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Abstract

Abdominal aortic aneurysm (AAA) is a prevalent and potentially life threatening
disease. Many animal models have been developed to simulate the natural history of
the disease or test preclinical endovascular devices and surgical procedures. The
aim of this review is to describe different methods of AAA induction in animal
models and report on the effectiveness of the methods described in inducing an
analogue of a human AAA. The PubMed database was searched for publications with
titles containing the following terms “animal” or ‘‘animal model(s)’’ and keywords

29 13 2 [

“research”, “’aneurysm(s)’’, “aorta”, ‘’pancreatic elastase’’, “Angiotensin”, “AnglIl”
“Calcium Chloride” or “CaCl,”. Starting date for this search was set to 2004, since
previously bibliography was already covered by the review of Daugherty A. and
Cassis L.A. We focused on animal studies that reported a model of aneurysm
development and progression. A number of different approaches of AAA induction in
animal models has been developed, used and combined since the first report in the
1960’s. Although specific methods are successful in AAA induction in animal
models, it is necessary that these methods and their respective results are inline with
the pathophysiology and the mechanisms involved in human AAA development. A

researcher should know the advantages/disadvantages of each animal model and

choose the appropriate model.
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Animal models in the research of Abdominal Aortic Aneurysms

development

Introduction

Abdominal aortic aneurysms (AAAs) represent a potentially fatal disorder that
affects around 2% of the general population, with a peak incidence in the elderly
(Ernst et al 1993; Svensjo et al. 2011; Moris et al. 2014). Despite emerging reports
about the changing epidemiology with a much lower prevalence, AAA is the 15"
leading cause of mortality in the USA in males 60-64 years old and in the past it has
been reported to cause approximately 1% of all deaths in the developed countries.
(Schermerhorn et al. 2001; Center for Disease Control 2014)

AAAs are thought to develop through a combination of multiple genetic and
other factors, including age, gender, family history, hypertension and atherosclerosis.
Atherosclerosis, as a degenerative disease, has been traditionally associated with
AAA, but the underlying pathophysiology of the aortic dilation process is only
partially understood (Aoki et al. 2007; Moris et al. 2017). The most significant
epidemiologic risk factor known for the development and expansion of AAASs is
smoking, with smokers demonstrating a three to six-fold increased risk of death from

AAA compared to non-smokers (Ernst 1993; Ahluwalia et al. 2007).

Recent research with either human tissue or animal models have led to a shift
regarding AAA, and AAA development is now considered to be part of a significant
and dynamic remodeling process in the vessel (Longo et al. 2005; Osborne-Pellegrin
et al. 1994). The remodeled aortic wall is characterized by the depletion of smooth
muscle cells (SMC), chronic medial and adventitial inflammation, elastin

degeneration and medial attenuation (Henderson et al. 1999; Rowe et al. 2000;
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Shimizu et al. 20006).

A number of previous studies have confirmed the role of inflammatory
process in AAA, particularly related to an upregulation of matrix metalloproteinases
(MMPs), especially MMP-2 and MMP-9 (Osborne-Pellegrin et al. 1994; Nordon et al.
2009; Thompson et al. 1995). The key-role of MMPs in AAA development is also
supported by research results showing that overexpressed recombinant Tissue
Inhibitor Of Matrix Metalloproteinases (TIMP-1) and synthetic MMP inhibitors
inhibit aneurysm growth in a rat model (Allaire et al. 1998; Bigatel et al. 1999;
Holmes et al. 1996). Most parts of the functional regulation of these MMPs and their
contribution to Extracellular Matrix (ECM) proteolysis in AAA formation remain

unclear and should be clarified by future studies.

Much of the current knowledge on the pathophysiology of AAAs comes from
research on affected animal models. These models have gradually been developed
over time and the milestones of the development of AAA experimental models are
summarized in Table 1. A common animal model for the aneurysmal aortic lesions
consists of the transient perfusion of the abdominal aorta with PPE (Pyo et al. 2000).
Another common model of AAA induction is CaCl, perfusion of the aorta (Gertz et
al. 1988). Other AAA induction methods are also reported including mechanical
induction through aortic stretching, patching or injury; or in some cases a combination
of some of the previously mentioned methods (Li et al. 2013; Lin et a. 2013; Mata et

al. 2011; Maynar et al. 2003; Czerski et al. 2013).

The aim of this review is to describe different methods of AAA induction in
animal models and report on the relevance of the methods described in inducing an

analogue of a human AAA.
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Search strategy

The MEDLINE/PubMed database was searched for publications with titles
containing the following terms ‘“animal” or ‘‘animal model(s)’” and keywords

29 13 2 [

“research”, “’aneurysm(s)’’, “aorta”, ‘’pancreatic elastase’’, “Angiotensin”, “Angll”
or “CaCl,”. Two independent reviewers (N.P. and D.M.) performed the literature
search, the study selection and the data extraction. All the references from the
identified articles were searched for relevant information. The starting date was 2004,
since previously bibliography was covered by the review of Daugherty and Cassis
(44) and the end date of the literature search was set to September 2016.

We focused on animal studies that reported a model of aneurysm generation

and expansion. We excluded articles that were not written in English or articles which

their full-texts and abstracts were not accessible or comprehensive.

Results

We classified the results of the evaluated studies after 2004 classified based on
the approach of aneurysm generation (Table 2).
Porcine Pancreatic Elastase (PPE) model

Pyo et al induced AAAs via PPE perfusion in mice deficient in MMP-9 and/or
MMP-12 (Pyo et al. 2000). This study confirmed the different role of MMP-9 and
MMP-12 in the destruction of the medial elastic fibers following initial aortic injury
resulting from PPE activity. MMP-12 deficient mice did not sustain a significant

impact after PPE activity, while MMP-9 deficient mice developed AAA.

