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Introduction: Thoracic aortic aneurysms (TAA) remain a serious condition with both high morbidity 
and mortality rates. Further understanding of the pathophysiology and progression of TAAs may 
provide less invasive diagnostic techniques and therapeutic strategies in patients with this alarming 
disease. The objective of the present study was to establish a reproducible rabbit model of thoracic 
aortic aneurysm with the use of CaCl2.
Methods: Adult New-Zealand rabbits were subjected to posterolateral thoracotomy and were allocat-
ed into 2 groups: Control group (n=4): a NaCl solution was applied on the external wall of descend-
ing thoracic aorta (sham surgery), and CaCl2-treated group (n=8): a solution of 0.5 mol/L CaCl2 was 
applied on the external wall of descending thoracic aorta.
Results: Twelve weeks of CaCl2 treatment resulted in an average 21% increase in the aortic diameter 
(4876±617 μm vs 3856±604 μm, p= 0.022) and in an decrease in wall thickness(366±107 vs 280±72, 
p>0.05 ) compared to the aorta segments of untreated animals. Although no statistical significance 
was achieved, aortas treated with CaCl2 presented apparent atherosclerosis in 75% of the cases, while 
only 20% of the control aortas were found atherosclerotic.
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Conclusions: This study demonstrates for the first time the creation of a reproducible animal model 
of TAA in rabbits that recapitulates pathological changes attributed to humans.
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Introduction
There is currently an upward trend in the incidence 
thoracic aortic aneurysms (TAA), while there are 
approximately 5.9  cases per 100,000 person-years 
[1]. TAAs are mainly asymptomatic and they are 
discovered in routine checkups or after their inci-
dent complications such as rupture, dissection and 
sudden death [2]. Their masked phenotype makes 
them extremely dangerous, justifying, thus, their 
high mortality rate. Although a wide range of risk 
factors such as hypertension, smoking, chronic ob-
structive pulmonary disease, chronic aortic dissec-
tion, trauma, inflammatory and congenital diseases 
have been identified, the exact cause remains indis-
tinct [1]. It is suggested that a degeneration of all 
three layers of the aorta (intima, media, adventitia) 
–mainly the first two- leads to a permanent local-
ized dilation (over 50% of the normal diameter) of 
the artery [1].

The lack of knowledge regarding the exact path-
ways of TAA formation, prognosis and prevention 
constitutes the need for experimental models of 
TAA imperative. Aim of this study is to present a 
novel experimental model for TAAs.

Materials And Methods

Animals
8-week-old New Zealand male adult rabbits  and 3-4 
kg in weight were obtained from a certified breed-
ing farm in Greek territory.  Animals were housed 
in single metal cages and had access to tap water 
and standard balanced rabbit chow ad libitum. 
Room temperature ranged between 20 and 22°C, 
relative humidity ranged between 55 and 65%, and 
the light/dark cycle was 6 a.m./6 p.m. All possible 
precautions were taken to avoid animal suffering 
at each stage of the experiment. The experimental 

protocol was approved by the “Scientific Commit-
tee for the approval of protocols using animals for 
scientific purposes” established in the Laboratory 
for Experimental Surgery and Surgical Research 
“N.S. Christeas” of Athens Medical School and by 
the competent Veterinary Directorate of Attica Re-
gion. The protocol was in compliance with EU leg-
islation (Directive 2010/63/EU) regarding the use 
of animals in biomedical science. Before enrollment 
in the protocol, animals were acclimatized for a pe-
riod of 3 weeks.

Twelve rabbits (n=12) were allocated into 2 
groups: Control group (n=4): animals were subject-
ed to posterolateral thoracotomy and NaCl appli-
cation on the external wall of descending thoracic 
aorta (sham surgery), while intervention group 
(n=8) underwent posterolateral thoracotomy and a 
solution of 0.5 mol/L CaCl2 was applied on the ex-
ternal wall of descending thoracic aorta. Euthanasia 
of the animals followed after 12 weeks of the initial 
operation.

