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Preface

There are many patients who are suffering from various types of vascular diseases.
Atherosclerosis results in luminal narrowing and insufficient blood perfusion,
leading to organ damage such as myocardial infarction, cerebral infarction, and
amputation of lower extremities. Atherosclerotic diseases are a leading cause of
death in industrialized countries. Obstructive atherosclerotic diseases are treated by
percutaneous catheter intervention or bypass surgery, which requires subsequent
re-vascularization procedures due to re-stenosis of the target lesion or a bypass graft
in many cases. Aortic aneurysm and cerebral aneurysm may cause sudden death by
unanticipated rupture. Graft vasculopathy—diffuse intimal hyperplasia in arteries
of the transplanted organs—causes grant failure. Moreover, coronary aneurysm is
the major sequel of Kawasaki’s disease, a mucocutaneous lymph node syndrome in
children. Unfortunately, exact pathogenesis of most of the vascular diseases
remains to be clarified. Subsequently, there are no established methods to diagnose
and prevent those vascular diseases accurately.

Genetically modified mice are a very powerful tool for studying the pathogenesis
of various diseases, including immunology, oncology, the central nervous system,
autoimmune disease, and congenital diseases. Genetically modified mice also
provide good tools to track the origin and the fate of the cells that play a key role
in the disease process. However, mice had always been thought to be too small to be
used for research in the field of vascular diseases. Most of the models of vascular
diseases, which have been used for larger animals, could not be applied to mice.

I have been working as an interventional cardiologist. I treated many patients
with coronary artery diseases by performing percutaneous coronary intervention
(PCI). However, re-stenosis at the site of PCI limited the long-term prognosis of the
treatment in many patients. Therefore, I started research on gene therapy to prevent
post-PCI re-stenosis. However, no gene therapy has been shown to be effective
enough to be used in clinical practice. When I became an independent researcher in
Japan in 1999, I realized that we should clarify the exact pathogenesis of re-stenosis
using genetically modified mice. I had a hard time developing a mouse model of
post-angioplasty re-stenosis. After many efforts and failures, I finally succeeded in



vi Preface

establishing a mouse model of vascular injury that induces rapid onset of medial
cell apoptosis followed by reproducible neointimal hyperplasia like a rat model of
balloon-induced arterial injury. With this useful model, I published numerous
papers by taking advantage of genetically modified mice to investigate the cell
cycle, apoptosis, and origin of neointimal cells. I welcomed all visitors who wanted
to learn the method to my laboratory. Moreover, I sent a videotape or CD of the
tutorial videos of the procedure. Now, the tutorial videos (Ver. 1 and Ver. 2) can be
viewed on the Internet. The method has been adopted successfully in many labo-
ratories in the world and used to elucidate the pathogenesis of post-PCI re-stenosis.
The methodological paper published in the Journal of Molecular and Cellular
Cardiology in 2000 has been cited in 229 papers.

Besides my wire-mediated endovascular injury, other mouse models of vascular
diseases have been reported and have substantially contributed to basic research on
cardiovascular and metabolic disorders. However, like my wire-mediated vascular
injury model, those models are technically very difficult to reproduce in other
laboratories, even when researchers carefully read the literature in which the
model has been used to analyze genetically modified mice. Many investigators in
the vascular disease area have wanted a detailed methodological source to learn
how to treat mice to get reproducible vascular lesions in mice.

Under these conditions, I had a chance to edit a book with Springer. I had no
hesitation to edit a methodological sourcebook on mouse models of vascular
diseases. Covering various areas, each chapter is written by a pioneering researcher
who has developed an original vascular disease model. Notoriously difficult to
reproduce, each model is described in detail and numerous photographs are pro-
vided, with links to videos. There are detailed descriptions about the knacks and
pitfalls for each procedure. I hope that this book can be used as a bible in many
laboratories that are working on cardiovascular diseases. Finally, I acknowledge all
authors for their generosity in providing detailed descriptions of the methods that
they had spent tremendous efforts and time to establish.

Tokushima, Japan Masataka Sata
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Chapter 1

Wire-Mediated Endovascular Injury that
Induces Rapid Onset of Medial Cell
Apoptosis Followed by Reproducible
Neointimal Hyperplasia

Masataka Sata, Kimie Tanaka, and Daiju Fukuda

Abstract Genetically modified mice serve as a powerful tool to determine the role
of specific molecules in a wide variety of biological phenomena including vascular
remodeling. Several models of arterial injury have been proposed to analyze
transgenic/knockout mice. About 15 years ago, we have developed a new mouse
model of vascular injury that resembles balloon angioplasty. A straight spring wire
is inserted into the femoral artery via arterioctomy in a small muscular branch. The
wire is left in place for 1 min to denude and dilate the artery. After the wire is
removed, the muscular branch is tied off and the blood flow of the femoral artery is
restored. The lumen is enlarged with rapid onset of medial cell apoptosis as
determined by TUNEL staining and transmission electron microscopy. While the
circumference of the external elastic lamina remained enlarged, the lumen is
gradually narrowed by neointimal hyperplasia composed of smooth muscle cells.
At 4 weeks, a concentric and homogeneous neointimal lesion could be formed
reproducibly in the region where the wire had been inserted. Similar exuberant
hyperplasia could be induced in all strains examined (C57BL/6 J, C3H/HeJ, BALB/
¢, and 129/SVj). This model has been adopted in many laboratories all over the
world to study the molecular mechanism of post-angioplasty restenosis at the
genetic level.
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1.1 Introduction

Percutaneous coronary intervention (PCI) has been widely adopted for the treat-
ment of coronary atherosclerosis. However, a significant number of these proce-
dures fail due to post-angioplasty restenosis. Although the increasing use of new
devices, particularly drug-eluting stents, for dilatation of stenosed arteries has
lowered the incidence of acute complications, restenosis still limits the long-term
outcome of percutaneous interventions [1, 2]. Thus, much effort has been devoted
to both understanding the molecular pathways regulating vessel wall responses to
acute injury and developing strategies to prevent post-angioplasty restenosis.

Recent advances in gene-manipulating techniques have produced various genet-
ically modified mice to determine the role of specific molecules in vascular
remodeling [3]. There are established mouse models for hypercholesterolemia-
induced atherosclerosis [4, 5], transplant-induced arteriosclerosis [6], and angio-
genesis [7]. However, mouse arteries, unlike those of larger animals such as pigs
[8], rabbits [9], and rats [10], are too small for transluminal injury with a balloon.
Alternatively, several models of vascular injury [11-16] have been shown to
produce neointimal hyperplasia and are used to evaluate the susceptibility of
transgenic/knockout mice to post-angioplasty restenosis.

In contrast to other models, in which arteries are injured from adventitia, we
developed a new mouse model of vascular injury that resembles balloon angio-
plasty [17-19]. Dilatation of the mouse femoral artery by intraluminal insertion of a
large wire resulted in rapid onset of medial cell apoptosis followed by reproducible
neointimal hyperplasia. After we published the original methodological paper [17],
this model has been wildly adopted in many laboratories to analyze genetically
modified mice in studies on the pathophysiology of post-angioplasty restenosis.
More than 200 studies have published using this model by us [19-26] and others
[27-34]. In this chapter, we describe how the procedures can be performed in detail.
Moreover, electrical version of this book provides tutorial videos 1.1 and 1.2 that
could be viewed on the Internet.

1.2 Methods

1.2.1 Surgical Procedures

1. Adult mice weighing between 25 and 35 g are kept in microisolator cages on a
12-h day/night cycle and fed regular chow. For all surgical procedures, the
mice are anesthetized by intraperitoneal injection of 50 mg/kg Nembutal
(Abbott Laboratories, North Chicago, IL) diluted in 0.9 % sodium chloride
solution. All procedures involving experimental animals are performed in
accordance with protocols approved by local institutional guidelines for animal
care and complied with the “Guide for the Care and Use of Laboratory
Animals” (NIH publication No. 86-23, revised 1985).
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Fig. 1.1 The endovascular injury of the murine femoral artery
Either the left or right femoral artery was exposed by blunted dissection and looped proximally and
distally with a 6-0 silk suture for temporary vascular control during the procedure. A small branch
was isolated and ligated distally. Transverse arterioctomy was performed in the muscular branch
(a). Microsurgery forceps were used to extend the arterioctomy through which a 0.015 in. straight
wire was inserted for more than 5 mm into the femoral artery toward the iliac artery (b, d). The
wire was left in place for 1 min to denude and dilate the artery (e). After removal of the wire, the
proximal portion of the arterial branch was tied off. Blood flow of the femoral artery was restored
(c, f). Anti-CD31 immunostaining revealed that the endothelium was completely denuded (g, h).

Bar, 50 pm (Reproduced from Ref. [17] with permission)

2. Surgery is carried out using a dissecting microscope (SMZ-800, Nikon,
Tokyo). Transluminal mechanical injury of the femoral arteries is induced
basically according to a method developed for rodent carotid arteries [19, 23]

with various modifications (Fig. 1.1).
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3. Either the left or right femoral artery is exposed by blunted dissection. The
accompanying femoral nerve is carefully separated, but the femoral vein is not
isolated from the artery.

4. The femoral artery and vein are looped together proximally and distally with
6-0 silk suture (Natsume Co., Tokyo) for temporary vascular control during the
procedure.

5. A small branch between the rectus femoris and vastus medialis muscles is
isolated and looped proximally and ligated distally with 6-0 silk sutures.

6. Veins and connective tissues around the artery are carefully removed with
microsurgery forceps (No. 1125320, Dumont S.A., Switzerland).

7. The exposed muscular branch artery is dilated by topical application of one
drop of 1 % lidocaine hydrochloride for 1 min.

8. Transverse arterioctomy is performed in the muscular branch with Vannas style
iris spring scissors (No. 15000-00, Fine Science Tools, Inc., Foster City, CA).

9. Microsurgery forceps (No. 11253-25, Dumont S.A., Switzerland) are used to
extend the arterioctomy through which a straight spring wire (0.38 mm in
diameter, No. C-SF-15-15, COOK, Bloomington, IN) is carefully inserted
into the femoral artery for more than 5 mm toward the iliac artery.

10. The wire is left in place for 1 min to denude and dilate the artery.

11. Then, the wire is removed, and the silk suture looped at the proximal portion of
the muscular branch artery is secured.

12. Blood flow in the femoral artery is restored by releasing the sutures placed in
the proximal and distal femoral portions.

13. The skin incision is closed with a 5-0 silk suture (Natsume Co., Japan).

14. The mice are euthanized by intraperitoneal administration of an overdose of
Nembutal at the time points indicated.

15. At death, the mice are perfused at a constant pressure (80 mmHg) via the left
ventricle with 0.9 % NaCl solution followed by perfusion fixation with freshly
depolymerized 4 % paraformaldehyde in PBS (pH 7.4). The femoral artery is
carefully excised, postfixed in 4 % paraformaldehyde overnight at 4 °C, and
embedded in paraffin.

1.2.2 Morphometric Analysis

Cross sections (5 pm) are deparaffinized, stained with hematoxylin and eosin, and
mounted with MOUNT QUICK mounting media (DAIDO, Tokyo). The image is
digitized by a digital camera on a PROVIS AX80 microscope (Olympus, Tokyo).
Digitalized images were analyzed using software (Image J, NIH). The lumen,
internal elastic lamina, and external elastic lamina were defined. The intimal (tissue
between the lumen and internal elastic lamia) and medial (tissue between the
internal elastic lamina and external elastic lamina) areas were measured, and
neointima/media ratio was calculated. All data are expressed as mean = SEM.
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1.2.3 TUNEL Staining

The 4 % paraformaldehyde-fixed paraffin-embedded sections (5 pm) are
deparaffinized and rehydrated. The tissue is permeabilized with 20 mg/ml protein-
ase K for 30 min. Terminal deoxynucleotidyl transferase enzyme and dUTP
conjugated to a fluorescein cocktail are added to the tissue sections according to
the manufacturer’s specifications (Roche Molecular Biochemicals, in situ death
detection kit). Nuclei are counterstained with Hoechst 33258 (Sigma, St. Louis,
MO) and mounted with VECTASHIELD mounting media (Vector Laboratories,
Inc., Burlingame, CA). Specimens are examined and photographed on a PROVIS
AX80 microscope (Olympus, Tokyo) equipped with an epifluorescence optical
lens. Pictures are recorded on a CCD camera.

1.2.4 Transmission Electron Microscopy

The femoral artery is excised at 2 h after the injury and fixed in 2.5 % glutaralde-
hyde, 4 % paraformaldehyde, and 0.1 mol/L sodium cacodylate. Sections are
postfixed in 1 % osmium tetroxide, dehydrated, stained en bloc with 3 % uranyl
acetate and Sato lead stain, and embedded in epoxy resin (Epon 812). Thin sections
are examined with a Hitachi H-7000 electron microscope.