A work by Bi et al (Bi et al. 2013) studied the effect of PPE induction on an
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aortic section of New Zealand white rabbits. Animals were divided into three study
groups (B, C, D) receiving 0.1, 5 and 10 units/pl respectively. Group A received
induction of normal saline and acted as control group. Twelve more animals were
used as long-term follow-up group after induction with 10 units/ul PPE (group E).
Animals of groups A to D were gradually sacrificed on 15-150" postoperative day
(POD). In this study, only groups C and D developed aneurysms. The inner aortic
diamater in group D dilated significantly when compared to groups A and C from day
0 to day 5 (p<0.0001 and p<0.05, respectively). Outer diameter in group D increased
significantly compared to groups A and group B from 15 min to 5 days (p<0.01 and
p<0.05, respectively). On day 5 after surgery, rabbits in group E showed significant
dilation of the aortic diameter, which remained stable over 100 days, followed by a
later decrease in diameter. The intima-media thickness (IMT) tended to increase in
group C when compared to group A (p<0.0001), while there was a significant
decrease in IMT between group A and group D (p<0.01) . In group E, there was an
obvious tendency towards higher IMT on day 150 when compared to groups A or D
on day 5 (p<0.0001 for both). In group E, an increase in IMT was observed starting at
day 15 after surgery and gradually increased by day 40 (p<0.01) and day 150
(p<0.0001) when compared to group D on day 5 with the degree of intimal
hyperplasia being assessed by the intima/media ratio day 40 (0.61+£0.27, p< 0.01) and
day 150 (1.67+0.81, p<0.0001) compared to group D on day 5 (0.12+0.1). In groups
B, C and D, the aortic wall became disorganized and the elastic externa and lamellae
in the media were fragmented. A large amount of red blood cells and inflammatory
cells were present in the media of group D, and the elastin fibres were scarce. Elastin
content decreased significantly in all groups apart from group E, in which it increased

significantly (p<0.0001) . PPE induction did not seem to lead to collagen reduction,
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but collagen concentration increased significantly in group E by day 40 (p<0.01) .
MMP-2 expression was increased in all PPE-induced segments. Only the expression
in group D was significant compared to group An on day 5 (p<0.01). Five days after
surgery, expression of MMP-9 was present in all PPE-treated groups, while no
expression was observed in the group A. On day 5, an obvious tendency of SMC loss
with increased PPE concentrations was reported. SMC in all PPE-induced sections
decreased significantly compared to group A (p<0.01). SMC regenerated significantly
in group E 15 days after surgery when compared to day 5 (p<0.0001) and almost

returned to normal numbers after 5 months (Bi et al. 2013).

Bhamidipati et al (Bhamidipati et al. 2012) performed a study where a group
of mice received intraoperative aortic infusion of PPE. A subgroup of these mice also
received doxycycline per os. Aortas were harvested on day 14. Mice subjected to PPE
infusion had an 82 + 15% increase in aortic size with 60% incidence compared to
20+3% for the control group. Additionally, mice subjected to PPE infusion and per os
administration of doxycycline showed a statistically significant difference in the aortic
diameter growth when compared to those subjected only to PPE infusion (37+10%;

p=0.03).

In the same year, another publication (Molacek et al. 2009), suggested a
different approach to AAA induction, this time using pigs as a model. Pigs were
divided into three groups undergoing a different AAA induction technique. One group
was subjected to intraluminal PPE infusion, the second group received saline aortic
infusion and the third group of animals received a patch sealing over the aortotomy
site. All groups received a stenotic cuff placed under the renal arteries. A fourth group

did not undergo any manipulation and acted as the control group. Aortic dilation was
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significant only when the first group and the control group were compared
(p<0.0156). Signs of medial inflammation and elastic lamellae destruction were also

observed in the first group.

Zhou et al (Zhou et al. 2013), studied the effect of type 1 PPE under pressure
of 100 mmHg on the aortic wall of CD43” mice, as well to wild-type (WT) mice. On
the 14" POD, the diameter of the affected aortic section was measured in situ and it
was reported that the absence of CD43 protected mice from aneurysm development
when compared to WT mice (aortic diameter increase 91.8 + 6.2% vs. 144.8 + 3.7%,
in CD43” animals and WT animals respectively; p<0.0001). Histologic analysis of
the excised aortas revealed significant fragmentation of the elastic fibers and
depletion of SMC actin in WT mice compared with the relatively well-preserved
elastic lamellae and SMC actin content in CD43 ™ mice (p<0.0001). Despite the role
of CD43 in immune response being difficult to clearly establish, this study reported
significantly less Mac-3+ macrophages (p<0.0001), CD8+ T cells and CD3+ T cells
(p<0.0001) in CD43™" mice, abrogating aneurysm development by dampening T cell
and macrophage responses. CD8+ T cells are necessary for normal macrophage
activation and interferon-s (IFN-s) is necessary for normal AAA development.
CD43™" CD8&+T cells have a defect in producing IFN-y, which leads to attenuation in

AAA development.

Sharma et al (Sharma et al. 2003) studied the formation of AAA in WT, IL-

237/~ or IL-17/~ mice using a PPE-perfusion model and abdominal aortic diameter

was assessed on days 3, 7 and 14 following perfusion. Aortic diameter and cytokine

production was significantly increased in PPE-perfused IL-177 and IL-237/" mice

compared to WT mice on day 14. Cellular infiltration was significantly decreased in
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PPE-perfused IL-17"/" mice compared to WT mice on day 14.

Laser et al (Laser et al. 2012) studied MMP-9 and MMP-2 activity,
macrophage count and aortic diameter in C57BL/6 and B6129 mice of both genders,
after PPE periaortic infusion. Aortic diameter in C57BL/6 and B6129 PPE treated
male mice was larger compared to controls (p=0.0028 and p<0.0001, respectively).
Similar changes of the aortic diameter were recorded in PPE treated female mice
compared to controls (p<0.0001 and p=0.0458, respectively). The increase in
macrophage count was statistically significant for all groups when compared to
controls. MMP-9 and MMP-2 activity was increased in all groups for both genders.
Female gender seemed to have lower concentrations of proinflammatory mediators
that may play a role in the development of AAA, lower concentration of MMP-13 and
higher concentration of collagen I and III in the post-infusion aortic wall (Laser et al.