Surgical Procedure
Animals were initially sedated by intramuscular 
injection of 25-mg/kg ketamine and 5-mg/kg xy-
lazine. They were then intubated and connected 
to a volume-controlled ventilator. Intubation was 
labored due to the distinct anatomy of airway in 
rabbits. VET-TUBEs were used for the intubation 
of the animals, and their size was respective to the 
body weight of each animal. Mechanical ventilation 
was adjusted to 28-30 breaths/min. Anesthesia was 
maintained by the intravenous administration of 
30-50 mg/kg sodium thiopental via ocular vein. 100 
mL of normal saline were administrated in each an-
imal for hydration and recovery of blood loss. Left 
posterolateral thoracotomy was made through an 
incision on 4th intercostal space on the back. After 
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entering pleural cavity, descending thoracic aorta 
was revealed from the site of the origin of left sub-
clavian up to diaphragm with meticulous removal 
of adjacent tissues. Afterwards, a gauze moistened 
with CaCl2 dilution (0.5 mol/L) or 0.9% NaCl was 
applied on the periadventital surface of the aorta. 
Pleural cavity was rinsed with normal saline in or-
der to avoid adhesions. Strict layered closure was 
utilized for chest wall closure. A chest tube was not 
used, because the animals could not tolerate it. In 
order to avoid pneumothorax, pericostal suturing 
was made under Valsava maneuver. Animal was 
awakened and extubation followed. After surgery, 
each animal remained under close observation for 
one hour and then it was transferred to its cage. 
Feeding was initiated later during the same day. 
Pentobarbital was used for euthanasia. Two doses 
of enrofloxacin were administrated; one intra-oper-
ative and one on the first post-operative day.

Sham surgery
Sham surgery was identical to the aforementioned 
except for the application of 0,5 mol/L CaCl2 solu-
tion, which was substituted with normal saline. 
Mean operative time was 40 minutes and it was 
comparable between both surgical procedures.

Histopathological examination
Following euthanasia, descending aorta was imme-
diately fixed in 10% formalin at room temperature 
for 24 h. The tissue was then embedded in paraffin, 
sectioned and mounted on glass microscope slides. 
The sections were stained with hematoxylin eosin 
and examined using light microscopy by two inde-
pendent researchers who were blinded to the rand-
omization scheme.

Vascular tissue was studied and the following pa-
rameters were evaluated:
1) Maximum diameter of the vessel
2) Wall thickness of the vessel
3) Presence of atheromatosis
4) Thickness of the atheromatic plaque

Statistical analysis
Data are expressed as mean ± 1 standard devia-

tion for continuous variables and as frequency (% 
percentage) for qualitative data. The normality of 
the distributions was assessed with Kolmogor-
ov-Smirnov’s test and graphical methods.

Comparisons between more than two groups 
were performed with Analysis of Variance (ANO-
VA) using Least Significant Difference (LSD) post-
hoc test. ANOVA was used to test for group differ-
ences in all examined variables apart from urea % 
increase.

Mann-Whitney’s U test was utilized as a non-par-
ametric test for group comparisons regarding urea 
% increase after I/R induction.

A false discovery rate of 5% was controlled with a 
Benjamini-Hochberg p value correction.

Chi-square test was used for analysis of dichoto-
mous variables.

All tests were two-sided. Differences were consid-
ered as statistically significant if the null hypothesis 
could be rejected with >95% confidence (p<0.05).

All statistical analyses were conducted in SPSS 
(version 21 for Mac OS; SPSS, Inc., Chicago, IL, 
USA).

Results

Histology 
Twelve weeks of CaCl2 treatment resulted in di-
lation of the exposed distal descending thoracic 
aortic segment (Figure 1). Pathological evaluation 
revealed disruption of the normal elastic lamellar 
architecture of the CaCl2-exposed aortic wall com-
pared to the contralateral wall or untreated control 
aorta (Figures 1A-F). 

Aortic Diameter 
CaCl2 application on the aortas led to an average 
21% diameter increase compared to the cohort of 
untreated animals (4876 ± 617 μm vs 3856 ± 604 μm, 
respectively, p= 0.022) (Figure 2A ). 

Wall Thickness 
The proximal descending thoracic aorta showed 
significant thinning of the overall wall in CaCl2 
treated group. (Figure 2B). The segment of aorta 
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Figure 1. Histological comparison of control and CaCl2-treated descending thoracic aorta at 12 weeks. Hematoxylin and 
eosin staining of aorta tissue. Top, confocal images showing decreased wall thickness of aneurysmal aorta (A) and normal 
wall thickness of control aorta (B). Medium, transverse slides showing diluted (C) and normal (D) aorta rings. Bottom, 
presence of atherosclerotic plaque in CaCl2-treated aortas (E), in contrast with normal aorta (F).
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exposed to CaCl2 was found to have a non-signifi-
cant 23% decrease in total wall thickness compared 
to the untreated control group (366 ± 107 vs 280 ± 
72, respectively, p>0.05 ). In addition, the mean wall 
thickness in the nonexposed or contralateral side of 
the CaCl2-treated segment was unaffected and sim-
ilar to the control group (p>0.05). Yet, when com-
paring the neat wall thickness (excluding the ath-

erosclerotic plaque thickness), CaCl2 treated group 
demonstrated decreased wall thickness (276 ± 61 
μm vs 368 ± 63 μm for CaCl2 and control group, re-
spectively, p=0.036) (Figure 2C)

