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The present study tested the hypothesis that changes in
the resident endogenous cellular population accom-
pany alterations in aortic collagen and elastin content
during thoracic aortic aneurysm (TAA) development in
a murine model. Descending thoracic aortas were ana-
lyzed at various time points (2, 4, 8, and 16 weeks)
post-TAA induction (0.5 M CaCl2, 15 minutes). Aortic
tissue sections were subjected to histological staining
and morphometric analysis for collagen and elastin, as
well as immunostaining for cell-type-specific markers
to quantify fibroblasts, myofibroblasts, and smooth-
muscle cells. Results were compared with reference
control mice processed in the same fashion. Aortic di-
latation was accompanied by changes in the elastic ar-
chitecture that included: a decreased number of elastic
lamellae (from 6 to 4); altered area fraction of elastin
(elevated at 4 weeks and decreased at 16 weeks); and a
decreased area between elastic lamellae (minimum
reached at 4 weeks). Total collagen content did not
change over time. Increased immunoreactivity for fi-
broblast and myofibroblast markers was observed at 8-
and 16-week post-TAA-induction, whereas immunore-
activity for smooth-muscle cell markers peaked at 4
weeks and returned to baseline by 16 weeks. Therefore,
this study demonstrated that changes in aortic elastin
content were accompanied by the emergence of a
subset of fibroblast-derived myofibroblasts whose al-
tered phenotype may play a significant role in TAA
development through the enhancement of extracellu-
lar matrix proteolysis. (Am J Pathol 2009, 175:1746–1756;

DOI: 10.2353/ajpath.2009.081141)

Thoracic aortic aneurysms (TAA) develops as a result of

a complex series of events that dynamically alter the

structure and composition of the aortic vascular extracel-

lular matrix (ECM).1,2 This process is thought to be the

consequence of a dysregulated balance between matrix

degradation and matrix deposition, mediated primarily

through the altered expression and abundance of the

matrix metalloproteinases and their endogenous inhibi-

tors.3,4 Although it has become clear that these patho-

logical alterations are associated with enhanced dilata-

tion, dissection, and rupture, little is known about the

events that regulate the remodeling process during TAA

development.

The thoracic aorta is composed of a trilaminar wall

encompassing the structural and cellular components

that coordinately function to maintain aortic compliance

and resiliency.5,6 Each of the three layers carries out a

primary function regulated by its endogenous constitu-

ents.7 The innermost layer, the tunica intima, forms the

luminal interface of the aorta and is composed of endo-

thelial cells resting on a basement membrane. This layer

regulates diffusion and migration of blood components

into the tissues and is largely responsible for primary

signal transmission in regulating vascular tone. The mid-

dle layer, the tunica media, contains the fibrous structural

protein elastin, arranged in helical lamellae interspersed

with collagen, smooth-muscle cells (SMCs), and some fi-

broblasts. The aortic media also contains a gel of proteo-

glycans and glycoproteins (collectively termed ground sub-

stance). It is the medial layer that provides the greatest

amount of mechanical integrity to the aortic wall. The outer-

most layer, the tunica adventitia, is composed of loose con-
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nective tissue, collagen, and elastin fibers (nonlamellar) and

is the primary reservoir for fibroblasts. The adventitia con-

tributes highly to the structural integrity of the aorta.

In clinical aneurysm specimens, remodeling of the

structural proteins is accompanied by changes in cellular

content.8–11 We therefore hypothesized that as TAA de-

velopment progresses, the medial SMC content within

the aortic wall would decrease, leaving the fibroblast as

the predominant cell type to manage the vascular remod-

eling process. Thus, using an established murine model

of TAA, the present study had two objectives. First,

histologically assess the structural and compositional

changes in aortic collagen and elastin content over the first

16 weeks following TAA induction. The second objective

was to determine the changes in cellular content over the

same time course, using cell-type-specific marker pro-

teins to identify and quantitate the medial cellular constit-

uents. Taken together, this unique longitudinal study will

establish a temporal framework that will allow the changes

in cellular constituents to be coordinated with alterations in

aortic structure.

Materials and Methods

Experimental Design

The present study examined a total of 20 C57BL/6J mice

(composed of approximately equal number of males

(55%) and females (45%)). Of five experimental groups

(n � 4 in each group), four underwent TAA induction

surgery with terminal time points of 2-, 4-, 8-, and 16-

weeks post-TAA induction. The descending thoracic

aorta of each mouse was excised and processed for

histological assessment of structural proteins (collagen

and elastin) and cellular constituents (fibroblasts, myofi-

broblasts, and SMCs) and inflammatory infiltrate (macro-

phages and neutrophils). Results were compared with

unoperated mice (no TAA induction; n � 4), which served

as a reference control group. All animals were 8 to 12

weeks of age at time of surgical TAA induction. This

animal protocol was approved by the Medical University

of South Carolina Institutional Animal Care and Use Com-

mittee (ARC no. 2146), and all mice were treated and

cared for in accordance with the National Institutes of

Health Guide for the Care and Use of Laboratory Animals

(NIH Publication No. 85-23, revised 1996).

