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Abstract

We review the results from the most common animal
models of arterial aneurysm, including recent find-
ings from our novel, laparoscopy-based pig model of
abdominal aortic aneurysm, that contribute impor-
tant insights into early pathogenesis. We emphasize
the relevance of these findings for evaluation of
treatment protocols and novel device prototypes for
mechanism-based prevention of progression and
rupture. Copyright © 2013 Science International Corp.
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Introduction

Interventional treatment regimens for abdominal
aortic aneurysm (AAA) have focused on either open
abdomen surgical repair/grafting or endovascular
stenting when the maximum anterior-posterior dia-
meter exceeds 5 or 5.5 cm or when the growth rate is
unacceptably accelerated. However, since the 2005
report of the US Preventive Services Task Force rec-
ommendations that all males between the ages of 65
and 74, who have ever smoked, undergo ultrasound
screening for AAA [1], we are seeing many more small,
developing aneurysms than before [2-4]. This has

emphasized the need to develop effective, noninva-
sive treatment options that target pathogenetic
mechanisms responsible for aneurysm progression [5]
in order to avoid these procedures, and their fre-
guently serious consequences, in the future [6,7].

Unfortunately, but understandably, most histo-
pathological studies of human abdominal aortic an-
eurysms have been performed on severely advanced
aneurysms that were excised at autopsy or resected at
surgery after exceeding 5-6 cm maximum diameter.
Such specimens are frequently complicated by mural
thrombus, calcific deposits, intramural hemorrhage,
and necrotic pultaceous debris that severely obscure
the initial structural changes in the arterial wall at the
beginning of aneurysm formation.

In this review we present the findings from the
most common animal models, including some very
recent findings from our new pig model, that contrib-
ute important insights related to the early pathogen-
esis of AAA (and possibly aneurysms in other arterial
beds as well) that are important for evaluation of
novel, mechanism-based treatment approaches.

Experimental Studies in Small Mammals

Periarterial Calcium Chloride Model
Experimental studies of aneurysm formation in
small mammals have been conducted primarily in
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mice, rats, and rabbits. The periarterial calcium chlor-
ide model of arterial aneurysm in the rabbit common
carotid artery seems to be the earliest of these models.
This model was originally developed in our laboratory
in Jerusalem in the late 1980s [8]—actually by mistake.
At that time we were looking for a model of Prinz-
metal’s angina to understand the pathogenesis of
myocardial infarction with normal coronary arteries.
We used calcium chloride as a spasmogenic agent that
would let us study the short- and long-term effects of
vasospasm on the arterial wall itself. We sought to
show that, as with cerebral vasospasm, spasm of any
artery, including the coronaries, even if it resolves, is
not an innocent event; rather, it may have profound
effects on the artery itself in the short and long term,
even, and perhaps particularly, when the associated
reduction in luminal diameter is insufficient to sub-
stantially alter distal arterial flow [9].

It was shown that the mechanical effects of severe
arterial constriction [10], or alterations in the magni-
tude or directionality of shear forces at the site of
partial constriction [11], can cause endothelial damage
and/or desquamation followed by platelet deposition
and thrombus formation leading to partial or total
luminal occlusion at that site or embolization and
occlusion of a smaller artery distally—as has been
reported in cases of cerebral vasospasm 2-3 weeks
after subarachnoid hemorrhage [12,13]. We further
hypothesized that the damage done to the vessel at
the site of spasm could result in reactive fibromuscular
hyperplasia possibly progressing to a fixed stenosis
[9,11], as has been reported in some cases of Prinz-
metal’s angina where the first catheterization showed
a spasm that resolved after nitroglycerin, but months
later there was a fixed stenosis at the same site [14].