2012; Laser et al. 2014).

In 2010, Schultz et al (Schultz et al. 2010) studied the effect of a single-dose
intra-operative PPE infusion on an aortic segment of thrombin-activatable
procarboxypeptidase B (pCPB'/ ") deficient mice. Mice were euthanized on day 3, 7
and 14. The authors report that pCPB'/ " mice presented a higher mortality rate from
AAA rupture when their aortas were infused with standard PPE doses, when
compared to WT mice. The latter presented smaller AAA than the pCPB'/ " mice when
the PPE concentration was lower than the usual. The authors conclude that CPB has a
broad anti-inflammatory role in vivo and that enhanced AAA formation in the PPE

model is the result of increased plasmin generation.

A slightly different approach was used by Tanaka et al (Tanaka et al. 2009) in

their 2009 study on aortic dilation and aortic wall thickness. The authors
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simultaneously infused a section of rat infrarenal aorta with PPE while extraluminally
applying a solution of sodium chloride. Rats in the control groups received either
intraluminal or extraluminal infusion. At 4 weeks, success rate in the formation of an
AAA was significantly higher in the simultaneous-infusion group (92.7%), when
compared to both the PPE-only infusion (25%) or the extraluminal sodium-chloride-

only infusion groups (0%).

In 2004, Eskandari et al (Eskandari et al. 2005) studied the effect of
intraluminal aortic PPE infusion in mice lacking the protective effect of TIMP.
Control group received a saline infusion for the same period of time and at the same
pressure as the study group. On the 14™ POD, TIMP” mice showed significant
dilation of the aorta compared to the saline-infused TIMP”™ mice as well as to PPE-
infused TIMP™" mice (p<0.001 and p=0.001 respectively). From this study it

becomes evident that TIMP has a protective role in the development of aneurysms.

Calcium Chloride (CaCl,) Model

In a 2013 study by Bi et al (Bi et al. 2013), 48 New Zealand white rabbits
were equally divided into four groups, who were subjected to a 20-minute periaortic
incubation with different solutions. In the AAA model of one group CaCl, (0.5
mol/L) and PPE (1 Unit/mL) were used in a 1.5-cm aortic segment. The second and
third groups underwent incubation with either CaCl, or PPE. The fourth group
constituted the sham (control) group and saline was used for incubation. The diameter
of the incubated aortic section was measured on days 5, 15 and 30. Animals were
sacrificed on day 5 and day 30 for histopathological and immunohistochemical
studies. All animals in the CaCl,/PPE group developed aneurysm, with an average

dilation ratio of 65.3%+8.9% on day 5, 86.5%+28.7% on day 15 and 203.6%+39.1%
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on day 30. This group exhibited less IMT, endothelial recovery, elastin and SMC
content, but stronger expression of MMP-2, MMP-9 and a mouse monoclonal anti-
rabbit macrophage antibody recognizing connective tissue and vascular macrophages
(RAM11) compared to the controls. No aneurysm was found in the CaCl,-only group,
and only one aneurysm was seen on day 5 in the PPE-only group.

Based on previous research from the 1950s and 1960s on aortic calcification
after B-aminopropionitrile ingestion in rats, Gertz et al (Gertz et al. 1988) suggested
that a pathogenic link between calcium deposition and aneurysm formation exist. In
their study, aneurysm of the common carotid artery was produced in rabbits using
periarterial application of CaCly. By using a similar method, Freestone et al
(Freestone et al. 1997) reported the successful AAA induction in rabbits with the
addition of the inflammatory-cell activator thioglycollate to the periaortic application
of CaCly. Formation and development of AAA under normolipidemic conditions
using CaCly induction was reported with the introduction of the first reproducible
CaCly murine model of AAA by Chiou et al (Chiou et al. 2001). The histological and
macroscopic features of this model resemble the alterations seen in fusiform human
arterial aneurysms, such as calcium depositions occurring within the aortic media with
destruction of elastic lamellae and SMC (Chiou et al. 2001). Influx of inflammatory

cells and lack of thrombus have also been reported (Daugherty and Cassis 2004; Bi

etal. 2013; Powell et al. 1991).

Angiotensin II (Angll) model
In a study by Ghoshal et al (Ghoshal et al. 2012), AAAs were induced in
hyperlipidemic apolipoprotein E-deficient mice (Apo-E) by chronic Angll infusion

and then the effect of treatment with the COX-2 inhibitor celecoxib was examined.
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The population of mice at 3.5 and 4-month age received continuous subcutaneous

Angll infusion for 8 and 6 weeks at rates of 1 and 0.75 1 g/kg/min, respectively. The

two groups were sacrificed respectively at 6 and 8 weeks after the initiation of the
infusion. Increase of the aortic diameter between mice receiving Angll for 1 week and

6 weeks was significantly higher in the second group (p<0.001).

Subcutaneous infusion of the Angll has been shown to promote the formation

of aortic aneurysms in mice and the infusion effect is further intensified in
hyperlipidemic mice strains, such as low-density lipoprotein receptor (LDLR_/ )

deficient or Apo E '™ deficient mice (Cassis et al. 2009; Daugherty et al. 2001;
Inoue et al. 2009; Daugherty et al. 2002). In these mouse strains, incidence and
maximal diameter or postinfusion AAA are increased (Carell et al. 1999), although
this AAA induction method might fail in creating a AAA in some Angll-infused
hyperlipidemic mice (Rush et al. 2009). AAA created using this method showed some
similarities, but also important differences, when compared to the AAA
characteristics in humans. Similarities include the degradation of the aortic media
layer, aortic dilation, higher incidence in males, presence of atherosclerosis and the
presence of wall thrombus (Cassis et al. 2009; Borioni et al. 2005; Manning et al.
2002). Differences include significantly higher incidence of aortic dissection and
rupture in Angll-infused mice than in humans; and Angll-infused mice present often
with suprarenal AAA, when humans present a much higher incidence of infrarenal
AAA (Saraff et al. 2003; Inoue et al. 2009). Expression of chymase, MMP-9, and
angiotensin-converting enzyme is increased as a result of Angll infusion in

hyperlipidemic mice (Inoue et al. 2009).