Operative Procedure

Murine TAAs were induced as described previously.12

Briefly, following anesthetic induction, mice were intu-

bated, and a surgical plane of anesthesia was main-

tained by nosecone with a 2% isoflurane/oxygen mixture.

The descending thoracic aorta was exposed through a

left thoracotomy, and the baseline aortic outer diameter

was measured by video micrometry and recorded as

described previously.13 A sponge soaked in 0.5 M cal-

cium chloride was then placed in direct contact with the

periadventitial surface for 15 minutes. The chest was

closed in layers, and the mice were allowed to recover.

Terminal Surgical Procedures and Aortic

Perfusion-Fixation

At time of terminal surgery, the descending thoracic aorta

was re-exposed and terminal aortic outer diameter mea-

surements were recorded. The isoflurane mixture was

then increased to 5%, and mice were euthanized under

deep anesthesia by exsanguination induced by right atri-

otomy. The aorta was then perfused (via a trans-ventric-

ular needle) with 0.9% sterile saline at a pressure of 100

mm Hg. The perfusate was allowed to escape through

the right atriotomy and continued until the perfusate was

clear, and the liver was blanched indicating no remaining

blood. To maintain the aortic ultrastructure, the animal

was then systemically perfused with 10% formalin in PBS

for 3 minutes at 100 mm Hg, followed by complete suc-

cessive submersion in 10% formalin for 48 hours and

70% ethanol for 24 hours, at 4°C. The descending tho-

racic aorta was then carefully excised and sharply bi-

sected at the site of TAA induction. Each half of the aorta

was then paraffin-embedded on end, and 3-�m-thick

cross-sections were cut and mounted on glass slides.

Every 10th section was stained with H&E to verify the site

of TAA induction. All subsequent sections used for histo-

chemical and immunohistochemical analysis were lo-

cated within the calcium chloride treated region of the

thoracic aorta.

Microscopy

Microscopic images of aortic tissue sections were visu-

alized on a Zeiss Axioskop 2 microscope (Carl Zeiss

MicroImaging, Thornwood, NY) using a 63X/1.25 Plan-

NEOFLUAR oil objective and acquired using an Axiocam

MRc color charge-coupled device camera connected to

a computer running AxioVision Software release version

4.6. All subsequent image analysis was performed using

SigmaScanPro v5.0 (SPSS, Chicago, IL).

Collagen Analysis (Picrosirius Red Staining)

Aortic tissue sections were placed in 0.2% phosphomo-

lybdic acid for 5 minutes, and rinsed with two changes of

distilled water. Total collagen was then stained by plac-

ing the slides in a 1% solution of picrosirius red for 90

minutes with subsequent destaining through three changes

of 0.01 N HCl. Aortic collagen content was determined

by imaging stained aortic sections under high magnifica-

tion illuminated by polarized light.14 The percent area of

collagen staining was quantitated by comparing the area

of birefringent signal to the total area of the aortic media

or adventitia.

Elastin Analysis (Luna Staining)

Elastin content in the aortic media was quantitated using

the Luna staining technique. Aortic tissue sections were

stained in aldehyde fuchsin solution for 30 minutes and

differentiated through three changes of 95% alcohol. Aor-

tic medial elastin content was determined by imaging
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stained aortic sections under high magnification and

quantitating 1) the number of unbroken elastic lamellae

per high-power field by direct count, 2) the percent area

of elastin as compared with total medial tissue area, and

3) the percent area of the medial components between

the elastic lamellae (gap area) as compared with the total

medial tissue area. Changes in medial thinning and aortic

stiffness15,16 were then estimated at each time point from

the ratio of gap area to elastin area, and total collagen

area to total elastin area, respectively.

Immunohistochemistry

The cellular constituents within the aortic media were

identified and quantitated using immunohistochemical

techniques with antibodies that recognized cell-type-

specific marker proteins. Aortic tissue sections were in-

cubated in DakoCytomation Antigen Retrieval Solution

(catalog no. S1699; DakoCytomation, Carpinteria, CA) for

30 minutes at 99°C. The sections were allowed to cool to

room temperature and were washed three times for 2

minutes in PBS, followed by two times for 2 minutes in

Tris-buffered saline containing 0.025% Triton X-100 (Tris-

buffered saline wash solution). The tissue sections were

then incubated in blocking solution (3% bovine serum

albumin in Tris-buffered saline wash solution) for 2 hours

at room temperature, followed by overnight incubation at

4°C with cell-type-specific primary antibodies diluted in

blocking solution. Cell-type-specific antisera were used

to identify: 1) fibroblasts (goat anti-discoidin domain

receptor 2 (DDR2), 1:100, no. SC-7555; Santa Cruz

Biotechnology, Santa Cruz, CA); 2) SMCs/myofibro-

blasts (rabbit anti-smooth muscle myosin heavy chain 2

(Myh11), 1:100, no. ab53219; Abcam, Cambridge, MA);

3) SMCs/myofibroblasts (rabbit anti-�-smooth-muscle

actin (�-SMA), 1:100, no. ab5694; Abcam); 4) SMCs

(rabbit anti-desmin, 1:20, D8281; Sigma-Aldrich, St.

