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The small diameter of the carotid artery is not compatible with the evaluation of clinically available endovascular devices in the
carotid balloon-injury (BI) model. We developed an endovascular BI model in the rat descending aorta, whose size is compatible
with available endovascular instruments. We also tested the hypothesis that neointima formation is enhanced in the aorta of obese
Zucker rats (OZR) compared with lean Zucker rats (LZR). Left external carotid arteriotomies and BI of the thoracic and abdominal
aorta were performed by using a balloon catheter. Aortograms and aortic pathology were examined at 2, 4, and 10 wk after BI. At
10 wk after BI, the abdominal aorta in OZR had narrowed 8.3% + 1.1% relative to baseline compared with an expansion of 2.4% +
2.2% in LZR. Simultaneously, the thoracic aorta had expanded 9.5% + 4.3% in LZR compared with stenosis of 2.8% +1.6% in OZR.
Calculation of the intimal:medial thickness ratio revealed significantly increased neointimal formation in the OZR descending aorta
compared with that in LNR. In conclusion, this minimally invasive BI model involving the rat descending aorta is compatible with
available endovascular instruments. The descending aorta of OZR demonstrates enhanced neointimal formation and constrictive

vascular remodeling after BI.

Abbreviations: Bl, balloon injury; LZR, lean Zucker rats; OZR, obese Zucker rats.

Many endovascular interventions, either cardiovascular or
neurovascular, involve balloon-angioplasty or stenting of stenosed
or vasospastic arteries. Balloon injury (BI) to the arterial wall is
well known to induce restenosis, with a typical decrease in lumen
diameter as a result of intimal hyperplasia and vessel wall
remodeling.*>6151718 Restenosis occurs more frequently in patients
with additional cardiovascular risk factors including diabetes, dyslip-
idemia, obesity, and hypertension.** Zucker rats frequently are used
as animal models of obesity, dyslipidemia, and type 2 diabetes.!6%%

The rat common carotid artery Bl model is widely applied to
study molecular mechanisms and the role of smooth muscle cells
in arterial disease and healing."” Data on injury in other arteries and
models are not extensive.® From a clinical perspective, the rat carotid
artery is too small to test available endovascular devices. Other sites
that have been used in rat models include the infrarenal aorta and
the common iliac artery:*>'115% The aortic model requires an open
laparotomy, whereas the common iliac artery is another small-caliber
vessel. The goal of the present study was to create a minimally inva-
sive Bl model in the rat descending aorta that would be compatible
with many endovascular instruments and implantable devices, such
as stents, that are used currently in clinical practice.®

Materials and Methods
Lean (LZR; n = 21) and obese (OZR; n = 21) male Zucker diabetic
rats (age, 10 wk) were obtained from Genetic Models (Indianapolis,
IN). When the rats were 12 wk old, endovascular BI of the aorta
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was induced in the suprarenal abdominal and thoracic aorta. Rats
were allocated randomly into 3 groups for study at 2 wk (6 LZR
and 6 OZR), 4 wk (6 LZR and 6 OZR), and 10 wk (9 LZR and
9 OZR) after BL

The rats had free access to rat chow (Harlan laboratories, India-
napolis, IN) and tap water acidified to pH 4.0. They were main-
tained at constant humidity (60% * 5%), temperature (24 = 1 °C),
and light cycle (lights on, 0600 to 1800). All protocols were ap-
proved by the IACUC at the University of Mississippi Medical
Center and were consistent with the Guide for the Care and Use of
Laboratory Animals.

Surgical technique. Inhalational anesthesia was induced with
isoflurane as previously described.'? The balloon catheter was
introduced into the left carotid artery because it provides direct
access into the descending aorta, thereby circumventing the dif-
ficulty of navigating the rather rigid balloon catheter system
through the aortic arch (Figure 1). Aleft paramedian neck incision
was performed, and the skin and sternocleidomastoid, omohyoid,
and thyrohyoid muscles were retracted by using 3-0 polyglactin
910 sutures. Under microscopic magnification, the left common,
internal, and external carotid arteries were exposed. The external
carotid artery was ligated 6 mm distal to the carotid bifurcation
by using 5-0 silk suture. The proximal common and internal ca-
rotid arteries (including the occipital artery) were clamped tem-
porarily by using loops of 5-0 silk suture. The superior thyroid
artery was coagulated by using bipolar cautery where it branched
off the proximal external carotid artery. Lidocaine (5 mg/kg) was
applied to prevent vasospasm.