When we looked at the common carotid arteries of
rabbits 3 days after periarterial application of CaCl, [15],
indeed, we found all of the expected changes at the site
of spasm including endothelial desquamation, platelet
attachment on exposed subendothelial tissues, and
thrombus formation. However, in long-term studies de-
signed to show that a single periarterial application of
calcium chloride can progress to a fixed stenosis, surpris-
ingly, we found aneurysmal dilatation (Fig. 1) [8].

In trying to understand how this happened, by
studying Von Kossa-stained sections (for calcium pre-
cipitates) with correlative transmission electron mi-
croscopy using pyroantimonate staining (for calcium)
and correlative energy dispersive x-ray elemental mi-

Figure 1. Periarterial calcium chloride. Left, Anteroposterior
angiographic projection 3 weeks after a single, periarterial
application of CaCl, to the right common carotid artery of a
rabbit. Note aneurysmal dilatation (arrow). Right, Scanning
electron micrograph of cross-sections of the common carotid
arteries of a rabbit 6 weeks after periarterial application of
calcium chloride to the right vessel (R). Note marked dilatation
compared with the contralateral, control vessel to which NaCl
was applied (profile above) (15X). Reprinted with permission
from Gertz et al.,, J Clin Invest. 1988;81:649-656.

croanalysis (EDS), we found that the periadventitially
applied CaCl, diffused into the wall and bound pref-
erentially to the internal elastic lamina and the elastic
lamellae between the layers of smooth muscle cells of
the media (Fig. 2). This calcium-elastic tissue complex
apparently changed the antigenicity of the elastic tis-
sue, attracting inflammatory cells including mono-
cytes and macrophages that appeared to “eat up” this
calcium-elastic tissue complex and disrupt the normal
lamellar unit of the arterial media, resulting in progres-
sive luminal dilatation.

The periarterial CaCl, model has since been used by
several other groups to induce experimental abdominal
and thoracic aortic aneurysm in mice and rats [16-20].

Intraluminal Elastase Model

The role of disruption of the elastic lamellae in
aneurysm formation was also shown in the elastase
model introduced first by Anidjar et al. in 1990 [21,22].
In that model, pancreatic elastase was infused into an
isolated segment of rat aorta resulting in marked deg-
radation of the medial elastic lamellae with a very
robust inflammatory response followed by aneurysmal
dilatation. Subsequent studies by others have shown
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Figure 2.

Periarterial calcium chloride. Left, Light microscopic section through the rabbit right common carotid artery (RCCA)

3 days after periarterial CaCl, showing calcium precipitation within the internal elastic lamina and elastic layers of the media (Von
Kossa, 640X). Middle, Transmission electron micrograph (pyroantimonate stain) of a CCA 1 week after CaCl, showing calcium
deposits (black) within the medial elastica (4200X). Right, RCCA 6 weeks after CaCl, application showing calcium precipitation
within the media with giant cells showing central vacuolization and engulfment of fragmented calcium-elastica beneath an area
of intimal proliferation (Von Kossa, 350X). Reprinted with permission from Gertz et al., J Clin Invest. 1988;81:649-656.

similar results in mice [23], rats [24], and rabbits,
whether the elastase was delivered intraluminally [25]
or applied perivascularly to the adventitial surface
[26,27]. Similar results were also obtained with com-
bined intra-aortic elastase and periaortic CaCl, in rats
[28] and rabbits [29].

In the studies of Pyo et al. [23], elastase infusion
into the mouse aorta was associated with increased
local production of several elastolytic matrix metallo-
proteinases (MMPs). When treating these mice with
the systemic, nonselective MMP inhibitor, doxycycline,
or using MMP-9-deficient mice, they found attenua-
tion of the aneurysmal degeneration. Of interest, local,
controlled release of doxycycline from biodegradable
fibers decreased AAA progression in mice [30], but
human clinical studies with doxycycline have shown
conflicting results [4,31].

