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Increased angiotensin II (Ang II), matrix metallopro-
teinase type II (MMP2), and sympathetic activity ac-
company age-associated arterial remodeling. To ana-
lyze this relationship, we infused a low subpressor
dose of Ang II into young (8 months old) rats. This
increased carotid arterial MMP2 transcription, trans-
lation, and activation, as well as transforming growth
factor-�1 activity and collagen deposition. A higher
Ang II concentration, which increased arterial pres-
sure to that of old (30 months old) untreated rats,
produced carotid media thickening and intima infil-
tration by vascular smooth muscle cells (VSMCs). Ex
vivo , Ang II increased MMP2 activity in carotid rings
from young rats to that of untreated old rats. Ang II
also increased the ability of early passage VSMCs from
young rats to invade a synthetic basement mem-
brane, similar to that of untreated VSMCs from old
rats. The MMP inhibitor GM6001 and the AT1 receptor
antagonist Losartan inhibited these effects. The �-ad-
renoreceptor agonist phenylephrine increased arte-
rial Ang II protein, causing MMP2 activation and in-
tima and media thickening. Exposure of young VSMCs
to phenylephrine in vitro increased Ang II protein
and MMP2 activity to the levels of old VSMCs; Losartan
abolished these effects. Thus, Ang II-induced effects
on MMP2, transforming growth factor-�1, collagen,
and VSMCs are central to the arterial remodeling that
accompanies advancing age. (Am J Pathol 2005,
167:1429–1442)

Advancing age is the most potent risk factor for the
development of hypertension and atherosclerosis, and
this risk is linked, in part, to a diffuse arterial intimal

thickening.1 This occurs with aging not only in humans
but also in most mammalian species.2–5 The thickened
intima is infiltrated with vascular smooth muscle cells
(VSMCs) in the absence of lipid deposition, macro-
phages, or leukocytes.4 Other molecules that become
altered during aging within the arterial wall include in-
creased angiotensin-converting enzyme (ACE), angio-
tensin II (Ang II), and its receptor type-1 (AT1), �-adre-
noreceptor (�-AR), and endothelin-1 (ET-1).4,6–11

Previous studies from our laboratory demonstrate that
matrix metalloproteinase type 2 (MMP2) activity in situ is
increased within the aortic intima and inner media of
older rodents and nonhuman primates.2,4,12 Further,
early passage VSMCs isolated from the aortic media of
old rats show an increased ability to invade a matrix-
coated membrane, compared to cells from arteries of
younger rats,13,14 and this requires the presence of acti-
vated MMP2.13 Previous studies suggest that the in-
creased number of VSMCs within the thickened, aged
arterial intima might be attributable, in part, to an en-
hanced invasion potential of VSMCs, mediated by
MMP2.2,4,12 Subsequently, we observed that enhanced
MMP2 staining co-localizes with that of increased Ang II
in VSMCs within the thickened, aged, intima,4 suggesting
that Ang II-AT1 signaling may be involved in age-associ-
ated arterial remodeling, as it is in hypertension and
atherosclerosis.15,16

In the present study, we used an in vivo approach to
determine whether chronic administration of Ang II to
young rats can induce arterial remodeling with features
similar to that which accompanies advancing age. We
also studied whether exposure of arterial rings or VSMCs
from young rats to Ang II administered ex vivo or in vitro,
respectively, induces MMP2 activation and endows these
cells with the enhanced invasion capacity characteristic
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of cells from old rats. Additionally, in an attempt to verify
whether the effect of Ang II was specific, and because
the sympathetic nervous discharge, which activates Ang
II signaling, increases with aging,9,10 we determined
whether a chronic infusion of an �-AR agonist, phenyl-
ephrine hydrochloride (PE), mimics the effects of Ang II
infusion. We also studied whether exposure of young
VSMCs to PE in vitro induces MMP2 activation and
whether this involves Ang II signaling.

Materials and Methods

Animals

Male Fisher344 � Brown Norway rats (F344XBN) were
obtained from the National Institute on Aging Contract
Colonies (Harlan Sprague Dawley, Inc., Indianapolis, IN).
All procedures were performed according to protocols
approved by the Institutional Animal Care and Use Com-
mittee and complied with the guide for the care and use
of laboratory animals (National Institutes of Health publi-
cation No. 3040-2, revised 1999).

Drug Infusion and Blood Pressure Measurement

Thirty-five young rats (8 months old) were randomly allo-
cated into four groups and implanted subcutaneously
with osmotic minipumps (model 2004; Alzet Corp., Palo
Alto, CA) in the midscapular region, according to meth-
ods described previously.17 Briefly, rats were infused
with Ang II (Sigma, St. Louis, MO) at a rate of 50 ng/kg/
min (Y-50, n � 10), at a rate of 200 ng/kg/min (Y-200, n �
10), or with PE (Sigma) at a rate of 15 mg/kg/day (Y-PE,
n � 5) for 28 days. Rats infused with saline served as
untreated young controls (Y, n � 10), 30-month rats
infused with saline solution served as an untreated old
group (O, n � 10).