Endovascular technique. A deflated balloon catheter (diameter,
3.25 mm; length, 9 mm; Gateway PTA, Boston Scientific, Natick,
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Figure 1. [llustration of the cervical arteries used to access the descend-
ing aorta. Left external carotid arteriotomy was used to introduce the
balloon-catheter system, avoiding the acutely angled junction between
the right common carotid artery and aortic arch junction. For follow-
up aortograms, the flexible microcatheter wire was introduced through
either right or left common carotid arteriotomy. Reproduced with per-
mission.

MA) was inserted, through a transverse arteriotomy, into the
proximal left external carotid artery and advanced to the com-
mon carotid artery. The temporary clamp on the common carotid
artery was loosened, and a microwire (Agility-10, Cordis, Miami,
FL) was navigated, inside the balloon catheter, to the descending
aorta. Next, the balloon catheter was advanced, over the wire, to
the proximal descending aorta. Baseline thoracic and abdominal
aortograms were obtained by using the balloon catheter (without
the microwire) and injecting 0.6 to 0.8 mL undiluted iohexol (Om-
nipaque-300, General Electric Healthcare, Princeton, NJ).

The abdominal aorta was injured by advancing the microwire
to the infrarenal abdominal aorta, followed by the deflated bal-
loon (over the wire), to just above the renal artery bifurcation.
At this position, the balloon was inflated to a pressure of 2 atm
(manual barometer) by using 50% diluted iohexol and pulled and
rotated, from distal to proximal, over a 15-mm segment, 4 times
(Figure 2). The balloon pressure was maintained at a constant
pressure of 2 atm during the pulling phase. If significant resistance

Rat aortic balloon-injury model

was encountered, the pressure was briefly lowered to 1.8 atm and
then increased back to 2 atm. The pulling phase occurred imme-
diately after balloon inflation and lasted for less than 15 to 20 s at
a time. The thoracic aortic was injured in similar fashion from just
above the diaphragm to a few millimeters distal to the aortic arch,
over a 15-mm segment (Figure 2). This process denudes the vessel
of endothelium and disrupts the elastic lamina and underlying
smooth muscle cells.

Aortograms were obtained after BI to evaluate the injured areas
for any immediate complications (dissection, rupture, thrombosis,
occlusion; Figure 2). The balloon catheter was then removed, and
the external carotid artery ligated proximal to the arteriotomy
by using 5-0 silk. The temporary loops were removed from the
common and internal carotid arteries, to restore perfusion. The
neck was closed in a single layer of continuous 2-0 polyglactin
910 suture.

Microangiography of injured aortic arteries. At the appropriate
follow-up time, either left or right paramedian neck incision was
performed, and the common carotid artery was exposed and
ligated proximal to the bifurcation by using a 5-0 silk suture. A
proximal common carotid artery suture loop was applied, and
a transverse arteriotomy was performed to allow access of a mi-
crocatheter (Prowler Plus, Cordis) with a microwire (Agility-
10, Cordis). This microcatheter-wire system is more flexible
and easier to navigate than is the balloon catheter, allowing its
use in the angled, right carotid approach (Figure 1). The micro-
catheter was advanced over the wire to the proximal descend-
ing aorta, and thoracoabdominal aortograms were obtained
(Figure 3). The microcatheter and wire were removed and the rat
euthanized.

A picture archiving and communication system (iSite, Koninklijke
Philips, Eindhoven, Netherlands) was used to analyze the pre-
and postinjury aortograms. We considered 2 important factors
when comparing measurements of the angiographic diameter
of the aorta. First, the diameter of descending aorta varies along
its length, with a wider proximal thoracic aorta that tapers down
around the diaphragm and then widens again at the renal artery
bifurcation (Figure 3). Second, the aortic size increases in diam-
eter as the rats age and gain weight.?! To correct for this variable
aortic diameter, we calculated the baseline taper percentage and
the postinjury stenosis or expansion percentages by adapting and
applying the NASCET?® formula.

Histomorphometry of injured aortic arteries. The entire aorta
was harvested, and the adipose and adventitial layers were surgi-
cally removed. These vessels were placed in 2% (g/mL) paraform-
aldehyde (Sigma-Aldrich, St Louis, MO) in PBS for 24 h, followed
by ethanol dehydration and paraffin embedding. Thin (10 um)
cross-sections were obtained at 1-mm intervals from injured and
uninjured (control) segments. The sections were mounted on
microscopic slides and stained with hematoxylin and eosin and
trichrome stain.

