy in WT 
mice versus medial hypertrophy in MyD88  � / �   mice (Fig. S1, 
b and c). 

 Medial remodeling in response to fl ow reduction was 
primarily cellular ( Table I  and Fig. S2, available at http://
www.jem.org/cgi/content/full/jem.20081298/DC1).  Me-
dial smooth muscle cells (SMCs) were lost largely from the 
outer lamella of left common carotid arteries in WT mice, 
such that two rather than three medial lamellar units were 
apparent for much of the vessel circumference. The medial 

(ROS), including superoxide, hydrogen peroxide, and per-
oxynitrite, plays a central role in mechanotransduction ( 10 ). 
The predominant sources of superoxide in vascular cells are 
NADPH oxidases ( 11 ), whereas less signifi cant amounts of 
superoxide are produced by nitric oxide synthase (NOS), 
xanthine oxidase, cytochrome P450, and cyclooxygenase ac-
tivity ( 10 ). An additional major source of superoxide is the 
mitochondrial electron transport chain ( 12 ), and cross talk 
between mitochondrial ROS and NADPH oxidases has been 
described ( 13 ). Besides endogenous vascular cell production 
of superoxide, infi ltrating macrophages within the arterial 
wall may also represent a source of ROS which can diff use 
into the extracellular matrix and activate matrix metallopro-
teinases that are essential for vascular remodeling ( 14 ). Super-
oxide anion may directly signal or may be converted to other 
ROS; the presence of superoxide dismutase (SOD) leads to 
conversion to hydrogen peroxide or combination with nitric 
oxide forms peroxynitrite. These ROS may act as second 
messengers and modulate mechanotransduction signaling and 
gene transcription. Indeed, NADPH oxidases are required for 
outward vascular remodeling ( 15 ), and mitochondrial ROS is 
necessary for fl ow-mediated vasodilation ( 16 ). 

 In addition to direct eff ects on vascular tissues, ROS may 
promote recruitment of infl ammatory leukocytes. For exam-
ple, alterations in shear stress can lead to ROS-dependent 
NF- � B activation in endothelial cells (ECs) ( 17, 18 ). The ac-
tivation of NF- � B, in turn, contributes to production of che-
mokines and cytokines by vascular cells that lead to the 
recruitment and activation of leukocytes within the artery 
wall. Vascular infl ammation caused by microbial infection is 
also ROS dependent ( 19, 20 ). Endogenous vascular-derived 
factors, such as IL-1 ( 21 ), and exogenous pathogen-derived 
molecules are recognized by cells via surface IL-1Rs and 
Toll-like receptors (TLRs), respectively. Both the IL-1R (as 
well as the IL-18R) and most TLRs share a common signal-
ing adaptor, myeloid diff erentiation protein-88 (MyD88), 
which induces activation of NF- � B through intermediary ki-
nases and production of infl ammatory cytokines and chemo-
kines ( 22 ). The exceptions are TLR3, which signals exclusively 
through TIR domain – containing adaptor-inducing IFN- �  
(TRIF), and TLR4, which signals through both MyD88 and 
TRIF ( 23 ). MyD88 may also infl uence other cytokine re-
sponses, e.g., by contributing to the stability of certain mRNAs 
encoding proinfl ammatory proteins ( 24 ). 

 The accumulation of activated leukocytes within the in-
tima is recognized as a key pathogenetic process in atheroscle-
rosis ( 25 ). Infi ltrating monocytes diff erentiate into macrophages 
that promote plaque progression and remodeling by sustaining 
infl ammation, oxidative stress, and matrix turnover. In contrast 
to atherosclerotic changes, fl ow-mediated remodeling of con-
duit arteries in the absence of disease is not thought to be de-
pendent on infl ammatory responses. Suggestive evidence to 
the contrary is that TLR4 is necessary for outward remodeling 
of murine common carotid arteries after complete ligation of 
the contralateral vessel ( 26 ). Nonetheless, infl ammation is not 
reported in this context, and TLR4 is not required for inward 
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was intact in carotid arteries from MyD88  � / �   mice as mea-
sured by an ex vivo assay of fl ow-dependent vasomotor re-
sponses ( Fig. 1 e ). The vascular changes were not caused by 
the surgical procedure, as common carotid artery morphol-
ogy was unaltered after sham ligation in both WT and 
MyD88  � / �   mice ( Fig. 1 f ). Maladaptive vascular remodeling 
was not secondary to an immunodefi cient state because in-
ward remodeling occurred in recombination-activating gene 
(RAG)1  � / �   mice and Trif Lps2  mutant mice with defects in 
adaptive immunity or TLR3 and TLR4 signaling, respec-
tively, albeit with modest medial thickening in the latter 

atrophy was characterized by decreased immunoreactivity 
for  � -smooth muscle actin ( � -SMA). However, because of 
the reduction in the size of the medial compartment, the 
numbers of SMCs per unit volume (i.e., cell density) was 
basically unchanged. Conversely, there were more medial 
cells in the inner lamellar units of remodeling vessels in 
MyD88  � / �   mice. SMC size was not altered, nor were there 
signifi cant changes in medial elastin or collagen content in 
the common carotid arteries of either strain. 

 We excluded several potential confounding factors for the 
diff erences in vessel phenotypes. Mechanosensor function 

  Figure 1.     MyD88 is necessary for fl ow-mediated inward vascular remodeling.  (a) The experimental model entailed ligation of the left external 

carotid artery which limited outfl ow of blood to the internal carotid and occipital arteries, and morphometric assessment and fl ow studies at the mid-

points of both common carotid arteries was performed after 2 wk. (b) Blood fl ow within the common carotid arteries was measured by a Doppler probe 

( n  = 8 – 10). (c) Representative photomicrographs of H & E-stained transverse sections of the right (unligated side) and left (ligated side) common carotid 

arteries. Bar, 200  μ m. Insets depict twofold higher magnifi cation views of the vessel wall. (d) Vessel size (EEL perimeter) and wall (medial) thickness was 

determined by microscopy and image analysis software ( n  = 10). (e) Flow-induced changes in vessel size were measured in common carotid arteries 

ex vivo ( n  = 3). (f) Changes in EEL perimeter and medial thickness were also determined in left versus right common carotid arteries 2 wk after sham 

surgery and compared with that of ligation operations ( n  = 10). Data are means  ±  SE. *, P  <  0.05; **, P  <  0.001, Left versus Right or Sham versus Ligated.   
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immunoreactivity at an earlier time point of 3 h was consis-
tent with NF- � B activation as a link between MyD88 signal-
ing and cytokine synthesis. 

