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Angiotensin II Induces a Region-Specific Hyperplasia of the
Ascending Aorta Through Regulation of Inhibitor

of Differentiation 3
A. Phillip Owens III, Venkateswaran Subramanian, Jessica J. Moorleghen, Zhenheng Guo,

Coleen A. McNamara, Lisa A. Cassis, Alan Daugherty

Rationale: Angiotensin II (Ang II) has diverse effects on smooth muscle cells (SMCs). The diversity of effects may
relate to the regional location of this cell type.

Objective: The aim of this study was to define whether Ang II exerted divergent effects on smooth muscle cells in
the aorta and determine the role of blood pressure and specific oxidant mechanisms.

Methods and Results: Ang II (1000 ng/kg per minute) infusion for 28 days into mice increased systolic blood
pressure and promoted medial expansion of equivalent magnitude throughout the entire aorta. Both effects were
ablated by angiotensin II type 1a (AT1a) receptor deficiency. Similar increases in systolic blood pressure by
administration of norepinephrine promoted no changes in aortic medial thickness. Increased medial thickness
was attributable to SMC expansion owing to hypertrophy in most aortic regions, with the exception of
hyperplasia of the ascending aorta. Deficiency of the p47phox component of NADPH oxidase ablated Ang
II–induced medial expansion in all aortic regions. Analysis of mRNA and protein throughout the aorta revealed
a much higher abundance of the inhibitor of differentiation 3 (Id3) in the ascending aorta compared to all other
regions. A functional role was demonstrated by Id3 deficiency inhibiting Ang II–induced SMC hyperplasia of the
ascending aorta.

Conclusions: In conclusion, Ang II promotes both aortic medial hypertrophy and hyperplasia in a region-specific
manner via an oxidant mechanism. The ascending aortic hyperplasia is dependent on Id3. (Circ Res. 2010;106:
611-619.)

Key Words: angiotensin II � hypertrophy � hyperplasia � p47phox
� Id3

Angiotensin II (Ang II) has many physiological and
pathological effects on smooth muscle cells (SMCs) of

aortic tissue both in vitro and in vivo. Most studies on
cultured aortic SMCs have isolated cells from the thoracic
region of rats.1–3 In these cells, Ang II consistently promotes
hypertrophy,1,2 with a lesser number of studies demonstrating
a proliferation response.3 The relative effects of Ang II on
hypertrophy versus proliferation, in vitro, appear to depend
on culture conditions, such as confluence and the coincuba-
tion with specific cytokines.3 The expression of the cyclin-
dependent kinase inhibitor p27kip1, in cultured cells, is a
factor determining the relative effect on hypertrophy versus
proliferation.4

Many Ang II–induced responses on SMCs are attributable
to stimulation of NADPH oxidase with the subsequent
generation of reactive oxygen species (ROS).5–7 These in-
clude Ang II–induced hypertrophy and proliferative re-

sponses. NADPH oxidase is a multimeric complex. SMCs
express specific isoforms of gp91phox, with nox1 being the
principal regulator of Ang II–induced responses.8–10 The
activity of nox1 is regulated by the presence of p47phox.11

Consistent with the nox1-p47phox axis, deficiency of
p47phox blunts Ang II–induced increases in systolic blood
pressure (SBP).12 More recently, the dominant-negative
helix–loop– helix, inhibitor of differentiation 3 (Id3), has
been invoked as a regulator of redox-mediated Ang II
induced proliferation.13,14

Ang II effects on aortic contractile responses have pro-
vided insight that this octapeptide has region-specific effects.
Ang II does not induce contractions of mouse aortic rings
isolated from thoracic tissue, but generates a large transient
contraction in abdominal tissue in vitro.15,16 Contractions of
aortic rings are mediated by angiotensin II type 1b (AT1b)
receptors despite the presence of AT1a receptors, which may

Original received February 15, 2008; first resubmission received January 13, 2009; second resubmission received November 13, 2009; revised second
resubmission received December 9, 2009; accepted December 9, 2009.

From the Saha Cardiovascular Research Center (A.P.O., V.S., J.J.M., Z.G., A.D.); and Graduate Center for Nutritional Sciences (L.A.C., A.D.),
University of Kentucky, Lexington; and Department of Internal Medicine (C.A.M.), Cardiovascular Division; and Cardiovascular Research Center,
University of Virginia, Charlottesville.

This manuscript was sent to Kathy Griendling, Consulting Editor, for review by expert referees, editorial decision, and final disposition.
Correspondence to Alan Daugherty, Saha Cardiovascular Research Center, BBSRB, room B-243, University of Kentucky, Lexington, KY 40536-0509.

E-mail Alan.Daugherty@uky.edu
© 2010 American Heart Association, Inc.

Circulation Research is available at http://circres.ahajournals.org DOI: 10.1161/CIRCRESAHA.109.212837

611 at UNIV OF KENTUCKY on February 21, 2011 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


be indicative of divergent signaling mechanisms stimulated
by these subtypes.15,16 Region-specific effects on aorta have
been noted in response to other bioactivators such as trans-
forming growth factor-�.17,18 These region-specific effects
may be attributable to the phenotypic diversity of aortic
SMCs that arise as a consequence of heterogeneity of
embryological origin.19

Ang II infusion, in vivo, is well known to promote
changes in medial aortic SMCs via mechanisms that are
independent of increased systolic blood pressure.20 The
aim of the present study was to determine whether Ang II
infusion in vivo promoted heterogeneous effects on SMC
growth and/or proliferation throughout the entire aorta.
Despite previously described differences in contractile
activity of Ang II on thoracic versus abdominal aorta,15,16

we were unable to demonstrate morphological differences
in these two regions during Ang II infusion. However, the
ascending aorta has a different response than the rest of the
aorta with a medial expansion that was attributable to
hyperplasia, versus hypertrophy in other regions. Aortic
medial expansion throughout the aorta was ablated by
deficiency of p47phox, whereas deficiency of Id3 inhibited
the hyperplasia induced by Ang II in the ascending aorta.

Methods
AT1a receptor–deficient (B.129P2-Agtr1atm1UNC), C57BL/6, and
p47phox mutant [B6(Cg)-Ncf1m1J/J, C57p47/p47] mice were purchased
from The Jackson Laboratory. Id3-deficient mice were a generous
gift from Dr Zhang (Duke University). All studies were conducted
using male mice with littermate controls.

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

Results
Ang II Infusion Uniformly Increased Aortic
Thickening via AT1a Receptors, Independent
of Pressure
Ang II infusion (1000 ng/kg per minute) into C57BL/6 mice
led to a sustained increase in SBP (�40 mm Hg) during the
28 days of delivery (Figure 1A). Ang II infusion also led to
increased medial thickness and area to a similar percent in all
aortic regions (Figure 1B and Online Table I). To determine
the contribution of pressure per se to medial expansion,
norepinephrine (NE) was administered to male C57BL/6
mice at doses that increased systolic blood pressure by the
same magnitude as Ang II (approximately 40 to 50 mm Hg).

Contrary to Ang II infusion, NE administration led to no
significant changes in medial thickness compared to age-,
gender-, and strain-matched mice infused with saline. Equiv-
alent data were also obtained by increasing blood pressure
through administration of N�-nitro-L-arginine methyl ester
(data not shown).