Recently, Folkesson et al developed a zebrafish model for studying AAA,
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which have been lacking in the past and examined the role of Angll aortic infusion as
well as cigarette smoke and snuff during the early stages of AAA development
(Folkesson et al. 2016). Since its first appearance in research literature in 2001, the
zebrafish has been an important animal model for studying vascular and lymphatic
development. Vascular anatomical form and the molecular mechanisms underlying

vessel formation in zebrafish are highly similar to those in humans (Gore et al. 2012).

Combined models of chemical AAA induction

In 2007, Bergoeing et al (Bergoeing et al. 2007) studied the development of
AAA in C57BL/6J mice using intraluminal aortic infusion of PPE in conjunction in
pre-infusion cigarette smoking. Mice were infused with either high-dose PPE (HDE;
0.19U/ml), standard-dose (SDE; 0.16U/ml) or low-dose (LDE; 0.07U/ml). Control
animals were infused with heat-inactivated PPE. After harvesting on the 14™ POD,
SDE mice had developed an AAA, LDE mice had only developed a small dilation and
HDE had developed an AAA but not significantly larger compared to the SDE mice.
LDE mice exposed to cigarette smoking developed significantly larger aneurysms

than smoke-free LDE mice (p=0.021).

Hynecek et al (Hynecek et al. 2007) studied the development of AAA in swine
with the combined intraluminal infusion of PPE and collagenase. Aortic diameter was
assessed by consequent MRI scans at 1, 3 and 6 weeks. Aortas were harvested at 24
hours, 28 hours, 1, 2 and 6 weeks. A significant gradual and persisting aortic dilation
of 73.3%+30.2% was observed. The outcomes of this study are not directly compared
to a control group, as this was not included in the study design. Therefore the results
should be taken under cautious consideration .Ji et al (Ji et al. 2014) have studied the

effect of a cigarette component, 3,4-benzopyrene (BaP), and Angll in the
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development of AAA in C57/B6n mice. The method of delivery was either daily or
weekly intraperitoneal injections. One group received a daily injection of Angll and a
weekly injection of medium-chain triglycerides. Another group of mice received a
weekly injection of BaP dissolved in medium-chain triglycerides. A third group only
received a weekly injection of BaP dissolved in medium-chain triglycerides. The
control group received only a weekly injection of medium-chain triglycerides. At 5
weeks, the Angll/BaP group presented with a higher increase of the aortic diameter
and aortic muscle cell apoptosis compared to the Angll group (p<0.05 for both).
Similar were the results for aortic macrophage infiltration, expression for MMP-2,
MMP-9, MMP-12 and levels of nuclear factor-kB (NF-Kf); all significantly increased
in the Angll/BaP group compared to the Angll group (p<0.05). Findings were similar
to Bergoeing’s, showing a relation between cigarette components and AAA

development.

Czerski et al (Czerski et al. 2013) studied the effect of mechanical stretching
in combination with PPE and/or collagenase infusions with or without the
extraluminal application of CaCl,. Mechanical aortic stretching was achieved with the
use of a Foley catheter. The aorta of one group of swines was mechanically stretched
and then infused with 500U of PPE under pressure. The second group was subjected
to the same procedure but the infusion also contained 6000IU of collagenase and total
infusion volume and pressure was not changed. The third group was subjected to the
same procedure as the second one but there was a 20-minute extraluminal application
of 0.5M solution of CaCl,. The aortic diameter was measured through
ultrasonography on a weekly basis up to the 4™ postoperative week, when the piglets
were euthanized and the aortas were harvested. In the first group immediate

postoperative dilation was observed, but the increase was quickly regressed and none
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of the subjects’ aortas qualify as aneurysmatic. The aortas of the second and third
groups did qualify as aneurysmatic when compared to normal swine aortic diameter
(p<0.001 for both groups). Especially in the third group, large calcium depositions,
apoptosis of the SMC, destruction of elastin fibers and inflammation-related changes

were observed in the posthumous pathologic examination.

In a recent study of Bi et al (Bi et al. 2015), 51 male white rabbits were
divided into four groups: group S that had a suture placed under the renal arteries
causing an aortic stenosis, group E that had the infrarenal aorta bathed in 60 mL of 1
U/mL solution of porcine PPE for 10 minutes, group SE that received both the
stenosis and the PPE treatment, and the control group that received a sham operation.
All animals in group SE developed an aneurysm by week 2 and this diameter increase
was significant by week 16 (p<0.01 vs week 8). Group SE showed insignificant media
thickness decrease and insignificant SMC content decrease. SMC content in group E
was increased compared to the control group, where group S showed significant SMC
content decrease by week 8. All animals in group E developed an aneurysm by week
4 and the diameter increase was significant by week 8 (p<0.05 vs group E). In group
E only one aneurysm was developed and subsequently the aortic diameter decreased
and did not differ from the control group. All groups showed a decrease of elastin
content in the aortic wall, but only group E demonstrated a tendency to increase after

the initial drop of aortic content.

Tanaka et al (Tanaka et al. 2014), treated the infrarenal aorta of 58 male rats
with intraluminal PPE 30 mL solution and 0.5 M CaCl, soaked gauze was wrapped
around the region simultaneously for 20 minutes. Apart from the control group (group

C; n=18), the rest of the animals (n=16) were equally divided into two groups; group
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G had the aorta wrapped in saline-impregnated gelatin hydrogel sheet, while group A
in ascorbic acid-impregnated gelatin hydrogel sheet. All animals in groups C and G
developed aneurysms by week 4 and week 8 respectively. Animals in group A did not
develop an aneurysm by week 4 and only 16.7% did so by week 8. Dilatation rates in
aneurysms of group A were significantly lower than those in groups C and G.
Collagen and elastin content of group A was significantly higher than the other two
groups. The authors concluded that the ascorbic acid has a protective role in AAA

formation.