 Flow-induced superoxide generation is dependent 

on MyD88 

 To gain insight into fl ow-initiated vascular infl ammation, we 
investigated the role of factors that may lead to or respond to 
MyD88-dependent signaling. The expression of several TLRs 
that signal via MyD88 and/or TRIF, including TLR4, were 
not essential for fl ow-mediated inward vascular remodeling 
(Fig. S4 a, available at http://www.jem.org/cgi/content/
full/jem.20081298/DC1). Furthermore, MyD88-dependent 
signaling by IL-1 and -18 was not required, as inward remod-
eling occurred after external carotid artery ligation in IL-1 �  
converting enzyme (ICE)  � / �   and IL-1R  � / �   mice. 

 We next examined the role of superoxide because it is 
induced in vascular cells after fl ow disturbances and is also re-
quired for certain innate immune responses ( 18, 36 ). We es-
tablished a method to measure superoxide activity in vivo 
using HPLC to detect oxidant-dependent products of the 
fl uorogenic probe, dihydroethidium (DHE), which is de-
scribed as the gold standard for ROS detection in cardiovas-
cular studies ( 37 ). DHE was applied to the adventitia of 
common carotid arteries together with the superoxide gen-
erator menadione. The superoxide-dependent product 2-
hydroxyethidium and the superoxide-independent product 
ethidium were detected in artery extracts after 6 h ( Fig. 3 a ).  
The presence of these oxidative products was dampened by 
tempol, which is an SOD mimetic agent. We then extended 
this method to our fl ow-mediated vascular remodeling stud-
ies. After topical application of DHE to both common ca-
rotid arteries and ligation of the left external carotid artery, 
2-hydroxyethidium was only detected in vessel extracts from 

strain (Fig. S3 a, available at http://www.jem.org/cgi/content/
full/jem.20081298/DC1). Although the common carotid ar-
teries were smaller in MyD88  � / �   compared with WT mice, 
there was a comparable diff erence in body size (Fig. S3 b). 
Furthermore, vessels from older and larger MyD88  � / �   mice 
also failed to inwardly remodel, but displayed medial thick-
ening in response to fl ow reduction (Fig. S3 c). Finally, 
thrombus, which may modulate vascular remodeling responses, 
was not noted in any artery specimen on macroscopic exami-
nation or in the ligated left external carotid artery on micro-
scopic examination (Fig. S3 d). 

 Flow reduction is associated with cytokine production 

within the vessel wall 

 Having established that fl ow-mediated vascular remodeling is 
dependent on MyD88, a well-characterized signal transducer 
for innate immune responses, we next investigated whether 
vascular infl ammatory responses were induced by decreased 
blood fl ow. Quantifi cation of transcript expression within 
common carotid arteries revealed that several cytokines and 
chemokines, such as IL-1 � , IL-6, IFN- �  – induced protein of 
10 kD (IP-10, also known as CXCL10), and monokine in-
duced by  � -IFN (Mig, also known as CXCL9), were rapidly 
induced by 6 h after outfl ow reduction, whereas other in-
fl ammatory mediators, such as TNF- �  and inducible (i)NOS, 
peaked later at 3 d after external carotid artery ligation ( Fig. 2 a ).  
Increases in cytokine transcripts were not observed after 
sham operations (unpublished data). We confi rmed an in-
crease in IL-1 �  protein expression at 24 h by ELISA, and 
immunohistochemical analysis also demonstrated expression of 
IL-1 �  in the endothelium and media of arteries with reduced 
outfl ow ( Fig. 2, b and c ). Additionally, plasma levels of IL-1 �  
were higher in mice 24 h after external carotid artery liga-
tion versus sham operations. The detection of phospho-p65 

  Table I.  Medial remodeling of common carotid arteries after outfl ow reduction 

WT MyD88 -/- 

Right Left Right Left

Medial lamellar units (number) 3.0  ±  0 2.4  ±  0.2  a  3.0  ±  0 3.0  ±  0

Inner lamella nuclei (per x-sec) 39.2  ±  1.5 38.8  ±  0.6 41.0  ±  1.1 43.2  ±  1.0

Middle lamella nuclei (per x-sec) 36.8  ±  1.6 36.7  ±  1.3 36.2  ±  1.2 39.7  ±  1.4  a  

Outer lamella nuclei (per x-sec) 23.8  ±  2.0 17.8  ±  2.8  a  27.9  ±  1.1 25.2  ±  2.6

Medial nuclei density (per  � m 2   ×  10 3 ) 5.0  ±  0.2 4.9  ±  0.2 4.1  ±  0.1 4.7  ±  0.1

Inner lamella SMC size ( � m) 6.0  ±  0.1 5.9  ±  0.1 6.5  ±  0.3 6.7  ±  0.2

Middle lamella SMC size ( � m) 5.6  ±  0.2 5.7  ±  0.2 6.4  ±  0.2 6.5  ±  0.3

Outer lamella SMC size ( � m) 3.7  ±  0.2 3.4  ±  0.3 5.1  ±  0.2 4.7  ±  0.3

Medial  � -SMA +  area ( � m 2   ×  10 3 ) 17.1  ±  0.7 14.7  ±  0.3  a  17.5  ±  0.9 16.1  ±  0.5

Medial elastin +  area ( � m 2   ×  10 3 ) 13.1  ±  0.5 12.4  ±  0.5 12.9  ±  0.7 13.0  ±  0.8

Medial sirius red +  area ( � m 2   ×  10 3 ) 9.6  ±  0.6 9.6  ±  0.7 12.0  ±  1.2 13.0  ±  0.7 

