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Abdominal aortic aneurysms (AAAs) are charac-
terized by structural deterioration of the aortic
waU leading to progressive aortic dilatation and
eventual rupture. The histopathological changes
in AAAs are particularly evident within the elas-
tic media, which is normaly dominated by vas-
cular smooth muscle cells (SMCs). To determine
whether a decrease in vascular SMCs contributes
to medial degeneration, we measured SMC den-
sity in 21 normal and pathological human ab-
dominal aortic tissue specimens using immuno-
histochemistry for a-SMC actin and direct ceUl
counts (medial SMCs per high-power field
(HPF)). MedialSMC density was not signircantly
different between normal aorta (n = 5; 199.5 ±
14.9 SMCs/HPF) and atherosclerotic occlusive
disease (n = 6; 176.4 ± 13.9 SMCs/HPF), but it
was reduced by 74% in AAA (n = 10; 50.9 + 6.1
SMCs/HPF; P < 0.01 versus normal aorta). Light
and electron microscopy revealed no evidence of
overt cellular necrosis, but SMCs in AAAs exhib-
ited ultrastructural changes consistent with ap-
optosis. Using in situ end-labeling (ISEL) offrag-
mented DNA to detect apoptotic ceUs, up to 30%
ofaortic wall cells were ISEL positive in AAAs. By
double-labeling techniques, many of these ceUs
were a-actin-positive SMCs distributed through-
out the degenerative media. In contrast, ISEL-
positive ceUs were observed only within the inti-
mal plaque in atherosclerotic occlusive disease.
The amount ofp53 protein detected by immuno-

blotting was increased nearly fourfold in AAA
compared with normal aorta and atheroscle-
rotic occlusive disease (P < 0.01), and immuno-
reactive p53 was localized to lymphocytes and
residual SMCs in the aneurysm wall. Using re-
verse transcription polymerase chain reaction
assays a substantial amount ofp53 mRNA ex-
pression was observed in AAAs. These results
demonstrate that medial SMC density is signifi-
cantly decreased in human AAA tissues associ-
ated with evidence of SMC apoptosis and in-
creasedproduction ofp53, a potential mediator
of ceU cycle arrest and programmed cell death.
Given the role that SMCs normaly play in main-
taining medial architecture and in arterial waU
matrix remodeling, the induction ofSMC apopto-
sis likely makes an important contribution to the
evolution of aneurysm degeneration. (Am J
Pathol 1997, 150:993-1007)

Human abdominal aortic aneurysms (AAAs) are
characterized by profound histopathological
changes in the aortic wall associated with progres-
sive aortic dilatation and eventual rupture. 3̀ Al-
though severe intimal atherosclerosis invariably ac-
companies AAA, structural degeneration of the
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elastic media plays a more unique role in the evolu-
tion of aneurysm disease.4`6 Indeed, aortic wall di-
latation is fundamentally caused by mechanical fail-
ure of collagen and elastin, the fiber-forming
extracellular matrix proteins responsible for struc-
tural integrity of the arterial wall.7 Functionally sig-
nificant mutations in genes encoding type Ill colla-
gen and elastic fiber components (ie, fibrillin-1) are
responsible for several forms of inheritable aneurysm
disease, such as Ehlers-Danlos type IV and Marfan
syndromes.12-14The vast majority of AAAs, however,
develop as acquired degenerative lesions in the ab-
sence of known connective tissue defects.15 Be-
cause elastin is a particularly stable protein that nor-
mally undergoes little metabolic turnover in the
adult,16'17 recent investigations on the pathogenesis
of AAA have emphasized alterations in aortic wall
elastic matrices, elastin-degrading proteinases, and
their inhibitors.18-24

In addition to accelerated degradation of struc-
tural matrix proteins, AAAs are associated with
marked alterations in the cellular composition of the
aortic wall. The most prominent of these changes
include infiltration of the outer aorta by mononuclear
phagocytes, lymphocytes, and proliferative
endothelial cells.20'28 Whereas any of these cells
might mediate matrix degradation through local re-
lease of elastin- and collagen-degrading protein-
ases, vascular smooth muscle cells (SMCs) are nor-
mally the predominant cell type of the elastic media.
SMCs thereby make substantial contributions to the
elastic lamellar architecture of the arterial wall, both
directly and indirectly through their production of
elastin, collagen, and other matrix proteins.29 31
SMCs may also participate in matrix remodeling
through localized expression of various proteinases
and their inhibitors.2632-34 Because SMC-mediated
repair and resynthesis of structural matrix proteins
might balance proteolysis induced by other cell
types, the fate and function of vascular SMCs likely
has an important influence on the progression of
aneurysm degeneration.35 The specific role of this
cell population in aneurysm disease, however, re-
mains uncertain.
The present study was undertaken to begin exam-

ining the relationship between medial SMCs and
aneurysm degeneration in human aortic tissues. We
found that medial SMC density is significantly de-
creased in AAAs compared with normal aortas and
those with atherosclerotic occlusive disease (AOD)
and that the apparent loss of medial SMCs in aneu-
rysms is associated with ultrastructural and histo-
chemical evidence of SMC apoptosis. We also found
that SMCs in aneurysms exhibit increased produc-

tion and accumulation of p53, a potentially important
mediator of cell cycle arrest and physiological cell
death. These observations indicate that molecular
mechanisms involving the induction of medial SMC
apoptosis contribute to the medial degeneration un-
derlying AAA and therefore potentially act to desta-
bilize the aneurysm wall.