Louis, MO); 5) macrophages (rat anti-MAC3, 1:10, no.

550292; BD Pharmingen, San Diego, CA); and 6) neutro-

phils (rat anti-CD11b, 1:40, no. ab6332; Abcam). The

slides were then washed with PBS and incubated in 3%

H2O2/PBS for 30 minutes at room temperature to block

endogenous peroxidase activity. The sections were then

allowed to incubate with primary antibody species-specific

peroxidase-conjugated secondary antibodies (VectaStain

ABC Elite anti-rat (no. 6104), anti-rabbit (no. 6101), or anti-

goat (biotinylated, no. BA-5000), or VectaStain ABC-AP

anti-rabbit (no. AK-5001); Vector Laboratories, Burlingame,

CA). Positive immune reactions were visualized by incubat-

ing the sections with 0.05% diaminobenzidine in PBS con-

taining 0.015% H2O2, which formed a brown precipitate on

reaction with the peroxidase enzyme, or in the case of the

ABC-AP secondary, the Vector Blue (no. SK-5300; Vector

Laboratories) chromagen was used. Serial sections were

used for negative controls and were processed in the same

fashion but without the addition of primary antisera. Tissue

sections from lung, intestine, or myocardium were used as

positive controls to verify antisera-antigen interactions.

Detection of Apoptotic Cells

Aortic sections from each time-point were analyzed by

immunohistochemistry to identify early apoptotic cells us-

ing an antibody specific for activated caspase-3 (p17

fragment).17–19 Aortic tissue sections were incubated in

antigen retrieval solution and processed as described

above. The sections were then washed and incubated in

blocking solution (3% bovine serum albumin in Tris-buff-

ered saline wash solution) for 2 hours at room tempera-

ture, followed by overnight incubation at 4°C with an

antibody specific for activated caspase-3 (rabbit anti-

caspase-3, 1:50, no. ab2302; Abcam) diluted in blocking

solution. The following day the slides were washed, and

endogenous peroxidase activity was blocked as de-

scribed above. The sections were then allowed to incu-

bate with peroxidase-conjugated secondary antibody

(VectaStain ABC Elite, anti-rabbit (no. 6101); Vector Lab-

oratories) for 1 hour at room temperature. Positive im-

mune reactions were visualized by incubating the sec-

tions with 0.05% diaminobenzidine in PBS containing

0.015% H2O2, as before. For localization of desmin and

activated caspase-3, serial sections were stained and

imaged as described above.

Data Analysis

Change in aortic diameter was expressed as a percent-

age change from mean baseline size within each treat-

ment group. For the analysis of collagen content, three

independent images were obtained from three sections

spaced at approximately 30-�m intervals in each mouse

from each treatment group and were analyzed indepen-

dently for adventitial versus medial collagen content. The

amount of collagen from each image was averaged per

section. A mean of three sections was then computed as

the average collagen content per animal. The change in

collagen content between treatment groups (control, n �

4; 2-week post-TAA, n � 4; 4-week post-TAA, n � 4;

8-week post-TAA, n � 4; and 16-week post-TAA, n � 4)

was determined and subjected to statistical analysis. For

the analysis of elastin content and structure, a single

image obtained from three sections spaced at approxi-

mately 30-�m intervals in each mouse from each treat-

ment group was analyzed to determine the number of

elastic lamellae, the total elastin area, and total gap area.

A mean of each parameter was computed for each

animal. The change in parameters between treatment

groups (control, n � 4; 2-weeks post-TAA, n � 4; 4-weeks

post-TAA, n � 4; 8-weeks post-TAA, n � 4; and 16-weeks

post-TAA, n � 4) was determined and subjected to sta-

tistical analysis. For the quantitation of specific cell types

within the aortic media, three independent images were

acquired from two sections spaced approximately 30 �m

apart, in each mouse from each treatment group. Cell

type was analyzed by directly counting the number of

cells staining positive for a particular cell-type marker in

each high-power field. Counting was performed by two

independent observers (J.A.J. and C.B.), and any results

with a coefficient of variance �25% were reanalyzed.
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Cells possessing positive immunoreactivity were counted

using SigmaScan Pro version 5.0 (SPSS). Color inversion

was used to enhance and confirm positive staining and

cellularity. The number of cells (marker-specific) from

each image was averaged for each section. A mean of

the two sections was then computed as the average

number of cells per animal. The change in cell number

between treatment groups (control, n � 4; 2-week post-

TAA, n � 4; 4-week post-TAA, n � 4; 8-week post-TAA,

n � 4; and 16-week post-TAA, n � 4) was then deter-

mined and subjected to statistical analysis. In each case,

results were expressed as a median and an interquartile

range (indicated in parentheses on each bar graph).