Common carotid arteries were formalin fi xed and paraffi n embedded at 14 d after left external carotid artery ligation in WT and MyD88  � / �   mice ( n  = 9). The number of medial 

lamellar units continuous around  > 50% of the vessel circumference and the number of nuclei in each lamella were counted from H & E-stained cross sections (x-sec). The 

transverse diameter of SMCs was measured across the nucleus in sections immunostained for  � -SMA. The medial area staining positive for  � -SMA, elastin, or Sirius red was 

calculated using image analysis software. Data are means  ±  SE.

 a P  <  0.05, Left versus Right.
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the ligated side and threefold more ethidium was detected 
from the ligated versus unligated sides at 6 h ( Fig. 3 b ). There 
was an associated increase of DHE in ligated (and menadione-
treated) arteries of WT mice compared with control vessels 
(Fig. S4 b). The detection of 2-hydroxyethidium was specifi -
cally inhibited by tempol. In contrast, no 2-hydroxyethidium 
and only low levels of ethidium were detected in common 
carotid artery extracts of MyD88  � / �   mice after outfl ow liga-
tion ( Fig. 3 b ). The lack of superoxide detection in both 
tempol-treated WT mice and in MyD88  � / �   mice was not 
caused by decreased vessel concentrations of DHE (Fig. S4 b). 
These results suggest that fl ow-induced ROS production was 
dampened or prevented in the absence of MyD88. 

 Inhibition of superoxide prevents fl ow-mediated vascular 

infl ammatory responses and remodeling 

 In turn, we investigated if ROS were necessary for MyD88-
dependent vascular changes after outfl ow ligation. Tempol 
inhibition of superoxide activity prevented the induction 
of IL-1 �  transcripts in common carotid arteries from the 
ligated side at 6 h ( Fig. 3 c ). Similar results were achieved 
with a mitochondria-targeted form of the drug, mito-tem-
pol as well as with rotenone, an inhibitor of superoxide 
generation from the respiratory chain. We also tested other 
potential sources of ROS. Administration of apocynin, 
widely used as a NADPH oxidase inhibitor, partially re-
duced the accumulation of IL-1 �  transcripts at 6 h. How-
ever, inhibition of xanthine oxidase with allopurinol or 
endothelial (e)NOS with L-NAME did not infl uence IL-
1 �  production. As pharmacological approaches may have 
off -target eff ects, we also used genetic strategies to inves-
tigate the eff ects of superoxide. The expression of IL-1 �  
was partially decreased after external carotid artery ligation 
in transgenic mice overexpressing SOD2, the mitochon-
drial isoform of SOD ( Fig. 3 c ). There was a similar partial 
reduction of infl ammatory responses in mice with EC-
specifi c overexpression of the mitochondrial antioxidant, 
thioredoxin (TXN)2 and in p47 phox � / �   mice with defec-
tive NADPH oxidase activity. Superoxide inhibition also 
resulted in variable and incomplete suppression of other 
proinfl ammatory factors induced at 6 h ( Fig. 3 d ). Cumu-
latively, these data point to a key role of ROS in general, 
and superoxide in particular, in mediating the generation 
of proinfl ammatory cytokines and chemokines by vessel 
wall cells in response to decreased fl ow in WT mice. 
Moreover, the inhibition of vascular infl ammatory responses 

  Figure 2.     Flow reduction is associated with cytokine production 

within the vessel wall.  (a) Transcripts for IL-1 � , IL-6, IP-10, Mig, TNF- � , 

and iNOS were quantifi ed by qRT-PCR and normalized to GAPDH from 

right (R) and left (L) common carotid artery lysates of WT versus 

MyD88  � / �   mice at 6 h ( n  = 10), 1 d ( n  = 8), 3 d ( n  = 9), 7 d ( n  = 11), and 

14 d ( n  = 6) after left external carotid artery ligation. (b) IL-1 �  protein 

was measured by ELISA in common carotid artery lysates and plasma at 

24 h after sham operations or left external carotid artery ligation ( n  = 6). 

Data are means  ±  SE, *P  <  0.05 and **P  <  0.001, Left versus Right or Sham 

versus Ligated. (c) Representative photomicrographs of IL-1 �  and phos-

pho-p65 immunoreactivity (colored brown) in right (unligated side) and 

left (ligated side) common carotid artery sections at 24 and 3 h after out-

fl ow reduction, respectively. Bar, 100  μ m. Control immunostaining with 

isotype-matched, irrelevant antibody is shown in inset (top), and NF- � B 

activation after topical application of lipopolysaccharide at 0.5 mg/ml for 

3 h is demonstrated in inset (bottom).   
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adventitial infi ltration by CD45 +  and F4/80 +  cells and estab-
lished that macrophages accounted for 80 – 90% of infi ltrating 
leukocytes with maximal accumulation at 3 – 7 d and resolu-
tion by 14 d after external carotid artery ligation ( Fig. 4, b 
and c ). The expression of transcripts for the T cell marker 
CD3 �  and the dendritic cell marker CD11c, but not that of 
the neutrophil markers, myeloperoxidase and Gr-1, were also 
detected in ligated vessel lysates (Fig. S5 a, available at http://
www.jem.org/cgi/content/full/jem.20081298/DC1). Immuno-
staining demonstrated that CD3 +  T cells and CD11c +  den-
dritic cells constituted a minor population of infiltrating 
CD45 +  cells (Fig. S5, b – d). To further investigate the mecha-
nisms for adventitial accumulation of leukocytes, we assessed 

using rotenone in WT mice, SOD2 transgenic mice, and 
p47 phox � / �   mice prevented inward vascular remodeling and 
allowed for increased medial thickening after outfl ow re-
duction ( Fig. 3 e ). 