1.2.5 Scanning Electron Microscopy

The injured arteries are opened longitudinally, washed, and fixed in 2 % parafor-
maldehyde and 2.5 % glutaraldehyde in PBS. The tissue is postfixed in 2 % OsO4 in
PBS for 2 h, followed by 1 h in 1 % thiocarbohydrazide and finally again in 2 %
aqueous OsO4 for 2 h, all at room temperature. The tissue is next dehydrated in
ethanol, critical point dried with CO,, and sputter coated with a 20-30 nm layer of
platinum palladium (E-1010, Hitachi). The sample is then examined with a scan-
ning electron microscope (S-3500 N, Hitachi).

1.2.6 Immunohistochemistry

Paraffin-embedded sections (5 pm thick) are deparaffinized and blocked with 5 %
goat serum and 0.01 % Triton-X in PBS for 1 h at room temperature. Distributions
of endothelial cells, T lymphocytes, polymorphonuclear cells, and macrophages are
revealed by anti-mouse CD31 rat monoclonal antibody (clone MECI13.3,
Pharmingen, San Diego, CA), anti-CD3 rabbit polyclonal antibody (Sigma,
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St. Luis, MO), anti-mouse CD11b rat monoclonal antibody (clone M1/70, Serotec,
Oxford, England), and anti-mouse F4/80 rat monoclonal antibody (clone A3-1,
Serotec, Oxford, England), respectively, followed by the avidin-biotin complex
technique and Vector Red substrate (Vector Laboratories, Burlingame, CA).
Smooth muscle cells can be identified by immunostaining with an alkaline
phosphatase-conjugated monoclonal antibody to a-smooth muscle actin (clone
1A4, Sigma). Sections were counterstained with hematoxylin.

1.3 Typical Histological Changes of the Injured Artery

1.3.1 A Wire Can Be Inserted into the Mouse Femoral Artery

A straight spring wire (0.38 mm in diameter) is readily inserted into the femoral
artery via an arterioctomy in a small muscular branch between the rectus femoris
and vastus intermedius muscles, following the protocol described in Methods
(Fig. 1.1, the tutorial videos 1.1 and 1.2). The success rate of the wire insertion is
more than 95 % for all mice examined at age of 6 weeks or older. The wire is left in
place for one minute to denude and dilate the artery (wire/artery diameter
ratio =2.0 £ 0.1). The muscular branch is ligated, and blood flow of the femoral
artery is restored. I observed neither extravasation of the wire nor rupture of the
femoral artery. All mice can survive the surgery.

1.3.2 Mouse Femoral Artery Is Mechanically Distended
by Intraluminal Insertion of a Large Wire

The wire insertion caused overexpansion of the artery. The media was markedly
thinned and the lumen remained enlarged even after the wire was removed
(Fig. 1.1g, h, Table 1.1). Anti-CD31 immunostaining revealed that the endothelium
was completely denuded (Fig. 1.1g, h). We occasionally (about 6 %) observed acute
thrombosis in the injured arteries. The occluded arteries were not used for the
analysis.

1.3.3 The Artery Remained Dilated with Rapid Onset
of Medial Cell Apoptosis

The TUNEL procedure stains nuclei that contain nicked DNA, a characteristic
exhibited by cells in the early stages of apoptotic cell death. Immunofluorescent
TUNEL analysis was performed on sections from uninjured and injured mouse
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17 h

TUNEL

Hoechst
33258

Fig. 1.2 The injury induces dilatation of the artery with rapid onset of apoptosis of smooth muscle
cells

The injured artery was perfusion fixed with 4 % paraformaldehyde and excised carefully at the
time points indicated. Paraffin-embedded cross sections (5 pm) were stained with hematoxylin and
eosin (H & E), TUNEL, and Hoechst 33258. Bar indicates 100 pm (Reproduced from Ref. [17]
with permission)

femoral arteries. Uninjured arteries had no detectable TUNEL-positive nuclei.
However, a large number of TUNEL-positive nuclei were detected in the layers
of the media at two hours after injury (Fig. 1.2). At 8 h after injury, a higher level of
TUNEL-positive nuclei was detected. At 17 h, the cellularity of the media appeared
to decline dramatically and a few TUNEL-positive cells were detected in the media.

1.3.4 Electron Microscopic Observation of the Injured Artery

Ultrastructure was also examined by transmission and scanning electron micro-
scopes. In uninjured arteries, the endothelium lined at the luminal side of the
internal elastic lamina (Fig. 1.3a, b). At two hours after injury, the artery remained
dilated with a thin media containing very few cells. Fibrin deposition and platelet
accumulation were observed on the denuded luminal side (Fig. 1.3a—c). At 6 days,
leukocytes including monocytes and lymphocytes homed at the luminal side
(Fig. 1.3d). At 14 days, neointimal hyperplasia of SMC-like cells was observed
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A Uninjured Injured

Fig. 1.3 Electron microscopic observation of femoral artery after wire-mediated endovascular
injury

(a) At 2 h after surgery, the injured and uninjured arteries were perfusion fixed with 2.5 %
glutaraldehyde and 2 % paraformaldehyde in PBS. The arteries were postfixed in 1 % osmium
tetroxide and embedded in epoxy resin (Epon 812). Thin sections were stained with 3 % uranyl
acetate and examined under a transmission electron microscope (H-7000, Hitachi, Tokyo). Bar,
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(data not shown). Scanning electron microscope demonstrated that luminal side was
partially re-endothelialized. As far as we examined, it was not observed that smooth
muscle cells were migrating from the media into the luminal side across the internal
elastic lamina.

1.3.5 The Enlarged Lumen Was Narrowed by Neointimal
Hyperplasia Composed of Smooth Muscle Cells

The lumen of the injured artery remained dilated as determined by the circumfer-
ence of the external elastic lamina (Table 1.1). Cellular constituents of the arterial
wall were evaluated by immunohistochemistry. At one week, small neointima was
found on the luminal side of the injured artery (Fig. 1.4a). Most of the neointimal
cells expressed CD45, a marker for hematopoietic cells, but not a-SMA (Fig. 1.4b).
At three weeks, large neointima had grown on the luminal side. A few CD45-
positive cells were detected, particularly in the luminal side of the neointima. There
were some a-SMA-positive cells (Fig. 1.4b). At six weeks, CD45-positive cells
were seldom detected in neointima or in media, whereas the neointima was
predominantly composed of a-SMA-positive cells. Cellular constituents of the
arterial wall after wire-mediated injury were also examined by RT-PCR using
RNA obtained from total homogenate of the vessel wall (Fig. 1.4c). Marked
downregulation of a-smooth muscle actin (x-SMA) expression was observed at
one week. a-SMA expression gradually increased at two weeks and reached to that
of uninjured artery at 4 and 6 weeks.

1.3.6 The Injury Can Induce Reproducible Neointimal
Hyperplasia that Is Composed of Smooth Muscle Cells

The neointimal hyperplasia continued to grow up to 3 or 4 weeks after which lesion
formation did not advance further. The lesion was concentric and very homogenous
in the region where the wire was inserted (Fig. 1.5a). An immunohistochemical

Fig. 1.3 (continued) 2 pm. (b—d) Mice were sacrificed at 2 h and 6 days after injury. The excised
arteries were opened longitudinally and fixed in 2 % paraformaldehyde and 2.5 % glutaraldehyde
in PBS. The tissue was postfixed in 2 % OsQO,, dehydrated in ethanol, critical point dried with CO,,
and sputter coated with a 20-30 nm layer of platinum palladium (E-1010, Hitachi). (b) The
luminal side of uninjured and injured arteries was examined at 2 h with a scanning electron
microscope (S-3500 N, Hitachi). Bar, 2 pm. (c¢) Platelets adhering to the luminal surface of the
injured artery at 2 h. Bar, 6 pm. (d) Monocytes or granulocytes (arrowheads) were homing on the
luminal side at 6 days after injury. Lymphocytes also adhered on the injured artery (arrows). Bar,
6 pm (Reproduced from Ref. [47] with permission)
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Table 1.2 Representative studies in which this endovascular injury was used

Author Year |Journal Theme Genetically modified mice
Sata 2001 | Arterioscler Thromb | Apoptosis Ipr (Fas deficient), gld (FasL
et al. [18] Vasc Biol. deficient)

Sata 2002 | Nat Med. Origin of GFP-Tg, ROSA26

et al. [19] neointimal cells

Sata 2002 | Arterioscler Thromb | Drug effect p21-KO

et al. [20] Vasc Biol.

Konishi 2002 | Circulation Platelet FcRgamm-KO

et al. [33] activation

Matsuda 2002 |J Biol Chem. Adipocytokine Adiponectin-KO

et al. [32]

Sata 2003 | Arterioscler Thromb | Cell cycle p53-KO

et al. [21] Vasc Biol.

Tanaka 2003 | Circ Res. Origin of GFP-Tg, ROSA26

et al. [22] neointimal cells

Shoji 2004 | Cardiovasc Pathol. Origin of GFP-Tg, ROSA26

et al. [47] neointimal cells

Wang 2004 | Circulation Drug effect eYFP-Tg

et al. [31]

Sahara 2005 | Stem Cells. Origin of GFP-Tg

et al. [48] neointimal cells

Fukuda 2005 | Circulation Drug effect LacZ, GFP-Tg

et al. [24]

Komatsu 2005 | Nat Med Small GTPase R-Ras KO

et al. [29]

Konishi 2007 |J Am Coll Cardiol. | Nitric oxide Dimethylarginine dimethyla-
et al. [28] synthase minohydrolase-Tg
Aihara 2007 |J Clin Invest. Coagulation Heparin cofactor II-KO
et al. [27]

Tanaka 2008 | Faseb J. Origin of GFP-Tg

et al. [23] neointimal cells.

Hirata 2013 | Atherosclerosis HMGB-1 TLR9-KO

et al. [30]

KO knockout mouse, Tg transgenic mouse

study of a-smooth muscle actin revealed that the neointima was exclusively
composed of smooth muscle cells (Fig. 1.5b). The luminal side of the intima was
almost completely re-endothelialized at 4 weeks as determined by anti-mouse
CD31 staining. No capillary formation was detected in the intima, excluding the
possibility that neointimal formation results from recanalized thrombosis. Macro-
phages were detected in the adventitia, occasionally also in the intima. No poly-
morphonuclear cells were detected in the intima (data not shown).
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Fig. 1.4 Temporal and spatial characterization of cellular constituents during neointima hyper-
plasia development

A large wire was inserted into the femoral artery of adult male wild-type mice. After injury, blood
flow was restored and the injured arteries were harvested at the time points indicated. (a) Injured
arteries were embedded in paraffin and stained with hematoxylin and eosin. Arrows indicate
internal elastic lamina. Bar, 20 pm. (b) Cross sections were stained for a-smooth muscle actin
(t-SMA) or CD45.using the avidin-biotin complex technique and VECTOR RED substrate.
Arrows indicate internal elastic lamina. Bar, 20 pm. (¢) Total RNA was prepared from the femoral
artery with the use of RNazol reagent. RT-PCR was performed (Reproduced from Ref. [47] with
permission)
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Fig. 1.5 Characterization of the neointimal hyperplasia

(a) Three-dimensional characterization of the neointima. The injured femoral artery of the C57BL/
6 mouse was perfusion fixed at 4 weeks after the injury. Paraffin-embedded femoral artery was
sectioned every 500 pm as indicated. Sections were deparaffinized and stained with hematoxylin
and eosin. The lesion formation was homogenous in the region where the wire expanded the artery.
Bar, 100 pm. Arrows indicate internal elastic lamina. (b) The paraffin-embedded cross sections
were stained for smooth muscle cells (SMC, a-smooth muscle actin), endothelial cells (CD31), and
macrophages (M®, F4/80) using the avidin-biotin complex technique and VECTOR RED as
substrate. Sections were counterstained with hematoxylin. The neointima was exclusively com-
posed of smooth muscle cells. Arrows indicate internal elastic lamina. The luminal side was almost
completely re-endothelialized (small arrow heads). Macrophages were detected in the adventitia,
occasionally also in the neointima (large arrows), but not in the intima or in the media. Bar 50 pm.
(c¢) The femoral artery of the inbred mice was injured by the wire and harvested at 4 weeks. The
wire injury produced similar exuberant neointimal formation in all inbred mice. Bar, 100 pm.
Arrows indicate internal elastic lamina (Reproduced from Ref. [17] with permission)
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1.3.7 The Injury Can Induce Neointimal Hyperplasia in All
Strains Examined

Although another model of mechanical injury is reported to be significantly
influenced by the genetic background of the mouse, as C57B1/6 mice appear to be
less responsive than mice with a mixed genetic background of C57B1/6 and 129
[35], our method induced reproducible neointimal hyperplasia in all inbred mice
with different backgrounds (n =35 for each group, intima/media ratio: C57BL6/J,
2.0+0.4; BALB/c, 2.0 £ 0.3; C3H/Hel, 2.3 +0.3; 129/Sv], 2.6 +£ 0.3) (Fig. 1.5¢).

1.4 Discussion

In this chapter, we described an endovascular dilatation injury model of the mouse
artery. Mechanical expansion of the femoral artery resulted in rapid onset of
apoptosis of medial smooth muscle cells and enlargement of the artery. The dilated
lumen was gradually narrowed by neointimal hyperplasia exclusively composed of
smooth muscle cells.