Materials and Methods

Human Aortic Tissues
Fresh aortic wall specimens were obtained in the
operating room from normal organ transplant donors
without visible evidence of aortic atherosclerosis
(n = 5), and from 16 patients undergoing aortic
reconstruction for either AOD (n = 6) or AAA (n =

10). All tissue specimens were taken from the antero-
lateral aspect of the infrarenal abdominal aorta fol-
lowing a protocol approved by the Washington Uni-
versity School of Medicine Human Research
Subjects Committee. For each specimen, one por-
tion of the aortic wall was processed for light micros-
copy and an adjacent portion was snap-frozen in
liquid nitrogen, stored at -80°C, and subsequently
used for protein and nucleic acid extractions.

Immunohistochemistry
Tissues were fixed in 10% neutral buffered formalin
at 40C for 24 hours and then processed for routine
paraffin embedding. By the convention used
throughout this study, aortic wall specimens were
oriented in cross section transverse to the axis of
blood flow in vivo. Five-micron sections affixed to
glass slides were deparaffinized and rehydrated,
and endogenous peroxidase activity was quenched
by incubation with 0.3% hydrogen peroxide for 30
minutes at room temperature. Sections were blocked
with normal rabbit serum and then incubated with
either mouse anti-a-SMC actin IgG (Sigma Chemical
Co., St. Louis, MO; 1:20), goat anti-human p53 (On-
cogene Science, Cambridge, MA; 1:200), or normal
horse serum for controls. Immune complexes were
detected with alkaline phosphatase/anti-alkaline
phosphatase for SMCs or immunoperoxidase for
p53, using Vectastain Elite kit reagents (Vector Lab-
oratories, Burlingame, CA). After immunohistochem-
ical staining, sections were counterstained with he-
matoxylin. To co-localize a-SMC actin and p53 in the
same tissue sections, slides were sequentially incu-
bated with goat anti-human p53 (1:200), peroxidase-
conjugated rabbit anti-goat IgG, and fluorescein iso-
thiocyanate (FITC)-conjugated mouse anti-a-SMC
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actin IgG (1:500). After visualization of peroxidase-
labeled immune complexes with diaminobenzidine
to localize p53, sections were examined under epi-
fluorescence to detect a-SMC actin.

Morphometric Analysis

Aortic sections stained for a-SMC actin were used to
measure medial SMC density. Representative micro-
scopic fields of the aortic media were selected under
low-power light microscopy (x40). To avoid under-
estimating medial SMC density in aneurysm speci-
mens with considerable regional variation, areas
chosen for morphometric analysis were restricted to
microscopic fields with the greatest number of SMCs
and the least amount of inflammatory cell infiltration.
The number of a-SMC actin-positive cells was mea-
sured for each of five contiguous x400 high-power
fields (HPFs, each covering an area of 8.75 x 10-2
mm2), with individual cell counts made by two inde-
pendent observers (D. R. Holmes and S. Liao). The
overall mean SMC density for each specimen was
determined as SMCs per HPF. For each type of
aortic tissue (normal aorta, AOD, and AAA), the
mean, standard error (SEM), and range of SMC den-
sity measurements were recorded. Statistical com-
parisons between each tissue type were made using
analysis of variance (ANOVA) and the Newman-Stu-
dent-Keuls multiple comparisons test.

Electron Microscopy
Tissue samples (2 mm2) were fixed overnight in cold
(40C) Tyrode's buffer containing 2% glutaraldehyde.
After rinsing with cold buffer for at least 1 hour,
tissues were postfixed for 1 to 2 hours in 1% 0S04 in
cold Tyrode's buffer and rinsed for 30 to 60 minutes.
Specimens were dehydrated through graded eth-
anols (70%, 95%, 100%; 30 minutes each at room
temperature), incubated twice in propylene oxide
(30 minutes each), and infiltrated overnight in a 1:1
mixture of propylene oxide/Polybed 812 resin. Tis-
sues were embedded in Polybed 812 resin blocks
for 1 hour at room temperature, incubated overnight
at 450C, and sectioned after cooling to room temper-
ature. Thin sections were cut with a diamond knife,
placed on Formvar-coated copper grids, and exam-
ined on a Phillips 201 transmission electron micro-
scope (Eindhoven, The Netherlands).