To define whether Ang II–induced medial thickening was
mediated through AT1a receptors, similar experiments were
performed in AT1a receptor�/� mice. Plasma renin concen-
trations were markedly increased in saline-infused AT1a

receptor�/� mice compared to C57BL/6 wild type controls
(Online Table I). Interestingly, Ang II infusion reduced
plasma renin concentrations in both C57BL/6 and AT1a

receptor�/� mice. To determine whether AT1b receptors
mediated effects of Ang II to reduce plasma renin concentra-
tions in AT1a receptor�/� mice, we coinfused Ang II and
losartan. Ang II–mediated reductions in plasma renin concen-
trations were abolished in AT1a receptor�/� mice adminis-
tered losartan. Ang II infusion failed to change SBP in AT1a

Non-standard Abbreviations and Acronyms

Ang II angiotensin II

AT1 angiotensin II type 1

Id3 inhibitor of differentiation 3

NE norepinephrine

ROS reactive oxygen species

SBP systolic blood pressure

SMC smooth muscle cell

Figure 1. Ang II induced uniform medial expansion throughout
the aorta independent of increased SBP. A, SBP was mea-
sured before pump implantation and every week during drug
administration. Points represent the mean of weekly observa-
tions (n�5), and bars represent SEM. *P�0.0001, Ang II and
NE vs saline using repeated measures with Bonferroni post
hoc. #P�0.003, Ang II vs NE at week 4. B, Aortic medial
thickness measured in arch, thoracic, supra-, and infrarenal
sections of aorta from C57BL/6 mice infused with saline, Ang
II, or NE. Histobars are means of 5 to 10 mice�SEM.
*P�0.001, Ang II–infused mice vs the other 2 groups (1-way
ANOVA with Holm–Sidak post hoc).
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receptor�/� mice (Figure 2A). Moreover, infusion of Ang II
did not change aortic medial thickness or area in AT1a

receptor�/� mice (Figure 2B and Online Table I). Infusion of
NE increased SBP in AT1a receptor�/� mice (Figure 2A).
However, NE infusion had no effect on plasma renin concen-
trations or medial dimensions in any aortic region of AT1a

receptor�/� mice (Figure 2B and Online Table I).

The Basis of Ang II–Induced Medial Thickening
Differed Among Aortic Regions
Medial thickening with Ang II infusion was associated
with a marked expansion of the intralaminar space in all
aortic regions (Figure 3). This expansion may potentially
be attributable to contributions from extracellular matrix
expansion, and SMC hypertrophy or hyperplasia. To de-
termine the contribution of extracellular matrix, aortas
were stained with Movat’s pentachrome to permit visual-
ization of elastin, collagen, and proteoglycans (Online
Figure III). There were no overt differences in staining for
extracellular matrix components. Serial sections from all
regions were immunostained for �-actin or stained with

propidium iodide to access expansion of cell size and
number, respectively (Figure 3). Immunostaining for
�-actin demonstrated uniform reactivity throughout the
intra laminar spaces (Figure 3A). Nuclei counts were
normalized to a standard section length, because the
medial expansion confounded the utilization of vessel area.
Ang II infusion did not significantly affect nuclei density
in both thoracic and abdominal aortic regions (Figure 3B).
When combined with data from immunostaining, this was
consistent, with the medial expansion being attributable to
increased volume of SMCs. Unexpectedly, Ang II pro-
moted a marked increase in nuclei density in tissue
sections from the ascending aorta (Figure 3B). Because
this entire region immunostained positively for SMCs, this
was consistent with medial expansion caused by hyperpla-
sia. Ang II also exerted region-specific effects on cultured
SMCs. In agreement with the observations in vivo, Ang II
promoted a proliferation of SMCs cultured from ascending
aortas, but not in SMCs isolated from other aortic regions
(Online Figure IV). Platelet-derived growth factor-BB
promoted similar proliferation in SMCs cultured from all
aortic regions. Therefore, the basis for Ang II–induced
medial expansion differed among aortic regions.

Ang II–Induced Growth Suppression Is
Unchanged Among Aortic Regions
The previous data demonstrate Ang II induction of vascular
growth and proliferation. However, Ang II can also act as a
potent growth suppressor. Therefore, we evaluated apoptotic
events via TUNEL. SMCs cultured from different aortic
regions significantly increased apoptotic events with the
addition of Ang II versus saline (�10-fold); however, there
was no difference between the four regions (Online Figure V).
These data do not support differences in Ang II–induced
growth suppression among the aortic regions.

p47phox Deficiency Ablated Ang II–Induced
Medial Thickness
Given the role of Ang II–induced ROS on SMC hypertro-
phy and hyperplasia, and the above region-specific data,
we examined whether concentrations of superoxide (O2

.)
and hydrogen peroxide (H2O2) differed along the aorta. In
SMCs cultured from different aortic regions, there was
uniform expression of ROS in all aortic regions examined
(Online Figure VI). Furthermore, in vivo and ex vivo
measurement of aortic O2

. demonstrated no regional dif-
ferences throughout the aorta (Online Figure VII). To
determine whether inability to generate ROS resulted in
functional changes in vivo, saline, Ang II, or NE was
infused into mice with a spontaneous loss of functional
mutation for p47phox. Basal blood pressure was not differ-
ent between p47phox-deficient mice compared to wild type
(C57BL/6). Ang II infusion did not increase blood pressure
initially in p47phox functionally deficient mice (Figure 4),
but did result in a belated increase during week 4 of
infusion. Plasma renin concentrations were unchanged in
saline-infused p47phox-deficient compared to wild type
mice, and infusion of Ang II led to similar reductions in

Figure 2. Ang II infusion induced medial thickening via interac-
tion with AT1a receptors. A, SBP was measured before pump
implantation and every week during drug administration in AT1a
receptor�/� mice. Points represent the mean of weekly observa-
tions (n�5) and bars represent SEM. *P�0.0001, NE vs saline or
Ang II using repeated measures with Bonferroni post hoc. B,
Aortic medial thickness measured in arch, thoracic, supra-, and
infrarenal sections of aorta from AT1a receptor�/� mice. Histo-
bars represent means�SEM.
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plasma renin concentrations in p47phox-deficient mice
(Online Table I). The functional deficiency of p47phox had
no effect on the ability of NE infusion to increase SBP
(Figure 4A). The absence of functional p47phox abolished
Ang II–induced increases in medial thickness for all
regions of the aorta (Figure 4B).

Ang II Initiated Id3 Translocation to Nuclei
To provide a basis for Ang II–induced medial SMC hyper-
plastic response that was limited to the ascending portion of
aortas, we defined the expression of Id3. Real-time PCR
analysis of Id3 mRNA demonstrated significantly increased
(3.5 fold) abundance in ascending aortas versus other aortic
regions (Figure 5A). Western blotting of Id3 protein in
cultured SMCs revealed similar regional differences in the
aorta (Figure 5B through 5D; Online Figure VIII). As noted
previously,21 Id3 abundance fluctuated over time in the
presence of serum, but was always greater in cells isolated
from the ascending region. Furthermore, Ang II incubation of
SMCs isolated from ascending aortas resulted in Id3 colocal-
ization within nuclei at 1 and 24 hours, with cycling to the
cytoplasmic compartment at 12 hours (Online Figures IX
through XI). This effect was not observed in other aortic
regions (Online Figure XI). These data demonstrate Ang II
initiates cyclic Id3 localization to the nuclei compartment of
SMC in the ascending aorta, suggesting novel mechanisms

whereby Id3 mediates the regional hyperplastic effects of
Ang II.