Systolic blood pressure (SBP) was measured via a
tail-cuff method according to the manufacturer’s guide-
lines (RTBP 1007; Kent Scientific Co., Torrington, CT).
Owing to peripheral vascular constriction, blood pressure
was not acquired directly by a tail-cuff approach in rats
infused with PE. Rather, intra-aortic pressure was mea-
sured via a 2.0-F Millar pressure conductance catheter
(model SPR-838; Millar Instruments, Houston, TX) at the
endpoint of the experiment.

Tissue Harvesting

Rats were sacrificed with an overdose of sodium pento-
barbital, and carotid tissues were harvested and pro-
cessed according to the protocol described previous-
ly.18,19 Diameter measurements were performed using an
automatic image processing system (MetaMorph Imag-
ing System; Universal Imaging Corp., Downington, PA).
To determine the type of carotid arterial remodeling we
calculated the ratio of wall to lumen, W/L, based on the
intima-media thickness (IMT) as follows: W/L � 2 � ca-
rotid IMT/carotid diameter; and vascular mass, VM, cal-

culated as: � � IMT2, where � is the arterial wall
density.18,20

Organ Culture

Carotid artery rings were explanted and cultured as previ-
ously described.21 Organ cultures were used to examine
the effect of Ang II on intact carotid arteries in the absence
of neurohumoral adaptations and changes in blood pres-
sure.21 This method also permitted the analysis of potential
signaling mechanisms responsible for Ang II modulation of
MMP2 expression. After dissection of adventitial tissue, ca-
rotid segments were placed in six-well dishes containing
Dulbecco’s modified Eagle’s medium (DMEM) � F12 (1:1)
(Life Technologies, Inc., Grand Island, NY) and antibiotics
(penicillin 100 U/ml, streptomycin 100 mg/ml) and supple-
mented with 5 �g/ml of transferrin and 5 �g/ml of insulin.
The vessel segments were then maintained in a tissue cul-
ture incubator at 37°C and exposed to various experimental
conditions for the times indicated. The vascular segments
were frozen in LN2 and the supernatants were stored at
�80°C until use. Some of the vascular segments were
embedded in OCT medium for in situ zymography and
immunohistochemistry.

VSMC Isolation and Culture

Smooth muscle cells were enzymatically isolated as pre-
viously described.22 Briefly, F344XBN rat thoracic aortae
were rinsed in Hanks’ balanced salt solution containing
50 �g/ml penicillin, 50 �g/ml streptomycin, and 0.25
�g/ml amphotericin B (Life Technologies, Inc.). After di-
gestion for 30 minutes in 2 mg/ml of collagenase I solu-
tion (Worthington Biomedical, Freehold, NJ) at 37°C, the
adventitia and intima were removed from the vessel me-
dia layer, which was placed overnight in complete me-
dium (DMEM plus 10% fetal calf serum). On day 2 the
vascular media was further digested with 2 mg ml of
collagenase II/0.5 mg/ml elastase (Sigma) for 1 hour at
37°C, and the isolated cells were washed and plated in
complete medium. In all cases, �95% of cells stained
positive for �-smooth muscle actin (�-SMA).

VSMC Invasion

VSMC invasion was performed as described previously
in modified Boyden chambers (Neuroprobe, Cabin John,
MD) with 8-�m pore-size polycarbonate filters (Costar,
Cambridge, MA) coated with Matrigel (BD Biosciences,
Palo Alto, CA).21 Bovine serum albumin (control) or plate-
let-derived growth factor (PDGF)-BB (10 ng/ml, Upstate
Biotechnology, Inc., Lake Placid, NY) was added to the
lower chamber in 220 �l of migration medium: DMEM,
0.1% bovine serum albumin. Early passage (p3 to p5)
VSMCs were cultured with or without Ang II (100 nmol/L),
GM6001 (15 �mol/L), and Losartan (100 nmol/L) for 24
hours in 2.5% fetal bovine serum and DMEM and added
to the upper chamber at 106 cells/ml in 200 �l of migra-
tion medium. After 4 hours at 37°C, 5% CO2, the cells
were fixed on the lower side of the filter and stained using
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the HEMA3 system (Curtin Matheson Scientific, Inc.,
Houston, TX). Four random fields were counted at �400
magnification. Data are expressed as the average num-
ber of cells/field.

Early passage (p3 to p5) VSMCs were cultured with or
without Ang II (100 nmol/L), PE (100 nmol/L), and Losar-
tan (100 nmol/L; Merck Research Laboratories, Rahway,
NJ) for 24 hours in 2.5% fetal bovine serum and DMEM.
In addition, VSMCs were treated with or without ET-1 for
24 hours. The activated MMP-2 was assessed by both
Western blot and polyacrylamide gel electrophoresis gel-
atin zymography. The average of activated MMP-2 was
from three independent experiments.