Angiotensin-Il-Infused Apolipoprotein E-Deficient
Mouse Model

One major disadvantage of the initial small animal
models is that the degree of aneurysmal dilatation is
sometimes too subtle to permit evaluation of treat-
ment regimens without using a large number of ani-
mals. This disadvantage was basically eliminated with
the development of the apolipoprotein e-deficient

(apo-e’~) mouse model of AAA by Alan Daugherty’s
group in Kentucky [32-37]. Infusion of angiotensin-II
into these apo-e™/~ mice results in very impressive
aneurysms in the suprarenal portion of the aorta
within 2-3 weeks in 30-85% of cases (Fig. 3). Because
of the robustness of these aneurysms, testing the
efficacy of any treatment modality in this model re-
quires far fewer animals to reach statistical separation
between the treatment groups.

In this model, we find the aneurysms to be associ-
ated with transmural disruptions of the media that
appear to occur exclusively in the vicinity of branch
orifices where alterations in magnitude and direction-
ality of hemodynamic shear forces are the greatest
(Figs. 3 and 4) [38]. In general, these transmedial
defects are accompanied by extensive inflammatory
infiltrates at sites of disrupted elastic lamellae and
damaged smooth muscle cells with reactive fibromus-
cular hyperplasia contiguous proximally or distally
with the areas of media-adventitial dissection typically
found in this model. As with human AAA, the frag-
mentation of the elastic lamellae with damage and
loss of smooth muscle cells is associated with variable
luminal and wall expansion with frequent intramural
hemorrhage and thrombus formation.

Gertz, S. et al.
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Figure 3. Suprarenal AAA 4 weeks after angiotensin-Il (Ang-Il) infusion in the apo-e™

/

~ mouse (top left) not present in a similar

mouse treated with low-level laser irradiation (LLLI) (top right). Needle standard is 0.5 mm. Note hemorrhage into the wall in the
macroscopic (upper left, arrow) and H&E section (lower left; arrow) of the suprarenal segment of a nontreated Ang-ll-infused
mouse. The immunofluorescent stained section (lower right) of the boxed-in area of transmural disruption shows marked
infiltration of MAC-2+ macrophages (green) in the area of the fragmented media (red = «-actin positive smooth muscle cells).
Reprinted with permission from Gavish et al., Lasers in Surgery and Medicine. 2012;44.664—674.

Genetically Driven Mouse Models of Arterial Aneurysm

Inherited human arterial aneurysms have been
shown to be associated with several specific muta-
tions in genes that code, for example, for extracellular
matrix proteins such as fibrillin-1 in Marfan syndrome
or collagen-1 or -3 in Ehlers-Danlos syndrome, specific
transmembrane proteins such as transforming growth
factor (TGF)-B receptors-1 and -2 in Loeys-Dietz syn-
drome, or polycistin-1 and -2 in polycystic kidney
disease, as well as mutations in a variety of cytoplas-
mic and nuclear proteins [39]. In a comprehensive
review of mouse models of such single-gene-driven
syndromes, Lindsay and Dietz [39] have presented
compelling evidence in favor of a prominent role for
the TGF-B pathway in the pathogenesis of aneurysm
at the molecular level.

Other Models of Aortic Aneurysm

Two additional models that should be mentioned
are the Broad-Breasted White (BBW) turkey model and
the Blotchy Mouse model. In the former, administra-
tion of B-aminopropionitrile (BAPN) from Lathyrus

odoratus seeds results in dissection and rupture of the
abdominal aorta by interfering with lysyl oxidase ac-
tivity necessary for cross-linking in collagen and elas-
tin [40-42]. In the Blotchy Mouse, an abnormality on
the X chromosome results in decreased copper-
dependent lysyl oxidase activity, also reducing elastin
and collagen cross-linking, resulting in a high percent-
age of aneurysms of the ascending aorta [43]. Subse-
quent studies by Brophy et al. [43-45] showed that the
B-blocker propranolol, which prevented aneurysm for-
mation in the BBW turkey, also does so in the Blotchy
Mouse—not by its effect on heart rate or blood pres-
sure, but by stimulating the cross-linking of elastin
and collagen, further emphasizing the central impor-
tance of the integrity of the matrix in aneurysm pro-
gression and rupture.