Id3 Deficiency Ablated Ascending
Aortic Hyperplasia
To determine the in vivo contribution of Id3 to Ang II–
induced ascending aortic hyperplasia, Id3�/� mice were infused
with either saline or Ang II. Ang II markedly increased SBP in
Id3�/� mice (Figure 6A). Furthermore, Id3 deficiency did not
abolish Ang II–induced increases of medial thickness in the
ascending and abdominal regions (Figure 6B). Similar to
Id3�/� mice, immunostaining of aortas from Id3�/� mice
with �-actin demonstrated uniform reactivity throughout the
intralaminar spaces and no overt matrix deposition by Mo-
vat’s pentachrome staining (data not shown). Moreover,
plasma renin concentrations were similarly reduced by Ang II
infusion in Id3�/� mice, compared to other mouse strains
(Online Table I). SMC nuclei density was unchanged in other
aortic regions compared to wild type mice (data not shown).
However, Ang II–induced increases in ascending aortic SMC
nuclei density were strikingly reduced by Id3 deficiency
(Figure 7).

Discussion
This study demonstrated that Ang II promoted a uniform
medial expansion throughout the aorta. Despite the unifor-

Figure 3. Ang II infusion induced medial thickness
by either hypertrophy or hyperplasia. A, Represen-
tative C57BL/6 aortic sections immunostained for
�-actin. Tissue sections from ascending, thoracic,
suprarenal, and infrarenal aortas of mice infused
with either saline or Ang II for 28 days were immu-
nostained with a rabbit anti-�-actin (1:200 dilution).
B, Nuclei density are represented by normalization
to aortic section length (0.25 mm). Circles repre-
sent means of individual mice; diamonds, means
of 5 to 10 mice in each group�SEM. *P�0.001,
differences between saline and Ang II–infused
mice using a Student t test. Examples of aortic
arch sections from mice infused with saline (C) or
Ang II (D) and stained with propidium iodide.
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mity of the expansion, the underlying cause differed in a
region-specific manner. SMC hyperplasia occurred in the
ascending aorta, but SMC’s hypertrophied in all other aortic
regions. This effect was attributable to stimulation of AT1a

receptors, but independent of increases in SBP. Ang II–
induced medial expansion was ablated in all aortic regions in
mice with functional deficiency of p47phox, whereas the
hyperplastic response localized to the ascending aorta was
inhibited by deficiency of Id3.

Ang II–induced medial expansion has the potential to be
attributable to both cellular and extracellular components.
Although Ang II is known to increase several extracellular
matrix proteins, including collagen22,23 and proteogly-
cans,24 these did not appear to provide a major contribution
to medial expansion. Therefore, this study focused on the
contributions of increases in cellular components to medial
expansion. Many studies have demonstrated that Ang II
promotes hypertrophy1,2 of cultured aortic SMCs, with a
lesser number demonstrating proliferation.3 Most of these
studies have been performed with SMCs that have been
derived from rat thoracic aorta. A lesser number of studies
have chronically infused Ang II in vivo to determine

effects on medial dimensions.25–27 SMC proliferative re-
sponses to Ang II infusion have been demonstrated in rat
carotid and mesenteric arteries.20,28 –30 In contrast, the
predominance of studies have demonstrated Ang II in-
creased medial thickness in vivo through hypertrophy of
rat25,26,28 and mouse10,27,31 aortas. The location of aortic
sections used in these studies has not been commonly
stated, but is likely to be the thoracic region. Thus, the
description of medial expansion being attributable to
hypertrophy in the thoracic aorta is consistent with the
present study. Our results are the first to describe hetero-
geneity of Ang II–induced responses within the aorta.
Results from this study demonstrated that Ang II–induced
proliferation was limited to SMCs cultured from the
ascending aorta versus other aortic regions. However, the
present study did not discern whether the in vivo increase
in nuclei was attributable to proliferation or polyploidiza-
tion, although the magnitude of the increase in nuclei in the
ascending aorta is much larger than has been described for
polyploidization.25,32–34

The basis for the heterogeneous cause of Ang II–induced
medial expansion in different regions of the aorta may be
attributable to the diversity of embryonic origin of SMCs
with potential functional differences.19 SMCs in the ascend-
ing aortic regions are primarily of neural crest origin, which
extends from the aortic root to just distal of the subclavian
artery.35 This same lineage also extends to the carotid arteries.
Conversely, thoracic and abdominal aortic SMCs are derived
from somite and splanchnic mesoderm lineages, respectively.
Regional differences in aortic SMCs have been described
previously.19

Deficiency of AT1a receptors ablated Ang II–induced
medial expansion in all regions. Previous studies have high-
lighted the role of the AT1b receptor subtype in aortic
function.15,36 Although both a and b subtypes of AT1 recep-
tors are expressed in the mouse aorta, deficiency of the b
subtype substantially reduced Ang II–induced contractions
that are restricted to the abdominal aorta.16 Although the 2
subtypes are highly homologous, the differences are pre-
dominantly in the final intracellular loop and the cytoplas-
mic tail of this seven membrane spanning protein.37 These
amino acid substitutions have predictive differences on
intracellular signaling.38,39 Thus, in future studies, the
relative differences between the subtypes will provide
insight into the definition of the intracellular pathway that
leads to medial expansion.

As with previous studies, absence of AT1a receptors had no
effect on basal SBP in mice on a C57BL/6 background.40–42

Moreover, AT1a receptor deficiency increased plasma renin
concentrations, demonstrating removal of Ang II–mediated
negative feedback on renin synthesis and secretion.43 This
maintenance of pressure is probably attributable to the con-
tinued presence of AT1b receptors, because compound defi-
ciency of both subtypes promotes a severe phenotype as
occurs with deficiency of angiotensinogen, renin, or angio-
tensin-converting enzyme.43 The presence of functional AT1b

receptors can be inferred in the present study by the down-
regulation of plasma renin concentrations during Ang II
infusion into AT1a receptor–deficient mice and its reversal

Figure 4. Functional deficiency of p47phox attenuated both Ang
II–induced hypertrophy and hyperplasia. A, SBP was measured
before pump implantation and every week during infusion with
saline, Ang II, or NE. Points represent means of weekly observa-
tions (n�5), and bars represent SEM. *P�0.0001, NE vs saline
or Ang II using repeated measures with Bonferroni post hoc.
#P�0.01, Ang II vs saline infused mice. B, Effects of infusions
on medial thickness in p47phox-deficient mice in 4 aortic
regions. Histobars are means of 5 mice�SEM.
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during concomitant infusion of the AT1 receptor antagonist
losartan.