Surgical Induction

Experimental AAAs in animal models can be created by exerting force or
pressure, and creating a mechanical weakness within the arterial wall. This may be
achieved through direct and indirect injuries (Schmoker et al. 2008), aortic
constriction and intraluminal pressure. The latter is also used in the majority of the
chemical AAA induction models with the intraluminal exertion of pressure with the

infusion of PPE or other.

A frequently-used approach uses a patch to repair the site of the aortotomy as
a structurally weaker graft which postoperatively dilates (German et al. 1954). This
patch often of vein or serosa origin, although synthetic patches have also been used. A
significant number of modifications of the original protocol have been proposed,
aiming in higher incidence of AAA induction with predictable results (Huynh et al.
2007; Kajimoto et al. 2008; Lerouge et al. 2004; Murphy et al. 2007; Scholz et al.
2008; Mucke et al. 2008; Allaire et al. 2002; Soulez et al. 2007). Despite many
similarities existing between surgically induced AAA in animal models and human

AAA development, such as main AAA morphological characteristics, there are

Page 16



noticeable differences, such as the increase of SMC and aortic fibroblasts in some
animal models, that come into contradictions with the human AAA development

process (Molacek et al. 2009; Scholz et al. 2008; Mucke et al. 2008).

Aortic dilation can be induced by altering blood flow within the aorta, causing
turbulence and shear stress as a result of external artificial reductions in the aortic
diameter by constriction. Aortic dilation induced through hemodynamic alteration do
not form at the point of the manipulation, but develop post-stenotically. As
demonstrated by some authors (Molacek et al. 2009), surgical techniques can also be
used in combination with other aneurysm induction techniques in order to exacerbate

AAA induction.

Surgical implantation of xeno- or allograft arterial tissues generates an
aneurysm phenotype within 4 postoperative weeks, due to immune rejection of the
implanted tissue. This method has been widely employed by Allaire et al (Allaire et
al. 2003), who induced aneurysms in Fischer rats by implantation of aortic sections
harvested from Hartley guinea pig. These studies have shown that overexpression of
protease inhibitors within the aortic tissues prevents the degeneration of elastin within
the arterial wall, although these interventions did not appear to alter the invasion of
inflammatory cells (Allaire et al. 1998; Qian et al. 2008; Allaire et al. 1994). These
studies by a number of publications of Allaire et al (Allaire et al. 1998; Allaire et al.
1994) demonstrated significant reductions in AAA formation, elastin degeneration,
and reduced inflammatory infiltration after seeding grafted tissue with syngenic rat
aortic SMCs, due to the protective effect of SMC-mediated repair of the aortic media
through secretion of elastin and collagen (Allaire et al. 2003; Ross et al. 1971; Zhang

et al. 2003). On the other hand, evidence also suggests that the SMCs can secrete PPE
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and MMP-9, both involved in the destruction of the extracellular matrix (Cohen et al.

1992; Patel et al. 1996).

In 2013, Lin et al (Lin et al. 2013) have used a different approach to induce
AAA development in mini pigs. Funnel-shaped expanded polytetrafluoroethylene
strip was placed circumferentially 2cm above the aortic bifurcation, creating a tapered
channel with a nonconstrictive inlet and a constrictive outlet and thus causing
coarctation of the aorta. At 4, 8 and 12 weeks the aortas were harvested and results
showed that mini pigs in all three harvesting groups had developed AAA compared to
the control group (p<0.01, p<0.01 and p<0.001, respectively). The 12-week group
also showed a significant decrease in aortic wall elastic fibers (p<0.05) compared to

the control group.

In 2011, Mata et al (Mata et al. 2011) based on two components of the AAA
development — turbulence and inflammation — studied the effect of seldom aortic
injury, seldom stenosis and both stenosis and injury on rats. One group of rats
received an injury on the external aortic all, the second group received a constriction
of the aorta and a third group received both. A fourth group acted as a control,
receiving a sham laparotomy without any further procedures. Rats were sacrificed at
1, 3, 7, 15 days after laparotomy. Aortic wall thickness was significantly increased in
the 3, 7 and 15-day injury/stenosis groups compared to the sham group (p<0.001).
Elastic fibers in the aortic wall were significantly reduced in these three groups
(p<0.001). Collagen fibers were increased in the aortic wall of the already mentioned
three groups (p<0.05 for the 7-day group and p<0.001 for the rest). Similarly, the
aortic diameter could be classified as aneurysmatic only in the stenosis/injury group

starting from the 3" POD up to day 15 (p<0.001). The groups who underwent either
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stenosis or injury did not show significant changes compared to the control group.

Uson-Gargallo et al (Uson-Gargallo et al. 2007) studied the use of serosa
autologous patch in the development of AAA in five pigs. The especially serosa patch
was specially prepared to have only its visceral surface expose and it was then sutured
on the site of the aortotomy. Animals were followed up using angiography and
ultrasonography on postoperative days 7, 14, 30, 45, 60, and 90, when animals were
sacrificed. Two animals died because of AAA rupture on days 6 and 10 (40% rupture
rate) and one more had to be euthanized due to paraplegia on day 30. Aortic diameter
reached a peak at day 30 and then it decreased (70). No statistically significant
changes in the aortic diameter were reported and the only statistically significant
increase was showed between the preoperative and the immediate postoperative aortic

diameter (p=0.042).