Experimental Studies in Large Animals

Although the small animal models have provided
very important insights concerning the pathogene-
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Figure 4.

Suprarenal abdominal aorta of LLL-treated Ang-ll-infused apo-e™

/

~ mouse showing marked transmural disruption in

the vicinity of the orifice of the superior mesenteric artery (SMA) with reactive fibromuscular hyperplasia appearing to wall off
the medial defect preventing significant aneurysmal dilatation (top left and right; Movat pentachrome stain). Top right is a
section immediately adjacent to that shown in the top left. Note the marked infiltration of inflammatory cells in the area of the
disrupted media with macrophages and giant cells (arrow) at the site of fragmented elastic lamellae and injured smooth muscle
cells. Lower panel shows the extensive collagen matrix formation in this reactive, “walling off” area (lower left = picrosirius red
[PSR] stain for collagen in nonpolarized light; lower right = PSR stain viewed with polarized light). Reprinted with permission from

Gavish et al., Lasers in Surgery and Medicine 2012;44:664 - 674.

sis of arterial aneurysm, those models do not permit
evaluation of novel medical devices where an aortic
diameter similar to that of humans is deemed nec-
essary. On the other hand, most of the existing large
animal models of aneurysm have serious limitations
in terms of relevance. We can summarize the cur-
rently available large animal models of AAA as
follows.

First, there is the enzymatic approach which, as in
the small animal models, involves injecting pancreatic
elastase into isolated, clamped segments of the por-
cine abdominal aorta alone [46], or with collagenase,
or with mechanical balloon dilation [47,48] or with the
addition of periaortic calcium chloride [49]. The me-
chanical restriction model involves periaortic applica-
tion of a polymeric cuff causing coarctation leading to
turbulent blood flow that induces poststenotic dilata-
tion [50,51]. The surgical models include creating an
aortic dilatation by interposition of either an autolo-
gous gastric serosa patch [52] or a Dacron patch [53].
A variety of other combinations of the above have
been performed, such as enzymatic and mechanical

restriction or mechanical restriction together with sur-
gical Dacron patch insertion [52].

Clamping the aorta, physically dilating the vessel, or
creating an artificial aneurysmal sac by surgical inter-
position of a patch can hardly be viewed as simulating
the actual cellular physiology underlying the disease
process. Moreover, none of these surgical/mechanical
models has shown further significant growth of the
aorta after the initial procedure. Thus, although these
swine models of AAA may be useful for device proce-
dural training, they are of very limited use for deter-
mining the effect of novel technologies on the cellular
mechanisms of aneurysmal dilatation.

Novel Laparoscopic Porcine Model of AAA

In our laboratory, we are developing a more phys-
iological porcine model of AAA that is based on lapa-
roscopic delivery of CaCl, to the periadventitial sur-
face of the aorta combined with angiotensin-II
infusion in the setting of a 1-month high fat diet. We
present this model here, briefly, for the first time
(except for in abstract form).

Gertz, S. et al.
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Figure 5.

Images of the porcine model of experimental AAA showing laparoscopic exposure of the infrarenal abdominal aorta

(top left), periarterial insertion of gauze and application of CaCl, (top right), retroperitoneal insertion of angiotensin-ll-filled
osmotic minipump (bottom left), and closure of the peritoneum with the pump seen behind (bottom right).