In Situ Hybridization, Immunohistochemistry,
and Immunofluorescence

In situ hybridization, immunohistochemistry, and immuno-
fluorescence, as well as their positive signal quantifi-
cation, were performed according to the methods
described previously.2,4 Immunohistochemistry was
performed according to the protocols provided by the
manufacturer (DAKO, Carpinteria, CA). The source and
characteristics of primary antibodies used are listed in
Table 1.

Western Blot

Immunoblotting was performed according to the modi-
fied method previously described.4 Primary antibodies
for Western blot analyses are listed in Table 1.

In Situ Zymography

To localize net in situ gelatinolytic activity of MMPs by
zymography, fluorescein isothiocyanate-labeled DQ gel-
atin intramolecularly quenched (Molecular Probes, Inc.,
Eugene, OR) was used as a substrate. Fresh carotids
were collected and rinsed in cold phosphate-buffered
saline to remove outside connective tissue. The carotids
were then immersed in ornithine carbamyl transferase
(OCT) (Tissue-Tek, Torrance, CA) and quick-frozen into a
block of dry ice. The carotids in the OCT blocks were cut
into 10-�m sections using a cryostat (Leica, Wetzler,

Germany) and collected sequentially. In situ zymography
was performed by modification of a combination of two
methods previously described.19,23 Fluorescein isothio-
cyanate-labeled DQ gelatin (1 mg/ml; Molecular Probes,
Inc.) was mixed (1:1) with 1% agarose and melted in
reaction buffer (0.05 mol/L Tris-HCl, 0.15 mol/L NaCl, 5
mmol/L CaCl2, and 0.2 mmol/L NaN3, pH 7.6). The liquid
mixture was spread on prewarmed glass slides by a
maneuver similar to that used to produce blood smears,
and the film was allowed to gel at room temperature.
Frozen sections of unfixed tissue were cut and applied to
the top of the substrate film. A drop of the reaction buffer
was added over each tissue section, and a silated cov-
erslip was applied. Slides were incubated in light-pro-
tected humidified chambers at 37°C for 48 hours. At the
end of the incubation period and without fixation or
washes, lysis of the substrate was assessed by exami-
nation under fluorescence microscopy. As a negative
control for in situ zymography, the frozen sections were
processed as above but without the fluorescein isothio-
cyanate-labeled DQ gelatin, and 3.8 �g/ml of an antibody
against MMP2 was added to the reaction to inhibit
metalloproteinase.

Statistical Analysis

All results are expressed as the mean � SEM. Statistical
comparisons for group differences were made via an
analysis of variance, followed by Bonferroni post hoc
tests. A P value of �0.05 was taken as statistically
significant.

Results

Systolic Blood Pressure and Intimal Remodeling
of Carotid Arteries

In F344XBN rats, systolic blood pressure (SBP) in-
creased with age, from 108 � 6 mmHg at 8 months of
age to 158 � 6 mmHg at 30 months of age (Figure 1;
online, see http://ajp.amjpathol.org). A 28 days infusion of
Ang II (200 ng/kg/minute) to young rats increased SBP
from day 2 onward. At day 28, SBP was 144 � 14 mmHg,
similar to that level observed in old untreated rats. SBP

Table 1. Primary Antibodies Used for Immunostaining and Western Blotting

Antibody Species Titer for IHC Titer for WB Source

MMP-2 Rabbit 1:100 1:1250 Chemicon Int., Inc., Temecula, CA
TIMP-2 Rabbit 1:100 Chemicon Int. Inc.

Mouse 1:100 Chemicon Int. Inc.
MT1-MMP Rabbit 1:250 Chemicon Int. Inc.

Mouse 1:250 Chemicon Int. Inc.
�-SMA Mouse 1:80 DAKO, Glostrup, Denmark
CD4 Mouse 1:50 DAKO
CD14 Mouse 1:50 DAKO
CD19 Mouse 1:50 DAKO
Collagen type I Rabbit 1:50 Rockland, Gilbertsville, PA
Collagen type III Rabbit 1:50 Rockland
TGF-�1 Rabbit 1:50 Santa Cruz Biotechnology, Santa Cruz, CA
Ang II Rabbit 1:50 Peninsula Laboratories, Inc., San Carlos, CA
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did not increase significantly in young rats infused with
Ang II (50 ng/kg/minute) (Figure 1; online supplement,
see http://ajp.amjpathol.org).

To characterize the carotid arterial remodeling that
accompanies aging or that is affected by Ang II infusion,
we measured the vessel diameter and the ratio of the
wall-lumen, W/L, and vascular mass, VM. With aging W/L
and VM were increased 1.3-fold and 2-fold, respectively.
Compared to young untreated rats the high dose of Ang
II infusion (200 ng/kg/minute) induced hypertrophic re-
modeling of the carotid wall (1.2-fold increase in W/L and
1.7-fold in VM), similar to that of the old, untreated ani-
mals (Figure 2; online supplement, see http://ajp.amj-
pathol.org). The low dose of Ang II (50 ng/kg/minute),
while increasing collagen content (see below), did not
produce wall thickening of young arteries.