Numerous studies have demonstrated a functional role
of ROS, specifically O2

. and H2O2, in both hypertrophic
and hyperplastic responses of SMCs.13,14,31,44 Ang II–
induced production of O2

. and H2O2 has the potential to
increase redox signaling pathways. However, we were
unable to demonstrate any regional differences in ROS
production. A major source of ROS during Ang II stimu-
lation of SMCs is via augmentation of NADPH oxidase
activity as demonstrated by studies in cultured SMCs5,43,45

and in vivo.10,27,31 NADPH oxidases are multimeric com-
plexes with components that differ in a cell-specific
manner. In regard to Ang II–induced responses in SMCs,
these are mediated by a complex containing nox1 in which
p47phox is a critical component for activation.11 The
importance of this coupling has been shown using gp91ds-
tat, which is a peptide that inhibits the assembly of Nox1
with p47phox.46 Gp91ds-tat inhibits Ang II–induced in-
creases in SBP and medial expansion of carotid arteries.
Conversely, deficiency of p47phox attenuates Ang II–
induced increases in SBP.12,47 In contrast to results from
the present study, a previous study demonstrated that
p47phox deficiency increased basal blood pressure, even
though Ang II–induced increases in SBP were attenu-

ated.48 Moreover, p47phox-deficient mice showed basal
increases in renin,48 which we were not able to demon-
strate. Differences in results may arise from the mode of
interference with p47phox, because the previous study used
genetically engineered p47phox-deficient mice, whereas the
present study used p47phox-deficient mice that arose from a
spontaneous mutation.49 Although the spontaneous and
engineered mutations are on exon 8 and 7, respectively,
there is no obvious basis for these mice exhibiting different
manifestations of deficiency. In contrast to the spontane-
ous mutation, engineered p47phox-deficient mice have been
shown previously to exhibit no change in basal SBP.
However, other studies have demonstrated a greater effect
on SBP during Ang II infusion than in the present
study.12,50 This greater efficacy of Ang II–induced in-
creases in SBP may be a consequence of the use of the
[Val5] variant of Ang II which has a greater efficacy at
stimulating AT1 receptors compared to the Ang II se-
quence of human and mouse peptides. Irrespective of these
differences among studies, the present study demonstrated
that deficiency of p47phox ablated aortic medial expansion
in all regions.

Ang II–induced proliferation of cultured SMCs occurs
via activation of NADPH oxidase with generation of
superoxide production that subsequently induces the ex-

Figure 5. Id3 was most abundant in SMCs of the ascending aortic region. A, Id3 mRNA abundance was quantified by real-time PCR.
Histobars are means of 3 mice and bars are SEM. *P�0.001, abundance in ascending aorta vs all other regions (1-way ANOVA).
Ascending, thoracic, suprarenal, or infrarenal SMCs were serum-starved for 72 hours and incubated with either saline or Ang II
(1 �mol/L) for 1 (B), 12 (C), or 24 (D) hours. Histobars represent Id3 protein abundance normalized to �-actin and are means of 5 indi-
vidual experiments�SEM. *P�0.001, ascending aortic SMCs vs all other regions; **P�0.05, ascending aortic SMCs incubated with Ang
II vs saline at the 12-hour interval (1-way ANOVA with Holm–Sidak post hoc).
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pression of the dominant-negative helix–loop– helix pro-
tein Id3.13,14 Id3 dimerizes with the basic helix–loop– helix
factor E47, inhibits E47-induced activation of expression
of cyclin dependent kinase inhibitor p21WAF1/Cip1, and
promotes SMC proliferation.21 This mitotic effect is me-
diated via nuclei translocation of Id3 from the cytoplasm
via an E47 nuclear localization signal.51,52 Id3 has also
been implicated in proliferative responses to carotid artery
injury.53 As noted earlier, the carotid artery shares common
embryonic origin with cells of the ascending aorta.19,35 In
agreement with the disparity of the ascending aorta versus
other aortic regions, Id3 mRNA and protein abundance
was much greater in this region. In contrast to previous
reports using rat thoracic SMCs, in this study Ang II did
not upregulate Id3 protein levels in mouse SMCs.13 In
contrast, we demonstrate that Ang II signaling can initiate
Id3 localization to the nuclei compartment at 1 and 24
hours. Previous data demonstrated Id3 was upregulated
and phosphorylated at these intervals in correlation with
cell cycle progression.21 Furthermore, direct evidence of a
role of Id3 in the hyperplastic response to Ang II was
derived from mice with genetic deficiencies of this protein.
Although there is the potential for Id3 deficiency to lead to

compensatory increases of other Id proteins, the total
ablation of Ang II–induced hyperplasia of the ascending
aorta provided a striking demonstration of the specific
requirement for Id3. Moreover, effects of Id3 deficiency on
Ang II–induced proliferative responses were observed
despite a marked increase in the blood pressure response to
Ang II, supporting pressure-independent effects of Ang II
on SMC proliferation.

In summary, this study demonstrated that Ang II infusion
promotes aortic medial expansion by disparate mechanisms
in a region-specific manner. A major difference was the
demonstration of the disparity of responses in the ascending
aorta compared to other regions. Unique responses of this
region in aortic luminal expansion have also been demon-
strated in mice harboring fibrillin-1 mutations that were
infused with Ang II.54 Although this study defined Ang
II–induced changes in SMCs, this effect could be directly on
SMCs or indirectly from another cell type. For example,
endothelial cells secrete a wide range of products that directly
affect SMC function. Recent data implicate platelet-derived
growth factor-DD secretion from endothelial cells as a
moderator of SMC phenotypic modulation, particularly in
areas of disturbed blood flow such as the aortic arch.55 Thus,
subsequent studies will determine the contribution of SMC
and endothelial cells to the observed phenotypes by using
Cre-Lox technology to promote cell-specific AT1a receptor
deficiency.
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Novelty and Significance

What Is Known?

● In cultured cells, Ang II predominantly promotes hypertrophy of SMCs,
although some studies demonstrate proliferation.

● Ang II induces the generation of ROS.
● Id3 promotes SMC proliferation.

What New Information Does This Article Contribute?

● Ang II induced both aortic SMC hypertrophy and hyperplasia in a
region-specific manner, in vivo, independent of blood pressure.

● Ang II–mediated hypertrophy and hyperplasia were dependent on
AT1a receptors and ROS.

● Ang II–induced hyperplasia in the ascending aorta was inhibited by
Id3 deficiency.