All statistical procedures were performed using the

Stata statistical package (Intercooled Stata version 8.2;

StataCorp LP, College Station, TX). Comparisons be-

tween time points post-TAA induction were made using

Kruskal-Wallis followed by a nonpaired Mann-Whitney

rank sum test; P � 0.05 was considered significant.

Results

Aortic Diameter Measurements

Aortic diameter measurements revealed an increase in

median aortic diameter, as compared with baseline, at

each time point post-TAA induction (Figure 1). Median

aortic dilatation reached a maximum of 62% at 16 weeks,

consistent with TAA development.

Collagen Analysis

Total collagen content was measured in aortic tissue

sections in both the adventitial and medial regions inde-

pendently. No changes in collagen content were ob-

served over the 16-week time course post-TAA induction

(Figure 2, A and B).

Elastin Analysis

Aortic tissue sections from TAA and control mice were

stained with aldehyde fuchsin (Luna stain; Figure 3A).

The number of unbroken elastic lamellae, the area frac-

tion of Luna staining, and the gap area between elastic

lamellae were subsequently quantitated. The results re-

vealed a decrease in the number of unbroken elastic

lamellae at all time points post-TAA induction, ranging

from a median of 6 in the reference control group to a

nadir of 3.9 at 8 weeks (Figure 3B). The area fraction of

elastin within the aortic media was then determined and

found to be significantly elevated at 4-weeks post-TAA

induction and significantly decreased at 16 weeks, with

no difference from control measured at 2 and 8 weeks

(Figure 3C). The gap area between elastic lamellae was

significantly decreased from control at 4-weeks post-TAA

induction (Figure 3D).

Structural Analysis

The ratio of gap area to elastin area revealed a significant

decrease in aortic medial thickness at 4-weeks post-TAA

induction, followed by an increase at 16 weeks (Figure

4A). Aortic stiffness was estimated by the ratio of total

collagen to elastin and revealed a significant increase

in aortic stiffness at 8- and 16-weeks post-TAA induc-

tion, with a trend toward increased stiffness at 2 weeks

(Figure 4B).

Analysis of Cellular Constituents

To define the changes in cellular makeup within the aortic

wall during TAA formation, aortic sections from control

and TAA-induced mice were stained for cell-type-spe-

Figure 1. Change in aortic diameter over time post-TAA induction. Median
aortic diameter was increased over baseline (average baseline value � 655.3
�m) at each time point post-TAA induction, and diameters in the 2-, 4-, and
8-week groups were different from the 16-week group. Bars represent
median aortic diameter; numbers in parentheses are interquartile ranges (25
to 75%). Statistical analysis: Kruskal-Wallis (P � 0.0291); Mann-Whitney
(*P � 0.05 versus baseline, **P � 0.05 versus 16-week TAA).

Figure 2. Analysis of medial and adventitial col-
lagen content. Collagen content was measured
in aortic tissues from control and TAA-induced
mice. Picrosirius red-stained sections were illu-
minated with polarized light and the resulting
birefringence was quantitated in the aortic ad-
ventitia (A) and aortic media (B). No significant
changes in collagen content were observed.
Treatment groups: control (n � 4), 2 weeks
(n � 4), 4 weeks (n � 3), 8 weeks (n � 4), and
16 weeks (n � 4). Bars represent median values;
numbers in parentheses are interquartile ranges
(25 to 75%). Statistical analysis: Kruskal-Wallis
(A, P � 0.3696; B, P � 0.3302).

Myofibroblast-Mediated Vascular Remodeling 1749
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cific marker proteins (Figure 5), and cell numbers were

quantitated at each time point by direct counting. The

data revealed an increase in the number of DDR2� cells

(fibroblasts) at 8- and 16-weeks post-TAA induction (Fig-

ure 6A). Similarly, the number of Myh11� cells (SMCs/

myofibroblasts) was also elevated at 8- and 16-weeks

post-TAA induction (Figure 6B), whereas the number of

�-SMA� cells (SMCs/myofibroblasts) did not change sig-

nificantly from control throughout the time course (Figure

6C). The number of desmin� cells (SMCs) was signifi-

cantly elevated at 4-weeks post-TAA induction but was

not different from control levels at the other time points

(Figure 6D). Minimal staining was observed for MAC3

(macrophages) and CD11b (neutrophils), and no change

was observed over the time course of the study (data not

shown).