In untreated rats, the age-associated increase in
intimal thickness was 77% (Figure 1). Ang II infusion
into young rats (200 ng/kg/minute) increased their in-
timal thickness to that of the old untreated rats (Figure
1, A and B). The medial thickness increased 1.4-fold
with age in untreated rats, and after Ang II, the medial
thickness of young rats was increased to the level of

Figure 1. Carotid arterial remodeling. A: �-Smooth muscle actin immunostaining of paraffin sections of carotid from untreated young (Y) and old (O) rats and
young rats infused with Ang II (200 ng/kg/min, Y-200; or 50 ng/kg/min, Y-50). Yellow arrows indicate intimal VSMCs. B and C: Average carotid artery intima
(B) and media (C) thickness. D: The average number of VSMCs per cross area. L, Lumen; M, media. Original magnifications, �400.

Figure 2. Carotid artery MMP2 total protein and activity. A: Representative
immunoblots of protein lysates from carotid arteries with an antibody
against MMP2. Total and activated vascular MMP2 increased in young rats
infused with Ang II (Y-200) and untreated old rats. B: A representative
polyacrylamide gel electrophoresis gel zymogram of protein lysates from
carotid arteries, showing two clear proteolytic bands corresponding to
latent and activated MMP-2 in young rats infused with Ang II (Y-200) and
in untreated old rats. C: Average carotid MMP-2 activity. STD, Recombi-
nant MMP2 (50 ng).
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the old rats (Figure 1C). Immunostaining for �-smooth
muscle actin, a marker for VSMCs, indicated that dis-
oriented cells were located within the thickened intima
of untreated old rats, and in young rats infused with
Ang II (200 ng/kg/minute) (Figure 1A). The number of
intimal VSMCs increased by 6.3-fold with aging (Figure
1D), and by 4.7-fold in young rats infused with Ang II
(200 ng/kg/minute). Intimal collagen type I and type III
increased with aging, 3.5- and 3.8-fold, respectively
(Figure 3; online, see http://ajp.amjpathol.org). Ang II
infusion (200 ng/kg/minute) in young rats increased
intimal collagen type I expression by 3.4-fold, and type
III by 4.0-fold (Figure 3; online supplement, see http://
ajp.amjpathol.org). Both types of collagen increased
within the intima and media, but the relative increases
were greater in the intima.

It is noteworthy that, although Ang II at the lower rate
(50 ng/kg/minute) did not induce an increase in arterial
wall thickness or an infiltration of the intima with VSMCs
(Figure 1), it did, however, significantly increase the
deposition of collagen type I and type III to a level
equaling that of the high infusion rate (Figure 3; online
supplement, see http://ajp.amjpathol.org). Because
transforming growth factor-�1 (TGF-�1) is a potent
profibrotic cytokine, and a downstream target of Ang II
signaling,15,24 we analyzed its protein expression dur-
ing aging, and after Ang II infusion. TGF-�1 staining
was increased 3.1-fold within the old rat carotid wall

compared to that of untreated young rats (Figure 3;
online, see http://ajp.amjpathol.org). Furthermore, a
1.6- and a 1.9-fold increase of TGF-�1 staining was ob-
served within the carotid wall of young rats infused with
Ang II at either a low rate (50 ng/kg/minute) or high rate
(200 ng/kg/minute), similar to old untreated rats (Figure
3; online supplement, see http://ajp.amjpathol.org).

Total Vascular MMP2 Protein and Activity

Total MMP2 protein in the carotid artery significantly
increased with age in untreated rats and in young rats
infused with Ang II (Figure 2A). Polyacrylamide gel
electrophoresis zymography demonstrated that bands
corresponding to activated MMP2 were only detect-
able in immunoblots of young rats infused with Ang II
(200 ng/kg/minute) and untreated old rats (Figure 2A).
The 50 ng/kg/minute Ang II infusion had no measurable
effect (Figure 2B). On average, activated MMP2 was
increased by 4.6-fold in old rats compared to young
rats. Ang II infusion (200 ng/kg/minute) into young rats
increased activated MMP2 to the level of untreated old
rats (Figure 2C). Of note, activated MMP2 was also
significantly increased after infusion with Ang II 50
ng/kg/minute, but to a level less that of untreated old
rats (Figure 2, B and C).