Atherosclerosis and plaque formation
Aortas treated with CaCl2 presented apparent ath-
erosclerosis in 75% of the cases, while only 20% of 
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the control aortas were found atherosclerotic, how-
ever statistical significance was not achieved. 
Mean plaque thickness was 34.5% lower in the 
control group than the intervention group (84 
± 136 μm vs 113 ± 126 μm, p>0.05). (Figure 2D)
Additionally, after calculation of the % plaque 
thickness (plaque thickness/vessel diameter %), 
a higher index –yet not significant- was generated 
for CaCl2 group than control (26.5 ± 30% vs 19.8 ± 
32%, respectively; p>0.05)(Figure 2E).

Discussion
The impact of TAAs on healthcare system is con-
siderable, since their prevalence is 5.9 per 100,000 
per year and death rate reached 0.7/100,000 pop-
ulation per year [3, 4]. Rupture is the predomi-
nant cause of death and in the majority no previ-
ous symptoms are present. Gold-standard for the 
treatment of operable TAAs is open surgical re-
pair, while endovascular approach (endovascular 
aortic repair, EVAR) exhibits promising results, 
especially in high-risk profile patients [5-7]. Yet, 
mortality of both procedures is relatively high, 
10-12%, respectively, while risk for complications 
such as acute renal failure, myocardial ischemia, 
respiratory failure, post-operative bleeding and  
paraplegia [8, 9]. Hence, it is indisputable that 
TAAs are accompanied with a high mortality and 
morbidity rate, emerging the need for further un-
derstanding of the formation and progression of 
TAAs so that more efficient therapeutic strategies 
can be achieved. However, existing bibliography 
concerning efficient and reproductive experimen-
tal models for the study of TAAs is scarce. 

Our findings indicate that application of CaCl2 
on the outside wall of descending thoracic aor-
ta via posterolateral thoracotomy, resulted in in-
creased diameter and decreased wall thickness of 
the vessel. Yet, these changes were not accompa-
nied with atheromatosis or atherosclerosis.

This is the first study, to our knowledge, in-
vestigating the effect of CaCl2 application on 
the external wall of the thoracic aorta of rabbits 
and its association with aneurysmatic degenera-
tion. Previous studies report on the use of CaCl2 

for TAA formation in rodent models [10], while 
in the case of rabbits, elastase administration is 
better-documented [11-13]. High affinity of calci-
um for elastin results into calcium-elastic tissue 
complex which in turn weakens the vessel wall 
and leads to the development of aneurysm [14]. 
Data from in vivo studies indicate a correlation 
between inflammatory infiltration and aneurys-
matic dilation of the vessel diameter [14, 15]. This 
complex can also facilitate the initiation of focal 
inflammatory and arteriosclerotic reaction of the 
aortic wall and subsequent aortic aneurysm de-
velopment [11].

Gertz et al. [14] were the first to describe a Ca-
Cl2-induced aneurysm model in the carotid artery 
of rabbits. Further studies reporting on the use of 
CaCl2 for aneurysm induction in rabbits, showed 
data regarding abdominal aorta [16, 17]. Yet, it 
was not validated if these results are applicable 
on the case of thoracic aorta, since the aorta de-
velops from diverse origins and it is assumable 
that the biology of TAA formation may differ 
from that in the abdomen [11].

Ikonomidis et al. [10], described a murine model 
of CaCl2-induced TAA, which was characterized 
by increased diameter and decreased wall thick-
ness of the treated vessel. A similar approach 
was adopted by Shen et al. [18] who applied this 
technique on MMP-2 KO mice. Concerning the 
application of CaCl2 on rabbit aorta, Bi et al. [11], 
proposed a novel model of combined administra-
tion of elastase and CaCl2 on abdominal aorta in 
rabbits. The authors showed the largest increase 
in aortic diameter 30 days after treatment with 
the aforementioned agents.