 Flow reduction is associated with transient perivascular 

leukocytic infi ltrates 

 We then investigated if vascular production of cytokines and 
chemokines resulted in leukocyte recruitment. The temporal 
expression of transcripts for the pan-leukocyte marker CD45 
and the macrophage marker F4/80 trailed those of IL-1 � , 
IL-6, IP-10, and Mig, and coincided with those of TNF- �  
and iNOS ( Fig. 4 a ).  Immunohistochemical analysis verifi ed 

  Figure 3.     Flow-induced generation of superoxide is MyD88-dependent and is necessary for vascular infl ammatory responses and inward 

remodeling.  (a) 2-Hydroxyethidium (ethidium-OH) and ethidium were detected by HPLC at 6 h after topical application of menadione versus vehicle 

together with DHE to common carotid arteries. Each group represents six pooled vessel extracts. The determinations were also performed after i.p. adminis-

tration of tempol. (b) 2-Hydroxyethidium and ethidium were detected in left, but not right, common carotid arteries at 6 h after left external carotid artery 

ligation in WT mice. Each group represents six pooled vessel extracts. Both oxidant products were suppressed by tempol treatment. No 2-hydroxyethidium 

and minimal ethidium were detected in pooled vessel extracts from MyD88  � / �   mice. The data are representative of two independent experiments. (c) IL-

1 �  transcripts were measured by qRT-PCR and normalized to GAPDH in right (R) and left (L) common carotid arteries at 6 h after left external carotid 

artery ligation and systemic administration of vehicle, tempol, mito-tempol, rotenone, apocynin, allopurinol, and L-NAME to WT mice or no treatment in 

WT, SOD2 transgenic (Tg), EC-specifi c (e)TXN2 transgenic, and p47 phox � / �   mice. (d) Similarly, IL-6, IP-10, and Mig transcripts were analyzed after pharma-

cologic and genetic inhibition of superoxide. (e) Vessel size (EEL perimeter) and wall (medial) thickness were determined at 2 wk after outfl ow reduction in 

untreated WT, rotenone-treated WT, SOD2 transgenic, and p47 phox � / �   mice. Data are means  ±  SE ( n  = 8 – 10). *, P  <  0.05; **, P  <  0.001, Left versus Right or 

Superoxide Inhibition versus Vehicle/WT.   

D
ow

nloaded from
 http://rup.silverchair.com

/jem
/article-pdf/205/13/3159/1195445/jem

_20081298.pdf by guest on 23 M
ay 2023



JEM VOL. 205, December 22, 2008 

ARTICLE

3165

 Macrophage depletion prevents fl ow-mediated inward 

vascular remodeling 

 To directly test if macrophages played a causal role in the re-
modeling process, we selectively depleted phagocytes by sys-
temic administration of clodronate liposomes. This strategy 
depleted 80% of circulating monocytes ( Fig. 5 a ) and mark-
edly diminished common carotid artery – infi ltrating F4/80 +  
cells and iNOS production after outfl ow reduction ( Fig. 5, 
b and c ).  The recruitment of CD45 +  leukocytes and the induc-
tion of TNF- �  was minimally aff ected, suggesting that this 
cytokine was produced by cells other than macrophages, e.g., 
T cells. Successful macrophage depletion prevented inward 
vascular remodeling and resulted in medial thickening after 
external carotid artery ligation compared with administration 
of vehicle-containing liposomes ( Fig. 5 d ). These fi ndings 

the expression of adhesion molecules in the vessel wall. At 1 d 
after left external carotid artery ligation, before maximal leu-
kocytic infi ltration, vascular cell adhesion molecule (VCAM)-1 
expression was induced both on carotid intimal ECs and on 
adventitial microvascular ECs (Fig. S5 e). This expression 
pattern paralled that of IL-1 �  at the same time point and 
confi rmed a transmural infl ammation of the vessel wall in re-
sponse to reduced blood fl ow. 

  Figure 4.     Flow reduction is associated with transient perivascular 

leukocytic infi ltrates.  (a) CD45 (pan-leukocyte marker) and F4/80 (mac-

rophage marker) transcripts from right (R) and left (L) common carotid 

artery lysates were quantifi ed by qRT-PCR and normalized to GAPDH at 

6 h ( n  = 10), 1 d ( n  = 8), 3 d ( n  = 9), 7 d ( n  = 11), 10 d ( n  = 7), and 14 d 

( n  = 6) after left external carotid artery ligation. (b) Representative photo-

micrographs of CD45 and F4/80 immunostaining (brown, arrowheads) in 

right (unligated side) and left (ligated side) common carotid artery sec-

tions at 3 d after outfl ow reduction. Bar, 100  μ m. Immunoreactivity of 

isotype-matched, irrelevant antibodies is shown in the insets. (c) CD45 +  

and F4/80 +  cells infi ltrating the adventitia of common carotid artery cross 

sections (x-sec) were counted at 1 d ( n  = 5), 3 d ( n  = 8), 7 d ( n  = 8), and 

14 d ( n  = 7) postoperatively. Data are means  ±  SE. *, P  <  0.05; **, P  <  

0.001, Left versus Right.   

  Figure 5.     Macrophage depletion prevented inward vascular re-

modeling.  (a) The frequency of circulating leukocytes expressing CD45 

and F4/80 was analyzed by fl ow cytometry after administration of clodro-

nate- versus vehicle-containing liposomes for 3 wk, starting 1 wk before 

external carotid artery ligation. TNF- �  (b), iNOS, CD45 (c), and F4/80 tran-

script expression and vessel size (d; EEL perimeter) and wall (medial) 

thickness were determined after liposome treatment at 3 and 14 d post-

operatively, respectively. Data are means  ±  SE ( n  = 9 – 10). *, P  <  0.05; **, 

P  <  0.001, Left versus Right.   
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Myd88 defi ciency did not prevent recruitment of CD45 +  
and F4/80 +  cells at 3 d ( Fig. 6 c ), but attenuated infl amma-
tion within the vessel wall at 7 d ( Fig. 6 d ). These results im-
ply that MyD88 is required for vascular infl ammatory 
responses, as well as for macrophage activation and later ac-
cumulation, but is not essential for the initial recruitment of 
leukocytes after outfl ow reduction. 

 Vascular cell and leukocyte expression of MyD88 

are required for fl ow-mediated inward vascular remodeling 

 Our data suggest distinct eff ects of MyD88 on early events 
(vascular ROS and cytokine/chemokine generation) and on 

indicate an essential role for recruited macrophages in fl ow-
mediated inward vascular remodeling. 