A computer imaging system equipped with Metamorph ver-
sion 6.37 (Molecular Devices, Sunnyvale, CA) was used to per-
form histomorphometric analysis of sectioned vessels. Medial
and intimal thicknesses were measured at the point of maximal
intimal hyperplasia. The media was limited by the internal and
external elastic laminae. The intima was measured between the
internal elastic lamina and the vessel lumen. The intimal:medial
thickness ratio was calculated and used as an index of vascular

injury.
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Figure 2. Anteroposterior radiographs demonstrating the balloon-injury technique. The balloon was (A) inflated above the renal bifurcation to a pres-
sure of 2 atm (manual barometer) and then (B) pulled and rotated to just below the diaphragm, 4 successive times. (C) The thoracic aortic injury was
done in similar fashion from above the diaphragm to (D) a few millimeters distal to the aortic arch. The radiopaque circle represents a 19-mm coin.
Aortograms obtained (E) before and (F) after balloon injury demonstrate initial dilatation of the injured thoracic and abdominal aorta (arrows).
(G) Occasionally, the induced injury would be complicated by aortic dissection and rupture (extravasation).

Statistical analysis. All results are reported as mean + SEM.
Statistical analysis was performed by using SigmaPlot software
(version 11, Systat Software, Chicago, IL). Differences between
the groups were assessed by 2-way ANOVA with post hoc testing
(Student-Newman-Keuls test). The relationship between angio-
graphic and histologic changes was assessed by Pearson correla-
tion. A P value of less than 0.05 was considered to be statistically
significant.

Results

At the time of follow-up, all rats appeared healthy. Mean body
weight was significantly (P < 0.05) greater in OZR compared with
LZR (10 wk: LZR, 343.3 g; OZR, 491.7 g; 12 wk: LZR, 374.2 g;
OZR, 526.6 g; 14 wk: LZR, 398.9 g; OZR, 573.8; 20 wk: LZR, 431.1
g; OZR, 654.2 g). Five rats died perioperatively due abdominal
(LZR, n = 3; OZR, n = 1) or thoracic (LZR n = 1) aortic injury
including dissection, thrombosis, and rupture (Figure 1). Two
rats (OZR, n = 2) developed paraplegia as a result of spinal cord
ischemia and died 3 and 7 d after BI, respectively.

Lumen diameter. The baseline diameter of the thoracic aorta
was 2.2+ 0.1 mm in LZRs and 2.4 £ 0.1 mm in OZR (Table 1). The
baseline diameter of the abdominal aorta was 2.3+ 0.1 mm in LZR
and 2.2 £ 0.0 mm in OZRs.
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Relative to baseline measurements, the thoracic aorta of LZR
had expanded 13.3% + 9.3% at 4 wk after Bl and 9.5% + 4.3% at
10 wk. This continued expansion contrasted with an expansion
(compared with baseline) of 1.0% +2.9% (P = 0.016) at 4 wk after
BI in the thoracic aorta of OZR and a stenosis of 2.8% + 1.6% (P =
0.003) at 10 wk. At 2 wk after BI, there were no significant differ-
ences in the thoracic aortograms of the OZR and LZR (P = 0.585).

Two weeks after BI, the abdominal aorta of OZR were ex-
panded or unchanged (2.2% * 2.8%), compared with an initial
narrowing of 5.6% + 1.8% (P = 0.044) in LZR. At 4 wk, the ab-
dominal aorta of OZR had narrowed 6.9% + 3.6%, compared
with expansion of 0.4% * 1.3% (P = 0.036) in LZR. Furthermore,
10 wk after BI, the abdominal aorta of OZR had narrowed 8.3%
+ 1.1% compared with expansion of 2.4% + 2.2% in LZR (P <
0.001; Figure 3).

Intimal hyperplasia. Visual examination by light microscopy
revealed a highly irregular neointima formation in both the ab-
dominal and thoracic aorta of OZR and LZR after BI (Figure 4).
OZR had increased (P < 0.01) neointima formation in the abdomi-
nal and thoracic aortas of compared with LZR at 2, 4, and 10 wk
after BI (Table 1 and Figure 5). This change was associated with
a significant increase in the intimal:medial thickness ratio in the
OZR aorta compared with LZR at 4 wk (thoracic: OZR, 0.39 £ 0.11;
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Figure 3. Anteroposterior aortograms before (baseline) and after balloon injury. (A) At baseline, there is a larger proximal thoracic aorta (upper arrow-
head) that tapers down around the diaphragm (arrow) and becomes widens again at the renal artery bifurcation (lower arrowhead). (B) At 4 and 10 wk
after balloon injury, the thoracic and abdominal aorta of LZ rats expanded when compared with the diameters at baseline (arrows; magnification, 2x).
(C and D) The abdominal aortas of OZ rats became stenotic (arrows; magnification, magnification, 2x) when compared with baseline values.