Recently, Tanaka et al evaluated whether hypoperfusion of the adventitial
vasa vasorum (VV) could develop AAAs by creating a rat model of adventitial VV
hypoperfusion with a combination of a polyurethane catheter insertion and a suture
ligation of the infrarenal abdominal aorta (Tanaka et al. 2015). VV hypoperfusion
caused tissue hypoxia and developed infrarenal AAA, which had similar
morphological and pathological characteristics to human AAA. More specifically, by
using serial ultrasounds the authors showed the first presence of ILT on POD 14 and
extended to the entire circumference of the aorta by POD 28. The AAA developed in
a fusiform shape between the aortic ligation and the aortic bifurcation with
progressively thinner medial layer. In addition, elastic fiber fragmentation in the
aortic media and sparse collagen fibers in the aortic adventitia were observed at POD

28. In human AAA tissue, the adventitial VV were stenotic in both small AAAs (30-
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49 mm in diameter) and in large AAAs (> 50 mm in diameter), with the sac tissue in
these AAAs being ischemic and hypoxic. These results indicate that hypoperfusion of

adventitial VV has critical effects on the development of infrarenal AAA.
Diet-based model

In 2013, Li et al (Li et al. 2013) studied the effect of 8-week high-fat diet on two
groups of ApoE” mice. Only one of the groups overexpress ET-1 selectively in
endothelium (¢ET1). eET1/ApoE” mice showed an increased tendency for AAA
development when compared to wild type on high-fat diet, to ApoE” mice and to

eET1 mice (p<0.01 for all groups).
Discussion

There is a great need for a better understanding of the pathophysiology of
AAA, and animal models are increasingly being used in such studies. This review is
therefore timely and a good support for AAA researchers. In current literature, a
variety of different animal models is subjected to either chemical or surgical induction
of AAA. These animals vary from rodents (mice or rats) to larger animals, such as
pigs and in some cases canines, the use of the latter still being controversial (Trollope
et al. 2011). This research for new and better animal models is evident as zebrafish
was recently used for the first time in AAA research by Folkesson et al (Folkesson et
al. 2016). Animal Models subjected to AAA induction could either be wild-types or
genetically manipulated animals.

Medial degeneration with simultaneous destruction of SMC and the elastic
lamellae is a pathognomonic sign of human aneurysmatic aorta and it is evident in all

AAA induction studies on animal models, whether induction is chemical or surgical
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on WT or genetically manipulated individuals. Evidence also suggests that the
inflammatory process is essential for AAA formation in humans and that certain
inflammatory mediators (especially MMP-2 and MMP-9) play a key role. This
inflammatory process is evident in aorta harvested from animals subjected to
chemical induction. This key role of inflammation in the AAA development is also

supported by studies on LTB4 deficient mice and “blotchy mice” that lack a proper

inflammatory response and fail to develop AAA. Atherosclerosis also play a role in
AAA development in humans and certain induction methods in animals seem to
activate the formation of atherosclerosis. These genetically manipulated mice also
show increased intra-aortic thrombus formation, another process related to the
development of AAA in humans. Mast cells have been found to participate in human
aortic disease, including atherosclerosis and AAA. Sun et al (Sun et al. 2007)
demonstrated that mast cells control the process of chemically induced AAAs in mice,
and reported that PPE perfusion did not result in aortic dilation in mast-cell deficient
mice, while aortas from WT controls showed a significant dilation. An immediate but
transient post-infusion aortic dilation of approximately 30% was reported in mast-cell
deficient mice, possibly as a result of the mechanical injury of the infusion process
itself, and aortic elastic fibers and media SMC were better preserved. Similar were the

results of mast-cell deficient mice receiving a periaortic application of CaCl,. These

findings confirm the important role of mast cells in SMC apoptosis and medial
degeneration, both processes associated with AAA formation. These findings were
further supported by the work of Tsuruda also performed on mast-cell deficient rats.

(Tsuruda et al. 2008)

Induction of experimental AAA using intraoperative intraluminal perfusion of

the abdominal aorta with PPE was first reported in the 1960s in studies using canine
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models (Economou et al. 1960; Nabseth et al. 1963). These studies reported the
development of aortic aneurysm within 2 months. Based on this experience, Anidjar
(Anidjar et al. 1990) further developed a rat model in which 2 h of intraluminal
perfusion with PPE under pressure completely destroyed the elastic fibers of an aortic
segment in a period of 3 weeks. The method has been recently described online in
detail by Azuma et al (Azuma et al. 2009). Since the first studies using PPE induced
AAA, this method has been widely and frequently used across a broad spectrum of
animal species, and it has been subjected to improvements or variations, such as one
suggested by Yamaguchi et al (Yamaguchi et al. 2001; Yamaguchi et al. 2000),
reporting that morphologic changes associated with PPE infusion are complete after 1
h, and suggesting that a perfusion time ranging from 60 to 120 min is sufficient to
induce AAA in rat models. PPE induction of AAA in rats shows similar temporal and
pathophysiological characteristics as in humans, such as the correlation of aortic
dilation with the intensity of the inflammatory response, leading to the destruction of
the medial elastic tissue (Pyo et al. 2000; Halpern et al. 1994). Despite 91-100%
success rates in AAA induction in smaller animals, PPE induction in larger animals
model does not yield similarly good results (Pyo et al. 2000; Marinov et al. 1997).
Similarly, PPE induction is less successful in female animals. From a technical point
of view, AAA induction with PPE infusion requires cannulation of the rodent aorta
and leakage of the PPE solution during perfusion is frequent; both leading to the death

of the animal.

Discrepancies exist in the rate of aneurysm development following aortic PPE
infusion (Moris et al. 2015). Yamaguchi et al (Yamaguchi et al. 2000) report that
aortic diameter and wall structure remain stable for up to 1 week after the infusion,

after which a significantly higher rate of aortic dilation occurs. In contrast, Dobrin
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(Dobrin 1999) reported a 30% aortic dilation immediately after PPE perfusion,
followed by significant aortic dilation in the subsequent days, and this was supported
by early histological examination, confirming the destruction of the elastic fibers,
followed by influx of inflammatory cells, both known to be related with AAA
formation. Similar results were reported by several studies published after 2004 and
they all show early AAA formation following the PPE induction, decrease in the
media thickness, destruction of the elastin lamellae and presence of inflammatory
mediators (Bi et al. 2013; Bhamidipati et al. 2012; Molacek et al. 2009; Bi et al.