 Flow-initiated vascular infl ammation is dependent 

on MyD88 

 Having established that there are transient infl ammatory re-
sponses in arteries of WT mice subjected to fl ow reduction, 
we evaluated these events in common carotid arteries of 
MyD88  � / �   animals. The expression of IL-1 � , IL-6, IP-10, 
and Mig transcripts was either not detected or not up-
regulated between vessels from ligated versus unligated sides 
at 6 h in MyD88  � / �   mice ( Fig. 6 a ).  Similarly, the produc-
tion of TNF- �  and iNOS was also inhibited at 3 d ( Fig. 6 b ). 

  Figure 6.     MyD88 is necessary for fl ow-mediated vascular infl am-

mation and macrophages are essential for fl ow-mediated vascular 

remodeling.  (a) Transcripts for IL-1 � , IL-6, IP-10, and Mig from right and 

left common carotid artery lysates of WT versus MyD88  � / �   mice were 

quantifi ed by qRT-PCR and normalized to GAPDH at 6 h after left external 

carotid artery ligation. Similarly, transcripts were measured for TNF- �  and 

iNOS at 3 d (b), as well as for CD45 and F4/80 at 3 (c) and 7 (d) days post-

operatively. Data are means  ±  SE ( n  = 8 – 10). *, P  <  0.05; **, P  <  0.001, Left 

versus Right.   

  Figure 7.     Vascular cell and leukocyte expression of MyD88 are 

required for fl ow-mediated vascular infl ammation and vascular 

remodeling, respectively.  (a) Transcripts for IL-1 � , IL-6, IP-10, and Mig 

from right and left common carotid artery lysates of WT to WT, MyD88  � / �   

to WT, and WT to MyD88  � / �   BM chimeras were quantifi ed by qRT-PCR 

and normalized to GAPDH at 6 h after left external carotid artery ligation. 

Similarly, TNF- �  (b), iNOS, CD45 (c), and F4/80 transcripts were measured 

at 3 d post-operatively. (d) Vessel size (EEL perimeter) and wall (medial) 

thickness at 2 wk after outfl ow reduction. Data are means  ±  SE ( n  = 

9 – 12). *, P  <  0.05; **, P  <  0.001, Left versus Right.   

D
ow

nloaded from
 http://rup.silverchair.com

/jem
/article-pdf/205/13/3159/1195445/jem

_20081298.pdf by guest on 23 M
ay 2023



JEM VOL. 205, December 22, 2008 

ARTICLE

3167

ligation should not increase blood pressure locally to account 
for unilateral medial expansion. Unchanged vessel size with 
medial thickening are also found after inhibition of superox-
ide or depletion of macrophages in our study, and similar 
fi ndings have been reported in ligated arteries of eNOS  � / �  , 
caveolin-1 (Cav1)  � / �  , and  � 1 integrin  � / �   mice with defective 
mechanotransduction function ( 35, 39, 40 ). Characterization 
of the medial hyperplasia in these latter strains demonstrated 
an increased rate of cellular proliferation as measured by 
5-bromo-2 ’ deoxyuridine incorporation ( 35, 39 ). Medial ex-
pansion may represent a form of dysregulated vascular re-
modeling to decreased shear stress when normal adaptation in 
vessel size is prevented. In contrast to adaptive remodeling, 
this maladaptive change occurs in the absence of MyD88 and 
involves the inner rather than the outer medial lamellar units. 
If it, too, is dependent on infl ammation, a subject of future 
studies, this fi nding implies that the mechanisms underlying 
these processes are distinct as shown by the diff erential role 
of MyD88. 

 The time period during which active shrinkage of vessel 
size occurs from postoperative days 3 – 7 coincides temporally 
with peak macrophage accumulation and monokine produc-
tion. Furthermore, the infl ammation resolves within a few 
days of permanent adaptations for abnormal shear stresses, i.e., 
by 14 d after external carotid artery ligation. The transient na-
ture of the infl ammatory responses may explain why they 
have been overlooked in previous studies of external carotid 
artery ligation. In models of more severe outfl ow obstruction 
caused by combined internal and external carotid artery liga-
tion, persistent vascular infl ammation is detected at 2 wk and 
is associated with neointima formation ( 30, 31 ). The infl am-
matory changes and intimal expansion are even more pro-
nounced in models of complete outfl ow obstruction after 
ligation of the common carotid artery that are associated with 
thrombosis ( 32, 33 ). These experimental models with very 
low fl ow or no fl ow are useful in reproducing conditions of 
diseased vessels, but provide limited insight into mechanisms of 
physiological vascular remodeling. We are uncertain whether 
our fi ndings will apply to models of outward vascular remod-
eling of conduit arteries, as it has been previously documented 
that monocyte adhesion to the endothelium of common ca-
rotid arteries is induced by low, but not high, shear stresses 
( 28 ). In contrast, adventitial infi ltration by macrophages has 
recently been noted after both increased and absent fl ow in 
smaller mouse mesenteric resistance arteries ( 34 ). 

 We detect SOD-inhibitable, superoxide-specifi c, and other 
oxidant-dependent products in common carotid arteries after 
ipsilateral external carotid artery ligation in WT, but not in 
MyD88  � / �   mice. A confounding variable in the interpretation 
of our HPLC results is that menadione treatment or outfl ow 
ligation is associated with an increased intracellular level of 
DHE probe in vascular cells after 6 h compared with untreated 
or unligated vessels. This may refl ect the superoxide-depen-
dent, NF- � B – mediated infl ammatory responses of ECs spread-
ing to underlying SMCs and manifesting as increased uptake 
or altered consumption of DHE. The mechanisms responsible 