Table 1. Angiographic and histomorphometric analysis of descending aortas from lean (LZ) and obese (OZ) Zucker rats at various times after balloon injury

Medial
thickness (um)

intimal:medial
thickness ratio

Peak intimal
thickness (um)

Baseline
diameter (mm)

Postinjury

diameter (mm)  Expansion (%)®

Thoracic aorta

2 wk
LZ (n=4) 2.32+0.10 2.64+0.03 1.76 £1.97 85.9+2.0 76+4.6 0.09 +0.05
OZ(n=4 2.61 £0.04 3.00£0.06 4.73+1.03 105.4+2.0 29.0+6.5 0.27 +0.05
4wk
LZ (n=5) 2.35+0.03 2.69 £0.09 13.30+£9.29 91.1+0.2 33+33 0.04 £0.04
OZ (n=15) 2.29+0.14 2.78+0.12 1.02+291 113.6 +5.4 451+143 0.39+0.11
10 wk
LZ (n=8) 2.07£0.07 2.77 £0.08 9.47 +£4.27 103.2+2.8 10.4+5.2 0.10 +0.05
0Z(n=9) 2.33+0.08 2.83£0.06 -2.78 £1.65 99.0+4.0 38.6+6.1 0.39 +0.05
Abdominal aorta
2wk
LZ (n=4) 2.38+£0.06 2.51+0.08 -559+1.78 98.5+95 123+4.1 0.13+0.05
OZ(n=4 2.32+0.01 2.63+£0.17 2224277 104.8 £10.9 332+48 0.31+0.01
4wk
LZ (n=5) 2.40£0.07 2.41£0.07 0.40£1.33 102.5+5.9 17.7+54 0.17 +0.05
OZ (n=5) 2.09 £0.04 2.32+0.03 —-6.88 £ 3.64 109.6 + 6.5 61.3+£12.0 0.54 £0.07
10 wk
LZ (n =8) 2.03+0.04 2.53 £0.07 236+224 103.2+2.8 27.0+11.6 0.26 +£0.11
0Z(n=9) 2.25+0.05 2.56 £0.08 -8.34+1.10 117.5+8.4 83.0+11.5 0.70 +0.07
Data are mean * SEM. Differences between LZ and OZ groups were determined by groupwise ANOVA.
A negative value indicates stenosis at the indicated percentage.
LZR, 0.04 £0.04; P = 0.001; abdominal: OZR, 0.54 £ 0.07; LZR, 0.17 Discussion

+0.05; P = 0.008), and 10 wk (thoracic: OZR, 0.39 £ 0.05; LZR, 0.10

Experimental models in various animal species have been used
+ 0.05; P < 0.001; abdominal: OZR, 0.70 + 0.07; LZR, 0.26 £ 0.11; P

to study the pathologic intimal formation as a response of vessel

<0.001).

No correlation was found between the degree of angiographic
stenosis in the injured OZR thoracic and abdominal aorta, the
amount of neointimal formation (as measured by the I:M thick-
ness ratio), or the peak intimal or medial thickness.

wall damage. The rat carotid artery BI model is one of the most
convenient, rapid, and thoroughly investigated models for the as-
sessment and treatment of intimal hyperplasia.’”” However, the
carotid artery is too small to test the presently available endovas-
cular devices used in the clinical setting. Furthermore, in contrast
to human arteries, the rat carotid artery contains a much thinner
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2 weeks

10 weeks

Figure 4. Staining with (A) hematoxylin and eosin and (B) trichrome of cross-sections of descending aorta after balloon injury revealed highly irregular
neointima formation in the abdominal and thoracic aorta of OZ and LZ rats. Original magnification, 100x. (C) Staining with hematoxylin and eosin
of cross-sections of the thoracic and abdominal aortas in LZ and OZ rats at 2, 4, and 10 wk after balloon injury show temporal increases in neointimal
formation in the abdominal and thoracic aortas of OZ compared with LZ rats. Original magnification, 40x.
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Figure 5. Intimal:medial thickness ratios (mean + SEM [bar]) of the tho-
racic and abdominal aortas of OZ and LZ rats (2 wk: n = 4 for both LZ
and OZ rats; 4 wk, n = 5 for both LZ and OZ rats; 10 wk: LZ, n = 8; OZ,
n = 9) plotted against time (wk). *, The ratio for the abdominal aorta
was significantly greater in OZ rats than LZ rats at 4 wk (P = 0.008) and
10 wk (P < 0.001) after balloon injury. 1, The ratio for the thoracic aorta
was greater in OZ rats than LZ rats at 4 wk (P = 0.001) and 10 wk (P <
0.001) after balloon injury. {, The ratio in the abdominal aorta of OZ rats
was significantly (P = 0.012) greater at 10 wk compared with 2 wk after
balloon injury.