Angiotensin II (Ang II) infusions induce several distinct vascular
pathologies that are region-specific in the aorta. In vitro

experiments have implicated smooth muscle cells (SMCs) as
having a role in these pathologies. The objective of this study
was to define region-specific effects of Ang II infusion in the
aortic media and define mechanisms for the differences in vivo.
Infusions of Ang II into normolipidemic mice for 28 days
promoted equivalent medial thickening throughout the aorta
because of stimulation of angiotensin II type 1a (AT1a) receptors
but was independent of blood pressure changes. This thickening
was attributable to increased SMC size; except in the ascending
aortic region where there was a profound increase in SMC-
associated nuclei. The medial changes, in all regions, were
ablated by the inability to form reactive oxygen species (ROS) by
the NAPDH oxidase system, as demonstrated in p47phox-
deficient mice. However, the Ang II–induced increases in
numbers of ascending aortic nuclei was ablated by the defi-
ciency of inhibitor of differentiation 3 (Id3). This is the first study
to demonstrate that Ang II induces SMC hypertrophy with Id3-
dependent, region-specific proliferation in the aortic arch. These
studies provide a basis for defining the role of Id3 in the Ang
II–induced pathology of the ascending aorta.
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SUPPLEMENT MATERIALS AND METHODS
Mice:  

AT1a receptor deficient mice (N=10; B6.129P2-Agtr1atm1Unc; stock no. 002682),
C57BL/6 (stock no. 000664), and p47phox mutant mice (B6(Cg)-Ncf1m1J/J, stock no.
004742; backcrossed N $10 C57BL/6; C57p47/p47) were purchased from the Jackson
Laboratory.  Littermate controls were utilized for all experiments.  Id3 -/- mice were a
generous gift from Dr. Yuan Zhang (Duke University), and were N $10 for the C57BL/6
background.  Mice were housed in a pathogen-free environment and fed a normal diet
(Harlan Teklad catalog No. 2918) and water ad libitum.  All studies were performed
using male mice.  Genotyping for AT1a receptor-/- mice,3 C57p47/p47,10 and Id3-/-16 mice
was performed as described previously.1,2,3  All procedures were approved by the
University of Kentucky IACUC. 
Alzet Pump Implantation:  

At 8 to 10 weeks of age, C57BL/6, AT1a receptor-/-, C57p47/p47, and Id3-/- male
mice were implanted with Alzet mini-osmotic pumps (Model 2004, Durect Corp),
subcutaneously in the right flank and infused with either sterile saline or AngII (Sigma
cat# A9525; 1,000 ng/kg/min) for 28 days (n = 5-10), as described previously.1  In
addition, norepinephrine (L-(-)-norepinephrine bitartrate salt (NE), Sigma cat# A9512;
5.6 mg/kg/day) was infused into C57BL/6, AT1a receptor-/-, and C57p47/p47 mice (n=5
each group).20  NE was dissolved in L-ascorbic acid/saline (Fisher cat# A61; 0.2%
wt/vol) as described previously.18  Nj Nitro-L-arginine methyl ester hydrochloride (Sigma
cat# N5751) was introduced via the drinking water at a concentration of 1.5 mg/ml
(~100 mg/kg/day, changed daily).11

Systolic Blood Pressure Measurement:  
SBP was measured noninvasively on conscious mice using the Visitech tail cuff

system (BP-2000 Visitech Systems).  Mice were habituated 1.5 weeks prior to pump
implantations and SBP was measured 5-6 times a week, at the same time of day,
throughout the entire infusion period, as described previously.2  
Tissue Preparation:  

Mice were anesthetized with ketamine/xylazine, blood was collected with EDTA
(0.2% wt/vol) from the right ventricle, and exanguination was performed via an incision
in the right atria.  Aortas were perfused via the left ventricle with phosphate-buffered
saline and then perfusion fixed with paraformaldehyde (4% wt/vol) under physiological
pressure for 30-45 minutes.  Organs were removed and aortas were filled, via the left
cardiac ventricle, with low melting point agarose (Promega cat# V2111; 3% wt/wt ) and
colored with a green tissue dye (Polysciences, Inc. cat# 24110), as described
previously.19  Ascending aortic sections were located 1 to 3 mm distal to termination of
valve leaflet stubs.  Thoracic sections were located between 5 mm and 7 mm posterior
of the left subclavian artery.  Suprarenal abdominal aortic sections were flush with the
superior mesenteric artery and 2 mm anterior.  Infrarenal abdominal aortic sections
were 2 mm cut from the left renal branch to the posterior.  These aortic sections are
schematically represented in Online Figure I.  Aortic sections were placed in OCT
(Tissue-Tek cat# 4583) and cut serially in 10 μm increments (posterior to anterior) with
9 sections per slide and a total of 8 slides.  With the exception of ascending arch aortas
(no branch points), all branch points and aortic vessels were discarded, leading to the
final coverage of approximately 900 to 1500 μm of aorta per cross-sectional slide. 
Morphometric Analyses: 
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Sections were stained with hematoxylin-eosin, mounted with glycerol/gelatin
(Sigma), and captured on a Nikon Optiphot-2 with a Nikon DXM camera.  The inner
elastic lamina was traced and subtracted from the outer elastic lamina to measure
medial areas.  Medial thickness was calculated from means of 4 orthogonal measures
of the distances between the internal and external elastic lamina. Mean medial areas
and thicknesses were measured from 5 to 15 sections per mouse.  Measurements were
performed using Image Pro-Plus 5.0 software (Media Cybernetics).  
Nuclei Counting:  

Frozen sections were fixed in paraformaldehyde (4% wt/vol).  Propidium iodide
staining (Molecular Probes, P-3566, 1 μg/ml) was performed, subsequently to RNA
digestion for 15 min at 37EC.  The nuclei counts were quantitated on 2 aortic segments
of equivalent length (0.25 mm) per serial section (minimum of 6 sections per slide). 
Aortic Immunostaining and Histology:    

Histological analysis was performed on paraformaldehyde fixed frozen sections
using Movat’s pentachrome (PolyScientific, cat# K042).  Immunostaining was performed
on frozen serial sections as described previously.14  An α-actin SMC antibody (5 μg/ml;
Abcam, cat# ab5694) was incubated for 30 minutes at 37EC.15  Subsequent application
of a goat antirabbit biotinylated antibody (1:500; Vector) was incubated for 30 minutes at
37EC.  Positive reactive areas were visualized via application of an ABC kit (10 minutes
37EC) and subsequent detection with AEC chromogen (2 applications of 10 minutes
37EC; Vector).  Several controls were used, including:  no primary antibody, no primary
and secondary antibodies, and non-immune IgG (Online Figure II).15  Images were
captured with a 20x objective lens using a Nikon Eclipse E600 scope and a Nikon
DXM1200F digital camera.  
SMC Isolation:

Aortas from 8-10 week old male C57BL/6J mice (Jackson Laboratory) were
isolated and dissected free of adventitia in serum-free Dulbecco’s Modified Eagle’s
Medium (DMEM).  Aortas were divided into four sections:  ascending aorta (above the
heart to left subclavian artery), thoracic aorta (left subclavian artery to last intercostal
artery), suprarenal aorta (last intercostal artery to right renal artery), and infrarenal aorta
(left renal artery to iliac bifurcation).  SMCs were isolated via chemical digestion using
type III porcine pancreatic elastase (250 μg/ml, Sigma) and type I collagenase (1 μg/ml,
Worthington), as described previously.17  SMCs were maintained in DMEM with fetal
bovine serum (20% vol/vol; FBS, Equitech, Inc.) and penicillin and streptomycin (1%
wt/vol, Gibco) in a 37EC incubator with 5% CO2.  SMC phenotype was determined via
visualization with Cy3 labeled α-actin clone 1A4 (Sigma).    
Cellular Immunofluorescence and Confocal Microscopy:

SMCs were isolated as described above, and grown on glass Lab-Tek chamber
slides (Nunc) (n=6 separate samples each section).  At 70% confluency, cells were
washed, and subsequently incubated with serum-free media.  After 72 hours, wells were
rinsed with PBS, and incubated with either saline or AngII (1 μM) for 1, 2, 12, and 24
hours.  Slides were then rinsed with PBS and fixed with paraformaldehyde (4% wt/vol)
for 10 minutes.  Cells were permeabilized with Triton X-100 (0
.5% vol/vol) in PBS for 10 minutes at 37EC.  Non-specific binding was blocked via
incubation with normal goat serum (15 μg/ml) and BSA (1% wt/vol) for 30 minutes at
37EC.  An rabbit monoclonal Id3 primary antibody (5 μg/ml; Cal Bioreagents, clone 6-1)
was incubated overnight in a humidity chamber at 4EC.  After washing 3 times in PBS,
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secondary goat antirabbit labeled Cy2 (1:250 dilution, Jackson Immuno) and Cy3-
labeled α-SMC actin (1:100 dilution, clone 1A4, Sigma) were added for 30 minutes at
37EC.  Chambers were subsequently washed 3 times with PBS and then incubated with
Hoechst 33342 (1 μg/ml; Invitrogen) for 5 minutes.  Chambers were removed, slides
were mounted with aqueous mounting media (Biomeda Corp), and coverslips were
fixed in place using clear nail polish.  Controls were included using no addition of
primary antibody, no addition of either primary or secondary antibodies, and rabbit IgG
control (5 μg/ml).  Slides were visualized and captured using an Olympus BX61WI
confocal microscope and FluoView software.
SMC Proliferation Analyses:

SMCs were isolated, as described above, counted using a hemacytometer, and
seeded onto 35 x 10 mm culture wells at 10,000 cells/well.  Separate primary harvests
from 5 different groups of 8-10 week old male C57BL/6 mice (Jackson Laboratory) were
performed.  Cells were immediately serum-starved for 24 hours and then incubated with
saline, AngII (1 μM), or PDGF-BB (25 ng/ml; Sigma) for 24, 48, or 72 hours.  Saline,
AngII, or PDGF-BB were incubated with cells in the presence of FBS (2.5% vol/vol;
which did not induce changes in cell numbers).  Wells were washed 3 times using PBS
and cells removed using trypsin-EDTA (0.25% wt/vol; Gibco), quenched with FBS, and
subsequently counted using a hemacytometer.  Cell numbers were also verified on a
Hemavet 950 (Drew Scientific) cell counter.
Dichlorodihydrofluorescein diacetate (DCF-DA) Analyses:

SMCs were isolated, as described above, plated on glass Lab-Tek chamber
slides, and grown to ~70-80% confluency in DMEM with FBS (20% vol/vol; n=5
separate samples each section).  Cells were then serum-starved for 24 hours in DMEM,
and subsequently incubated with AngII (1 μM), AngII (1 μM) + losartan (1 μM), saline,
H2O2 control (1 μM), or saline no DCF-DA blank control.  DCF-DA (Invitrogen) reagent
was incubated with cells after 24 hours of incubation.  Chamber slides were
subsequently visualized using a Nikon Eclipse E600 scope with excitation sources and
filters appropriate for fluorescein (FITC) detection.
Amplex Red Analyses:

SMCs were isolated, as described above, plated on 6-well culture plates, and
grown to ~70-80% confluency in DMEM with FBS (20% vol/vol; n=4 separate samples
each section).  Cells were serum-starved for 24 hours and incubated with saline, AngII
(1 μM), or AngII (1 μM) + PEG-catalase (100 U/ml, Sigma) for an additional 24 hours. 
Amplex red assay (Invitrogen) was performed using modifications described previously
in the protocol.21  Fluorescence intensity was determined using a microplate reader
(Molecular Devices, SpectroMax M2) in the excitation range of 530-560 nM and
emission detection at 590 nm.  SMCs were incubated with standard lysis buffer, protein
was extracted, and examined using a Bradford Assay (Bio-Rad).  Fluorescent readings
were subsequently normalized to cellular protein content.
Detection of Extracellular Superoxide using Cytochrome c Reduction Assay

Two arterial rings (2 mm) were each isolated from the arch, thorax, suprarenal,
and infrarenal regions of aortas dissected from C57BL/6 mice (n = 32 mice; n = 4
separate samples).  Briefly, aortas were removed, 2 aortic pieces per region were
placed into DMEM containing FBS (5%) and incubated with either with saline or AngII (1
μM) for 24 hours.  Aortic segments were washed in sterile PBS and placed into modified
Krebs/HEPES buffer additionally containing deferoxamine mesylate (100 μM, Sigma
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D9533) and PEG-catalase (100 U/ml, Sigma).  Cytochrome c (50 μM, Sigma C4186)
was added and the samples were incubated at 37E C for 1 hour with or without PEG-
SOD (200 U/ml, Sigma S9549).  Cytochrome c reduction was calculated via
absorbances on a microplate reader (Molecular Devices, SpectroMax M2) at 540, 550,
and 560 utilizing the following equation: 550 - ((540+560)/2).  Formation of superoxide
was calculated using the following equation ((ΔOD without SOD - ΔOD with SOD)/ 21.1
mM-1 cm-1).  Superoxide production was normalized to tissue protein concentration
using a Bradford Assay (Bio-Rad). 8,12,13

Detection of Intracellular Superoxide using High Performance Liquid
Chromatography (HPLC)

Alzet pumps containing saline or AngII (1000 ng/kg/min) were implanted into 8-
10 week old male C57BL/6J mice (Jackson Laboratory) for 14 days (n = 5 per group). 
Mice were then euthanized, aortas extracted, placed in ice-cold modified Krebs/HEPES
buffer, and quickly cleaned free of adventitia.  Arterial rings ( 2 mm) were obtained from
each aortic region, as described above, and incubated with dihydroethidium (DHE, 50
μM, Molecular Probes) in modified Krebs/HEPES buffer for 30 min at 37EC. Tissues
were then homogenized in methanol (300 μl) using a glass mortar and pestle.    Aliquots
were used for protein determination (Nanodrop 8000 spectrophotometer; Nanodrop
Products, Wilmington, DE) and HPLC analysis.  A Beckman HPLC System Gold model
with a C-18 reverse phase column (Nucleosil 250-4.5 mm), equipped with both UV and
fluorescence detectors was used to separate 2-hydroxyethidium (2-OH-E+) and ethidium
from DHE.  Fluorescence detection at 580 nm (emission) and 480 nm (excitation) was
used to monitor oxyethidium production.  UV absorption at 355 nM was used for
detection of DHE.  The mobile phase was composed of a gradient containing 100%
acetonitrile and 0.1% trifluoroacetic acid.  DHE, 2-OH-E+, and ethidium were resolved
using a linear gradient of acetonitrile from 32 to 47% over 25 minutes at a flow rate of
0.5 ml/min.  2-HE+ was calculated from peak area and subsequently compared to a
DHE control (50 μM) peak and normalized to protein (mg).  
Apoptosis Analysis via Tdt-mediated dUTP nick end labeling (TUNEL):