Analysis of Apoptosis

To determine the extent of apoptosis that occurred over the

time course of TAA formation, aortic sections from control

and TAA-induced mice were stained for the active fragment

(p17) of caspase-3 (Figure 7A). The data revealed en-

hanced apoptosis at 8- and 16-weeks post-TAA induction.

When serial sections from a 16-week TAA were stained for

active caspase-3 and desmin (SMC marker), significant

overlap was observed, suggesting that SMCs were actively

undergoing apoptotic cell death (Figure 7B).

Discussion

Dysregulation of physiological vascular remodeling

within the aortic wall can result in excessive deposition or

Figure 3. Analysis of medial elastin content and architecture. The medial elastin content and architecture were analyzed in aortic tissues from control and
TAA-induced mice. A: Representative Luna-stained sections showing architectural changes over time post-TAA induction; scale bar is equal to 20 �m. B: The
number of unbroken elastic lamellae were quantitated at each time point post-TAA induction, Kruskal-Wallis (P � 0.0102). C: The medial area fraction of elastin
content was quantitated at each time point post-TAA induction, Kruskal-Wallis (P � 0.0110). D: The gap area between elastic lamellae was quantitated at each
time point post-TAA induction, Kruskal-Wallis (P � 0.0136). Treatment groups: control (n � 4), 2 weeks (n � 4), 4 weeks (n � 3), 8 weeks (n � 4), and 16 weeks
(n � 4). Bars represent median values; numbers in parentheses are interquartile ranges (25 to 75%). Statistical analysis: Mann-Whitney (*P � 0.05 versus control,
**P � 0.05 versus 4-week, and ***P � 0.05 versus 8-week).

Figure 4. Analysis of medial thinning and aortic
stiffness over time post-TAA induction. A: Aortic
medial thinning was approximated by calculat-
ing the ratio of gap area to elastin area, Kruskal-
Wallis (P � 0.0087). B: Aortic stiffness was
approximated by calculating the ratio of total
collagen area to elastin area, Kruskal-Wallis
(P � 0.0978). Treatment groups: control (n �

4), 2 weeks (n � 4), 4 weeks (n � 3), 8 weeks
(n � 4), and 16 weeks (n � 4). Bars represent
median values; numbers in parentheses are in-
terquartile ranges (25 to 75%). Statistical analy-
sis: Mann-Whitney (*P � 0.05 versus control).
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degradation of critical ECM components, thereby altering

the mechanical strength and integrity of the aorta, and

increasing the potential for dissection or dilatation. Al-

though degradation of the primary structural compo-

nents, collagen and elastin, is a common feature of aortic

aneurysms undergoing vascular remodeling,20–22 a com-

prehensive analysis of the changes in cellular composi-

tion during TAA development has not been performed.

Accordingly, the present study set out to define the co-

ordinate changes in aortic structure and endogenous

cellular composition at the histological level over the

course of TAA development in an established murine

model. We hypothesized that alterations in aortic colla-

gen and elastin content would coincide with a change in

cellular constituents, promoting the fibroblast as the pre-

dominant endogenous cell type within the aortic wall and

thereby elevating its functional importance in mediating

the vascular-remodeling process. The unique findings

of the present study were twofold. First, aortic dilatation

proceeded secondary to changes in aortic elastin con-

tent and organization, whereas collagen levels remained

unchanged. Second, the changes in aortic architecture

were accompanied by the emergence of a subset of cells

that possessed both fibroblast- and SMC-specific marker

proteins. Taken together, these data suggest that a sub-

set of phenotypically unique endogenous cells, charac-

teristic of myofibroblasts, may play a critical role in me-

diating the alterations in aortic structure and composition

during TAA development. Targeting myofibroblast differ-

entiation may therefore have significant implication to-

ward regulating TAA formation and progression.

Analysis of TAA-Induced Structural Changes

Previous studies examining clinical specimens have sug-

gested that alterations in collagen content play a direct

role in aneurysm development.23–25 The present study,

however, revealed no significant change in either the

adventitial or medial collagen content during TAA forma-

tion. Although this may suggest a lack of collagen deg-

radation, given previous results establishing a temporal

Figure 5. Immunohistochemical results for cell-type-specific marker proteins in aortic sections over time post-TAA induction. Aortic tissue sections from and
control and TAA-induced mice were stained with cell-type-specific antibodies for fibroblasts (DDR2), SMCs/myofibroblasts (�-SMA and Myh11), and SMCs
(desmin). The arrows point to representative cells selected as having positive staining. Color inversion was used to verify cellularity and increased staining
intensity over background. Scale bar equals 20 �m.
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profile of protease production throughout TAA devel-

opment,26 it is more likely that collagen degradation

and deposition remain balanced in regard to total con-

tent. Organizational structure, on the other hand, may

be significantly affected by the induced remodeling

process, as has previously been defined during myo-

cardial remodeling.27,28

Unlike total collagen content, the early stages of aortic

dilatation were characterized by thinning and flattening of

the medial elastic lamellae evident as early as 2-week

and persisting throughout 16-week post-TAA induction.