In Situ End-Labeling (ISEL)
Formalin-fixed, paraffin embedded tissue sections
were deparaffinized and rehydrated through graded

alcohols. At room temperature, sections were rinsed
in phosphate-buffered saline (PBS), pH 7.4, treated
with 20 ,ug/ml proteinase K (Sigma) in PBS for 15
minutes, and then washed in four changes of dis-
tilled water. Sections were incubated with 2% hydro-
gen peroxide in PBS for 5 minutes and then rinsed
twice in PBS. After incubating sections for 30 sec-
onds in equilibration buffer supplied in the ApopTag
kit (Oncor, Gaithersburg, MD), a working dilution of
terminal deoxynucleotidyl transferase (TdT) was ap-
plied for 45 minutes at 370C in reaction buffer con-
taining digoxigenin-labeled nucleotides (Oncor).
Sections were then incubated in prewarmed working
strength ApopTag stop/wash buffer (Oncor) for 30
minutes at 370C, with agitation once every 10 min-
utes. After washing sections in three changes of PBS
for 5 minutes at room temperature, sections were
incubated in anti-digoxigenin-peroxidase solution
(60 ,ul/section) for 30 minutes at room temperature
and then washed in three changes of PBS for 5
minutes each. Freshly prepared diaminobenzidine
substrate solution was used for detection of immune
complexes, and sections were counterstained with
0.5% methyl green (w/v) in 0.1 mol/L sodium acetate,
pH 4.0. For positive controls, sections were treated
before ISEL with 1 ,ug/ml DNAse (Sigma) in 30
mmol/L Tris/HCI, pH 7.2, containing 140 mmol/L po-
tassium cacodylate, 4 mmol/L MgCO2 and 0.1 mmol/L
dithiothreitol, for 10 minutes at room temperature.

Immunoblot Analysis for p53
Aortic tissue samples were extracted at 40C in 50
mmol/L Tris/HCI buffer, pH 7.5, containing 1 mol/L
NaCI, 2 mol/L urea, 0.1% EDTA and 0.1% (w/v)
Brij-35 for 20 minutes. After centrifugation at
10,000 x g for 1 hour at 40C, the supernatant was
dialyzed overnight at 40C against 50 mmol/L Tris/
HCI, pH 8.0, 1 mol/L NaCI, and 20 mmol/L CaCl2
using a 12,000 to 14,000 molecular weight cut-off
membrane. The total protein concentration of each
sample was determined using a Bio-Rad protein as-
say with bovine serum albumin as the standard (Bio-
Rad, Hercules, CA). Heat-denatured samples were
resolved under reducing conditions by sodium do-
decyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using 10% polyacrylamide gels (8 ,ug of
total protein per lane). Proteins were electrophoreti-
cally transferred to nitrocellulose and washed three
times in 20 mmol/L Tris/HCI, pH 7.5, 0.5 mol/L NaCI,
0.05% Tween-20 (TTBS). At room temperature,
membranes were blocked overnight in TTBS con-
taining 5% powdered milk and then incubated for 1
hour in TTBS/1% milk containing 2 ,g/ml mouse
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monoclonal anti-human p53 (Oncogene Science)
recognizing both wild-type and mutant forms of hu-
man p53. Membranes were washed in TTBS/3% milk
and incubated for 1 hour with horseradish-peroxi-
dase-conjugated rabbit anti-mouse IgG (Amersham
Life Science, Arlington Heights, IL) diluted 1:3000 in
TTBS/1 % milk. Immunoreactive proteins were visual-
ized by enhanced chemiluminescence using kit re-
agents and instructions recommended by the man-
ufacturer (Amersham). The relative density of
immunoreactive p53 protein in each sample was
determined with a GS 300 scanning densitometer
(Hoefer Scientific Instruments, San Francisco, CA).
For six samples of each tissue type, the mean + SEM
of relative p53 content was determined and com-
pared using ANOVA and the Newman-Student-Keuls
multiple comparisons test.

Reverse Transcription Polymerase Chain
Reaction (RT-PCR)
Given the limited yield of total RNA recovered from
diseased human aortic tissue samples and the low
abundance of p53 mRNA transcripts, RT-PCR as-
says were used to determine p53 gene expression.
Total RNA was isolated from aortic tissue samples
(each approximately 0.5 g) by guanidinium thiocya-
nate/phenol/chloroform extraction in RNAzol, ac-
cording to the manufacturer's instructions (Cinna/
Biotecx, Houston, TX). After verifying the integrity of
the RNA by agarose gel electrophoresis, all samples
were normalized to the same amount of total RNA
template for RT-PCR analysis. First-strand cDNA
synthesis was performed using 1 Ag of total RNA,
oligo (dT) primers, RNAse inhibitor, and 2.5 U/L
Molony murine leukemia virus reverse transcriptase
in a total volume of 20 ,tl, according to the manufac-
turer's recommendations (Perkin-Elmer-Cetus, Nor-
walk, CT). Samples were reverse transcribed on a
Hybaid Omnigene system for 15 minutes at 420C,
and the reaction was terminated by heating to 990C
for 5 minutes. The RT reaction products served as
the template for PCR amplification of p53 transcripts
using primers for human p53 exons 7 through 9
(Clontech, Palo Alto, CA): 5'-GTGTTGTCTCCT AG-
GTTGGCTCTG-3' (forward primer) and 5'-CCCAA-
GACTTAGTACCTGAAGGGTG-3' (reverse comple-
ment primer). Each PCR amplification was
performed in a 40-ul reaction volume with 1 ,umol/L
(each) 5' and 3' primers in 10 mmol/L Tris/HCI buffer
containing 50 mmol/L KCI, 1.5 mmol/L MgCI2,
0.001 % (w/v) gelatin, and 5 U/IAl Amplitaq DNA poly-
merase. Because amplification of p53 transcripts