later events (macrophage persistence, iNOS production, and 
vascular remodeling) in our model. We used BM reconstitu-
tion experiments to characterize which cell types required 
MyD88 expression for fl ow-mediated vascular infl ammation 
and inward remodeling. The detection of IL-1 � , IL-6, IP-
10, and Mig transcripts at 6 h in MyD88  � / �   BM to WT chi-
meras, but not in WT BM to MyD88  � / �   chimeras, established 
that vascular cell expression of MyD88 was necessary for 
these early infl ammatory responses ( Fig. 7 a ).  The subsequent 
expression of TNF- �  and iNOS transcripts at 3 d was pre-
served in MyD88  � / �   BM to WT chimeras, but was markedly 
reduced in WT to MyD88  � / �   mice ( Fig. 7 b ). Cytokine pro-
duction within the vessel wall was associated with macro-
phage recruitment at 3 d in MyD88  � / �   BM to WT chimeras 
and conversely decreased cytokine synthesis correlated with 
signifi cantly fewer infi ltrating leukocytes in WT BM to 
MyD88  � / �   chimeras ( Fig. 7 c ). These results indicated that 
fl ow-induced vascular cytokine/chemokine production and 
leukocyte recruitment were independent of MyD88 expres-
sion in BM-derived cells. However, MyD88 expression by 
both intrinsic vascular cells and infi ltrating leukocytes was re-
quired for fl ow-dependent inward vascular remodeling be-
cause this did not occur in either MyD88  � / �   BM to WT or 
WT BM to MyD88  � / �   chimeras ( Fig. 7 d ). A maladaptive 
vascular phenotype was supported by evidence of abnormal 
medial thickening in both of these groups. 

  DISCUSSION  

 Our fi ndings defi ne an essential role for infl ammation in 
fl ow-mediated inward vascular remodeling of conduit arteries. 
Decreased arterial blood fl ow after partial outfl ow ligation 
leads to vessel shrinkage through nonredundant MyD88-de-
pendent eff ects, viz. superoxide generation, vascular cytokine 
and chemokine production, and transient macrophage accu-
mulation and activation. It is generally accepted that physio-
logical fl ow-mediated vascular remodeling and pathological 
immune-mediated vascular remodeling are distinct processes. 
Instead, our work supports the concept that infl ammation is 
necessary for adaptive vascular remodeling in response to he-
modynamic forces. 

 The degree and kinetics of inward vascular remodeling, as 
well as the unchanged medial thickness with medial atrophy 
that we observe in WT mice, is similar to that of previous 
studies using the external carotid artery ligation technique 
( 4, 35, 38 ). In this model, reversible vasoconstriction accounted 
for early arterial diameter changes up to 3 d after outfl ow re-
duction, whereas vasodilator-resistant structural changes were 
noted by day 7 ( 38 ). Coincident with the permanent medial 
remodeling, a loss of SMCs was documented together with 
an increased rate of cell death as measured by propidium io-
dide uptake ( 38 ). Our observation of cell loss primarily in the 
outermost medial lamellar unit of the ligated vessel is consis-
tent with our hypothesis of vascular remodeling in response 
to adventitial infl ammation. The contrasting phenotype of 
increased medial thickness and medial expansion after de-
creased blood fl ow in MyD88  � / �   mice is surprising. Outfl ow 
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and pathogen clearance, but not mononuclear cell traffi  cking, 
to sites of certain bacterial and spirochetal infections ( 49 – 51 ). 
Specifi cally, in a murine model of  Listeria monocytogenes  infec-
tion, the initial recruitment of macrophages was caused 
by MyD88-independent production of MCP-1. Similarly, 
MyD88-independent generation of chemokines, other than 
those we studied, or other chemotactic agonists, such as lipid 
chemoattractants, may have contributed to early monocyte re-
cruitment in our model. Our results indicate that MyD88-
dependent vascular infl ammatory responses are necessary for 
macrophage activation, as indicated by iNOS synthesis, but 
not for initial leukocyte recruitment after outfl ow ligation. We 
cannot tell from the current experiments whether macrophage 
persistence depends on MyD88-dependent vascular infl am-
mation or on MyD88-dependent macrophage activation. Macro-
phages are known to facilitate the remodeling of murine 
resistance arteries after deoxycorticosterone- or angiotensin-
induced hypertension and vascular injury and after fl ow cessa-
tion in ligated mesenteric vessels through undefi ned mechanisms 
( 34, 52, 53 ). Our ongoing investigations indicate that iNOS 
production by macrophages is not required for fl ow-mediated 
inward vascular remodeling (unpublished data). Other candi-
date macrophage-derived molecules that may be responsible 
for structural vascular reorganization include matrix metallo-
proteinase-9, which is required for extracellular matrix degra-
dation in outward remodeling of mouse carotid arteries ( 33 ), 
and coagulation factor XIII, which is a transglutaminase asso-
ciated with extracellular matrix cross-linking during inward 
remodeling of mouse mesenteric arteries ( 54 ). 

 We conclude that decreases in endothelial shear stress ac-
tivate vascular stress responses that signal via cytokines and 
chemokines to elicit transient infl ammation that is essential 
for inward vascular remodeling and the restoration of normal 
hemodynamic forces. MyD88 is a central mediator of this 
process with superoxide a key intermediary. Adventitial, 
unlike intimal, accumulation of macrophages may result in 
adaptive vascular responses without necessarily causing vas-
cular disease. These physiological events may contribute to 
lumen loss and ischemia in obstructive arterial disease, which 
is the leading cause of death and disability. A homeostatic 
role for infl ammation may also apply to the responses of other 
tissues to physical forces. 

  MATERIALS AND METHODS  
 Mice.   We purchased C57BL/6, RAG1  � / �  , TLR2  � / �  , IL-1R  � / �  , and 

p47 phox � / �   mice from The Jackson Laboratory. We obtained MyD88  � / �   

mice from S. Akira (Osaka University, Osaka, Japan); ICE  � / �  , TLR3  � / �  , 

and TLR7  � / �   mice from R.A. Flavell (Yale University, New Haven, CT); 

TLR4  � / �   mice from P.J. Lee (Yale University, New Haven, CT); Trif  Lps2  

mutant mice from B. Beutler (The Scripps Research Institute, La Jolla, CA); 

SOD2 transgenic mice from A.G. Richardson (University of Texas, San 

Antonio, Texas); and CD45.1 C57BL/6 mice from the National Cancer 

Institute. The generation of EC-specifi c TXN2 transgenic mice has been 

previously described ( 55 ). All strains had been backbred to a C57BL/6 

background for  > 10 generations. Vessel procedures were performed in 8 –

 12-wk-old male mice, except for the experiments in older recipients and in 

BM chimeras, which were performed in 18 – 22-wk-old male mice. 