This observation was consistent with previous studies

from our laboratory and others.13,29 Accordingly, several

measures were used to assess changes in the elastic

architecture. First, the numbers of unbroken elastic lamel-

lae were quantitated at each time point by direct count-

ing. Results from the present study demonstrated a pro-

gressive decrease in the number of unbroken elastic

lamellae from six in the control sections to four at 8-weeks

post-TAA induction. Second, total elastin content was

estimated from the area fraction of elastin staining within

the aortic media. The percent medial elastin area in-

creased from control at 4-weeks post-TAA induction, de-

creased back to control levels at 8 weeks, and reached a

minimum at 16-weeks post-TAA induction. The data from

the later time points are reflective of elastolysis within the

aortic media and represent the likely cause for aortic

dilatation. Third, in addition to changes in the elastic

lamellar architecture and content, the matrix between the

lamellae also dynamically changed throughout the TAA

time course. The “gap area” was significantly decreased

at 4-week post-TAA induction and then progressively

increased from 4 through 16 weeks, returning to control

levels. This region of the aortic media contains SMCs,

some fibroblasts, and a rich ECM composed of collagen,

proteoglycans, and various glycoproteins. Although the

change in total medial collagen was shown to be minimal,

the reduction in gap area may be driven by a loss in both

the cellular content (discussed below) as well as proteo-

glycan matrix. This is supported by Kowalewski et al,30

demonstrating elevated activity of proteoglycan degrad-

ing enzymes in abdominal aortic aneurysm specimens.

Figure 6. Quantitation of immunohistochemical
staining results for cell-type-specific marker pro-
teins. The median number of positively stained
cells in each aortic tissue section from control and
TAA-induced mice was determined for each cell-
type-specific marker protein: fibroblasts (DDR2),
Kruskal-Wallis (P � 0.0122, A); SMCs/myofibro-
blasts (Myh11), Kruskal-Wallis (P � 0.0216, B);
SMCs/myofibroblasts (�-SMA), Kruskal-Wallis
(P � 0.2667, C); and SMCs (desmin), Kruskal-
Wallis (P � 0.0916, D). Treatment groups: control
(n � 4), 2 weeks (n � 4), 4 weeks (n � 3), 8
weeks (n � 4), and 16 weeks (n � 4). Bars
represent median values; numbers in parentheses
are interquartile ranges (25 to 75%). Statistical anal-
ysis: Mann-Whitney (*P � 0.05 versus control).

Figure 7. Immunostaining for apoptotic cells. A: Tissue sections from control
and TAA-induced mice were immunostained for the active fragment of
caspase-3 (p17) demonstrating enhanced apoptosis at 8- and 16-week post-
TAA induction. B: Serial tissue sections from a 16-week TAA were stained
with antibodies for apoptotic cells (active caspase-3) or SMCs (desmin). The
arrows indicate cells staining for both active caspase-3 and desmin on serial
sections. Taken together, these results suggest that a portion of the SMC
population undergoes apoptosis during TAA formation.
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This may suggest that significant proteoglycan degrada-

tion contributes to the medial atrophy observed during

TAA formation.

To further define the changes in elastic architecture, an

estimate of medial thinning was calculated as a function

of the ratio of “gap area” to elastin area. The results

demonstrate a significant decrease in medial thickness at

4-weeks post-TAA induction, which recovered to control

levels by 8 weeks, and was increased over control levels

at 16-weeks post-TAA induction. Although medial thin-

ning and flattening was apparent at the microscopic

level, the increase in medial elastin area measured at 4

weeks was most likely explained by the decrease in total

medial area. In the same fashion, as the gap area recov-

ered, the total medial elastin area continued to decrease

between 4 and 16 weeks, confirming elastolysis at the

later time points.

Taken together, these measures confirm enhanced

degradation of the elastic lamellae, which is highly con-

sistent with the advanced aortic remodeling expected

during aneurysm development. Moreover, these results

also demonstrated changes in medial aortic dimension

consistent with the loss of structural components be-

tween the elastic lamellae. Interestingly, although the

medial area recovered in thickness between 4 and 16

weeks, the area fraction of elastin remained depressed.

This suggests that there is enhancement of matrix dep-

osition to compensate for the loss of structural integrity.

This would also suggest that a cellular component within

the aortic media is activated within this timeframe to

induce ECM synthesis and deposition.