Although much effort has been devoted to utilize genetically modified mice for a
better understanding of the mechanism of post-PCI restenosis [3], there is no
balloon which can be inserted into minute mouse arteries. Alternatively, several
models of vascular injury have been reported to produce significant neointimal
hyperplasia [35], and perivascular approaches have often been used to avoid
technical difficulties of transluminal injury [11-13, 15, 16].

Carmeliet et al. reported that in their initial experience, the genetic background
of the mouse significantly influenced lesion formation by this method since C57BL/
6 mice appeared to be less responsive than mice with a mixed genetic background
of C57BL/6 and 129/SV [35]. Mendelsohn and his colleagues also reported that this
injury resulted in only thickening of the media in inbred mice with a C57BL/6
background [36-38]. Thus, the relatively small proliferative response and the
technical challenge to achieve complete denudation limited the use of this model.

It was reported that dilatation and denudation of mouse carotid artery by
insertion of a polyethylene tube (PE10, tube/artery ratio = 1.2 4 0.09) resulted in
neointimal formation in mice with a mixed background of C57BL/6 and CBA
[39]. We made effort to reproduce the results using the same method. We were also
able to achieve neointimal formation in the carotid artery (M. Sata, unpublished
observation). However, we found that the lesion produced by this tube insertion was
less extensive and less reproducible than those induced by our method, at least in
inbred mice (BALB/c, C57BL/6 J, and C3H/HelJ). Moreover, in our hands, the
procedure was associated with frequent extravasation of the tube and a high
incidence of postsurgery mortality (M. Sata, unpublished observation).

While we were developing this model, it was reported that insertion of a
0.010 in. wire (0.254 mm in diameter) into the femoral artery can cause endothelial
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denudation, rapid accumulation of neutrophils, and neointimal hyperplasia [40]. In
this report, the authors performed an arteriotomy in the femoral artery distal to the
epigastric branch. Subsequently, the femoral artery was ligated proximal to the
arteriotomy site, interrupting blood flow to the distal femoral artery. Thus, the blood
flow of the injured artery was only partially restored by blood supply to the
epigastric branch. Therefore, it seems plausible that neointimal hyperplasia results
only from restriction of the blood flow as reported for vascular remodeling of
uninjured carotid artery after ligation of the distal portion [12]. On the other
hand, in our model, we tied off the small muscular branch where the arterioctomy
was performed and observed no decrease in blood flow to the hind limb as
determined by laser Doppler perfusion imaging [7] (Moor Instruments Limited,
Devon, England). Thus, we could exclude the effect of flow restriction on
neointimal formation produced by our model.

One great advantage of our model comes from evidence of the rapid onset of
medial smooth muscle cell apoptosis as reported for balloon injuries in other
animals [41-43]. This model will enable us to analyze various mice in which
apoptosis-regulating genes are modified to clarify the role of apoptosis in post-
angioplasty restenosis [44—46].

Insertion of the guide wire into the femoral artery appears to be technically
challenging. However, the muscular branch described here is large enough for
arterioctomy, and the straight wire can be inserted easily following the procedure
described here in detail. Most experienced animal researchers, particularly those
who are familiar with balloon injury of the rat carotid artery [10], should be able to
produce this model routinely after several rounds of practice. Actually, since we
published the original methodological paper in 2000 [17], this model has been
successfully adopted in many laboratories to analyze genetically modified mice in
studies on the pathophysiology of post-PCI restenosis, leading to more than
200 publications by us [19-26] and others [27-34] (Table 1.2). We hope that this
model will be used in more and more laboratories to find therapeutic strategy for
post-PCI restenosis.

In conclusion, we described our mouse model of vascular injury that could
induce rapid onset of apoptosis and smooth muscle cell hyperplasia in response to
transluminal mechanical injury in the mouse artery. This model should be wildly
used for a genetic understanding of the molecular pathways of post-PCI restenosis.
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Chapter 2
Cuff-Induced Neointimal Formation
in Mouse Models

Tetsuya Kubota and Naoto Kubota

Abstract Ischemic heart failure caused by atherosclerosis is a major cause of death
worldwide. Although remarkable technological advances have been made in the
treatment of coronary heart disease, there is as yet no treatment that can sufficiently
suppress the progression of atherosclerosis, including neointimal thickening.
Therefore, a precise understanding of the mechanism of neointimal hyperplasia
will provide the development of new technologies. Both ApoE-KO and LDLR-KO
mice have been employed to generate other relevant mouse models of cardiovas-
cular disease through breeding strategies. Although these mice are effective tools
for the investigation of atherosclerosis, development of a progressive atheroscle-
rotic lesion takes a long time, resulting in increase of both the costs and the space
needed for the research. Thus, it is necessary to develop simpler tools that would
allow easy evaluation of atherosclerosis in mouse models. In this review, we
discuss our experience in generating mouse models of cuff-induced injury of the
femoral artery and attempt to provide a better understanding of cuff-induced
neointimal formation.
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2.1 Introduction

Epidemiological studies reveal that coronary heart diseases caused by atheroscle-
rosis, including myocardial infarction and other forms of ischemic heart disease, are
major causes of death worldwide [1]. If coronary blood flow is impaired by the
development of atherosclerosis, interventions such as balloon angioplasty and
endovascular stent placement are employed to overcome the vascular occlusion.
These interventions can produce mechanical damage to the vasculature, including
endothelial cells, smooth muscle cells (SMCs), and the adventitia [2—4]. Destruction
of the endothelial cell layer is observed in the early phase after these interventions,
with the formation of a thin thrombus layer covering the vascular surface [5]. Within
several weeks, the vascular endothelial cells completely cover the neointima.
Endothelial injury causes recruitment and adherence of circulating leucocytes,
which results in the progression of neointimal formation [6]. The extent of
neointimal formation has been reported to be correlated with the number of
macrophages in the neointima [7]. Macrophages and neutrophils enhance the
inflammatory response through the release of growth factors such as fibroblast
growth factor (FGF), transforming growth factor-beta (TGF-p), platelet-derived
growth factor (PDGF), and vascular endothelial growth factor (VEGF)
[5]. Human studies have shown the existence of a correlation between chronic
inflammation after stent placement and intimal thickening [7]. The release of the
aforementioned growth factors and cytokines by the injured endothelium and
infiltrating inflammatory cells leads to SMC migration and proliferation, which is
preceded by transition of the SMCs from a contractile to a synthetic phenotype with
excessive extracellular matrix (ECM) deposition in the intima [8, 9]. Although
remarkable technological advances have been made in the treatment of coronary
heart disease, none of the available treatments up to date can sufficiently suppress
atherosclerosis or entirely prevent restenosis after angioplasty [10—12]. Although
in-stent restenosis can be alleviated by the use of drug-eluting stents, a number of
cases treated with drug-eluting stents are still reported to develop restenosis
[13, 14]. There also remains the question of the safety of drug-eluting stents,
including in relation to the higher frequency of occurrence of thrombotic events
observed with the use of drug-eluting stents as compared to bare-metal stents
[15, 16]. Moreover, cases with neointimal hyperplasia occurring after bypass
surgery or allograft cardiac transplantation cannot be treated with drug-eluting
stents [17, 18]. Thus, a more precise understanding of the mechanism of neointimal
hyperplasia will provide the development of new technologies. In this review, we
discuss our experience in generating mouse models of cuff-induced injury of the
femoral artery and attempt to provide a better understanding of cuff-induced
neointimal formation.
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2.2 Rabbit Models of Cuff-Induced Injury

Many previous studies have reported rabbit models of cuff-induced injury. Two
types of materials have been used for the generation of these rabbit models, a
polyethylene tube and a silastic tube. In 1969, Mizukawa et al. have reported
neointimal formation induced by the insertion of a polyethylene tube in the rabbit
carotid artery [19]. Histological analysis revealed that the neointima was composed
of SMCs, but had no other characteristics of atherosclerosis, e.g., foam cells [20—
22]. Importantly, the polyethylene tube produced only mild, not severe, injury of
the endothelial cells. Hirosumi et al. carried out an in-depth investigation of the
morphometric changes induced in an artery by the insertion of a polyethylene tube
by scanning electron microscopy and light microscopy (1.5 cm long PE-280; inner
diameter, 2.15 mm; outer diameter, 3.25 mm; Becton, Dickinson and Company)
[23]. At 30 min after cuff placement, small endothelial defects and adherence of a
small number of platelets were observed in the subendothelium. At 2 h, a number of
leukocytes were recruited to this cuff-injured area. The endothelial defects
increased for 24 h, and leukocytic infiltration of the internal elastic lamina and
endothelial cells was observed. After the 3rd day, regeneration of spindle-shaped
endothelial cells occurred and covered the exposed subendothelium. However, the
leukocytic infiltration persisted. The internal elastic laminae were irregular, swol-
len, and wavy. The SMCs under these laminae were markedly deformed and
edematous. Although the endothelial cells became flat after 1 week, gaps were
often observed at the cell junctions. Light microscopy revealed regression of the
edematous media and SMC-like intimal cell proliferation. After 2 weeks, the
endothelial cells completely covered the subendothelium, and the gaps between
the cells acquired normal tightness. Leukocytes were no longer seen at the endo-
thelial surface. On the other hand, Booth et al. were the first to use a biologically
inert soft and flexible Silastic cuff, 2.1 cm length with an internal volume of 0.3 cm®
in the carotid artery of a New Zealand White male rabbit [24]. Neointimal forma-
tion consisted largely of SMC-like cells, similar to the case in the polyethylene
cuff-induced injury. No foam cells were detected in any of the sections obtained
from the carotid arteries of the New Zealand White rabbits at 7 days after the
placement of the Silastic cuff. Moreover, an intact endothelial layer was observed
after 7 days. The endothelial cells remained in contact with each other, and no
denudation or exposure of the subendothelium was seen at 24 h after placement of
the silastic cuff [25]. Kockx et al. revealed that silicone cuff-induced neointimal
formation can be distinguished into three phases [26]. The first phase begins within
2 h, with polymorphonuclear leukocyte (PMN) infiltration from the luminal surface
toward the intima and the inner media. In the second phase, which starts within
12 h, the replication rate of the SMCs in the media increases by about 20-fold as
compared with that in unmanipulated arteries. The third phase, beginning from day
3, is characterized by the appearance of subendothelial SMCs that are immunore-
active for a-SM actin (a-SMA). Although the neointima formed in response to both
injury caused by a polyethylene and that caused by a silastic cuff consists of SMCs,
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the injury caused by the polyethylene cuff was associated with injury of the
endothelial cells, whereas that caused by the silastic cuff was devoid of injury to
the endothelium.

2.3 Mouse Models of Cuff-Induced Injury

Mouse models have been used popularly as experimental animal models due to
their well-defined genetic background and the possibility of manipulating the
mouse genome. Mouse models are useful for evaluating the roles of specific
molecules in vascular remodeling, such as in the case of post-percutaneous coro-
nary intervention (PCI) restenosis. Apolipoprotein (Apo) E-knockout (KO) mice
have been used extensively because they develop spontaneous atherosclerosis
[27, 28]. Furthermore, the atherosclerotic lesions in this mouse model closely
resemble the atherosclerotic lesions, both stable and unstable, in humans.
Low-density lipoprotein (LDL) R-KO mice also serve as good models to evaluate
human atherosclerotic lesions [29]. However, unlike the ApoE-KO mice, the
LDLR-KO mice do not develop spontaneous atherosclerosis [28]. Both ApoE-KO
and LDLR-KO mice have also been utilized to generate other relevant mouse
models of cardiovascular disease through a variety of breeding strategies. Although
these mice are effective tools for the investigation of atherosclerosis, development
of a progressive atherosclerotic lesion takes a long time, resulting in an increase of
both the costs and the space for the research. Mouse arteries, unlike the arteries of
larger animals, are too small for transluminal injury to be induced with a balloon.
Thus, it is necessary to develop tools for easier evaluation of atherosclerosis in
mouse models.

Three methods for the induction of neointimal formation in mice have been
mainly reported [10]. In the arterial ligation model, blood flow through the common
carotid artery is disrupted by ligation near the distal bifurcation [30]. The decrease
in the blood flow resulting from the dramatic reduction of the vessel diameter
results in the formation of an extensive SMC-rich neointima within 2—4 weeks. This
model has the advantage of reproducibility due to the ease of use of the method for
inducing neointimal hyperplasia. Lindner and colleagues were the first to report
mechanically induced endothelial denudation model, which involves passage of a
flexible guidewire three times in the carotid artery [31]. This procedure completely
removes the endothelial cell layer, which results in the recruitment of platelets to
the denuded surface and activation of the medial SMCs. Neointimal hyperplasia is
typically observed within 2 weeks after the injury. This procedure is the most
similar to angioplasty. However, this procedure is a relatively challenging proce-
dure, which leads to difficulty in achieving reproducible results. Subsequently, Sata
et al. modified the wire injury method to develop a more convenient and reproduc-
ible results [32]. Since the wire injury model shows complete denudation of the
endothelial cell layer, it may not be suitable for investigation of the involvement of
endothelial cell-specific molecules in the development of atherosclerosis. Use of a
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polyethylene cuff also causes damage to the endothelial cell layer as described
above, but it produces milder injury as compared to wire injury. The endothelium
itself is not directly injured by a polyethylene cuff. In fact, endothelial cells have
reported to remain relatively intact after perivascular cuff placement [33]. Moroi
et al. first adapted an external vascular cuff model used in rabbits to mice deleted
with endothelial cell-specific eNOS gene [34]. Since the virus-mediated vector and
drug can be injected easily between the cuff and the vessel, this cuff-induced injury
model is also excellent for the observation of changes in the adventitia associated
with arteriosclerosis [35]. Thus, the use of mouse models of cuff-induced injury has
increased in recent years.