Figure 3. MMP2 protein staining in situ. A: Representative photomicrographs of paraffin carotid sections stained with an anti-MMP2 antibody (brown color). B
and C: Average staining for MMP2 within the intima (B) and media (C). L, Lumen, M, media. Original magnifications, �400.
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MMP2 Protein Localization in Situ

Immunohistochemistry showed that intimal MMP2 stain-
ing in carotids of old untreated rats increased by 8.8-fold
(Figure 3B). Ang II (200 ng/kg/minute) infusion increased
intimal MMP2 staining of young rats by 11.6-fold, to the
level of untreated old rats. The subpressor dose of Ang II
also significantly increased MMP2 immunostaining, but to
a level less that in untreated old rats. MMP2 staining
patterns in the media were similar to that in the intima
(Figure 3C). In the carotid, either from old or from young
rats infused with Ang II, MMP2 co-localized with the
VSMC marker, �-smooth muscle actin, (Figure 4, top
right; online supplement, see http://ajp.amjpathol.org),
and with the endothelial cell marker, CD31, (Figure 4,
bottom right; online supplement, see http://ajp.amj-
pathol.org). There was no evidence of T cells (CD4), B
cells (CD19), monocytes (CD14), or macrophages
(CD68), within the intima or media. These cells, however,
were occasionally observed within the adventitia of old
rats and Ang II-treated young rats, and also exhibited
increased MMP-2 staining (data not shown).

In Situ TIMP2 and MT1MMP Protein Expression

Intimal MT1MMP staining in old, untreated rats was
increased by 4.8-fold, and TIMP2 staining was in-
creased by 3.5-fold compared to untreated young rats

(Figure 4, A and B). Moreover, the ratios of intimal
MMP2 and MT1MMP staining to TIMP2 staining were
enhanced by 3.1-fold and by 1.3-fold, respectively, in
old versus young rats (Figure 5; online supplement,
see http://ajp.amjpathol.org). Ang II infusion (200 ng/
kg/minute) into young rats increased intimal MT1MMP
staining by 6.3-fold and intimal TIMP2 by 3.4-fold, ie, to
the level of the old rats (Figure 4, B and C). The ratios
of intimal MMP2 or MT1MMP to TIMP2 staining in young
rats infused with Ang II (200 ng/kg/minute) were in-
creased by 3.0-fold and by 1.8-fold, respectively, sim-
ilar to untreated old rats (Figure 5; online supplement,
see http://ajp.amjpathol.org).

Intimal MT1MMP and TIMP2 staining as well as the
ratios of MMP2 and MT1MMP to TIMP2 in young rats
infused with Ang II (50 ng/kg/minute) were not signifi-
cantly increased. In contrast, a significant increase in
both TIMP2 and MT1MMP staining by this Ang II infusion
rate was observed within the carotid media. The TIMP2
and MT1MMP staining patterns within the media were
similar to that in the intima (Figure 4, B and C).

In Situ MMP2, TIMP2, and MT1MMP mRNA

Arterial MMP2, TIMP2, and MT1MMP mRNA all in-
crease with aging.2,4 We used in situ hybridization to
determine whether increased transcription could ac-

Figure 4. TIMP2 and MT1MMP protein staining in situ. A: Representative photomicrographs of paraffin carotid sections stained with anti-TIMP2 or MT1MMP
antibodies (brown color). B and C: Average staining for TIMP2 (B) or MT1MMP (C). L, Lumen; M, media. Original magnifications, �400.
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count for the increased protein levels of MMP2, TIMP2,
or MT1MMP after Ang II infusion. The mRNA staining
for MMP2 within the intima was markedly increased
(ninefold) in young rats infused with Ang II (200 ng/kg/
minute) (Figure 5A). MT1MMP staining increased by
3-fold, and that for TIMP2 by 1.5-fold (Figure 5). The
patterns of altered staining for mRNA in the media are
similar to that in the intima (Figure 5C). The ratio of
MMP2 toTIMP2 mRNA within the intima of young
rats infused with Ang II (200 ng/kg/minute) increased
by 7.0-fold, and that of MT1MMP to TIMP2 mRNA
by 1.7-fold (Figure 6; online supplement, see
http://ajp.amjpathol.org).

In Situ MMP2 Activity of Carotid Arterial Rings
ex Vivo

In vivo Ang II infusion is accompanied by hemodynamic
effects, ie, altered shear stress, and circumferential
wall stress, and at higher doses, by increased SBP
(Figure 1, online supplement, see http://ajp.amj-

pathol.org).25 To determine the Ang II-dependent ef-
fects on MMP2 in the absence of any Ang II hemody-
namic effects, we assessed MMP2 activity by in situ
zymography in isolated carotid rings under zero pres-
sure, and no flow. The in situ fluorescence of activated
MMP2 in rings from young rats was weak, and homo-
geneously distributed throughout the wall. In contrast,
treatment with Ang II (100 nmol/L) increased activated
MMP2 in young rats within the intima and inner media,
similar to untreated old rings (Figure 6A). On average,
the in situ activated MMP2 fluorescence fraction in
rings from old untreated rats was increased by 4.8-
fold, and after Ang II treatment of young rings, MMP2
increased by 4.4-fold, to the level of old rings (Figure
6B). The increase of in situ MMP2 in the young carotid
rings treated with Ang II was completely inhibited by
the AT1 receptor antagonist Losartan (100 nmol/L) (Fig-
ure 6). Importantly, the elevated MMP-2 activity in un-
treated rings from old rats in the absence of exog-
enously added Ang II was also reduced by Losartan
(Figure 6).