SMCs were isolated, as described above, plated on glass Lab-Tek chamber
slides, and grown to ~80% confluency in DMEM with FBS (20% vol/vol; n=5 separate
samples each section).  Cells were serum-starved for 24 hours and subsequently
incubated with saline, AngII (1 μM), or Staurosporine (1 μM, Sigma) for 24 hours. 
Apoptotic cells were detected using the in situ cell death TUNEL detection assay
according to manufacturer’s instructions (Roche Applied Sciences, Cat# 12156792910). 
Nuclei were stained with Hoechst 33342 (1 μg/ml; Invitrogen) for 5 minutes, and the
slides were subsequently examined via fluorescent microscopy.  The percentage of
TUNEL-positive cells (relative to total SMCs) were determined by counting ~200 to 300
cells in 10 randomly chosen fields per well for each aortic segment and each
experiment.
Renin Analyses: 

Blood was collected in syringes filled with EDTA (0.2 M) and centrifuged at 2,000
rpm for 20 minutes for plasma collection.  Renin concentrations in plasma (8 μl) were
measured by incubation with an excess of angiotensinogen (0.4 μM; Sigma) in the
presence of EDTA (0.02 M) for 30 min at 37EC.  AngI generated was quantified by RIA
using a commercially available kit (Diagnostic Systems Laboratories).9 
Cell Culture and Western Blot Analyses:

5
 at UNIV OF KENTUCKY on February 21, 2011 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


SMCs were isolated, as described above, and plated on 6-well culture plates in
DMEM with FBS (20% vol/vol).  Separate primary harvests from 3 different groups of 8-
10 week old male C57BL/6 mice (Jackson Laboratory) were performed.   At ~70-80%
confluency, wells were washed 3 times with PBS and serum-starved for 72 hours, as
described previously.7  Cells were then incubated with either saline or AngII (1 μM) for
1, 2, 12, or 24 hours and total cell lysates were extracted using 1x cell lysis buffer (cat:
9803; Cell Signaling) with addition of protease inhibitor cocktails.  Protein content was
measured using a Bradford Assay (Bio-Rad) and subsequently equal amounts of
protein (20 μg) were resolved using SDS-PAGE (12.5% wt/vol), and transferred via
electrophoresis (50 V for 90 minutes) to PVDF membranes (Millipore).  Membranes
were blocked at room temperature with nonfat milk (5% wt/vol) in Tris-buffered saline,
containing tween 20 (0.5% vol/vol; TBS-T).  Membranes were cut at the 25 kD
molecular weight marker and the lower section was incubated with an antibody against
Id3 (0.5 μg/ml, clone 6-1, Cal Bioreagents).  The upper section was incubated with a β-
actin antibody (1:1000, Sigma) overnight at 4EC.  Horseradish peroxidase-conjugated
secondary antibodies were incubated for 1 hour and immune complexes were visualized
by a Supersignal West Pico Chemiluminescence Kit (Pierce) and quantified using a
Kodak Imager.
Real Time Polymerase Chain Reaction: 

Ascending (aortic sinus to left subclavian), thoracic (left subclavian to last
intercostal), suprarenal (last intercostal to right renal), and infrarenal (left renal to iliac
bifurcation) sections of aortas were harvested from thirty 8 week old male C57BL/6 and
placed in RNA Later (Ambion, cat# 7024), and adventitia was removed.  Aortas were
combined, in groups of 5, for a total of 6 independent samples for each section.  Aortas
were ground with a glass mortar and pestle in the presence of lysis buffer (Rneasy
Fibrous Minikit Isolation System, Qiagen, cat# 74704).  All samples were incubated with
Turbo DNA-free (Ambion, cat# AM1907) to remove all DNA contamination.  RNA
concentrations were quantified using a UV spectrophotometer (Beckman DU530). 
Reverse transcription of RNA was performed with i-script (Bio-Rad, cat# 170-8891) with
a concentration of 100 ng total RNA using an i-cycler (Bio-Rad).  Real-time analysis of 
cDNA amplifications were performed using a Bio-Rad i-cycler with Id3 Taqman probes
(Applied Biosystems, catalog# Mm00492575-m1) and IQ supermix (Bio-Rad, cat# 170-
8860).  These results were compared to an 18s rRNA endogenous control (Applied
Biosystems, cat# 4352930E).  Results were extrapolated using the standard curve
method with kidney serving as the Id3 standard.  Negative controls consisted of no RT
controls and Id3-/- tissue cDNA, which was not detectable with these primers.  Another
separate run was performed and stopped in the middle of the sigmoidal real-time curve. 
These samples were run on agarose gels (3% wt/vol) diluted with a 6x blue-green
running dye and molecular weight was analyzed with a PGEM DNA marker (Promega).
Statistics:   

All statistical analyses were performed using either SigmaStat (SPSS Inc.) or
version 8.2 of SAS (SAS Institute).  All measurements are represented as means ±
SEM.  One Way ANOVA was performed on measurements, where indicated, with a
Holm-Sidak post hoc test.  For two group comparison of parametric data, a Student’s t-
test was performed.  Repeated measures data were analyzed with SAS fitting a linear
mixed model expressing the temporal trend in systolic blood pressure as a quadratic
polynomial in time for each treatment.  A Bonferroni-adjusted pairwise comparison was
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performed within similar genotypes among treatments.
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SUPPLEMENT FIGURES

Online Figure I

Online Figure I. Schematic diagram of analyzed regional aortic segments.  The left
subclavian, superior mesenteric, and left renal arteries represent landmarks for
standardization between animals.  Dashed yellow lines indicate cuts in the aorta, while
arrows represent direction of sectioning from start to finish. 
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Online Figure II

Online Figure II. Controls for the SMC α-actin immunostaining.   Tissue sections
were incubated under the following conditions:  (A)  No primary antibody control
incubated with secondary antibody (1:500 dilution) only, (B) no primary and no
secondary antibody control, and (C) rabbit IgG control (5 μg/ml).
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Online Figure III

Online Figure III. Movat’s pentachrome staining of sections of aortas from mice
infused with either saline or AngII.  The following denotes specific cellular content and
the visual color associated: muscle (red), ground substance (blue/green), elastin fibers
(black), and collagen and reticulum fibers (yellow).
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Online Figure IV

Online Figure IV. AngII induces cellular proliferation in SMCs harvested from
ascending aortas.  SMCs harvested from specific regions were seeded at day 0 with
10,000 cells/well, serum starved for 24 hours, and subsequently incubated for 72 hours
with saline, AngII (1 μM), or PDGF-BB (25 ng/ml).  Histobars are means of 5 individual
experiments and bars represent SEM.  * Denotes P < 0.001 for SMCs from ascending
aortas incubated with either AngII or PDGF-BB versus saline, and thoracic, suprarenal,
and infrarenal PDGF-BB versus saline and AngII (one-way ANOVA with Holm Sidak
post hoc). 
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Online Figure V