was found to be linear at 35 cycles of PCR, typical
PCR reactions included 5 minutes at 940C for dena-
turation, 5 minutes at 600C for annealing, 35 cycles
of 1.5 minutes at 720C, 45 seconds at 940C, and 45
seconds at 60°C, and 10 minutes at 72°C for final
extension. In all experiments, the possible presence
of PCR contaminants was excluded by control reac-
tions without reverse transcriptase or with extraction
buffer alone (absence of template). PCR products
(35 ,ul) were size-fractionated on 1.5% agarose gels
together with molecular weight markers. DNA was
visualized by ethidium bromide staining under ultra-
violet illumination, and gels were photographed with
positive/negative instant film (Polaroid Corp., Cam-
bridge, MA). Photographs were examined using an
Imagestone 7500 video densitometer (Ultraviolet
Products, Cambridge, UK), and peak areas in each
lane were calculated using ScanDO and NIH Image
processing programs (Wayne Rasband, National In-
stitutes of Health, version 1.44). For each tissue sam-
ple, the abundance of p53 mRNA was expressed as
the relative density compared with other samples run
on the same gel, and comparisons between results
for normal aorta and AAA tissues were made using
the Student's t-test.

Results

Medial SMC Density Is Reduced in AAA

As in previous studies 4,6,9,24,26,28 the most conspic-
uous light microscopic features of AAAs were severe
intimal atherosclerosis and architectural degenera-
tion of the elastic media, exemplified by a pro-
nounced decrease in aortic elastin fibers. The cellu-
lar composition of AAAs typically included chronic
inflammatory cell infiltrates and medial neovascular-
ization as previously described.25 28 Importantly, an-
eurysms were associated with a markedly dimin-
ished population of medial SMCs as determined by
immunohistochemistry for a-SMC actin (Figure 1). As
shown in Table 1, morphometric analysis demon-
strated a 74.5% reduction in mean SMC density in
AAA compared with normal aorta (P < 0.001). In
contrast, mean SMC density was not significantly
different between normal aorta and AOD tissues.
The possibility that measurement of medial SMC

density might have been influenced by tissue orien-
tation was examined in a separate series of tissues
by embedding the same tissue specimens in both
transverse and longitudinal orientations. This re-
vealed that tissue orientation did not contribute sub-
stantially to the differences in medial SMC density
measured between different aortic tissue types (Ta-
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Figure 1. Vascular SMCs in normal and diseased human abdominal aortic tissues. Formalin-fixed, paraffin-embedded sections were stained wvith
anti-a-SMC actin monoclonal antibodies and alkaline pho.sphataselanti-alkaline phosphatase (red reaction product). Tranisverse aortic sections are
oriented uwith the lumen at the top. A: Normnal aorta. B: AOD. C: AAA. The abundance of medial SMCs in normal aorta anidAOD is contrasted with
the decrease in medial 5MCs density in AAA (arrow) Iniflammatory infiltrates are present in AAA (arrow). Magntification, X 40 (left) and X 100
(right).

ble 2). By estimating the extent to which SMC density
might be expected to decrease in aneurysms of
increasing diameter and varying wall thickness in the

absence of actual cell loss, we also found that the
reduction in medial SMC density in AAAs (from 200
SMCs/HPF to 50 SMCs/HPF) would require an in-
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Table 1. Medial Smooth Muscle Cell Density in Human Aortic Tissues

Medial SMC density

Aortic tissue type n Mean + SEM Range

Normal abdominal aorta 5 199.5 ± 14.9 168-258
Atherosclerotic abdominal AOD 6 176.4 + 13.9 140-235
AAA 10 50.9 + 6.1* 16-80

For each specimen, medial SMC density was determined as the mean number of a-SMC actin-positive SMCs per X400 HPF taken from
five contiguous HPFs. Data represent the mean ± SEM and range of SMC density determinations for all tissue specimens in each group.

*P < 0.001; ANOVA and Newman-Student-Keuls multiple comparisons test.

crease in aortic diameter to greater than 5.5 cm

along with an increase in wall thickness to at least
twice normal. Because the AAAs examined in this
study were 4.5 to 6.0 cm in diameter, and because
medial thickness is typically less in aneurysms than
in normal aorta, this indicates that at least some

degree of SMC loss occurs during the course of
aneurysm degeneration. Indeed, if the overall cross-

sectional area of the media is decreased to any

extent in AAAs, the amount of SMC loss would be
even greater than estimated by our measurements of
SMC density. The magnitude of the decrease in SMC
density observed in AAA specimens therefore ap-

pears to be best explained by an authentic decrease
in overall SMC number.