Because aortic compliance and resiliency depend on

both collagen and elastin content, aortic stiffness is likely

affected in response to alterations in the elastic architec-

ture. Accordingly, aortic stiffness was estimated from the

ratio of collagen area to elastin area, as described pre-

viously.15,16 These results demonstrated increased aortic

stiffness at 8- and 16-weeks post-TAA induction, with a

trend toward increased stiffness at 2 weeks. Although the

measured increase in stiffness is most likely driven by the

loss of elastin at the later time points, increased stiffness

may signal a dynamic shift in medial homeostasis, result-

ing in a compensatory production of proteolytic enzymes

that could further exacerbate the architectural changes in

the aortic media. These results further suggest that there

is a delicate balance between matrix synthesis and deg-

radation and that both processes may be temporally

activated throughout aneurysm development.

Analysis of TAA-Induced Cellular Constituents

In addition to the changes in structural protein content,

TAA development is also accompanied by changes in

the cellular constituents within the aortic vascular wall.

Multiple studies have suggested that apoptosis of SMCs

is a key determinant of medial degeneration in both tho-

racic8,9 and abdominal10,11 aortic aneurysms. Using cell-

type-specific protein markers the cellular constituents,

both infiltrating and endogenous, were determined within

the aortic wall during TAA formation.

The presence of macrophages and neutrophils were

assessed in aortic tissue sections by staining with anti-

bodies against MAC331 and Cd11b,32 respectively. Con-

sistent with previous results from this laboratory demon-

strating minimal inflammatory infiltrate through 4-week

post-TAA induction,13 no change in the number of mac-

rophages or neutrophils was observed through 16 weeks.

These results support the hypothesis that alterations in

the endogenous cellular constituents are responsible

for the altered matrix metalloproteinase levels observed

during TAA formation.

To determine changes in the endogenous cellular con-

stituents within the aortic media, four cell-type-specific

marker proteins were chosen to define the independent

cellular populations. Fibroblasts were identified using an-

tibodies specific for the collagen receptor, DDR2. DDR2

has previously been shown to display fibroblast-re-

stricted expression and, in cardiovascular tissues, has

proven to be a better marker for fibroblasts than the

fibroblast-specific protein-1.33 Likewise, SMCs were

identified using antibodies against desmin, a 52-kDa in-

termediate filament protein specifically found in muscle-

derived cells, including SMCs.34–36 To further define the

SMC population and to identify the presence of myofibro-

blasts, antibodies against �-SMA and smooth-muscle

myosin heavy chain (SM2 or Myh11) were also used.37,38

Results from the present study demonstrated an increase

in the number of DDR2� cells at 8- and 16-weeks post-

TAA induction, suggesting an increase in the number of

fibroblasts or fibroblast-derived cells at these time points.

Interestingly, this occurred concomitantly with an in-

crease in smooth-muscle myosin staining (Myh11). The

elevated myh11 would suggest an expansion of SMCs or

myofibroblasts. Accordingly, to further differentiate be-

tween these two cell types, serial tissue sections were

stained for the intermediate filament desmin. Previous

studies have established that desmin� staining is clearly

associated with SMCs and is rarely found in fibroblasts or

myofibroblasts.35,39 The present data revealed a peak in

desmin� staining at 4-weeks post-TAA induction, fol-

lowed by a decrease in desmin� cells through 16 weeks.

As a second measure of SMCs and myofibroblasts, tis-

sue sections were then stained with antibodies against

�-SMA, a well described marker for SMCs and myofibro-

blasts. Interestingly, �-SMA� cells remained unchanged

throughout the 16-week time course (summarized in Fig-

ure 8). Taken together, these unique results suggest that

aortic dilatation occurs simultaneously with the emer-

gence of a population of fibroblast-derived myofibro-

blasts that stain positive for DDR2/Myh11/�-SMA and

negative for desmin. The unchanged number �SMA�

cells is not surprising given that SMC apoptosis has been

associated with aneurysm formation.8–11 As such, SMCs

(defined by desmin/�-SMA� staining) may be decreas-

ing in number at the same time as myofibroblasts (de-

fined by DDR2/Myh11/�-SMA� staining) are increasing.

Thus, the overall number of �-SMA� cells would likely fall

somewhere in between, and our results are consistent

with this suggestion.

To determine whether SMCs were indeed undergoing

apoptosis, tissue sections from control and TAA-induced
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mice were immunostained for the active fragment (p17)

of caspase-3. Like all caspases, the active enzyme is

maintained in an inhibited form until released by proteol-

ysis. The presence of the p17 fragment indicates specific

activation of caspase-3, which has been clearly estab-

lished as a marker of early apoptosis.17–19 The present

study demonstrated enhanced active caspase-3 staining

in tissue sections from 8- and 16-week TAA-induced

mice. Moreover, when serial sections of a 16-week TAA

were stained with antibodies for active caspase-3, or the

SMC marker desmin, significant overlap was observed,

suggesting that the population of dying cells were SMCs.