for changes in intracellular DHE levels are currently under 
investigation. Similar caveats to the interpretation of this 
method of superoxide detection also apply to in vitro sys-
tems ( 41 ). Despite these methodologic limitations, the ab-
sence of superoxide detection in the face of detectable DHE 
after systemic tempol treatment in WT mice or after outfl ow 
reduction in MyD88  � / �   mice is compelling. Our pharmaco-
logical and genetic studies suggest that both mitochondrial re-
spiratory chain and NADPH oxidase sources of superoxide 
play at least partial roles in fl ow-induced vascular infl ammation 
and remodeling. This is consistent with the view of mitochon-
dria as signaling organelles in ECs ( 12 ) and previous observa-
tions of interactions between mitochondrial ROS and NADPH 
oxidases ( 13 ). An alternative interpretation of the results is that 
antioxidant strategies in mitochondrial versus cytosolic and 
membrane locations act as superoxide sinks and may inhibit 
ROS required for physiological signaling in remote cellular 
compartments. Prior studies have shown that shear stress in-
creases NADPH oxidase activity in ECs ( 18, 42 ) and that su-
peroxide activates endothelial NF- � B and induces monocyte 
adhesion ( 43, 44 ). We extend these fi ndings by demonstrating 
that superoxide generation in response to low shear stress is at-
tenuated in the absence of MyD88, and that superoxide activ-
ity contributes to MyD88-dependent vascular infl ammatory 
responses induced by reduced fl ow. Additionally, the observa-
tion of diminished cytokine production after external carotid 
artery ligation in mice with EC-specifi c overexpression of 
TXN2 suggests a primary role for the endothelium in fl ow-
mediated, superoxide-dependent infl ammatory responses. 

 The mechanisms linking endothelial mechanosensors to 
MyD88-dependent vascular infl ammatory responses, as well 
as MyD88-dependent macrophage functions to structural 
vascular remodeling also remain unclear. MyD88-dependent 
signaling by TLRs, IL-1 � , and IL-18 does not appear to be 
essential, although individual TLRs may have redundant 
roles or other TLRs than those we investigated may provide 
a mechanistic link. Caveolae and eNOS mechanotransduc-
tion may be of importance in this context, as our prelimi-
nary investigations demonstrate blunted cytokine production 
in Cav1  � / �   and eNOS  � / �   mice after external carotid artery 
ligation (unpublished data). Interestingly, MyD88 is known 
to be enriched in Cav1-associated lipid raft microdomains 
( 45 ), and MyD88 activity is modulated by eNOS-dependent 
nitrosylation ( 46 ). However, direct activation of MyD88 by 
endothelial mechanosensors, such as P2X4 ion channels 
( 47 ) and platelet-EC adhesion molecule-1 ( 48 ) cannot be 
excluded. It is also possible that the MyD88-dependent ef-
fects we observe are not directly related to mechanotrans-
duction signaling pathways, but rather to transcript instability 
in the absence of MyD88 expression, as described for IFN- �  –
 inducible molecules ( 24 ), which could lead to an altered 
setpoint for vascular cells to shear stress – initiated infl amma-
tory responses. 

 Our observations regarding macrophage recruitment ver-
sus activation and accumulation are consistent with previous 
reports that MyD88 defi ciency impairs monocyte activation 
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transcription using random hexamer primers was done using the Multiscribe 

RT system protocol (Applied Biosystems). Real-time RT-PCR reactions 

were performed in duplicate using Applied Biosystem Taqman PCR re-

agents and Taqman gene expression probes for GAPDH, IL-1 � , IL-6, IP-

10, Mig, TNF- � , iNOS, CD45, F4/80, CD3e, and CD11c. DNase-treated 

RNA samples produced without RT enzyme were used as negative con-

trols. An iCycler and its system interface software (Bio-Rad Laboratories) 

were used to analyze the samples and data. Transcript expression levels were 

normalized to GAPDH. 

 Macrophage depletion.   Mononuclear phagocytes were eliminated by i.v. 

injection of 200  μ l clodronate (also known as dichloromethylene-bisphos-

phonate) containing liposomes every 3 d, starting 1 wk preoperatively. 

Clodronate was a gift from Roche. Phosphate-buff ered saline – containing li-

posomes were administered to control animals. Clodronate and saline lipo-

somes were prepared as previously described ( 58 ). 

 BM transplantation.   We created WT to WT, MyD88  � / �   to WT, and 

WT to MyD88  � / �   chimeras by irradiating 8 – 10-wk-old CD45.1 C57BL/6 

mice or CD45.2 MyD88  � / �   mice with 1,000 cGy in two split doses over 4 

h from a cesium irradiator. The recipients received 10 7  BM cells isolated 

from CD45.1 C57BL/6 mice or CD45.2 MyD88  � / �   mice via tail vein in-

jections. Chimerism was confi rmed 12 wk later (at the time of vessel pro-

curement for transcript expression and morphometry studies) by fl ow 

cytometric analysis of spleen and lymph nodes cells for reconstitution with 

donor CD45.1 +  or CD45.2 +  macrophages. 

 Pharmacological agents.   ROS generation or activity were suppressed in 

vivo using tempol at 275 mg/kg i.p. (EMD Chemicals, Inc.), mito-tempol 

at 10 mg/kg i.p. (provided by J. Joseph, Medical College of Wisconsin, 

Milwaukee, WI), rotenone at 2.5 mg/kg i.p. (VWR International, Inc.), 

apocynin at 100 mg/kg i.p. (EMD Chemicals, Inc.), allopurinol at 100 mg/

kg i.p. (VWR International, Inc.), and L-NAME at 100 mg/kg i.p. (Cayman 

Chemical Company). 

 HPLC analysis.   DHE (EMD Chemicals) was applied to the adventitial sur-

face of both common carotid arteries at 50  μ M in 100  μ l saline/1% DMSO 

after either topical menadione application at 25 mM in 100  μ l saline/1% 

DMSO or immediately after ligation of the left common carotid artery. In 

certain experiments, tempol was also administered at 275 mg/kg i.p. The 

wounds were closed and the mice were allowed to recover from anesthesia. 