SMCs in AAA Display Ultrastructural
Features ofApoptosis
To further assess the morphological features of an-

eurysm degeneration, we examined aortic tissues by
transmission electron microscopy. As shown in Fig-
ure 2, the extracellular matrix of AAAs was domi-
nated by disordered collagen fibers and elastin-as-
sociated microfibrillar material, with little detectable
insoluble elastin. Despite the considerable degree of
morphological distortion and the near absence of
elastin, in many specimens the layered architecture
of the aortic media was unexpectedly retained (Fig-
ure 2B). This was evident by regions of thinned
SMCs alternating with spaces filled by microfibrils,
suggesting the remnants of an elastic fiber scaffold

stripped of its insoluble elastin. Intact SMCs remain-
ing within aneurysms displayed loss of cell volume,
cytoplasmic contracture, dissolution of cytoskeletal
actin filaments, and distortion of intracellular or-

ganelles. SMC nuclei frequently exhibited peripheral
condensation of chromatin, clumping, and fragmen-
tation, which may be interpreted as consistent with
apoptosis (Figure 2, C and D). In contrast, morpho-
logical characteristics of SMC necrosis, ie, mito-
chondrial and cell swelling and cell membrane dis-
ruption, were not observed in AAAs, nor was there
evidence of acute inflammation. Because the ob-
served ultrastructural changes are typically associ-
ated with apoptotic cell death rather than necro-

SiS,36-38 these findings suggested that SMC
apoptosis might be a common occurrence in AAAs.

Fragmented DNA Is Localized to SMCs in
AAAs

Because light and electron microscopy provided in-
complete distinction between the possible mecha-
nisms underlying the loss of SMCs in AAAs, we used
additional techniques to determine whether SMC ap-
optosis might contribute to this disease process.
Physiological cell death is often characterized by
internucleosomal degradation of genomic DNA, pro-

ducing an apoptotic ladder upon gel electrophore-
sis.3940 We found that DNA extracted from patho-
logical human aortic tissues was often extensively
degraded, therefore contributing little information for
analysis (data not shown). However, using a histo-

Table 2. Effect of Tissue Orientation on Measurements of Medial SMC Density

SMC density (SMCs/HPF)
Transverse Longitudinal

Normal aorta 245.6 ± 11.4 223.3 ± 9.8 9.1% reduction (P = 0.04)
Aortic aneurysm 43.5 ± 6.1 42.1 ± 2.9 3.2% reduction (P = 0.42)

82.3% reduction (P < 0.001) 81.1% reduction (P < 0.001)

Specimens of normal aorta and AAA (n = 3 each) were oriented transverse to the axis of blood flow, embedded, and sectioned. After
morphometric measurement of medial SMC density in a-SMC actin-stained sections (SMCs/HPF), each specimen was re-embedded in an
orientation longitudinal to the axis of blood flow and the morphometric analysis repeated. As compared by a one-tailed Student's t-test,
orientation-dependent differences in medial SMC density were of minor significance compared with the magnitude of difference between
the two tissue types.
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Figure 2. 4tltrastriuctiuralftatures of SMCqapcptosis in AAA. Transmission electroni micrographs delnionstrate intact miedial elastin fibers(E) in niormnal
aorta (A), contrastled with their absence in AAA (B to D). A: SMC (asterisk) in niormial aorta. B to D: SMCs in AAA di.splay decreased cell volume,
dissolition oj the actini c toskeleton, and menibrane blebbing (B anid C) as nell as uniiclear conidensation, clunmpinig and mnargination o/fchronmatin,
andfiagmentaion ('arrows. C and D). Magnification, x 10,000.

chemical method to detect apoptosis based on in
situ 3' end-labeling (ISEL) with terminal trans-
ferase,41 we were able to effectively localize intact

cells with fragmented DNA in aortic tissue sections.
As illustrated in Figure 3, ISEL-positive cells were not
detected in normal aorta and they were found only
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Figure 3. ISEL offragmentedDNA localizes apoptotic SMCs in human aortic aneurysms. A: Formalin-fixed, paraffin-embedded sections ofabdominal
aorta were processed for ISEL and stained with immunoperoxidase (brown reaction product). ISEL-positive cells (arrows) are not observed in the
mnedia ofnormal aorta, but they areprevalent throughout the uall ofAAAs. Magnification, X 200. B: Identification ofapoptotic vascularSMCs in AAA.
Formnalin-fixed, paraffin-embedded sections of AAA were processed for ISEL and stained weith immunoperoxidase (light field, brown reaction
product). 7Te same sections were incubated with FITC-conjugated antibodies against a-SMC actin (dark field, green reaction product under
epifltuorc-scence). Most ISEL-positive cells are identified as SMCs (arrows). Magnification, X 400.

within the intimal atherosclerotic plaque in AOD. In
contrast, a large number of aortic wall cells were
ISEL positive in AAAs. These cells were located both
within the intima and throughout the degenerative
media, where a mean density of 8.6 + 2.4 ISEL-
positive cells per HPF was observed. By comparison
with DNAse-treated positive control sections in
which all cells present were stained for fragmented
DNA, ISEL-staining nuclei represented up to 30% of
the medial cells in AAAs. Using immunohistochemi-
cal co-localization of apoptotic cells with those ex-
pressing a-SMC actin, a large proportion of the ISEL-
positive cells within the the media of AAAs were
identified as vascular SMCs (Figure 3).