subintimal layer and lower elastin and higher collagen contents
in the tunica media.”? In the current study, the rat abdominal and
thoracic aorta, which are wider than the carotid artery, were vali-
dated as an alternative model to be used for the evaluation of
arterial response after endovascular techniques. Currently avail-
able endovascular catheters, wires, balloons, and stents, provide
enhanced access and flexibility. This property allows their use in
this small animal model. In humans, the composite coronary ar-
tery diameter ranges from 1.9 to 5.4 mm (average, 3.4 = 0.5 mm),
and the average diameter of the middle cerebral artery is 3 to 5
mm.""* These measurements correspond to the baseline diameter
of the descending aortas in of LZR and OZR. The rat thoracic and
abdominal aortas are large enough to deploy and potentially test
most currently available coronary and intracranial stents with
their delivery systems.

In our study, the thoracic aorta of LZR exhibited the least
amount of intimal hyperplasia, where 9 of 17 displayed no inti-
mal hyperplasia at multiple time points. Concurrently, the tho-
racic aorta of these rats developed the largest amount of adaptive
remodeling at 4 and 10 wk after BI, as measured by the percent-
age of expansion. Although the abdominal aorta of LZR exhibited
more intimal hyperplasia than did their thoracic aorta, it was still
significantly less than that in the abdominal aortas of OZR. Ab-
dominal aortas in LZR showed a trend toward adaptive remodel-
ing 4 and 10 wk after BI. This finding is in agreement with prior
reports demonstrating that the abdominal aorta of Wistar rats
compensates to intimal hyperplasia by adaptive remodeling.’ The
abdominal aorta of OZR responded differently and developed the
largest amount of intimal hyperplasia and constrictive remodel-
ing in our study. Both of these responses increased with time and
were significantly different than those of their lean counterparts.
The thoracic aorta in OZR expanded initially but showed a trend
to constriction at 10 wk after Bl In addition, the thoracic aorta in
OZR exhibited a significantly more intimal hyperplasia than did

Rat aortic balloon-injury model

LZR. Previous reports have documented a similar propensity in
the carotid artery of OZR to develop intimal hyperplasia after
BL'®# Our results not only demonstrate increased neointima for-
mation in the aorta of OZR but also a propensity toward constric-
tive remodeling.

We did not find a correlation between the degree of angiograph-
ic stenosis or expansion and the amount of neointimal formation
at any time point. This result suggests, as previously reported,*
that vessel wall remodeling and neointima formation are 2 sepa-
rate processes. Multiple factors may account for the different in-
timal hyperplasia and arterial remodeling responses observed
in the thoracic and abdominal aortas of LZR and OZR after BI,
including an artery-type-dependent variation of both synthetic
and contractile smooth muscle cells, the number of vasa vasorum
in the tunica adventitia, and the increasingly important role of the
tunica adventitia in inflammation, growth, and repair.”%*

The abdominal aortas of both LZR and OZR developed inti-
mal hyperplasia that continued to increase until at least 10 wk
after injury and perhaps beyond. Compared with their abdomi-
nal aortas, the thoracic aortas of both rat groups had less intimal
hyperplasia that tended to increase with time. This trait has been
demonstrated before and is different from that in the rat carotid
injury model, in which intimal hyperplasia peaks between 14 to
28 d after BL.>*" We observed irregular or patchy intimal hyper-
plasia in the descending aorta of Zucker rats, and this pattern is
different from the uniformly circumferential response observed
in the carotid BI model and the abdominal aorta—common iliac
artery models reported elsewhere.>'>'” In addition, another pre-
vious study had reported a similar, less uniform and less rapid,
response in a rat model of aortic BL."* We hypothesize that our
results reflect a smaller vessel lumen-to-balloon ratio (0.6 to 0.8),
the use of a semicompliant balloon, and the plane of attachment
of the descending aorta and its segmental branches, for which the
anterior aspect is free but the posterior sides are fixed.

In conclusion, the model we use here provides less invasive
access to the rat’s descending aorta and is compatible with many
endovascular instruments used in clinical practice. The rat aorta
is large enough to potentially deploy and test coronary and in-
tracranial stents. Neointimal formation after Bl is enhanced in
the abdominal and thoracic aortas of OZR. BI tends to induce
constrictive remodeling in the OZR aorta as compared with the
adaptive remodeling seen in the LZR aorta.
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