Online Figure V. AngII induces similar rates of apoptosis in SMCs from all aortic
regions.  SMCs harvested from specific regions were serum starved for 24 hours, and
subsequently incubated with saline, AngII (1 μM), or staurosporine (1 μM).  Apoptosis
was detected via TUNEL staining compared to all cells counted (% TUNEL positive). 
Staurosporine (black histobar) was similar among all groups (arch SMCs represented). 
Histobars are means of 5 individual experiments and bars represent SEM.  * Denotes P
< 0.001 for SMCs treated with staurosporine compared to all other treatments.   **
Denotes P < 0.01 for AngII SMCs versus saline SMCs (One Way ANOVA with Holm
Sidak post hoc). 
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Online Figure VI

Online Figure VI. AngII induces similar concentrations of ROS in vitro in SMCs from
all aortic regions.  Ascending aortic SMCs were incubated with (A-B) saline, (C) AngII (1
μM), or (D) AngII (1 μM) + losartan (1 μM) for 24 hours and subsequently stained for
DCF-DA (except for A). (E)  Regional release of H2O2 was detected using an Amplex
Red assay in SMCs incubated with saline, AngII (1 μM), or AngII (1 μM) + PEG-catalase
(100 U/ml) for 24 hours.  Histobars are means of 4 individual experiments and bars
represent SEM.  * Denotes P < 0.001 in AngII incubated cells versus all other groups
(one-way ANOVA with Holm Sidak post hoc). 
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Online Figure VII

A      

B

Online Figure VII. Measurement of superoxide in aortic tissues from all regions after
ex vivo and in vivo exposure to AngII.  (A) Vascular superoxide production was detected
in ex vivo aortic segments from all aortic segments utilizing the SOD-inhibitable
cytochrome c reduction assay.  Segments were incubated with saline or AngII (1 μM) for
24 hours. Histobars represent n=4 individual samples and bars represent SEM. *
Denotes P < 0.001 in AngII incubated segments versus saline, in each region (Mann-
Whitney Rank Sum).  (B) In vivo superoxide production was detected in saline and
AngII infused mouse aortas (14 days).  DHE conversion to 2-OH-E+ was measured by
HPLC and represented in arbitrary units (Arb units).  Histobars represent n=5 individual
samples and bars represent SEM.    
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Online  Figure VIII

Online Figure VIII. Detection of Id3 mRNA and protein.  (A) Gel electrophoresis of Id3
mRNA in the 4 aortic regions as indicated.  Examples show mRNA resolved on a 3%
gel with Id3 (top) and 18s rRNA (bottom) from a qRT-PCR stopped in the middle of the
sigmoidal curve.  Growth arrested SMCs from (B) ascending, (C) thoracic, (D)
suprarenal, and (E) infrarenal aortic segments were incubated with either saline or AngII
(1 μM) for 1, 2, 12, or 24 hours.  Blots are representative examples from each regional
segment, with Id3 analysis (top) and β-actin internal control (bottom).  Id3-/- spleen
lysate was used for specificity analysis of the Id3 antibody. 
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Online Figure IX

Online Figure IX. Control immunofluorescent staining in SMCs.  Ascending aortic
SMCs were serum-starved for 72 hours, fixed, and visualized.  Upper images represent
no Cy2 control, while the lower images represents basal ascending Id3 abundance after
serum starvation.  SMCs were stained for nuclei (Hoechst, blue), Id3 (green, right
column only), and α-SMC actin (red).  Merged images are in the bottom panels with Id3
and α-SMC actin colocalization represented by yellow.
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Online Figure X

Online Figure X. AngII-induced nuclei localization of Id3 in SMCs harvested from
ascending aortas.  Ascending aortic SMCs were serum-starved for 72 hours and
incubated with AngII (1 μM) for 1 (upper images), 12 (middle images), or 24 (lower
images) hours.  SMCs were stained for nuclei (Hoechst, blue), Id3 (green), and α-SMC
actin (red).  Images were merged, with Id3 and nuclei colocalization represented by pale
blue and Id3 and α-SMC actin colocalization represented by yellow.
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Online Figure XI

Online Figure XI. Id3 is minimally expressed in thoracic and abdominal SMCs. 
Thoracic (upper images), suprarenal (middle images), and infrarenal (lower images)
aortic SMCs were serum-starved for 72 hours and incubated with AngII for 24 hours. 
SMCs were stained for nuclei (Hoechst, blue), Id3 (green), and α-SMC actin (red). 
Merged images are represented in the bottom panels, with Id3 and α-SMC actin
colocalization represented by yellow.
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Online Table I.  Body weight, plasma renin concentrations, and medial area.

Mouse
Strain Infusions Body Weight 

(g)

Plasma Renin
Concentration
(ng/ml/30min)

Aorta MedialArea (mm2)

Ascending Thoracic Suprarenal Infrarenal

C57BL/6 saline 22.0 ± 0.4 9.6 ± 1.8* 0.105 ± 0.007 0.0775 ± 0.005 0.0559 ± 0.002 0.0390 ± 0.002

AngII 24.4 ± 0.6 1.2 ± 0.8 0.204 ± 0.020† 0.129 ± 0.009† 0.101 ± 0.005† 0.0682 ± 0.005†

NE 23.7 ± 0.7 12.3 ± 1.1* 0.120 ± 0.020 0.0737 ± 0.002 0.0590 ± 0.005 0.0381 ± 0.001

AT1aR-/- saline 26.8 ± 0.5 45.2 ± 2.5* 0.126 ± 0.009 0.0702 ± 0.002 0.0570 ± 0.003 0.0353 ± 0.001

AngII 25.6 ±  0.3 24.8 ± 3.3 0.126 ± 0.006 0.0649 ± 0.004 0.0551 ± 0.005 0.0319 ± 0.001 

NE 26.4 ± 0.3 50.8 ± 3.2* 0.137 ± 0.009 0.0704 ± 0.008 0.0600 ± 0.008 0.0332 ± 0.001 

losartan 32.4 ± 0.6 50.7 ± 11.2* ND ND ND ND

AngII + losartan 30.8 ± 1.0 48.0 ± 6.5* ND ND ND ND

C57p47/p47 saline 26.6 ± 0.4 12.6 ± 0.5* 0.128 ± 0.008 0.0689 ± 0.002 0.0623 ± 0.002 0.0351 ± 0.001 

AngII 26.9 ± 0.9 3.0 ± 0.6 0.129 ± 0.010 0.0746 ± 0.006 0.0683 ± 0.003 0.0361 ± 0.002 

NE 26.8 ± 0.5 14.7 ± 2.1* 0.133 ± 0.040 0.0675 ± 0.002 0.0589 ± 0.002 0.0349 ± 0.002

Id3-/- saline 27.8 ± 0.6 14.9  ± 3.6** 00.137 ± 0.003 ND 0.0562 ± 0.002 ND

AngII 28.3 ± 1.1 2.1 ± 0.2 0.244 ± 0.020† ND 0.118 ± 0.008† ND

Values are represented as mean ± SEM.  ND: not determined.
* Denotes P<0.004 for comparisons to unmarked categories within mouse strains.  
† Denotes P<0.001 in AngII vs all other groups within mouse strains.  
All tests were performed using One-Way ANOVA with post hoc analysis performed using Holm-Sidak.

21

 at U
N

IV
 O

F K
E

N
T

U
C

K
Y

 on February 21, 2011 
circres.ahajournals.org

D
ow

nloaded from
 

http://circres.ahajournals.org