Production and Accumulation ofp53
Protein
Because vascular SMCs exposed to serum-free con-
ditions undergo apoptosis by p53-dependent and
-independent mechanisms,42 we used the produc-
tion of p53 as a potential molecular marker of apo-
ptosis in aortic tissues. As shown in Figure 4, p53
protein was detectable in extracts of all three types
of human aortic tissue. The relative amount of immu-
noreactive p53 determined by densitometry was 3.9-

fold greater in AAA than normal aorta (P < 0.05),
whereas the amount of p53 in AOD was not signifi-
cantly increased over that produced by normal
aorta. By immunohistochemistry using paraffin-em-
bedded tissue sections, p53 protein was undetect-
able within the media of normal aorta or AOD tissues
(Figure 5). In nearly all AAA specimens examined,
immunoreactive p53 protein was readily detectable
in cells distributed throughout the degenerative aor-
tic wall. p53 was localized to the cytoplasm and
nuclei of SMCs, as verified by co-localization with
antibodies to a-SMC actin, and to lymphocytes
within the aneurysm wall (Figure 5). These studies
revealed that approximately 20 to 30% of the a-actin-
positive cells also accumulated p53 protein.

Expression ofp53 mRNA
The steady-state expression of p53 mRNA was as-
sessed in human aortic tissues using RT-PCR. As
shown in Figure 6, the expected amplification prod-
uct derived from p53 mRNA (470 bp) was detected
in all aortic tissue specimens. Based on measure-
ments of relative density in samples normalized to
the same amount of total RNA template, the amount



SMC Apoptosis and p53 Expression in Aortic Aneurysms 1001
AJP Marcb 1997, Vol. 150, No. 3

B

.f

*%

NML AOD AA
'p c 0.05, AAA v. NML and AAA v. AOD.

250

1 200

100

a

Figure 4. Immunll(-oblot analy%is ofp53 in human aortic tissues. A: Aortic tissue extracts were normalized to totalproteini, resolved bJ SDS-PAGE, and
then- in-cubated with monoclonal antibodies recognizing human p53. Immune complexes uere detected by enhanced chemiluminescetnce Repre-
sentatiwe saples ofnornal aorta, AOD, andAAAs B: Mean ( + SE) relative density ofimmunoreactivep53 protein produiced in normal and diseased
humnan aortic tissues (n = 6 each).

of p53 expressed in AAA tissues was approximately
two- to threefold higher than that in normal aorta.

Discussion
In contrast to occlusive atherosclerosis, the histopatho-
logical changes in human aortic aneurysms predomi-
nantly affect the elastic media.i5 Whereas this tissue
layer is normally dominated by elastic fibers and vas-
cular SMCs, previous studies have focused on the
decrease in aortic elastin concentration in AAAs.7
Thus, one of the contributions of the present study is
the demonstration that medial degeneration in human
AAA is also accompanied by a quantitative decrease
in SMC density compared with normal and atheroscle-

A7--

t~~~

rotic aortic tissues. Because the magnitude of de-
creased SMC density was far greater than that ex-
pected if the total cell number per cross-sectional area
of the vessel had remained constant, the decline in
SMC density in AAA appears to reflect an authentic
and significant decrease in total SMC number. The loss
of this cell population, including its architectural contri-
butions to the elastic lamellae and its matrix remodeling
functions within the aortic wall, likely bears a significant
influence on the structural and functional deterioration
of the aneurysmal aorta. Additional knowledge of the
cellular mechanisms underlying medial SMC death is
therefore important to understanding the pathological
events that occur during the genesis and evolution of
AAA.
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Figure 5. Immuinolocalization ofp53 protein in AAA. A: Formalin-fixed sections ofAAA were incubated with anti-p53 antibodies and stained with
immuinoperoxidase (brown reaction product). Positive-staining cells are indicated by arrows. Magnification, X 200. B: Formalin-fixed sections of
AAA were simnultaneously stained with antibodies against p53 and a-SMC actin. p53 was detected by immunoperoxidase and visualized under
ligbt-field microscopy as a brown reaction product (arrow). In the same sections, a-SMC actin was detected with FITC-conijugated antibodies
visualized untider dark-field microscopy and epifluorescence as a green signal. The yellow autofluorescence of residuial elastin fibers is also apparent.
Magnification, X 400.
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Figure 6. RT-PCR analVsis ofp53 eApression in human aortic tissules.
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followed by PCR usinzg primers specific for hbuman p53 cexons 7 to 9. A:
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Mean (: SE) relative density units of p53 amplification products
obtainedfrom specimens of normal aorta anid AAA (n = 5 each; *P <
0.001, Student's t-test).