Figure 5. MMP2, TIMP2, and MT1MMP in situ mRNA hybridization. A: Representative photomicrographs of paraffin carotid sections stained with anti-sense
MMP2, TIMP2, and MT1MMP RNA probes (purple color). B and C: Average staining for MMP2, TIMP2, and MT1MMP mRNA within the intima (B) or media (C).
L, Lumen; M, media. Original magnifications, �400.
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VSMC Invasion in Vitro

Because MMP2 activation is required for VSMC invasion
of basement membranes,10 an increased VSMC invasion
potential is an expected functional consequence of the
Ang II-induced increase in MMP2 activity. To determine
whether this was indeed the case, we used a modified
Boyden chamber with a filter coated with Matrigel, mim-
icking the basement membrane, to assay aortic VSMC
invasion. PDGF-BB was chosen as the chemoattractant,
since we observed this to be increased in the thickened
aortic intima of old rats, and of young rats infused with
Ang II (Figure 7A). On average, the intimal PDGF-BB-
positive staining areas in aortae from old untreated rats
increased by 1.8-fold. Ang II infusion (200 ng/kg/minute)
to young rats increased the PDGF-BB staining by 1.8-
fold, as in old untreated arteries (Figure 7; online supple-
ment, see http://ajp.amjpathol.org).

The invasion ability of early passage (p3 to p5) medial
VSMCs from old rats was increased by 40% compared to
that of cells from untreated young animals (Figure 7B).
Exposure of young aortic medial VSMCs to Ang II (100
nmol/L) induced a 30% increase in invasion ability, similar to
the level of untreated, old medial VSMCs (Figure 7B). The
enhanced invasion ability of young Ang II-treated VSMCs

was inhibited by Losartan (100 nmol/L) and GM6001 (15
�mol/L), an MMP inhibitor. Importantly, the enhanced inva-
sion ability of untreated medial VSMCs from old rats was
also reduced by GM6001 or Losartan (Figure 7B).

Phenylephrine Increases Arterial Ang II and
Reproduces Ang II Effects in Young Rat Aorta
and VSMCs

Because sympathetic activity activates Ang II signaling
and because arterial sympathetic activity increases
with aging,9,10 we determined whether PE, an �-AR
agonist, induces arterial Ang II expression and MMP2
activation, and effects arterial remodeling similar to
that obtained after Ang II (200 ng/kg/minute) infusion.
PE infusion, at 15 mg/kg/day, into young rats increased
aortic SBP to the same level as Ang II infusion (162 �
1 versus 150 � 7 mmHg, P � 0.05). PE infusion in-
creased intimal thickness by 1.6-fold, and media thick-
ness by 1.4-fold (both P � 0.05), similar to Ang II
infusion. PE infusion increased the Ang II protein stain-
ing fraction by sixfold (P � 0.01), reaching the level of
old untreated rats (Figure 8A). In PE-treated young
rats, MMP2 mRNA and protein were abundantly ex-

Figure 6. In situ gelatinase zymogram in explanted carotid rings of young (n � 4) and old (n � 4) rats, untreated or treated with Ang II (100 nmol/L) and/or
Losartan (Los, 100 nmol/L) for 72 hours. A: Gelatinase activity (green fluorescence) in carotid sections from young and treated with Ang II and Los. B:
Morphometric quantification of in situ gelatinase activity. L, Lumen; M, media. Original magnifications, �400.
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pressed within the carotid wall, particularly within the
thickened intima, (Figure 8B, middle), and activated
MMP2 was elevated by fourfold (P � 0.01) (Figure 8B,
right).

In vitro, in VSMCs from young rats, PE also induced
Ang II protein expression (Figure 9A) and MMP2 activ-
ity (Figure 9B), similar to that after Ang II treatment.
Both PE and Ang II induced similar increases in acti-
vated MMP-2 in young VSMCs, reaching the level of
untreated VSMCs from old rats. Importantly, this effect
of both PE and Ang II, was reduced by Losartan (Fig-
ure 9B).