After 6 h, the common carotid arteries were procured and snap frozen. Be-

fore analysis, the frozen artery sample was crushed and vortexed with ice-

cold methanol (10  μ l MeOH per mg of tissue) for 15 min at 4 ° C, the 

suspension was centrifuged for 1 h at 10,000 ×  g at 4 ° C, and 50  μ l of the su-

pernatant was mixed with 150  μ l of 1 M phosphate buff er, pH 2.6. After re-

peat centrifugation for 15 min at 10,000 ×  g at 4 ° C, the supernatants were 

transferred to HPLC vials and analyzed by HPLC with electrochemical de-

tection equipped with a Synergi Polar RP column (Phenomenex; 250 mm  ×  

4.6 mm; 80  Å ; 4  μ m). All other experimental conditions, the preparation 

of standards, and analysis of results were as previously described ( 41 ). 

 Statistical analysis.   Comparisons of two groups within the same animals 

(i.e., Left vs. Right arteries) were by paired Student ’ s  t  test, of two groups 

between diff erent animals (i.e., Ligated vs. Sham operations or 10 vs. 20 wk 

old) were by unpaired Student ’ s  t  test, and of transcript expression between 

multiple groups (i.e., Superoxide Inhibition and Vehicle/WT controls) were 

by one-way analysis of variance using Prism (GraphPad Software). Diff er-

ences with two-tailed P values  <  0.05 were considered to indicate statis-

tical signifi cance. 

 Online supplemental material.   Fig. S1 shows additional morphometric 

data of common carotid artery remodeling after outfl ow reduction. Fig. S2 

shows histological analyses of medial remodeling. Fig. S3 excludes further 

potential confounding factors for the diff erences in vessel phenotypes. Fig. S4 

 External carotid artery ligation.   All animal studies were approved by the 

Yale University Animal Care and Use Committee. After anesthesia, the left 

external carotid artery was isolated and ligated with a 6 – 0 silk suture (United 

States Surgical) through a midline cervical incision ( 35, 38 ). For sham opera-

tions, a suture was tied around the artery in a nonconstricting fashion. The 

wound was closed with a 5 – 0 prolene suture. For morphometry and immu-

nohistochemistry studies, the left and right common carotid arteries were 

harvested after perfusion fi xation with 4% paraformaldehyde in phosphate-

buff ered saline at a mean pressure of 100 mmHg through the left ventricle 

and immediately embedded in Optimal Cutting Temperature medium 

(Tissue-Tek). For medial remodeling studies, the perfusion-fi xed vessels 

were post-fi xed overnight in 10% formalin and embedded in paraffi  n for op-

timal histological details of SMCs and extracellular matrix. For ELISA, RT-

PCR, and HPLC studies, the right and left common carotid arteries were 

isolated after saline perfusion and snap frozen. 

 Morphometric analysis.   Morphometric analysis was performed from he-

matoxylin and eosin (H & E) – stained sections of Optimal Cutting Tempera-

ture medium – embedded specimens using computer-assisted microscopy. 

Internal elastic lamina perimeter, external elastic lamina (EEL) perimeter, 

and medial thickness at four quadrants were measured and averaged over 10 

separate sections using an image software program (ImageJ; National Insti-

tutes of Health). The number of nuclei in each medial lamellar unit and the 

number of medial lamellar units continuous around the majority ( > 50%) of 

the circumference were counted in H & E-stained sections of paraffi  n-em-

bedded specimens. The transverse diameter of SMCs was measured across 

the nucleus using image analysis software and averaged from 20 cells in sec-

tions immunostained for  � -SMA ( 56 ). The medial area staining positive for 

 � -SMA, elastin Van Gieson, and Sirius red (as a measure of SMC contractile 

protein, extracellular elastin, or extracellular collagen, respectively) was cal-

culated using image analysis software ( 57 ). 

 Flow measurement.   After anesthesia, a midline cervical incision was made 

and the right and left common carotid arteries were exposed. Blood fl ow was 

measured at the vessel midpoints using a Doppler fl ow probe (0.5 mm V-se-

ries probe; Transonic Systems Inc.). 

 Flow-induced vasodilatation.   The in vitro assessment of mechanosensor 

function was as previously described ( 39 ). In brief, common carotid artery 

segments were cannulated at both ends and immersed in Krebs-Ringer solu-

tion at 37 ° C. Intraluminal and extraluminal perfusion with a transmural 

pressure of 70 mmHg was provided by two separate perfusion pumps. Inter-

nal diameters were measured using a binocular loop (Model XC-73; Sony) 

coupled to a video camera (Living System Instrumentation, Inc.) while pres-

sures were maintained at a constant level using a servo-control during graded 

increases in fl ow from 0 to 800  μ l/min. 

 ELISA.   Plasma and carotid lysate levels of murine IL-1 �  were determined 

using a sandwich ELISA kit (R & D Systems). The lower limit of detection 

for IL-1 �  was 15.6 pg/ml. 

 Immunohistochemistry.   Primary antibodies included rat anti – mouse IL-

1 �  (MBL International), F4/80 (Abcam), and CD45 (eBioscience), hamster 

anti – mouse CD3 �  and CD11c (eBioscience), rabbit anti – phospho-Ser276 

NF- � B p65 (Cell Signaling Technology), goat anti – mouse VCAM-1 (R & D 

Systems), mouse anti –  � -SMA peptide (Thermo Fisher Scientifi c), and iso-

type-matched, nonbinding immunoglobulin. Binding of secondary anti-

bodies (Jackson ImmunoResearch Laboratories) was detected with 

peroxidase/3-amino ethyl carbazole kits (Vector Laboratories). Cell count-

ing of nuclei surrounded by positive immunostaining was performed under 

high magnifi cation. 

 Quantitative (q)RT-PCR.   Isolation and DNase-treatment of total RNA 

was performed using the Nanoprep system (Stratagene), and bulk reverse 
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