Medial degeneration in aneurysms has been tra-
ditionally attributed to necrosis, particularly in tissues
exhibiting cystic changes or the acute inflammation
often associated with aortic dissection.43 By light
and electron microscopy, however, we observed no
evidence of cellular necrosis or acute inflammation in
established infrarenal AAA. Indeed, the SMCs re-
maining within the degenerative media of aneurysms
were typically intact, lying between layers of de-
graded elastic lamellae. Furthermore, at the ultra-
structural level these SMCs frequently displayed cy-

toplasmic and nuclear features characteristic of
apoptosis, or physiological cell death. Recent stud-
ies indicating that apoptosis plays a significant role
in vascular wall biology prompted us to further inves-
tigate whether this process might contribute to the
loss of SMCs during aneurysm degeneration.42'44-55

Although we found that DNA electrophoresis con-
tributed little to the assessment of apoptosis in the
degenerative tissues studied here, histochemical
staining by ISEL demonstrated that intact cells with
fragmented nuclear DNA are frequently present
within the atherosclerotic intima of AOD specimens
and in the media of AAAs. Although ISEL alone is
insufficient proof that cells have undergone pro-
grammed cell death,5657 together with other data
these findings provide evidence suggesting that ap-
optosis contributes to cell death in AAAs. Further-
more, our observations of apoptotic cells within ath-
erosclerotic plaques are similar to those presented
by Bennett and associates,48 Geng and Libby,49
Han et al,50 and Isner and colleagues.53 In contrast
to previous studies, however, we found a broader
distribution of apoptotic cells in AAAs. Thus, ISEL-
positive cells in aneurysms were apparent both
within the atherosclerotic intima and, more impor-
tantly, throughout the degenerative media. When
compared with tissue sections treated with DNAse
before ISEL staining, the ISEL-positive cells in the
media of aneurysms represented up to 30% of the
cells remaining in the tissue. This appears to be a
surprisingly high rate for a process reflective of on-
going cell death, yet others have observed a similar
proportion of apoptotic cells in human atheroscle-
rotic plaques.495053 Indeed, Geng and Libby have
suggested, that under certain circumstances, such
as those existing within the degenerative local envi-
ronment of atherosclerotic plaques, apoptotic cells
may persist within tissues long after the molecular
events determining cell death have occurred.49
Rather than to be rapidly deleted through phagocy-
tosis, these cells might thereby remain in a mummi-
fied state detectable by histochemical techniques
based on their fragmented DNA content. Our find-
ings would suggest, therefore, that a similar process
may occur in the degenerative media of human AAA
tissues.

The transmural pattern of apoptosis we observed
in AAAs corresponds well with that seen during post-
natal remodeling of the aorta in lambs47 and in failing
human saphenous vein grafts,44 both of which in-
volve degeneration of the elastic media. We identi-
fied the apoptotic cells in human AAAs by double
immunohistochemical staining with ISEL and anti-
bodies recognizing a-SMC actin. The immunofluo-
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rescent staining pattern for a-actin was atypical for
vascular SMCs, exhibiting localization of actin fila-
ments in a peripheral pattern at the margins of the
cell membrane. Because a similar pattern was ob-
served in AAA tissues stained for a-SMC actin in the
absence of ISEL, the lack of diffuse cytoplasmic
staining was not a technical artifact of the double-
staining methodology. Indeed, although vascular
SMC expression of a-actin may vary depending on
the growth state and differentiation of the cell popu-
lation,5859 the altered histochemical appearance of
medial SMCs in AAAs likely also reflects a degree of
cellular injury resulting in disassembly and redistri-
bution of cytoskeletal actin filaments. Interpretation
of these findings is necessarily limited by the chronic
degenerative nature of human AAA tissues available
for study. Nonetheless, taken together with our ob-
servations of decreased SMC density and the ultra-
structural appearance of SMCs, these results sup-
port the hypothesis that medial SMC apoptosis
contributes to the loss of this cell population during
the evolution of aneurysm disease.