Discussion

The present results indicate that the remodeling of the
common carotid artery with advancing age in Ang II
untreated rats resembles that of the aorta.2,12 This
remodeling includes intimal-medial thickening; an in-
creased number of VSMCs within the intima (without
evidence of macrophage or lymphocyte infiltration);
increased collagen deposition; MMP2 mRNA, protein,
and in situ activity; and TGF-�1 expression throughout
the wall. The staining for MMP2 co-localizes with that of
endothelial cell and VSMC markers. The increase in

Figure 7. A: Representative photomicrographs of aortic paraffin sections stained with an anti-PDGF-BB antibody (brown color) from a young untreated
rat, a young rat infused with Ang II, and an old untreated rat. B: VSMC invasion assay using a modified Boyden chamber with a Matrigel-coated membrane.
The chemoattractant was PDGF-BB (10 ng/ml). Early passage (p3 to p5) rat VSMCs were exposed to Ang II (100 nmol/L) for 24 hours with or without
Losartan (100 nmol/L) (Los) or GM6001 (15 �mol/L). The average of three independent experiments is shown. L, Lumen; M, media. Original magnifications,
�400.
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MMP2 activity in situ is due to an increase in the total
protein amount, and also to an imbalance in the ratio of
its activator, MT1MMP, and its inhibitor, TIMP2. This
study also shows that explanted carotid rings, or iso-
lated early passage VSMCs from old rats in vitro pro-
duce active MMP2, and that Ang administered in vitro
to arterial rings or VSMCs of young rats increases
MMP2 activity. Previous studies have demonstrated
that links between the sympathetic system and the Ang
II system, eg, immunoreactive renin is found in sympa-
thetic nerve terminals of the heart;26 increased �-AR
signaling enhances angiotensinogen gene expression
in kidney cells;27 and Ang II outflow increases from
skeletal muscle and accumulates in the arterial wall
with sympathetic nerve stimulation.28 Our results dem-
onstrate that in vivo, a chronic infusion of PE repro-
duced the effects of Ang II infusion in arteries, includ-
ing up-regulation of Ang II expression and MMP2
activation. Similarly, exposure of young VSMCs to ei-
ther PE or Ang II in vitro increases Ang II protein and

MMP2 activity to the level of old untreated VSMCs and
this effect is reduced by Losartan.

Previous studies have demonstrated an age-associ-
ated increase in arterial ACE, Ang II, and AT1 recep-
tor.4,6,7 In addition, Ang II and MMP2 are co-localized
with endothelial cells and intimal VSMCs within the aged
aortic wall.4 In the present study, Ang II infusion induces
an increase in MMP2 transcription, translation, and activ-
ity, and an imbalance of the MMP2 activator, MT1MMP
and inhibitor, TIMP2, contributing to MMP2 activation,
similar to that which accompanies age in arterial
walls.2,12 Further, the AT1 receptor antagonist, Losartan,
inhibited MMP2 activation in freshly explanted carotid
rings and VSMCs from old rats. These results suggest
that Ang II-induced MMP2 activation occurs within the
carotid artery remodeled in the context of aging.

The present study also demonstrates that Ang II infu-
sion at a high dose into young rats mimicked the age-
associated increase in arterial pressure in this rat strain
and reproduced nearly all of the aforementioned struc-

Figure 8. Phenylephrine reproduces Ang II effects in young rat aorta. A: Representative photomicrographs of carotid sections stained with an anti-Ang II antibody
(brown color). Average Ang II staining fractions (right). B: Representative photomicrographs of carotid sections stained with an anti-sense MMP2 RNA probe
(purple color; top, right, and middle) and an anti-MMP2 antibody (brown color; bottom, right, and middle). Representative polyacrylamide gel electrophoresis
gelatin zymogram of carotid (inset), and average data of activated MMP2 (right). L, Lumen; M, media. Original magnifications, �400.
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tural and molecular features of the arterial wall that have
been observed previously in older rats of this strain and
hypertensive rats.2,12,29,30 This includes intimal and me-
dial thickening, with increased collagen deposition,
VSMC infiltration in the thickened intima. In contrast, Ang
II infusion at a lower rate, which did not result in an
increased arterial pressure, still induced collagen depo-
sition and increased MMP2 activity. However this in-
crease in MMP2 did not reach that observed with the

higher rate of Ang II infusion into young rats or of un-
treated old rats. Previous studies show that ACE, Ang II,
and AT1 are all up-regulated within the aortic wall of
hypertensive rats,31 and transmural pressure increases
MMP2 activity within the arterial wall in a pressure-depen-
dent manner.32 Other studies have shown that stretch,
per se, induces Ang II secretion and activation of AT1
receptor in the absence of an increase in arterial pres-
sure.33 Thus, arterial stretch that accompanies an in-

Figure 9. Phenylephrine reproduces Ang II effects in young VSMCs. A: Representative photomicrographs of VSMCs with anti-Ang II antibody staining. B:
Representative immunoblots for MMP2 (top) and for �-actin (middle) using protein lysates from VSMCs. Average activated MMP2 quantification (bottom).
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crease in SBP with aging in this rat strain may be a factor
for age-associated increase in Ang II and MMP2. How-
ever, our results clearly demonstrate that Ang II admin-
istered to arterial rings ex vivo and early passage medial
VSMCs in vitro from young rats increased MMP2 activity
to the level observed in old rats in the absence of hemo-
dynamic changes, including increased SBP. Thus, arte-
rial pressure and Ang II may have synergistic roles in
activation of arterial MMP2 and structural remodeling.