2.4 Method for Creation of Cuff-Induced Injury
in the Femoral Artery

Dr. Moroi kindly taught us the procedure for the cuff placement [34]. Before the
operation, the cuff (Intramedic Polyethylene Tubing (PE-50, inner
diameter = 0.58 mm), Becton Dickinson) needs to be prepared. Polyethylene tube
was cut for each length 2 mm and cut in longitudinal direction. We tied polyeth-
ylene tube directly to 8—0 nylon suture with needle (Bear Medic Corporation) in
two places on both side and made stringlike. The mice were anesthetized by an
intraperitoneal (IP) injection of sodium pentobarbital at the dose of 40-50 mg/kg.
Then, the mice were fixed in the supine position and their skin was shaved from the
inguinal region to the medial aspect of the thigh above the knee and disinfected with
70 % ethanol. The skin was next lifted with tweezers under stereomicroscopic
observation, and an incision about 7-10 mm length was placed in the inguinal
region. The subcutaneous connective tissue was carefully removed to expose both
the femoral artery and the femoral vein. The femoral artery is separated from the
femoral vein by blunt dissection with micro tweezers. A stringlike nylon suture
with polyethylene tube is sent under a separating femoral artery. The break of the
polyethylene tube is expanded by pulling stringlike nylon suture of polyethylene
tube. The polyethylene tube is placed around the femoral artery. Finally, the
surrounding tissue is straightened and the skin is sutured (Fig. 2.1). A sham
operation is performed without polyethylene tube placement in the other femoral
artery, as control. The mice are anesthetized by IP injection of pentobarbital 14 days
after the operation and fix in the supine position. After laparotomy, the diaphragm is
incised to expose the heart. Ice-cold 4 % paraformaldehyde is injected into the
systemic circulation via the cardiac apex at a pressure of 100 cm H,0, followed by
incision of the right auricular appendage. Both the cuffed-femoral artery and the
sham-operated artery of the opposite sides are removed and immersed in OCT
compound. For the immunohistochemical staining, 5- to 6-pum-thick sections are
prepared from each sample. Paraffin sections are more suitable for the measurement
of intimal thickness than frozen sections. Femoral artery samples embedded in
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Fig. 2.2 Representative arteries after sham-operated or cuff placement (a) and alpha smooth
muscle actin staining for cuff-injured artery in C57B6 mice (b)

paraffin were cut from one edge to the other edge of the cuffed portion. The areas of
the lumen, intima, and media were measured in 10 cross sections using the image
analyzer. Images are digitized and captured with a CCD camera connected to a
personal computer (Fig. 2.2a). Measurements are performed at a magnification of
%200 using the Scion Image analysis software. For each artery, the luminal area,
area inside the internal elastic lamina, and the area encircled by the external elastic
lamina are measured. The medial area is calculated as the area encircled by the
external elastic lamina area inside the internal elastic lamina, and the intimal area is
calculated as the area inside the internal elastic lamina-luminal area. To calculate
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the medial thickness for each vessel cross section, the linear distance between the
internal elastic lamina and external elastic lamina is measured independently in
10 places, separated by 90° each and then averaged. The ratio of the intimal to the
medial area and the percent luminal stenosis are calculated based on these mea-
surements [10, 34].

2.5 Etiology of Cuff-Induced Neointimal Formation

Since cuff-induced neointimal formation showed positive staining with an a-SMC
antibody (Fig. 2.2b), the neointima appears to be almost entirely composed of
SMCs. Neointimal formation induced by cuff placement can be considered as a
consequence of migration and/or proliferation of the SMCs induced by some factors
such as PDGF-BB or inflammatory cytokines (Fig. 2.3). Although the exact mech-
anisms underlying the neointimal formation in cuff-induced injury models are still
uncertain, I would like to refer to reports from the literature of studies carried out
using genetically manipulated mouse models to discuss the mechanisms of
neointimal formation (Table 2.1).

2.5.1 Factors Directly Inducing SMC Proliferation
and Migration

Cuff replacement around the femoral artery induced neointimal hyperplasia, which
was exclusively composed of SMCs, as mentioned above. Platelet-derived growth
factor (PDGF)-BB, which is mainly secreted from platelets, is one of the most
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Fig. 2.3 Comparison of the gene profiles between sham-operated artery and cuff-injured artery
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Table 2.1 Representative cuff placement in genetically manipulated mouse models

Neointimal
Gene Location formation References
LR11-KO Carotid Reduced Arterioscler Thromb Vasc Biol | 2007
artery [38]
Rag-1-KO Carotid Increased Arterioscler Thromb Vasc Biol | 2002
artery [45]
CD4-KO Carotid Reduced J Am Heart Assoc 2013
artery [50]
eNOS-KO Femoral Increased J Clin Invest 1998
artery [34]
iNOS-KO Carotid Reduced Circ Res 1999
artery [59]
sEH/ApoE dou- Femoral Reduced Arterioscler Thromb Vasc Biol | 2010
ble-KO [61]
sEH/ApoE dou-
ble-KO
Tlr4-KO Femoral Reduced Circulation 2002
[64]
TIr2-KO Femoral Reduced Cardiovasc Res 2005
[65]
CatK-KO Carotid Reduced Hypertension 2014
[66]
AT1 receptor-KO | Femoral Reduced Circulation 2002
[74]
AT?2 receptor-KO | Femoral Increased Circulation 2002
[74]
Mas-KO Femoral Increased Hypertension 2014
[78]
Cu/ZnSOD-KO Femoral Unchanged Journal of atherosclerosis and 2011
thrombosis [81]
HAS2Tg Femoral Increased PLoS One 2013
(SMC-specific) [39]
IRS1-KO Femoral Increased Circulation 2003
[85]
IRS2-KO Femoral Increased Circulation 2003
[85]

potent factors inducing migration and proliferation of the SMCs after balloon
angioplasty. The expression levels of PDGF-BB mRNA in the cuffed artery were
significantly increased as compared to those in the sham-operated artery (Fig. 2.3).
An antagonist of the PDGF-BB receptor was shown to suppress the proliferation of
vascular SMCs after balloon-induced injury in a rat model [36]. PDGF-BB induces
vascular SMC proliferation via, at least in part, regulation of the cell cycle.
Schwaiberger et al. demonstrated that local treatment with a cyclin-dependent
kinase inhibitor inhibited cuff-induced neointimal formation, accompanied by
reduction of the phosphorylation level of signal transducer and activator of
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transcription 3 (STAT3), but not of Akt, ERK1/2, or p38MAPK activation
[35]. These data suggest that PDGF-BB-STAT3 signaling is involved in cuff-
induced neointimal formation.

In addition to PDGF-BB-STATS3 signaling, PDGF-BB has been reported to
augment the migration of SMCs through the LR11, a member of the LDL receptor
family/urokinase-type plasminogen activator receptor (uPAR) pathway
[37]. Ohwaki et al. found that balloon-injured intimal SMCs showed strong expres-
sion of LR11 in rat arteries. High-fat diet-fed LR11-KO mice showed a decrease of
cuff-induced neointimal formation [38]. In in vitro experiments, the secreted
soluble form of LR11 (soILR11) promoted the migration of THP-1 induced by
PDGF-BB, an effect that was completely canceled by the anti-uPAR antibody
[38]. These data suggest that PDGF-BB induced by cuff-induced injury is one of
strongest regulators of neointimal formation.

The ECM has been reported to be a key player in arterial remodeling after
vascular injury [4]. Hyaluronan 2 (HAS2), which is a primary component of the
ECM, is expressed in neointimal lesions in humans with atherosclerosis and at sites
of wire-induced injury of the arteries in mice. Mice overexpressing the murine
HAS2 gene specifically in the vascular SMCs (cHAS2/CreSM22a mice) showed
markedly enhanced cuff-induced neointimal formation, with augmentation of SMC
migration and proliferation, and production of inflammatory cytokines and ROS
[39]. Consistent with these data, in a wire-induced injury model, a HA synthesis
inhibitor markedly suppressed neointimal formation. The ECM induced by arterial
cuff-induced injury promotes migration of SMCs into the intima, leading to
neointimal formation.

2.5.2 Roles of BM-Derived Cells in Cuff-Induced Neointimal
Formation

The roles of bone marrow (BM)-derived cells in the pathogenesis of atherosclerosis
have been extensively studied [40]. Fluorescence in situ hybridization (FISH)
analysis has revealed that female-derived BM cells transplanted into male mice
were detected in the neointima of male mice (Fig. 2.4). Following BMT from green
fluorescent protein (GFP)-transgenic mice to ApoE-KO mice, GFP-positive cells
were confirmed in the vascular neointima (4—10 %) and media (5-32 %) in the latter
mice. Following bone marrow transplantation (BMT) from LacZ mice to wild-type
(WT) mice, a number of LacZ-positive macrophages were found in the neointima
(25.7 %), media (7.3 %), and adventitia (73.7 %) of the arteries of the WT mice at
4 weeks after cuff placement [33]. It was worthy of note that more marked
infiltration of the adventitia by macrophages was observed after injury induced by
cuff placement than after wire injury or ligation injury.

Xu et al. transplanted the BM of GFP-transgenic mice into LDLR-KO mice to
identify the cell lineage in the lesion [41]. Two weeks after cuff placement
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Fig. 2.4 Fluorescence in
situ hybridization (FISH) of
cuff-injured artery in male
mice transplanted female-
derived BM cells

. Female-derivedBMcells

following a high-fat diet for 4 weeks, atherosclerotic lesions developing in the
intima predominantly consisted of a massive accumulation of foam cells with a
number of a-SMA- and GFP-positive cells. In addition to macrophages, adventitial
small vessels also showed positive staining for both the endothelium-specific
marker CD31 and GFP in mice transplanted with BM obtained from
GFP-transgenic mice [41]. Most of the macrophages are GFP-positive, and some
of the SMCs and ECs are also GFP-positive. In a cuff-induced vascular injury
model, BM-derived cells are recruited to the adventitia and differentiate into
macrophages, SMCs, and endothelial cells. Treatment with a blocker of M-CSF,
which guides differentiation into macrophages, caused a prominent decrease of
macrophages, and inhibition of the PDGF receptor suppressed the recruitment of
SMCs to the adventitia after cuff placement [42]. These data suggest that the
adventitia plays a pivotal role in neointimal formation induced by cuff placement.
Scott et al. demonstrated that the adventitia is important in the first wave of growth
after angioplasty following occurrence of neointimal hyperplasia [43].

2.5.3 Roles of T Cells and B Cells in Cuff-Induced
Neointimal Formation

The importance of T and B lymphocytes in the process of restenosis after PCI has
been pointed out [44]. Rag-1-KO mice, which lack mature B and T cells, have been
demonstrated to show increased thickness of cuff-induced neointima in the carotid
artery. Reconstitution of the Rag-1-KO mice with B cells from WT mice reduced
the neointimal formation. Moreover, both IgG and IgM were detected in the cuff-
injured carotid arteries of reconstituted Rag-1-KO mice with B cells [45]. These
data suggest that an increase of immunoglobulin by activation of B cells exerts a
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protective action against intimal thickening. The neointimal area and intima/media
ratio were significantly reduced in mice treated with immunoglobulin administered
intraperitoneally for 5 consecutive days starting 1 day prior to cuff placement. On
the other hand, immunoglobulin could not suppress cuff-induced neointimal for-
mation, when the treatment was commenced 3 days after cuff placement
[46]. When pooled mouse IgG or IgM was given to Rag-1-KO mice by intravenous
injection, a significant reduction of intimal thickening was observed as compared
with that in the untreated Rag-1-KO mice. Immunoglobulin treatments modify the
serum complement C3 profile, and the amount of complement C3 was decreased in
the injured arteries. Depletion of complement C3 in the Rag-1-KO mice signifi-
cantly decreased the degree of intimal thickening [47]. These data suggest that IgG,
IgM, and complement C3 are involved in the modulation of the neointimal hyper-
plasia response to cuff-induced injury.