Using conventional laparoscopic techniques, the
infrarenal portion of the abdominal aorta is exposed
and CaCl, (0.5 M) applied to the periadventitial sur-
face of the central third using a gauze swatch that is
left in for 20 minutes (Fig. 5, top). Additional CaCl,
is applied until saturation of the gauze. Angioten-
sin-ll is delivered by osmotic minipump (Alzet,
model 2ML4, DURECT Corp., Cupertino, CA) inserted
retroperitoneally by laparoscopy just prior to with-
drawal of all instruments and closure of access ports
(Fig. 5, bottom). The animals are fed a diet of pig
chow with addition of 1% cholesterol and 20% beef
tallow beginning 1 month before laparoscopy. The
aortas are followed serially by ultrasound until sac-
rifice at 4-6 weeks.

Fig. 6 is an ultrasound image at baseline and after
aneurysmal dilatation at 4 weeks. This animal died a
week later (5 weeks) from a ruptured aneurysm. Post-
mortem specimens of the abdominal aortas of two
pigs are shown in Fig. 7. The aorta on the left was
excised at sacrifice at 6 weeks, but the aorta on the
right was excised after rupture at 5 weeks.

The histopathological features of these specimens
show striking similarities to human AAA. By electron
dispersive spectroscopy, we confirmed that the peri-

B-mode ultrasound before (top) and 4 weeks after
(bottom) laparoscopic induction of AA(A). Left, Longitudinal
views. Right, Cross-sections of infrarenal aorta at site of maxi-
mum cross-sectional diameter. This pig died from ruptured
AAA at 5 weeks. A 5-9 MHz linear-array ultrasonographic probe
is shown.

Figure 6.
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Postmortem photographs of infrarenal abdominal

Figure 7.
aortic aneurysms in pigs at the site of laparoscopically deliv-
ered periaortic calcium chloride. Both pigs had angiotensin-II
infusion and were fed an atherogenic diet. The aneurysmatic
aorta on the left was excised at 6 weeks. The AAA on the right
ruptured at 5 weeks.

AAA Area with
Mineral Deposition
P281-5RD(12)_pt1

%Weight:
Ca=12.03
P=6.67

P=0.27

Control Area

arterially applied calcium indeed attached preferen-
tially to the elastic lamella just like in the original
rabbit model (Fig. 8). The normal, nonaneurysmatic
segments of these aortas showed some intimal hyper-
plasia that is to be expected with this model which
includes angiotensin infusion and a hypercholester-
olemic diet even though calcium was not applied;
however, the lamellar units of the media were pre-
served (Fig. 9). On the other hand, at sites of periar-
terial CaCl,, there were variable degrees of luminal
dilation, associated with marked disruption of the me-
dia with fragmentation of the elastic lamellae, infiltra-
tion of inflammatory cells including giant cells, some
of which could be seen engulfing fragmented elastica,
injury and depletion of smooth muscle cells with re-
placement by intercellular matrix, neovascularization
with extravasation of red blood cells, and in some
cases larger areas of intramural hemorrhage (Fig. 9).

Lessons and Conclusions

We have made very good progress in the develop-
ment of a novel, robust, physiologically relevant, large
animal model of AAA that closely resembles the patho-
biology of human aneurysms, but several problems re-
main. First, the model may be a bit too severe to suc-
cessfully test the effect of novel pharmacological

Histology

P281-5RD(12)_pt2

%Weight:
Ca=0.78

g
"' ;" 5‘
1l B2

(SEM) with electron dispersive

spectrometery (EDS) showing calcium precipitates in the elastic lamellae. Right, top = Von Kossa-stained section showing
calcium precipitates within the medial elastica as additionally confirmed with Movat pentachrome (bottom) that stains

elastica black.
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Figure 9.