Several components of the diverse and complex sig-
naling pathway downstream of Ang II/AT1 receptor may
be linked to MMP2 activation, collagen expression, and
VSMC invasion within the arterial wall after Ang II infusion
or aging. Ang II infusion increases arterial NAD(P)H oxi-
dase,34 reactive oxygen species,34 tumor necrosis fac-
tor-�,35 TGF-�1,15,24,36 intracellular adhesion molecule-
1,37,38 nuclear factor-�B,38,39 activator protein-1,39

monocyte chemoattractant protein-1 (MCP-1),40 fi-
bronectin, and collagen expression.17 These are also
known to increase in the arterial wall with aging in
rats.12,41–47 MCP-1, a potent chemoattractant cytokine,
increases within the aged arterial wall, and is co-localized
with intimal VSMC and endothelial cell markers.46,47

MCP-1 is also abundantly expressed in arteries of ro-
dents treated with Ang II, which has a critical role in
arterial fibrosis.40 Previous studies show that treatment of
medial VSMCs from young rats with MCP-1 enhances
MMP2 activity and increases migration and invasion abil-
ity to the levels observed in VSMCs of old, untreated
rats.46,47 Notably, these effects are abolished by an
MMP2 inhibitor, GM6001.47

The present results show, for the first time, that an
increase in arterial ET-1 staining with age accompanies
age-associated arterial structural remodeling. Our results
also demonstrate that infusion of Ang II to young rats
increases arterial ET-1 reaching the level of old untreated
rats (Figure 8; online supplement, see http://ajp.amj-
pathol.org). Furthermore, in vitro treatment with ET-1 in
VSMCs from young rats increases the activation of
MMP2. Previous studies show that ET-1 also decreases
the binding of Ang II to the AT2 receptor, consequentially
magnifying the action of AT1.48 Thus, there are multiple,
interacting mechanisms to produce age-associated arte-
rial remodeling, but the present study demonstrates that
they may converge on AngII-MMP2 signaling

PDGF-BB staining was increased in the thickened in-
tima containing infiltrated VSMCs, resembling the old
artery. Ang II also up-regulates the expression of the
chemoattractant PDGF-BB, and the PDGF-� recep-
tor.49–51 The arterial PDGF-� receptor also increases with
aging.52 The present results show, for the first time, that
the chemoattractant PDGF-BB protein is markedly in-
creased within the thickened carotid intima of old rats,
and that early passage medial VSMCs of old rats, which
still retain in vivo VSMC characteristics, have an in-
creased ability to invade basement membrane in re-
sponse to PDGF-BB. This increased VSMC invasiveness
is reduced by MMP2 or AT1 receptor inhibition, suggest-
ing that Ang II may be implicated in age-associated
changes in VSMC properties in vivo (Figure 7). Thus,
interactions of Ang II, MMP2, and PDGF-BB within the

arterial wall likely favor medial VSMC invasion to the
intima.13,14,37,39,53,54

In summary, in vivo chronic infusion of Ang II at
concentrations sufficient to elicit an increase in arterial
pressure in this strain similar to that associated with
age, increases MMP2 activity and imparts to their cen-
tral arteries structural and molecular characteristics of
arteries of old, untreated rats. A subpressor infusion of
Ang II also increased MMP2 expression and activity,
and increased collagen production within the arterial
wall. Ex vivo or in vitro exposure of carotid rings or
medial VSMCs from young rats to Ang II increases the
expression and activation of MMP2, and imparts me-
dial VSMCs with an MMP2-dependent increase in their
invasion capacity, to a similar level of untreated rings
or VSMCs from old rats. Additionally, infusion of PE to
young rats increases arterial Ang II levels and repro-
duces the Ang II effects. PE administered to VSMCs of
young rats increases Ang II and MMP2 activity. Both
Ang II and PE effects on VSMC MMP2 activity or inva-
sion are blocked by Losartan. These results demon-
strate that Ang II via the AT1 receptor can indeed
mediate structural, biochemical, and functional fea-
tures of the arterial wall and of VSMCs that occur with
aging, and that similar effects of �1-AR signaling are
mediated, in part at least, by Ang II. In this regard, the
present results complement those of previous studies
that have demonstrated that chronic ACE inhibition and
AT1 receptor blockade, beginning at an early age,
markedly delays the progression of age-associated
arterial remodeling.55,56 Finally, as evidence for Ang II
signaling in the pathophysiology of hypertension and
atherosclerosis continues to evolve,15,16 the present
results support the idea that Ang II-MMP2 signaling is
a central pathway, which mediates cellular and molec-
ular mechanisms that underlie arterial aging and con-
fer on aging, per se, the status of the major risk factor
for the development or exacerbation of these diseas-
es.1,3,15,16 In other words, exaggerated Ang II signal-
ing via the AT1 receptor appears to be a central feature
of the long recognized and well-documented interac-
tions among aging, hypertension, and atherosclerosis.
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