Moreover, treatment with immunoglobulin significantly enhanced the secretion
of interleukin (IL)-10, suggesting activation of T cells by immunoglobulin
[46]. Rag-1-KO mice reconstituted with T cells from WT mice showed a reduction
of neointimal formation after cuff placement [48]. Dimayuga et al. carried out a
detailed examination of the T-cell fraction. Splenic CD8"CD25" T cells and
CDS8*CD28" T cells, but not CD4*CD25" and CD4*CD28* T cells, were also
significantly increased after arterial injury in the WT mice. Rag-1-KO mice given
CD8™ T cells showed a significant decrease of neointimal formation as compared to
Rag-1-KO mice not given the cells. On the other hand, transfer of CD4™ T cells was
not associated with inhibition of the neointimal formation [49]. Neointimal forma-
tion induced by cuff placement was significantly reduced in CD4-KO mice as
compared with that in the WT mice, because of the higher percentage of CD8* T
cells. Moreover, adoptive transfer of CD8*CD28" T cells into recipient Rag-1-KO
mice significantly reduced neointimal formation as compared to that of
CD8'CD28" T cells [50]. Although both CD8" T cells and CD4" T cells are
activated in response to arterial injury, CD8" T cells, which constitute at least a
fraction of the CD8+CD28hi, are mainly involved in the inhibition of cuff-induced
neointimal formation.

2.5.4 Roles of eNOS and iNOS in Cuff-Induced Neointimal
Formation

Nitric oxide (NO) is an important vascular regulatory factor that is generated by the
enzyme nitric oxide synthase (NOS) [51]. Three different isoforms of NOS are
recognized: among these is endothelial NOS (eNOS), which is constitutively
expressed mainly in the vascular endothelial cells [52]. eNOS can be an important
factor modulating vascular endothelial function and is activated by acetylcholine
(ACh) and insulin. eNOS-KO mice exhibit impaired ACh-induced vascular relax-
ation [53]. The second isoform is inducible NOS (iNOS), which cannot be detected



32 T. Kubota and N. Kubota

in normal tissue, but is expressed in several cell types, including macrophages and
vascular SMCs, after cytokine stimulation [54], and the third isoform is neuronal
NOS (nNOS), which is constitutively expressed mainly in the nervous tissues and
skeletal muscle type II.

eNOS-KO mice exhibit increased neointimal formation following cuff place-
ment [34]. Consistent with these data, the neointimal formation induced by ligation
is also significantly more pronounced in the eNOS-KO mice than in the WT mice
[55]. Since antiplatelet and antihypertensive treatments cannot attenuate the pro-
gression of neointimal formation, the neointimal hyperplasia observed in eNOS-
KO mice is produced by the direct action of eNOS and not mediated by thrombus
formation or high blood pressure [33]. When adenovirus-mediated human endo-
thelial constitutive NOS cDNA (AdCMVceNOS) was transduced into the rat
carotid artery after balloon injury, the intima/media ratio decreased significantly
because of inhibition of SMC proliferation [56]. These data suggest that NO
mediated by eNOS inhibits neointimal hyperplasia induced by vascular injury.

iNOS has been shown to be expressed in the SMCs after cuff-induced vascular
injury in rabbits [57, 58], and iNOS-KO mice showed a significant reduction of
neointimal thickening induced by cuff placement [59]. Unlike eNOS-deficient
mice, iNOS-KO mice showed no reduction of the neointimal hyperplasia associated
with mechanically induced endothelial denudation. Both the medial area and
medial thickness were increased in the iNOS-KO mice after mechanically induced
endothelial denudation [60]. Consistent with these data, Yogo et al. demonstrated
that vascular remodeling, but not neointimal hyperplasia, after carotid artery liga-
tion was increased in the iNOS-KO mice [55]. The differences in the procedure
used to induce vascular injury may be related to the degree of neointimal hyper-
plasia and vascular remodeling in the iNOS-KO mice. Cuff placement evokes
significant participation of inflammatory cells, including macrophages, in the
adventitia as compared to the ligation model, as mentioned above. Increase of
inflammation in the adventitia may be associated with increased iNOS expression
levels, which may promote neointimal formation induced by cuff placement.
Mechanically induced endothelial denudation and ligation may mainly induce
migration of the SMCs from the media to the intima, resulting in increased
neointimal hyperplasia.

Similar results were also observed in soluble epoxide hydrolase (sEH)/ApoE
double-KO mice and inhibition of sEH by 12-(3-adamantan-1-yl-ureido)
dodecanoic acid, which suppress metabolism of epoxyeicosatrienoic acids
(EETs). sEH/ApoE double-KO mice or mice with inhibition of SEH showed
significant reduction of the neointimal formation in the femoral artery cuff model,
but not in the carotid artery ligation model. The expressions of proinflammatory
genes were significantly reduced in the femoral arteries of the SEH/ApoE double-
KO mice [61].
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2.5.5 Roles of Inflammatory Cytokines in Cuff-Induced
Neointimal Formation

Inflammation is considered as an important factor in human atherogenesis [8]. An
inflammatory response to vascular injury, mediated by proinflammatory cytokines,
influences the progression of neointimal formation and development of atheroscle-
rotic lesions.

It has been demonstrated that the expressions of toll-like receptors (Tlrs) 2 and
4 are markedly enhanced in human atherosclerotic plaques and vascular adventitia
[62]. TIr4 serves as the receptor for bacterial lipopolysaccharides (LPS) and also
recognizes cellular fibronectin, heat shock protein 60, and endogenous peptides that
are produced in response to tissue injury [63]. In the adventitia, not all Tlr4-positive
cells are colocalized with macrophages. Although application of LPS between the
cuff and artery augmented the neointimal formation induced by cuff-induced injury
in the WT mice, no such finding was observed in the Tlr4-KO mice [64]. Applica-
tion of Pam3Cys-SK4, a synthetic TIr2 ligand, significantly enhanced the
neointimal formation induced by cuff placement in the femoral arteries of the
WT mice. No such increase of the neointimal formation was observed in the
T1r2-KO mice. In ApoE-KO mice, application of Pam3Cys-SK4 led to a significant
increase in the formation of atherosclerotic plaques [65]. Tlr2 stimulation produced
significant induction of inflammatory cytokines in human adventitial fibroblasts
in vitro. Treatment with cathepsin K (CatK), which is one of the most potent of
mammalian collagenases, increased the mRNA levels of inflammatory cytokines,
including TIr2 and Tlr4. CatK-KO mice showed significantly reduced neointimal
formation following cuff placement and ligation, accompanied by a decrease in the
expression levels of Tlr2 and TIr4 mRNA [66]. These findings provide evidence for
a link between inflammatory cytokines in the adventitia and intimal lesion
formation.

Although TIr2/4 are expressed on the cell surface, Tlr7/9 are expressed on the
endosomes. TIr7/9 were detected at sites of post-interventional remodeling and
accelerated atherosclerosis [67]. In hypercholesterolemic apolipoprotein E*3-
Leiden mice, femoral artery cuff placement led to a strong increase of the Tlr7/9
expressions [68]. Blockade of TIr7/9 with a dual antagonist reduced neointimal
thickening and foam cell accumulation; the intima/media ratio was reduced by
64.5 % and luminal stenosis by 62.8 %. Application of the Tlr7/9 dual antagonist
also reduced arterial wall inflammation, with reduced macrophage infiltration and
altered serum IL-10 levels. Stimulation of cultured macrophages with TIr7/9
ligands enhanced TNFa expression, which was decreased by coadministration of
the TIr7/9 antagonist. Furthermore, the antagonist abolished the TIr7/9-enhanced
LDL uptake. The antagonist also reduced oxidized LDL-induced foam cell forma-
tion, most likely not via decreased influx, but via increased efflux induced by
increased IL-10 levels.
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2.5.6 Role of RAS in Cuff-Induced Neointimal Formation

The renin-angiotensin-aldosterone system (RAAS) has various physiological
actions such as vasoconstriction and is known to be involved in the development
of hypertension and atherosclerosis [69, 70]. Specifically, modulation of the local
RAAS may play a key role, just like that of the systemic RAS, in the development
of cardiovascular diseases. Angiotensin (Ang) II is a peptide that exerts potent
vasoconstrictive action via the AT1 receptor-MAPK pathway. Although human
renin (hRN)/human angiotensinogen (hANG)-transgenic (Tg) mice showed
increased blood pressure and medial thickening even in the absence of cuff place-
ment, the hRN/hANG-Tg mice showed even more pronounced inflammatory vas-
cular remodeling after cuff placement. Treatment with an AT1 blocker inhibited
cuff-induced neointimal formation associated with reduced inflammation, but inde-
pendently of the blood pressure change [71]. When the direct renin inhibitor
aliskiren was administered to C57BL/6 mice via an osmotic pump, it inhibited
cuff-induced vascular remodeling. The number of adherent leukocytes was
increased in the cuff-injured mice not treated with aliskiren, where it was signifi-
cantly reduced in the aliskiren-treated mice without any change of the blood
pressure. Aliskiren decreased the adhesion of THP-1 cells to TNFa-stimulated
human umbilical vein endothelial cells [72]. These data indicate that RAS activa-
tion augments neointimal hyperplasia induced by cuff placement via increased
release of inflammatory cytokines.

Moreover, the ACE expression level increased in a time-dependent manner after
cuff placement and was observed in the medial and neointimal layers and the
adventitia of the cuffed arteries in FVB/N mice. The intima/media ratio after cuff
placement was significantly decreased by ACE inhibitor treatment [73]. Ang II
appears to be one of the factors exacerbating cuff-induced neointimal formation. In
fact, AT1 receptor-KO mice showed decreased neointimal formation following cuff
placement, accompanied by an increase of apoptotic cells among the SMCs
[74]. Consistent with these data, the AT1-selective receptor blocker olmesartan
suppressed cuff-induced neointimal formation via reducing ERK phosphorylation
[75]. On the other hand, neointimal formation induced by cuff placement was
increased in AT2 receptor-KO mice. The expressions of bcl-2 and bcl-xL mRNA,
which are regulators of apoptosis, were enhanced in the AT2 receptor-KO mice
showing enhanced neointimal formation [74].

Recently, in addition to the Ang II-AT1 receptor pathway, Ang-(1-7), which is
synthesized from Ang I and Ang II mainly via ACE2 activity, has been reported to
play a crucial role in vascular remodeling via Mas receptor activation
[76, 77]. Mas-KO mice showed markedly increased neointimal formation after
cuff placement, independently of the ATl receptor. Treatment with Ang-(1-7)
also suppressed neointimal formation, associated with suppression of vascular
SMC proliferation, release of inflammatory cytokines and superoxide anion pro-
duction in the injured artery. On the other hand, these inhibitory effects of
Ang-(1-7) were less marked in the Mas-KO [78]. Interestingly, treatment with an



2 Cuff-Induced Neointimal Formation in Mouse Models 35

AT1 receptor blocker inhibited neointimal formation induced by cuff placement,
accompanied by a decrease in the expression levels of ACE2 and Mas mRNA and
an increase in the expression of AT2 receptor mRNA. AT2 receptor-KO mice
showed no reduction of the neointimal formation by treatment with Ang-(1-7).
These results suggest that in addition to the activities of the ACE2/Ang-(1-7)/Mas
axis, blockade of the AT1 receptor could enhance the activities of the ACE2/Ang-
(1-7)/AT2 receptor axis and thereby inhibit neointimal formation induced by cuff
placement.

2.5.7 Role of ROS in Cuff-Induced Neointimal Formation

Atherosclerosis is associated with increased production of reactive oxygen species
(ROS) in the vessel [79]. The superoxide dismutases (SODs) are enzymes that
catalyze the dismutation of superoxide anions to hydrogen peroxide; three iso-
enzymes of the SODs have been identified, namely, manganese SOD (MnSOD),
which is localized in the mitochondria; copper/zinc SOD (Cu/ZnSOD), which is
localized in the cytosol; and extracellular SOD (EC-SOD). The antioxidant enzyme
Cu/ZnSOD metabolizes superoxide anions (O2-) in the vascular endothelial
cells [80].

Although there was no difference in the degree of cuff-induced neointimal
formation between the Cu/ZnSOD-KO and WT mice, the former showed a signif-
icant decrease in the intima/media ratio after cuff placement [81]. This increased
medial SMCs in the Cu/ZnSOD-KO mice showed positive staining for SMemb/
MHC-B, which is a useful molecular marker of embryonic-type SMCs. Moreover,
the expression levels of TNFa, ICAM1, VCAMI, and iNOS in the media were
higher in the Cu/ZnSOD-KO mice than in the WT mice, suggesting that Cu/
ZnSOD-KO mice showed enhanced inflammation, expression of adhesion mole-
cules, and altered structure of the media post-injury.