These results are consistent with the decrease in

desmin� cells observed at the later time points.

The myofibroblast constitutes a unique cell type, which

arises through a specific differentiation process and pos-

sesses characteristics of both fibroblasts and SMCs. Pre-

vious studies have demonstrated that myofibroblasts

play a significant role in the tissue injury response.40,41

Accordingly, they have the ability to migrate to the site of

injury, where they can produce critical matrix proteins

and participate in wound contracture/stabilization. Iden-

tification of myofibroblasts can be difficult because of

their ability to differentially express several cell-type-spe-

cific marker proteins.36,42 In almost all cases, when as-

sessing tissues that do not contain SMCs, �-SMA is the

primary marker used to reliably identify myofibroblasts. In

the aortic wall, however, �-SMA� staining can represent

both vascular SMCs and myofibroblasts. Accordingly,

the present study used additional marker proteins

(Myh11 and desmin) to distinguish between the two cell

types.36 Although positive Myh11 staining in vascular

tissues does not constitute a definitive myofibroblast

marker alone, as it too can be expressed by some SMCs,

the decrease in desmin� cells accompanied by the in-

crease in Myh11� cells provided the necessary differen-

tial to distinguish between SMCs and myofibroblasts.

Accordingly, the present data identify the emergence of a

population of fibroblast-derived myofibroblasts that may

contribute to the changes in the vascular ECM during

TAA development.

Although the role of myofibroblast differentiation has

previously been established in the myocardium follow-

ing ischemic injury,43 and myofibroblasts have been

identified in a rare subset of inflammatory abdominal

aortic aneurysms,44 this is the first study to suggest

myofibroblast involvement in TAA formation. Interest-

ingly, transforming growth factor-� is a known regulator

of myofibroblast differentiation.45,46 Previous studies

from this laboratory have identified altered transform-

ing growth factor-� signaling in aortic tissue from TAA-

induced mice.47 Thus, it is interesting to speculate that

alterations in transforming growth factor-� signaling

may contribute to TAA development through the induc-

tion of myofibroblast differentiation within the aortic

wall. Moreover, the myofibroblast population appears

to emerge around the 4-week time point, coinciding

with the decrease in medial proteoglycan content, a

reservoir known to sequester latent growth factors,

including transforming growth factor-�.48,49

Taken together, the present study identifies the myofi-

broblast as a critical cell type within the aortic wall that is

capable of modulating the ECM remodeling process.

What remains unknown is whether myofibroblast differ-

entiation is induced to repair the damaged aortic wall or

whether its presence further exacerbates pathological

remodeling. Additional studies targeting myofibroblast

differentiation will be required to determine the functional

role of this interesting cell type in TAA development.

Limitations

The present study is not without limitations. First, collagen

and elastin content were quantitated using histochemical

staining procedures. Although these staining methods

are well established, quantitation of these proteins can be

difficult using morphometric techniques. However, be-

cause both collagen and elastin exist in a soluble and

insoluble form, as well as a pro- and processed form,

morphometric analysis is still the best method for quan-

titating collagen and elastin deposition in the ECM. Sec-

ond, aortic stiffness was estimated based on the ratio of

collagen to elastin and did not take into account the

degree of collagen cross-linking. Third, cell-type identifi-

cation by staining for specific marker proteins represents

a challenging endeavor, particularly for cell types that are

classically difficult to distinguish like fibroblasts and

SMCs. Although the present study describes the emer-

gence of a unique population of cells that are consistent

with the myofibroblast phenotype, it remains to be deter-

mined whether this is the result of the recruitment and

migration of differentiated adventitial fibroblasts or the

clonal expansion of a differentiating resident medial fibro-

blast. Last, significant gender interactions with respect to

change in aortic diameter could not be demonstrated,

and therefore, data from both male and female mice were

pooled for analysis in this study. It remains to be estab-

lished whether gender-dependent differences exist in

aortic cellular profiles. These issues will be addressed in

future studies.

Limitations notwithstanding, this unique longitudinal

study has established a temporal framework in which the

Figure 8. Summary of cell-type-specific changes over time post-TAA induc-
tion. The number of cells staining positive with a specific cell-type marker
were expressed as a percent change from control to show relative changes in
medial cellular makeup over the course of TAA development. The results
demonstrate an increase in the number of DDR2/Myh11/�-SMA� cells, and
a decrease in the number of desmin/�-SMA� cells, suggesting the emergence
of a population of fibroblast-derived myofibroblasts between 4- and 16-week
post-TAA induction.
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changes in aortic structural components can be placed

in context with alterations in aortic cellular composition.

As such, these unique results suggest the emergence

of a population of fibroblast-derived myofibroblasts

that may play a significant role in TAA development

through the enhancement of ECM proteolysis. Target-

ing myofibroblast differentiation may therefore have

significant implications toward regulating TAA forma-

tion and progression.
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