Elastase administration on rabbit thoracic aor-
tas has been extendedly described [16, 17, 19]. It 
is associated with relatively fast induction of an-
eurysm formation which partially recovers after 
treatment. Elastase has also been combined with 
CaCl2 in the formation of AAA, resulting in in-
creased aortic dilation compared to this of each 
component separately [11]. Moreover, Bi et al. 
[11] proposed a model of AAA induced by the 
combination of periaortic elastase administration 
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Figure 2. Histological evaluation of aortic 
damage in CaCl2-treated group 
A. Diameter of descending thoracic aorta in 
control and CaCl2-treated groups. B. Thickness 
of descending thoracic aorta wall thickness in 
control and CaCl2-treated groups. C. Thickness 
of descending thoracic aorta neat wall thickness 
(excluding the atherosclerotic plaque thickness) 
in control and CaCl2-treated groups. D. Plaque 
thickness of descending thoracic aorta in control 
and CaCl2-treated groups. E. Percentage of 
plaque/vessel lumen area of the descending 
thoracic aorta in control and CaCl2-treated 
groups.
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and aortic coarctation, which led in a slowly pro-
gressive but sustained aneurysmatic dilation of 
the abdominal aorta.

In conclusion, we propose a feasible, efficient 
and reproducible way to create rapid dilation 
of rabbit thoracic aortic arteries to form a model 
of TAA. This model is suitable for experimental 
CaCl2-induced TAA formation, which could be 
valuable for elucidating TAA mechanisms and 
therapeutic interventions, especially through 
drug-eluting stents or stent graft-mediated gene 
delivery system in experimental studies. 
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Εισαγωγή: Τα ανευρύσματα της θωρακικής αορτής (ΑΘΑ) παραμένουν μια σοβαρή κατάσταση με υψη-
λά ποσοστά νοσηρότητας, αλλά και θνησιμότητας. Η περαιτέρω κατανόηση της παθοφυσιολογίας και της 
εξέλιξης των ΑΘΑ κρίνεται απαραίτητη για την ανακάλυψη λιγότερο επεμβατικών διαγνωστικών τεχνι-
κών και θεραπευτικών στρατηγικών σε ασθενείς με την δυνητικά θανατηφόρα αυτή ασθένεια. Σκοπός της 
παρούσας μελέτης ήταν η δημιουργία ενός αναπαραγώγιμου μοντέλου ανευρύσματος θωρακικής αορτής 
σε κονίκλους με τη χρήση χλωριούχου ασβεστίου (CaCl2). 
Υλικό και Μέθοδος: Ενήλικοι  κόνικλοι Νέας Ζηλανδίας υποβλήθηκαν σε οπίσθια θωρακοτομή και χωρί-
στηκαν σε 2 ομάδες: Ομάδα ελέγχου (η = 4): Εφαρμόστηκε διάλυμα χλωριούχου νατρίου (NaCl) στο εξωτε-
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ρικό τοίχωμα της κατιούσας θωρακικής αορτής (χειρουργική επέμβαση ψευδαισθήσεων) και  ομάδα που 
υποβλήθηκε σε αγωγή με CaCl2 (η = 8): εφαρμόστηκε  διάλυμα  0.5 mol / L CaCl2 στο εξωτερικό τοίχωμα 
της κατιούσας θωρακικής αορτής. 
Αποτελέσματα: Δώδεκα εβδομάδες θεραπείας με CaCl2 οδήγησαν σε μέση αύξηση κατά 21% στην διάμε-
τρο της αορτής (4876617 μm έναντι 3856604 μm, p = 0,022) και σε μείωση του πάχους του τοιχώματός της 
(366107 έναντι 28072, p> 0,05), σε σύγκριση με τα τμήματα της αορτής των κονίκλων στην ομάδα του χλρι-
ούχου νατρίου. Αν και δεν επιτεύχθηκε στατιστική σημαντικότητα, οι αορτές που υποβλήθηκαν σε αγωγή 
με CaCl2 παρουσίασαν εμφανή αθηροσκλήρωση στο 75% των περιπτώσεων, ενώ μόνο το 20% των αορτών 
ελέγχου βρέθηκαν αθηροσκληρωτικές. 
Συμπεράσματα: Η μελέτη αυτή παρουσιάζει για πρώτη φορά τη δημιουργία ενός ζωικού μοντέλου θωρα-
κικού ανευρύσματος αορτής σε κονίκλους, που περιλαμβάνει τις ιστολογικές αλλοιώσεις που εμφανίζο-
νται στους ανευρυσματικούς ασθενείς.
 
Λέξεις ευρετηρίου:  ανεύρυσμα θωρακικής αορτής, χλωριούχο ασβέστιο, αορτή, κόνικλοι, 

ζωϊκό μοντέλο
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