When an adenovirus vector expressing EC-SOD (AxCAEC-SOD) was injected
between the cuff and the adventitia of the femoral arteries in rat models, neointimal
formation was significantly reduced in the AXCAEC-SOD-transfected arteries
[82]. Furthermore, proliferation of SMCs in the neointima and media was inhibited
by EC-SOD treatment. Augmented iNOS expression, apoptosis, collagen content,
and ROS generation in the vascular wall were also reduced by EC-SOD treatment.
The amount of generation of ROS may have influence on the degree of medial
thickening as well as neointimal formation induced by cuff placement.
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2.5.8 Role of Insulin Signaling in Cuff-Induced Neointimal
Formation

Insulin resistance has been reported to be associated with atherosclerosis; however,
the underlying mechanism is still unknown [83]. Insulin resistance is caused by
impaired insulin signaling induced by some factors. Insulin activates insulin recep-
tor substrates (IRS) 1 and 2, which are expressed ubiquitously in various tissues,
including the endothelial cells and SMCs, through the insulin receptor and the
downstream signaling [84]. Both IRS1- and IRS2-KO mice show features of the
metabolic syndrome, including insulin resistance, dyslipidemia, and hypertension.
Although both genotypes of mice show a similar degree of insulin resistance, the
IRS2-KO mice show more pronounced cuff-induced neointimal formation than the
IRS1-KO mice, which in turn show more pronounced cuff-induced neointimal
formation than the WT mice. IRS2 expression, but not IRS1 expression, is detected
in the blood vessels [85]. Insulin resistance in the blood vessels is considered to
exacerbate cuff-induced neointimal formation.

On the other hand, mice with phosphatase and tensin homology deleted on
chromosome 10 (PTEN), which is an antagonist of phosphatidylinositol 3-kinase
(PI3K), exhibited significant reduction of neointimal formation when adenovirus-
mediated human PTEN (AdPTEN) type 1 was injected between the cuff and the
adventitia. AAPTEN reduced SMC proliferation and release of inflammatory cyto-
kines [86]. Since insulin activates PI3K via the IRS, the overexpression of PTEN in
response to cuff-induced injury appears to be a seemingly contradictory finding to
that observed in the IRS-KO mice. However, as PI3K has known to be activated by
some factors independently of insulin signaling, activated PI3K may enhance
neointimal hyperplasia induced by cuff placement under some conditions.

2.6 Conclusion

Cuff placement causes mild endothelial cell damage, SMC proliferation and migra-
tion, and inflammation of the adventitia. This is a convenient and reproducible tool
and is relatively less expensive and time-consuming. This tool is effective for
analyzing the mechanism of vascular remodeling using mice, including genetically
engineered mice. Further experiments to identify the precise mechanisms of
neointimal hyperplasia by using this tool will provide the development of new
technologies in the future.
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Chapter 3
Ligation of the Mouse Common Carotid
Artery

Sarah M. Peterson, Lucy Liaw, and Volkhard Lindner

Abstract Arterial injury leads to vascular remodeling, with contributions from
endothelial cells, smooth muscle cells, inflammatory cells, and potentially other
circulating cells. The resultant intimal lesion formation, also described as neointima
or intimal hyperplasia, is a major cause of morbidity and mortality in cardiovascular
disease as it contributes to the restriction of oxygenated blood flow to organs critical
to survival. The ability to perform reproducible arterial injury in the mouse has
opened up vascular remodeling studies with genetically modified mice. Complete
ligation of the common carotid artery of the mouse is a highly feasible, reproducible
injury model that initiates a vascular response involving primarily vascular smooth
muscle cells. Typically, in this flow cessation model, the ligated carotid artery
undergoes proliferation and migration of medial smooth muscle cells, forming a
significant neointima with associated constrictive remodeling. The contralateral
carotid artery undergoes outward remodeling, increasing circumference in response
to changes in blood flow. Gene expression changes occur in both the ligated and
contralateral artery, and a stable lesion is formed within 3—4 weeks after ligation.
The extent of lesion response in this model depends on the genetic background of
the mice. This injury model has features of maintaining an intact endothelium, and
generally low levels of mechanical injury, without a major inflammatory response.
For these reasons, mouse carotid artery ligation has been widely used for elucida-
tion of the factors controlling vascular smooth muscle cell behavior in response to
injury. Proteins and microRNAs known to affect the remodeling response in this
model are summarized.
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3.1 Introduction

Prior to the advances in the manipulation of the mouse genome, arterial injury and
repair processes were typically studied in larger species such as rats and rabbits
[1, 2]. These models have provided valuable insight into the mechanisms of
neointima formation and endothelial regeneration of denuded arteries. The avail-
ability of genetic mouse models provided the opportunity to identify the contribu-
tion of specific factors to the development of cardiovascular diseases. To capitalize
on the genetic mouse models, suitable vascular injury protocols needed to be
developed in the mouse. Embolectomy catheters suitable for denudation of mouse
arteries were never developed, and this situation led us to the development of
alternative murine arterial injury models in the early 1990s. Analogous to the
denuding injury of the rat carotid artery, we developed a mouse carotid artery
injury model using a guide wire tip [3]. Several models that present variations on
this wire denudation model have since been reported by others [4, 5]. The technical
challenges stemming from achieving complete denudation with wire denudation
models and uncontrolled thrombus formation are likely factors contributing to
significant inter-operator variability in denuding injury models. This prompted us
to develop the technically very simple model of mouse carotid artery ligation
[6]. As this flow cessation model is relatively easy to perform, it has the advantage
of being relatively free from operator-induced variables. This ligation model was
primarily designed to induce smooth muscle dedifferentiation and proliferation
with neointima formation in a reproducible manner. The vascular response to
complete carotid artery ligation is shown in Fig. 3.1a—e. Components of the
vascular response may include (1) expansion of the endothelial cell-containing
intima in a normal artery into a multilayered lesion (Fig. 3.1a—c); (2) reduction in
lumen area due to constrictive remodeling (described below), due to neointimal
formation (Fig. 3.1b, ligated artery), or due to a combination of both processes; 3)
compensatory outward remodeling, which is increased circumference of the con-
tralateral artery (Fig. 3.1e, contralateral artery) associated with increased flow; and
4) constrictive remodeling (Fig. 3.1f), characterized by decreased circumference of
the injured artery in response to decreased flow, which is also a significant compo-
nent of human vascular disease.

In this injury model, medial vascular smooth muscle cells dedifferentiate,
proliferate, and migrate across the internal elastic lamina to comprise the majority
of neointimal cells present in the lesion [7]. We performed lineage tracing studies
that follow the fate of fully differentiated medial vascular smooth muscle cells
expressing smooth muscle myosin heavy chain (SM MHC) [7] to estimate the
proportion of neointimal cells derived from differentiated SM MHC-positive
cells. We crossed ROSA26 Cre reporter mice [8] with conditional, inducible SM
MHC-CreER™ mice [9] and performed tamoxifen induction in 10-14-week-old
male mice ending 18 days prior to subsequent carotid ligation. The lesions were
allowed to progress for 14 days, harvested by perfusion fixation as described below,
rinsed with a Nonidet P-40-based detergent rinse, and stained with X-gal solution.
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Fig. 3.1 Vascular response to complete carotid artery ligation. (a—b) Representative cross
sections of the left common carotid artery at postoperative day 14 following sham ligation (a,
control) or carotid artery ligation (b, ligated). (c) Lesion composition at high magnification
(lumen, neointima, media, adventitia), with arrows identifying the external elastic lamina (EEL)
and the internal elastic lamina (/EL). (d—e) Representative contralateral right common carotid
artery following sham ligation (d, control) or left carotid artery ligation (e, contralateral), with
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We found that the majority of the neointimal and medial vascular smooth muscle
cells were positive for beta-galactosidase activity, indicating that the majority of
neointimal cells were derived of medial vascular smooth muscle cell origin
(Fig. 3.1f-h).

This review covers the materials needed (see Sect. 3.2), the ligation model (see
Sect. 3.3), and a discussion of key points related to the model and the factors that
contribute to the remodeling response in this model (see Sect. 3.4).

3.2 Materials

All procedures are performed in compliance with institutional and federal regula-
tions and in accordance with The Guide for the Care and Use of Laboratory
Animals by the National Academy of Sciences [10]. A veterinarian should be
consulted prior to initiating this injury model. This is a survival surgery that is
optimally performed under aseptic conditions. For the anesthesia, ketamine (50 mg/
ml) and xylazine (20 mg/ml) are mixed with 0.17 ml of xylazine added per 1 ml of
ketamine. The addition of atropine is optional. To anesthetize a mouse weighing
approximately 25 g, 50-70 pl of this mixture are injected intraperitoneally with an
insulin syringe (0.5 ml, Becton Dickinson). To prevent drying of the cornea during
anesthesia, an ophthalmic ointment should be applied (e.g., Lacri-Lube®,
Allergan). There are many suppliers of surgical instruments that carry the same
or similar tools as those described, and specific descriptions are provided here only
as a convenience. Materials needed for this surgical model are summarized in
Table 3.1.

Fig. 3.1 (continued) evidence of outward remodeling (e). (f-h) Representative cross sections of
ligated vessels from a Rosa26 Cre reporter line [8] crossed with a conditional, inducible smooth
muscle myosin heavy chain (SM MHC)-CreER™ line [9]. The reporter was activated prior to
injury to constitutively express LacZ in fully differentiated vascular smooth muscle cells
expressing the SM MHC marker [7]. After injury, tissues from vehicle-treated mice (f, control)
and tamoxifen-induced mice (g—h) were assayed for P-galactosidase activity, yielding strong
staining in the media and neointima, showing that the neointima is predominantly derived from
differentiated medial vascular smooth muscle cells. Constrictive remodeling (f) also occurs in
human vascular disease and is characterized by decreased circumference of the injured artery in
response to decreased flow. Tissue collected by perfusion fixation followed by paraffin embedding
and Verhoeft’s staining (a—e) or by perfusion fixation followed by staining for f-galactosidase
activity, post fixation, and counterstaining with nuclear fast red ( f~4). Scale bar indicates 100 pm
(a, b, d-g) or 25 pm (c, h)
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Table 3.1 Materials needed for the carotid artery ligation model
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Materials for the ligation
procedure

Materials for the collection procedure

Materials used for
both ligation and
collection

Surgery platform, small
rubber bands, and tape

Catheter (i.v.), 24-gauge or a 10 mL syringe
with a 24-26-gauge needle for fixative
perfusion

Dissecting micro-
scope with adequate
lighting

Small hair clipper

Fixative (glutaraldehyde, 4 % paraformal-
dehyde, or other fixative as desired)

Scalpel

Betadine solution and
70 % ethanol for skin

An absorbent underpad for the dissecting
surface

Gauze (2 x 2 in.)

disinfection

Cotton applicators Rat tooth forceps Jeweler’s forceps,
straight, 4”

6-0 silk suture Phosphate-buffered saline (PBS) for rinsing | Microforceps

the carotids

Bulldog clamp, Johns
Hopkins, 1” straight

Tissue processing/embedding cassettes

Microdissecting for-
ceps with curved tip

Bulldog clamp, DeBakey,
curved 5"

Lens paper for wrapping and immobilizing
carotids arteries during tissue processing

Scissors,
McPherson-Vannas,
straight

Michel wound clip apply-
ing forceps 5"

Carboy with liquid nitrogen

Scissors, additional
assorted sizes as
desired

Michel wound clips,
7.5 mm

Dry ice for transfer of flash-frozen
specimens

Hemostat, 3",
curved

3.3 Ligation Model of the Mouse Common Carotid Artery

This model is described in the 1997 publication by Kumar and Lindner [6]. Appli-
cation of this model to a variety of inbred mouse strains has indicated that the
remodeling responses vary depending on genetic background [11]. The surgical
procedure is easy to perform and can be completed in less than 5 min from start to
finish. This makes this model suitable for studies where large numbers of mice need
to be examined.

3.3.1 Surgical Procedure

Following the induction of anesthesia, the mouse is placed in dorsal recumbency on
the surgery platform, and rubber bands are used to secure the hind legs to the screws
mounted on the side of the platform. Another rubber band is used to hold down the
head by the upper incisors. A piece of tape is used to keep the front legs clear from
the operating field. The skin along the ventral side of the neck is shaved followed by



48 S.M. Peterson et al.

the application of Betadine and ethanol disinfectant. A midline incision is made
along the ventral side of the neck (1.5 cm in length). We routinely perform pro-
cedures on the left carotid artery because it has no side branches. The left salivary
gland is moved laterally by blunt dissection and held away from the carotid
bifurcation by the DeBakey clamp. The pretracheal strap muscles are pushed
medially, while blunt dissection of the distal common carotid artery is performed
with the microdissecting forceps with curved tips. These forceps are ideally suited
to separate the connective tissue from the vessel and place the ligature. The
common carotid artery is tied off by placing the ligature just proximal of the carotid
bifurcation, with care taken not to disrupt or ligate the vagus nerve. For sham
ligation, which may be performed as a surgical control, the common carotid artery
is isolated but not ligated. Next, the skin edges are approximated and everted, and
the incision is closed with wound clips. The recovery of the mouse on a heating pad
is monitored, and postsurgical analgesics and care are administered in accordance
with regulations and institutional operating procedures.