Cellular production of p53 has been implicated in
the induction of cell cycle arrest and apoptosis in
many cell types, including vascular SMCs.42'60-64
For example, vascular SMCs in culture undergo ap-
optosis during serum deprivation or in response to
various cytokines, through both p53-dependent and
-independent mechanisms.42 To determine whether
SMC death in human AAAs might be associated with
similar processes, we therefore examined the pro-
duction of p53 as a potential molecular marker of
apoptosis. The amount of p53 protein extracted from
AAAs was nearly fourfold greater than that from nor-
mal and atherosclerotic tissues. Using RT-PCR as-
says normalized to total RNA, steady-state expres-
sion of p53 mRNA also appeared higher in AAA than
in normal aorta, although as used here this method
cannot accurately demonstrate quantitative differ-
ences. Perhaps more importantly, immunoreactive
p53 was readily detected in the degenerative media
of most AAA tissues, but it was not observed in the
media of normal or atherosclerotic aortic specimens,
and cellular accumulation of p53 in AAAs was pre-
dominantly localized to lymphocytes and spindle-
shaped cells co-expressing a-SMC actin. These
findings provide additional evidence for the devel-
opment of physiological SMC death in aneurysms
and they suggest that this process may occur, at
least in part, through mechanisms involving in-
creased SMC expression of p53. Although the ability
to detect p53 by immunohistochemistry is often
taken as evidence of p53 mutations, such as those
seen in various malignancies,6566 we predict that

SMC overproduction of p53 in AAAs reflects normal
physiological processes occurring in response to
cellular injury and/or DNA damage67 rather than neo-
plastic transformation.

Given the evidence that apoptosis contributes to
the decreased vascular SMC density in human AAA,
a number of different mechanisms may be proposed
by which to explain the induction of physiological
SMC death in the media of aneurysm tissues.
Through close spatial relationship with the diseased
intima, for example, medial SMCs might be subject
to high local concentrations of oxidants produced in
atherosclerotic tissues, such as nitric oxide, oxygen
free radicals, and oxidized low-density lipoproteins.
Indeed, recent studies confirm that both nitric oxide
and highly oxygenated forms of low-density lipopro-
tein induce vascular SMC apoptosis in vitro.54'68 Dif-
fusion of these compounds into the aortic media
might thereby result in cytotoxic effects on medial
SMCs with the concomitant induction of physiologi-
cal cell death.

Ischemic injury to medial SMCs might also induce
a process of apoptosis rather than overt tissue ne-
crosis. In contrast to the thoracic aorta where vasa
vasorum are prevalent, the media of the infrarenal
human aorta is normally devoid of an intramural
blood supply.69 SMCs in the infrarenal aorta are
thereby entirely dependent on nutrient diffusion from
the lumen. The inherent susceptibility of the media to
ischemic injury also corresponds with clinical pat-
terns in which the vast majority of AAAs arise in the
infrarenal aorta.1'- Nutrient diffusion from the aortic
lumen into the medial SMC layers may also be sig-
nificantly limited by the development of intimal thick-
ening and atherosclerotic plaques in this region, re-
sulting in chronic medial ischemia. Like serum-
deprivation in vitro,42,45,46'48,54 this environment
might be particularly conducive to the induction of
SMC apoptosis.

Chronic inflammation is commonly observed in
AAA, characterized by mononuclear cell infiltration
of the outer aortic wall.25 27 Inflammatory cytokines
known to induce SMC apoptosis in vitro, such as
interleukin-1,B, tumor necrosis factor-a, and interfer-
on-y,4555 are also produced in atherosclerotic le-
sions and in aneurysm tissues.70- 4 High local con-
centrations of these mediators, such as that
expected near the inflammatory cell infiltrates prev-
alent within the outer aortic wall of aneurysms, might
have a deleterious influence on medial SMCs. In
addition, it is possible that SMC apoptosis is induced
by direct interaction with inflammatory cells, particu-
larly T lymphocytes and macrophages. Although the
factors eliciting an immune response in AAA tissues
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remain poorly understood, the finding that SMCs in
AAAs express class 11 histocompatibility antigens75
supports the possibility that medial SMCs may also
be the target of cell-mediated immune responses
resulting in apoptotic cell death. Indeed, recent ob-
servations linking inflammatory AAAs with human cy-
tomegalovirus infection,76 and the association of cy-
tomegalovirus with p53 expression in human
coronary restenosis lesions,77 may be particularly
relevant in this respect. Additional investigation will
clearly be needed to distinguish which of these po-
tential mechanisms might be most important in hu-
man aneurysm disease.

Finally, it is important to revisit the fact that vascu-
lar SMCs normally exist within an extracellular matrix
rich in elastin and that they typically lie adjacent to
mature elastic fibers. During early atherogenesis and
intimal thickening after arterial injury, SMCs migrate
into the intima where they proliferate and deposit
large amounts of extracellular matrix protein. The
development of SMC apoptosis in atherosclerosis is
largely associated with advanced plaques undergo-
ing degeneration, where little if any elastin exists.
Like the environment of the atherosclerotic intimal
plaque, the development of SMC apoptosis in AAAs
also occurs in a tissue environment depleted of elas-
tin. We speculate, therefore, that the association of
medial SMCs with elastin or other components of the
intact elastic fiber may provide a measure of resis-
tance to apoptotic stimuli that, in the absence of an
elastin-rich extracellular matrix, might otherwise in-
duce physiological SMC death.7879 Studies using
cultured SMCs and elastase-induced animal models
of AAA80 will be particularly useful toward testing
these possible mechanisms.
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