Infrarenal porcine abdominal aorta 4 weeks after laparoscopically delivered periarterial CaCl, and angiotensin-II

Y - e

infusion by osmotic minipump inserted retroperitoneally by laparoscopy on the background of a 1-month high cholesterol, high
fat diet. Top left, Relatively normal area adjacent to the site of calcium application (except for mild intimal hyperplasia). The
remaining sections are from the site of aneurysm formation. Top middle, Marked disruption of the media with extensive
fibromuscular hyperplasia (Movat). Top right, Transmedial disruption with fragmented elastica, neovascularization, RBC extrav-
asation (H&E). Bottom left, Marked fragmentation of the elastic lamellae with infiltration of inflammatory cells including giant
cells, some of which can be seen engulfing fragmented elastica (Movat). Bottom middle, Injury and depletion of smooth muscle
cells with replacement by intercellular matrix (yellow) (Movat). Bottom right, Marked disruption of the media with fibrous tissue

proliferation, neovascularization, and intramural extravasation of red blood cells (Movat).

treatments and new devices that prevent aneurysm pro-
gression. We probably need to reduce the level of insult,
e.g., by reducing the concentration of calcium chloride
(to 0.25 M) or removing one of the other two insults.

But there are other problems for which the solutions
are much less obvious. These large animal experiments
are very, and sometimes prohibitively, expensive. Each
pig, when considering purchase, housing, surgical and
laparoscopic supplies, operating room time, veterinary
expenses, and tissue preparation, costs, conservatively
speaking, nearly $10,000 per pig. This is a huge burden
on any laboratory with the average level of funding—
particularly in the current era of belt-tightening.

In addition, these experiments are very labor inten-
sive, requiring a large, multidisciplinary staff—not to
mention the huge additional expenditure of time that
such large animal experiments require.

Thus, our recommended approach for testing new
treatments is to do the majority of efficacy studies in

the angiotensin-infused apo e-knock-out model of an-
eurysm. Clearly, as we have shown, there is no small
animal model to date that is more robust or more
suitable. This should be appropriate for most new
pharmacological regimens, and today, with advance-
ments in miniaturization capabilities and three-
dimensional printing, this also should be appropriate
for a variety of novel device prototypes. The more
expensive and labor-intensive pig model should be
reserved for the bare minimum of highly focused
efficacy studies as well as additional safety studies
performed with an up-sized version of the device
prototype prior to first-in-man trials.
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EDITOR’'S COMMENTS

| had the pleasure of hearing Dr. Gertz deliver the

Of note, Dr. Jeffrey Jones, Dr. John lkonomidis, and

their team have very recently reported a porcine

lecture that motivated this invited article. It was a
privilege to hear his historical and scientific perspec-
tives on animal models of aortic aneurysm—a field to
which he has made immense contributions. In this
article, he clearly and succinctly presents this impor-
tant area of research.

model of aortic aneurysm. We suggest that interested
readers also peruse this seminal work, which is found
in the following reference:

Eckhouse SR, Logdon CB, Oelsen JM, Patel Rk, Rice AD,
Stroud RE, et al. Reproducible porcine model of thoracic
aortic aneurysm. Circulation. 2013;128:5186-5193.
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EDITOR’S COMMENTS

M. David Tilson, MD, Columbia University, New York,

NY, USA

First, the authors observe that CaCl2 applied to the
periadventitia of the rabbit carotid artery becomes
bound to the elastic lamellae and the internal elas-
tic lamina, apparently changing the "antigenicity” of
the elastica and attracting monocytes and macro-
phages which "appeared to 'eat up” the complex,
resulting in mechanical failure of the wall and vessel
enlargement. This highly prescient observation an-
ticipated by years the growing evidence that the
immune system is involved in AAA development [1].
The role of the polymorphonuclear leukocyte is also
receiving more attention, and the role of the adven-
titial fibroblast has been seriously neglected [2,3].
Investigators should note that the CaCl2 did not
work in the rat in our hands, although it does work
in the mouse. So others are advised not to invest
too much effort in the species of rat (personal
communication).

Second, in the intraluminal elastase model, which
does work in rat, the authors note that a "very robust
inflammatory response” is followed by AAA formation.
We also found in this model that there is a sequential
response in the profile of proteolytic activities that
occur over the first week, suggesting that this de-
struction of the media and adventitia involved a
complex course of biochemical as well as inflamma-
tory events [4].
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