3.3.1.1 Surgical Complications

This procedure is generally well tolerated due to redundant blood supply to the
brain via the circle of Willis. However, occasionally mice may undergo stroke
and/or death following this procedure, especially in cases where there is altered
cerebrovascular anatomy with impaired ability to compensate for local flow cessa-
tion [12]. Postoperative care should be provided in accordance with institutional
and federal guidelines, and appropriate postoperative care may include euthanasia
in the case of stroke or impairment. Evidence of nerve damage or stroke may
include circling behavior, balance impairment, motor deficits, or spontaneous
death. In the absence of other underlying factors, the complications of stroke or
death are uncommon. Infection is rare in the carotid artery ligation model although
precautions should still be taken to perform the surgery with aseptic technique.

The primary complication associated with this surgery is clotting of the carotid
artery, and this can be managed as described in the quantification section.

3.3.2 Perfusion Fixation

For morphometric analyses, perfusion fixation should ideally be performed under
physiological pressure with a glutaraldehyde-based fixative, because this abolishes
any elastic recoil when the vessel is no longer under pressure. Perfusion fixation via
a catheter (24 gauge) placed into the left ventricle is a preferred approach, although
a syringe and needle can also be used. If desired, a very small incision can be cut
into the left common carotid artery in situ just proximal of the ligature for optimal
perfusion prior to fixation. As an alternative to glutaraldehyde, perfusion fixation
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with 4 % paraformaldehyde can be performed. This is frequently utilized if required
for subsequent tissue analysis such as immunostaining.

3.3.3 Tissue Collection and Processing

Careful attention to setup prior to carotid artery harvesting yields the best results for
perfusion fixation and collection of carotid arteries for flash freezing.

Procedure for Carotid Artery Collection Anesthetize the mouse, and confirm
anesthesia by loss of toe-pinch withdrawal. Lay the mouse in dorsal recumbency,
and spray the neck and chest with 70 % ethanol, which mats the fur and minimizes
release of loose fur during subsequent steps. Pinch the skin upward with rat tooth
forceps, and cut to remove the skin over the thorax and upper abdomen. Locate the
xiphoid process and make lateral cuts from the xiphoid process down the sides of
the abdominal cavity. Grasping the xiphoid process upward, carefully poke the
scissors into the thorax just lateral to the sternum and cut out the body of the
sternum leaving the manubrium intact. Next, cut out the ventral portion of the left
ribs to expose the heart. Perform the perfusion fixation step as desired (see Sect.
3.3.2). The whiskers, extremities, and tail will begin to twitch during the perfusion
fixation, and the liver will turn from dark red to mottled and light brown. The use of
an absorbent underpad over the dissecting surface aids in quick cleanup from this
portion of the procedure. After perfusion fixation, the mouse is moved to the
dissecting scope platform, in dorsal recumbency with the head proximal to the
collector, and the remainder of the skin over the neck is removed. The salivary
glands are then pinched upward and cut out, keeping the scissor tips up and dabbing
the pooling blood with gauze. Lifting each forepaw in turn allows the clavicle and
pectoralis muscles to be cut away from the sternal manubrium in a single cut. Next
the sternocleidomastoid muscles are cut away. Then the scissor tips are inserted just
below the suprasternal notch, and the manubrium is bisected and then removed by
cutting away a portion of the upper ribs on each side to expose the heart. The
pretracheal strap muscles are then retracted superiorly, exposing the trachea,
followed by sequential removal of the trachea and the underlying esophagus. The
carotids are then exposed and cleared. The pericardial fat overlying the base of the
heart is pulled upward and snipped, keeping the scissor tips upward to avoid
damage to the aortic arch. Using straight forceps, the heart is then flipped and
retracted superiorly, allowing a single snip to cut across the ascending aortic arch at
the base of the heart. The ascending aortic arch is then grasped with the forceps, and
the aortic arch and carotids are removed en bloc, snipping away excess tissue and
blotting released blood with gauze. The specimen is freed by snipping at the level of
the carotid bifurcation, which will include the suture on the ligated side. The
carotids are then rinsed in the PBS and placed in 4 % paraformaldehyde overnight.
The following day, the specimens are rinsed in PBS, laid out and wrapped in a
single layer of lens paper moistened with 70 % ethanol, and placed in a tissue
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processing cassette in 70 % ethanol in preparation for tissue processing. The lens
paper wrapping allows the carotids and aorta to be placed in anatomical orientation
and immobilized during tissue processing. The specimen can then be paraffin
embedded on end, with the ligated side on the left, and cross-sectioned at 5 pum,
with 5 sections per slide across the 2 mm proximal to the ligature.

Flash-Freezing Protocol Alternatively, carotids can be harvested and flash frozen
for downstream applications of DNA, RNA, or protein analysis. For flash freezing,
the perfusion step is performed with PBS rather than fixative, and an effort is made
to harvest the carotids as quickly as possible. In the interest of time, the carotids can
be separately cut out directly from the aortic arch (left carotid) or from the
subclavian artery branch point (right carotid) in situ without first removing the
heart. The carotids are then wrapped in small foil packets and dropped into liquid
nitrogen, followed by transfer to dry ice for transport to storage at —80 °C.

3.3.4 Morphometric Analysis of Arteries
3.3.4.1 Location

The importance of location in morphometric analysis of vascular lesion formation
is well established [6, 13, 14]. Strain differences in neointimal lesion formation
should also be considered [11]. In general, the severity of the lesion tends to
decrease with distance from the ligature, with the most severe lesion occurring
within the first 500 pm of the ligature in wild-type mice [14, 15]. Multiple valid
models of quantification have been used, from intermittent sections along the length
of the injured artery [13], to sections across a 500 pm—3 mm segment proximal to
the ligation [16], to sections at the set distances 2.5, 4.5, and 6.5 mm from the
ligation [17], to sections from a single point 3 mm from the ligation [18]. Alterna-
tively, some groups have chosen to obtain measurements from the apex of the lesion
as determined by serial sections at 150 um intervals across the entire length of the
artery [19]. Considerations in choosing an appropriate quantification scheme may
include whether there is an expected increase or decrease in lesion size in compar-
ison to control, overall cost, and desired number of slides generated and whether the
intervening sections are retained for additional analysis.

A quantification scheme that we typically use for lesion analysis includes
measurements at the six set distances of 200 pm, 350 pm, 500 pm, 1 mm,
1.5 mm, and 2 mm from the ligature. The rationale is that three measurements are
taken 150 pm apart in the proximal 500 pm where the lesion is largest and three
measurements are taken at 500 pm apart over the adjacent segment where the lesion
tends to start tapering off [14]. The 200, 350, and 500 pm approaches have been
previously described in the literature [20], and the additional 1, 1.5, and 2 mm
sections ensure capture across a broader section of the lesion. The six measure-
ments can then be used to generate an average lesion size per mouse. The averages
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can then be compared by student’s t-test, assuming normal distribution of the data,
or by analysis of variance (ANOVA), in the case where study design involves
comparison of more than two groups. While we have investigated the use of more
sophisticated statistical modeling [14] (and Liaw Lab, unpublished data), we find
that averaging data for each metric over the six distances is a straightforward and
user-friendly method of quantification. Alternatively, depending on the study
design, morphometric analysis can be performed at a set distance of 1.5 or 2 mm
from the ligature. The advantage of this approach is that it results in less missing
data than with models that include the 1 mm proximal to the ligature, the region
most prone to clot.

3.3.4.2 Morphometry

The method of fixation and the type of fixative can have a major impact on the
morphometric analysis of sectioned vessels. It is important that the vessels be
perfusion fixed at physiological pressure. However, intravascular pressure at the
time of perfusion is difficult to assess, and with the use of relatively small caliber
perfusion catheters, a large drop in pressure is likely to occur along the length of the
catheter itself. In addition, if fixatives are used that do not contain glutaraldehyde,
the vessel will retain some of its elastic properties which will cause the vessel to
contract or shrink upon excision. As a consequence, elastic lamellae will appear
wrinkled and wavy, and this can be particularly evident in normal vessels that lack a
neointima. The morphometric analysis of sections is facilitated if a histological
stain is chosen that highlights the elastic lamellae such as Verhoeff’s stain. This
stain makes it particularly easy to trace the internal and external elastic laminae
(IEL and EEL) and thus adds to increased accuracy of the measurements. An artery
that has undergone constrictive arterial remodeling will display wavy elastic lamel-
lae even if the vessels were harvested following optimal perfusion fixation. With
the in situ morphology preserved, glutaraldehyde-based fixatives are ideal when
morphometric analyses have a high priority. However, the need to perform immu-
nohistochemistry on vessel sections may require formalin fixation or fresh-frozen
tissue.

We typically perform the morphometric analysis by tracing out the lumen
circumference, the IEL circumference, and the EEL circumference using a graphics
pad, such as the Intuos 4® professional pen tablet by Wacom, in National Institutes
of Health Image] software [21]. A photo of a stage micrometer at the desired
magnification can be used to set the linear conversion rate of number of pixels
per mm. This allows determination of the areas within the luminal and elastic
laminae perimeter tracings. Tracing of the IEL and EEL should include bisection of
the sinusoidal pattern in the case of a wavy line to most accurately capture the
circumference and area measurements. The luminal area can be measured directly.
The area of the neointima can be determined by subtracting the luminal area from
the area bound by the IEL. The medial area is determined by subtracting the area
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bound by the IEL from the area bound by the EEL. If desired, the tracings can be
done by a trained blinded independent observer. Inter-rater reliability tends to be
high as long as there are clear guidelines, such as excluding sections where clot is
present as the presence of clot can interfere with the determination of the extent of
the neointima present (Liaw lab, unpublished data). In this model, the most com-
mon outcome measures presented are lumen area, neointimal area, and neointimal/
medial (N/M or intimal/medial) ratio, which is determined by dividing the
neointimal area by the medial area. N/M ratio is a companion measure of
neointimal lesion formation that takes into account changes that may be occurring
in the media. Alternatively, some groups prefer to report neointimal lesion forma-
tion by measures of intimal thickness and medial thickness [22]. In this scenario,
intimal thickness may be measured at the widest point. As neointimal lesion
formation is not always concentric or symmetric, we prefer area measurements to
thickness measurements. As an additional alternative, numbers of cells in the
neointimal and medial layers can be counted and reported. If desired, some groups
also present quantification measures for the adventitia [23]. In this case, care should
be taken during collection to keep the adventitial layer completely intact.

Morphometric measurements are performed on the ligated side as well as on the
unligated side, as the increase in blood flow experienced on the contralateral side
can result in outward remodeling of the vessel. For this reason, a sham ligated
artery, where the left common carotid artery is isolated but not ligated, is a
preferable control vessel for comparison than the contralateral vessel from a ligated
animal.

3.3.4.3 Exclusions from Morphometric Analysis

In most cases, the ligated vessels do not show signs of complete thrombotic
occlusion with the exception of the 1 mm segment proximal to the ligature. Sections
where clot is present are noted but excluded from the morphometric analysis. The
percentage of excluded sections can be included in the statistical analysis to rule out
statistically different percentages of excluded sections between groups. In rare
instances where clotting occurs along a longer segment of the vessel (>2 mm
proximal to the ligature), it is usually quite obvious at the time of vessel harvest,
and these vessels are excluded from the analysis. Again, these vessels are noted but
in our experience do not tend to correlate preferentially with control or experimen-
tal groups (Liaw Lab, unpublished data) or with a more or less experienced surgeon.

3.4 Discussion

Features of the vascular response to carotid artery ligation may include a combi-
nation of lumen narrowing by neointimal lesion formation and by constrictive
remodeling, with relative contributions dependent on factors such as the
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experimental model used and the genetic background of the mice. Strain-dependent
data are available for assistance in choosing an appropriate mouse model for the
desired experiment [11]. One major advantage of the ligation model over other
models is that it is less likely to be influenced by variables related to surgical
technique because it is easy to perform. This fact has made it a very popular model
for studying vascular smooth muscle cell dedifferentiation, proliferation, migration,
and redifferentiation in vivo [13, 24-38]. In addition, the quick duration of the
ligation procedure makes it one of the most suitable models for high-throughput
screening.

The type of question to be answered by the experiment will determine when the
arteries will be harvested for analysis. In the ligation model, an extensive
neointimal lesion will form within 2 weeks. The composition of the neointima,
however, will continue to change over the course of several more weeks usually
with an increase in extracellular matrix and a decrease in cellularity. Vascular
smooth muscle cell proliferation is therefore preferably examined at earlier time
points (less than 2 weeks after ligation) and neointimal lesion size preferably at later
times (at or after 2 weeks). Typical collection days chosen for this model include an
early collection time point (3—7 days), 14 days, and 28 days, although other time
points may be used as desired.

In contrast with other denuding arterial injury models, a major inflammatory
response is not typical of this model as there is preservation of the endothelium and
generally low levels of mechanical injury. Carotid artery ligation would not there-
fore be an appropriate model for study of the inflammatory response associated with
intimal lesion formation unless combined with other atherosclerosis mouse models
that might be expected to contribute to the inflammatory response.