2013).

The CaCly-induced AAA model, which was first introduced by Gertz et al
(Gertz et al. 1988) in the rabbit carotid artery and was later used in the aorta, is
another frequently used model (Freestone et al. 1997). Chiou et al. (Chiou et al. 2001)
demonstrated that peri-aortic application of CaCl, to the infrarenal aorta of mice for
10 min successfully induces AAA. A wide variety of CaCl, concentrations are
reported by numerous studies, concentrations that differ for each kind of rodent used.
In rodents, the aortic exposure to CaCl, leads to the destruction of the elastin fibers of
the aortic wall and the infiltration of inflammatory cells to the intima and medial
layers within 7 and 3 days after induction, respectively. Periaortic CaCl, application is
not reliable in AAA induction, with only approximately two thirds of rats developing
aneurysms, even when an arbitrary threshold of a 20% diameter increase to define

AAA was used (Isenburg et al. 2007 ).

Angll perfusion needs effective micro-pumps and animals tend to form
suprarenal aneurysms, not typical for humans. Angll perfusion in C57BL/6 mice

produce AAA in 39% of cases, but ApoE-/- or or LDLR-/- animals develop AAA in

Page 23



approximately 100%. Genetically manipulated ApoE-/- or or LDLR-/- animals need
long periods of time to cross-breed and inbreeding might result in lethal genome.
Angll model is based on the simulation of the inflammatory process caused by the
Angll infusion, which in the case of ApoE-/- mice, mimics the human inflammatory
process. This model is technically less challenging than the PPE model as there is no
need for major surgical manipulation of mice. This AAA induction method often
leads to rupture.

Genetic manipulation of specific genes in order to study their involvement and
role in a specific path of disease pathogenesis is a valuable tool for either
understanding the mechanisms behind disease pathogenesis or highlighting potential
future therapeutic targets. Focused disruption of one or more gene alleles results in the
creation of strains deficient animals, called gene knockout animals in modern
literature, and provides useful information on the pathophysiology of specific health
issues, or of vascular disease in our case (Daugherty et al. 2002). Despite the wide
variety of gene knockout animal strains available, only a small number of them has

been used in AAA formation and development research.

Aziz and Kuivaniemi (Aziz and Kuivaniemi 2007) have discussed in detail the
role of MMPs secreted from inflammatory cells in the degeneration of medial elastin

and collagen fibers; something that Silence et al (Silence et al. 2002) have simulated

by Apo E /" mice and TIMP-17/~ mice, finally demonstrating that the tendency of
hyperlipidemic mice to develop smaller aneurysms was significantly exacerbated in
the absence of TIMP-1. Both the destruction of aortic wall and the connection of
unregulated MMP activity with the development of larger aneurysms are findings

consistent with results reported from human aneurysm studies. An interesting
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characteristic of Apo E~/” TIMP-1"/" animals is the reduced atherosclerotic process,
suggesting that this strain may be the animal model to use for AAA-specific research
(103). MMP role in the formation and development of AAA has been in the focus of
many published results, such as by Pyo et al (Pyo et al. 2000) who confirmed the role
for MMP-9 in the continued destruction of the medial elastic fibers contrary to that of

MMP-12 that did not have a significant impact of AAA formation.

The importance of the signaling pathway mediated by leukotriene B4 (LTB4)
and by the G-coupled receptor protein (BLTq) in the pathogenesis of AAA has been

recently demonstrated in a study by Ahluwalia et al (Ahluwalia et al. 2007), utilizing

Apo E~/~ BIt1”/™ double knockout mice. LTBy4 drives a pro-inflammatory response
by binding to the high-affinity receptor BLT], eliciting a signaling cascade that

results in production of inflammatory mediators and MMPs (8, 104).

Apart to disrupting genes, mutation induction can be used to generate faulty
protein products, an approach already used to generate animal strains that develop
aortic aneurysms. An example of this genetic manipulation is the mouse model of
Marfan syndrome (MS) first reported by Pereira et al in 1997, where mice display a
disorder similar to human MS patients, as a result of homozygous mutations in the
fibrillin-1 gene (Ammash et al. 2008; Pereira et al. 1997; Pereira et al. 1999). These
animals often develop aneurysms at the aortic root and die spontaneously from
rupture of the thoracic aorta (Xiong et al. 2008). Since thoracic aneurysm rupture is a
frequent condition leading to premature death in humans, the mouse MS disease
model has been very useful in studying mechanisms and testing the effectiveness of

therapeutic interventions against MS (Pyo et al. 2000, Xiong et al. 2008).
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All animal models have common and crucial limitations. First, any
resemblance between animal models and natural human aneurysms is based on tissue
samples from end-stage disease. Aneurysm formation in humans is a long process,
usually several years, and the underlying pathophysiological process behind it is
mostly unknown. This is illustrated by the fact that results from animal AAA-model
studies have consistently been very difficult to be reproduced in humans. This is a
central limitation with all models and should be taken into consideration when
evaluating the results from AAA animal models. Second, the reported diameter
expansion rates and measurements have a degree of measuring error. In order for all
published data to be comparative, researchers should decide in one measuring
method, either ultrasound or direct measurement after laparoscopy with both these
methods carrying their own advantages and disadvantages.

Despite the technical difficulties and the limitations of the above-mentioned
methods, each AAA induction model has its respective advantages and it is useful for
the study of AAA development in humans. Using any method should be chosen based
on the aim of the research and after careful consideration of proximity of the selected

method to human pathophysiological mechanisms of AAA development.

Conclusions

A number of different approaches of AAA induction in animal models has
been developed, used and combined since the first report in the 1960’s. Although all
the above-mentioned methods are successful in AAA induction in animal models, it is
necessary that these methods and their respective results are inline with the

pathophysiology and the mechanisms involved in human AAA development.
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Table 1. Milestones in the development on animal models in AAA.

Year | Authors Milestone
1960 | Economou Aortic aneurysm experimentation in animal models.
1963 | Nabseth PPE induction of AAA animal models.
1988 | Gertz CaCl, induction of AAA.
1990 | Anidjar PPE under pressure for AAA induction. Reduced induction time to
2hrs.
2009 | Tanaka Combined use of CaCl, and PPE for AAA induction.

Table 2. Summary of the published experimental studies (2004 to date)
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Author Year | Animal model Animal Number of | Inducing Substance/method | Post-operative
characteristics animals method/substance application days for
frequency results
Bi 2015 | New Zealand white | Male 51 Stenosis in 12; PPE in 12; | Suture and/or PPE | 1,2,4,8 and 16
rabbit Stenosis & PPE in 15; 60 uL for 10 | weeks
Control (12) minutes; one
intraoperative
application
Ji 2014 | C57/B6n mice Male; 35 to 40 g; 7 to | 48 BaP in 12; Ang Il in 12; | weekly 5 weeks
9 months old; C57B6n Ang II/BaP in 12;medium | intraperitoneal
chain-triglycerides in 12 ( | BaP; daily Ang II;
control group) Ang II/BaP (all
substances ~ were
diluted in medium-
chain triglycerides,
including the
control group)
Tanaka 2014 | Sprague-Dawley rats 8-week-old male 54 Control ~ (18),  saline- | Intraluminal PPE Up to 336
impregnated gelatin | and and 0.5 M hours
hydrogel  sheet  (18), | CaCl, bath of the
ascorbic acid- impregnated | infrarenal aorta for
gelatin  hydrogel sheet | 20 mins; one
(18); All groups | intraoperative
underwent PPE and CaCl, | application
treatment
Bi 2013 | New Zealand white | 2-3Kg 48 CaCl, in 12 animals, PPE | Once intra- | 5 and 30 days
rabbit in 12 animals, both in 12 | operatively

animals, saline in 12
animals (control group)
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Czerski 2013 | Piglets 20-30Kg 12 Mechanical stretching and | Once intra- | N/R
500IU  PPE in  4; | operatively
mechanical stretching,
6000IU collegenase and
500IU PPE in 4
mechanical stretching,
6000IU collegenase and
5001U PPE, plus
externally placed solution
of CaCl, in 4 animals
Li 2013 | Mice Expressing ApoE(-/-) | N/R High-fat diet Per os for 8 weeks | N/R
and eET-1/ApoE(-/-);
Eight-week-old males
Lin 2013 | Taiwanese Lanyu mini | 7-10  months  old | 30 Coarctation for 4,8 and 12 | Once intra- | 4,8 and 12
pigs adults; both genders weeks (7 pigs in each | operatively weeks
group); respective control
groups (3 pigs in each)
Zhou 2013 | Mice WT C57BL/6, | N/R PPE under pressure Once intra- | 14 days
C57BL/6-Ly5.1, operatively

perforin-/-, IFN-g-/-,
CDS8-/-
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Bi 2012 | New Zealand white | Male; 2.40+0.38 kg 24 PPE externally to AAA Once intra- | up to 150 days
rabbits operatively
Ghoshal 2012 | Mice ApoE-deficient; male; | N/R Ang 11 6 or 8 weeks | 6or8 weeks
14-16 weeks old infusion
Sharma 2012 | Mice C57BL/6, 1L-17A—/— | N/R PPE under pressure Once intra- | 3,7, 14 days
and IL-23—/—; 8-12 operatively
weeks old
Bhamidipati 2012 | Mice C57BL/6J; male; 8-12 | 32 NaCl (control; n = 7); PPE | PPE once intra- | 14 days
weeks old; 20-28gr (n = 14); PPE and | operatively;
doxycycline (n=11) Doxycycline per os
for 14 days
Laser 2012 | Mice Both genders; | 15 PPE (n=5); NaCl (n=5); | Once intra- | 14 days
C57BL/6 and B6129; heat-inactivated PPE (n=5) | operatively
20-30gr; 8 weeks old
Mata 2011 | Wistar rats Male; weighing 150g 160 Four  groups:  Injury, | Once intra- | Up to 15 days
Stenosis, Aneurysm & | operatively
Control
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Schultz 2010 | mice pCPB-/- & C57BL6 | N/R Intra-aortic PPE infusion Once intra- | 3, 7, 14 days
background; C5-/- operatively
mice, & C57BL/10sn
background; 20-30g;
10-14 weeks old
Tanaka 2009 | Sprague-Dawley rats Male; 8 weeks old 71 (intraluminal/extraluminal) | Once intra- | 4 weeks
saline/CaCl, in control | operatively
group (n=21); PPE/saline
(n=24); PPE/CaCl, in 26
Molacek 2009 | pigs 3 months old; ~20kgs | 22 Intraluminal infusion of | Once intra- | 21 days
weight; female PPE, application of plastic | operatively
cuff below the renal
arteries, patch into the
longitudinal aortotomy (in
three combinations)
Bergoeing 2007 | mice Adult male C57BL/6J | 78 Different doses of PPE in | PPE once intra- | 2 weeks
three groups plus heat | operatively;
inactivated PPE in control | smoking for 2
(n=24); exposure to smoke | weeks
Hynecek 2007 | Yorkshire swine Males; 25-35 kg; 10 PPE and collagenase; | Once intra- | Up to 6 weeks
pressure for 20 mins operatively
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Usén-Gargallo | 2005 | White pigs 43.03 £10.22 kg 5 Gastric serosa N/A Up to 90 days
Eskandari 2004 | mice TIMP-1 deficient; 10- | 24 PPE under pressure for 5 | Once intra- | 14 days
14 weeks old; both mins operatively

genders
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