Review of the carotid artery ligation literature includes many mediators of the
neointimal response, and these have been summarized in Table 3.2. These media-
tors include the broad categories of adhesion molecules; growth factors, cytokine,
and hormone signaling; cytoskeletal; blood pathways/enzymes/blood pressure;
reactive oxygen/oxidative stress; secreted proteins/enzymes; cell cycle related;
transcriptional regulators; extracellular matrix related/proteases; transmembrane
or membrane-anchored signaling molecules; intracellular enzymes; and
microRNAs (miRNA). Of particular interest, the contribution of miRNA in
neointima formation is a highly dynamic and emerging field. miRNA are small
~18-22 nucleotide noncoding RNA sequences that regulate gene expression.
Carotid artery ligation studies focusing on miRNA regulation of intimal hyperplasia
are expanding in number, and there is abundant in vitro and in vivo evidence for the
role of miRNA in neointimal lesion formation. While the role of miRNA in other
models of neointimal lesion formation is outside the scope of this chapter, there are
several excellent reviews available on this topic [39—46]. Of note, the use of the
carotid artery ligation model in combination with other atherosclerosis mouse
models, such as the ApoE null with high-fat feeding or LDL null models, is also
beyond the scope of this focused review and thus is not included in Table 3.2.
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Table 3.2 Genes involved in the remodeling response after complete ligation of the mouse
common carotid artery

Gene target

Description

Phenotype

Adhesion molecules

P-selectin

Null mouse model

Decreased intimal/medial area ratio
at 4 weeks, no inflammatory infil-
tration [13]

Growth factors, cytokine, and hormone signaling

FGF-2

Blocking monoclonal antibody

Increased lumen size and vessel
diameter at 4 weeks, outward
remodeling of contralateral artery
[47]

TNF-alpha

Null mouse model

Decreased intimal lesion at 4 weeks

[48]

p75(NTR)

Null mouse model

Increased intimal lesion and
decreased apoptosis at 2 and
4 weeks [34]

Endothelin
(B) receptor

Null mouse model

Increased intimal area, intimal/
medial area ratio, and stenosis at
2 weeks [29]

Fas ligand FasL-gld mice; point mutation Increased intimal lesion formation
at 4 weeks [30]

PDGFRbeta Chimeric mice with PDGFRbeta At 4 weeks after injury, increased

null cells proportion of PDGFRbeta null cells

in media and decreased proportion
in intima, showing deficiency in
migration into intima [49]

MEKK1 Null mouse model Decreased intimal area at 4 weeks
[50]

Akt Transgenic active Aktl driven by a | Decreased intimal area and intimal/

VE-cadherin promoter or a minimal
SM22a promoter lacking the G/C-
rich repressor region

medial area ratio [51]; transgenic
expression in smooth muscle cells
inhibits apoptosis after ligation [52]

IL1beta, IL1R1

Null mouse models

Loss of either led to reduced inti-
mal/medial area ratios [53]

Cthrel Transgenic mice with constitutive Decreased intimal area and intimal
Cthrcl expression smooth muscle cell proliferation at
2 weeks [54]
S1P receptor2 Null mouse model Increased smooth muscle cell rep-
lication, yielding large intimal
lesions at 4 weeks [55]
Lysophosphatidic | LPA1-null mouse model; LPA1/ LPA1-null mouse had increased

acid receptor

LPA2 double-null mouse model

intimal area, intimal/medial area
ratio, and increased vessel area;
LPA1/LPA2 double-null mice had
decreased intimal area and intimal/
medial area ratio [56]

(continued)
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Gene target

Description

Phenotype

Soluble guanylate
cyclase

Null mouse model

Selectively in males, sGCal nulls
have decreased intimal medial area
ratio and decreased stenosis [57]

Protein kinase Cd

Null mouse model

Loss of PKCS led to increased inti-
mal/medial area ratio and small
luminal area at 4 weeks, associated
with decreased apoptosis [58]

Erythropoietin i.p. protein injections 3x/week Epo treatment increased intimal
area and intimal/medial area ratio at
4 weeks [59]

Apelin Null mouse model Reduced intimal area and intimal/
medial area ratio at 4 weeks [60]

Wnt4 Null mouse model Decreased lesion area and prolifer-
ation at 3 weeks [61]

uPAR Null mouse model Decreased medial thickness and
intimal/medial area ratio at 4 weeks
[62]

ASK1 Null mouse model Decreased intimal area and intimal/

medial area ratio at 3 weeks [63]

Platelet factor 4

Null mouse model

Decreased total vessel area at
3 weeks [64]

Cortistatin

i.p. injections of protein every
2 days after ligation; null mouse
model

Decreased intimal area with
decreased cell proliferation at

4 weeks; null mouse had increased
intimal/medial area ratio at 3 weeks

[65]

Histidine carbox-
ylase, histidine

HDC-null mouse; HIR-null mouse

Decreased intimal/medial area ratio
at 3 weeks [66]; HIR-null mouse

receptor had decreased intimal/medial area
ratio at 2 and 3 weeks [67]

IL-19 Null mouse model Increased intimal lesion formation
at 4 weeks [68]

Cytoskeletal

Vimentin Null mouse model Decreased vessel diameter and
medial area at 4 weeks [37]

ROCK1 ROCK1+/— mice Decreased intimal area and intimal/

medial area ratio at 4 weeks [69]

Blood pathways/enzymes/blood pressure

Kallikrein

Adenoviral transduction of human
form i.v.

Decreased neointimal lesion for-
mation at 2 weeks, dependent on
kinin B(2) receptor [70]

uPA, «2AP, factor
VIII

Null mouse models

uPA null had higher luminal steno-
sis, and FVIII null had lower lumi-
nal stenosis at 1, 2 weeks; «2AP
null had lower luminal stenosis at
1 week [25]; uPA null had no inti-
mal lesion at 4 weeks [71]
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Phenotype

Tissue factor
pathway inhibitor

Intravascular adenoviral delivery of
TFPI; TFPI heterozygous mouse

Adenoviral TFPI decreased intimal
lesion and increased lumen area at
4 weeks [72]; TFPI heterozygous
mice had increased intimal area at
2 weeks [36]

Haptoglobin

Null mouse model

Null females had increased intimal
hyperplasia only at 8 days, no dif-
ferences at 20 days [73]

Vitronectin,
PAI-1

Null mouse models

Loss of either vitronectin or PAI-1
decreased intimal area and intimal/
medial area ratio [74]; loss of PAI-1
or vitronectin generated larger inti-
mal lesion and more smooth muscle
proliferation [35]

Tissue ACE

Null mouse model

Suppressed medial thickening and
less outward remodeling [75]

C-reactive protein

Human CRP transgenic mouse
model

Increased intimal area at 4 weeks
[76]

Thrombomodulin | Recombinant protein i.v. Decreased intimal lesion and total
vessel area in mice receiving
thrombomodulin at 4 weeks [77]
Endothelinl Conditional null driven by Tie2-Cre | Decreased intimal area and intimal/
medial area ratio at 4 weeks with
decreased cell proliferation [78]
Plasminogen/ Plasminogen kringle 1-5 for Both angiostatin and kringle 1-5
angiostatin 4 weeks after injury; angiostatin suppressed intimal area and inti-

mal/medial area ratio at 4 weeks
[79]

Reactive oxygen/oxidative stress

Nitric oxide
synthase

eNOS or iNOS null mice; eNOS
transgenic mice (preproendothelin-1
promoter); NOS2 (iNOS) null mice

Increased intima at 4 weeks in
eNOS null; more constrictive
remodeling in iNOS null [17, 27];
iNOS null males had decreased
intimal area at 4 weeks; females
only showed this effect if ovariec-
tomized [80]; loss of NOS2 (iNOS)
increased intimal lesion area and
intimal/medial area ratio at 4 weeks
[81]; decreased intimal and medical
areas at 4 weeks in eNOS trans-
genics [16]; null nNOS or eNOS
increased intimal/medial area ratio,
while null iNOS did not, and the
triple null mice had further
increased intimal/medial area

ratio [82]
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Gene target

Description

Phenotype

Cyclophilin A

Null mouse model and conditional
transgenic mouse model activated
by SM22a-Cre

On null background, decreased
intimal and medial areas, and
decreased intimal/medial area ratio;
transgenic overexpression led to
increased intimal and medial areas,
and increased intimal/medial area
ratio at 2 weeks [83]

Sequestosomel

Null mouse model

Increased intimal area and stenotic
ratio (percent intima within the
total IEL area) [84]

Secreted proteins/enzymes

Uteroglobin Adventitial adenoviral delivery of Uteroglobin decreased intima/
uteroglobin media area ratio at 30 days [85]
Endothelial lipase | Null and transgenic overexpressing | Null had decreased and transgenic

mouse models

had increased intimal area and inti-
mal/medial area ratio at 2 and
4 weeks [86]

Cell cycle related

p130

Null mouse model

Increased intimal lesion and overall
vessel wall area [33]

Skp2 Null mouse model Reduced intimal area at 4 weeks
[87]
BubR1 Hypomorph mouse (20 % of Decreased intimal area and intimal/

normal)

medial area ratio at 4 weeks [88]

Transcriptional regulators

Steroid receptor
coactivator-3

Null mouse model

Increased intimal area and intimal/
medial area ratio at 4 weeks [89]

TR3 Transgenic expressing dominant- Dominant-negative TR3 led to
negative TR3 or full-length TR3 increased intimal lesion formation;
(SM22a promoter) transgenic expression of full-length

TR3 inhibited intimal lesion for-
mation [90]

NF-xB p105 null mouse model or adeno- Loss of p105 decreased intimal area
associated viral transduction of IkBa | at 2 weeks [91] and 4 weeks [92];
into tunica media 2 weeks prior to introduction of IxkBa decreased
injury; p50 null mouse model intimal area at 2 weeks [91]; loss of

P50 led to increased outward
remodeling (EEL area) in the con-
tralateral artery [93]
Klit4 K1f4"*® allele activated by Increased intimal and medial areas
ERT-CRE or Tie2-Cre at 1, 2, and 3 weeks associated with
increased proliferation [94];
increased intimal and decreased
luminal area in Tie2-Cre activated
null mouse at 3 weeks [95]
YAP Conditional heterozygous mouse Reduction in intimal area and inti-

model driven by SM22a-Cre

mal/medial area ratio at 3 weeks
[96]
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Description

Phenotype

NOR-1 Transgenic mice driven by SM22a | Increased intimal/medial area ratio
promoter and % stenosis at 3 weeks [97]

DJ-1/park7 Null mouse model Increased intimal/medial area ratio
at 3 weeks [98]

FHL2 Null mouse model Accelerated intimal lesion forma-
tion with increased intimal/medial
area ratio at 1, 2, and 4 weeks,
associated with higher proliferation
rates [99]

Myocardin Heterozygous-null mouse model Heterozygous loss of myocardin

increased neointimal area,
neointimal cell number, and medial
area but not medial cell number at
2 weeks [100]

Extracellular matrix related/proteases

Osteopontin

Null mouse model

Decreased inflammation at 4 days,
smaller intimal lesions with greater
constrictive remodeling at 2 weeks,
which normalized by 4 weeks [101]

MMP2

Null mouse model

Decreased intimal area and intimal/
medial area ratio at 2 and 4 weeks
[31]

MMP3

Null mouse model

Decreased intimal lesion area at
4 weeks; associated with loss of
MMP9 activation [102]

MMP9

Null mouse model

Slight decrease in lumen diameter
of contralateral unligated artery at
3 and 6 weeks [103]

Beta3 integrin

Null mouse model

Reduced intimal area and intimal
smooth muscle number 1, 2, and
3 weeks and 3 months after injury
[104]

Fibulin-5 Null mouse model Enhanced intimal/medial area ratio,
decreased medial thickness and
reduced vessel extensibility [105]
PAPP-A Null mouse model; transgenic mice | Null had lack of IGFBP-4 activity
driven by SM22a promoter and reduced intimal area at 4 weeks
(G/C-rich mutant) [106]; transgenic had decreased
intimal area at 5 and 10 days with
early suppression of proliferation,
no difference by 15 days [107]
TSP1 Null mouse model Decreased intimal size and

increased medial area at 4 weeks
[108]

Fibulin-2, fibulin-
5

Null mouse models, double null

Double null mice had increased
outward remodeling, with
decreased thickness of the media
and increased intimal/medial area
ratio with a propensity for thrombus
formation [109]
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Gene target

Description

Phenotype

Cathepsin K

Null mouse model

Decreased intimal and intimal/
medial area ratio at 4 weeks [110]

Transglutaminase | Null mouse model Decreased intimal area and intimal/

2 medial area ratio at 2 and 4 weeks
[111, 112]

Transmembrane or membrane-anchored signaling molecules

Tetraspanin CD9

Neutralizing CD9 antibody or
human CD9 adenovirus given
intraluminally

Small decrease in intimal/medial
area ratios with antibody at 2 and
4 weeks; small increase in intimal/
medial area ratio at 2 weeks with
adenoviral CD9 transduction [113]

Notchl Notch1+/— and conditional het Notch1+/— and smooth muscle
activated by SM MHC-Cre; heterozygous have similar pheno-
perivascular siRNA in pluronic gel | type of decreased intimal area and
after injury intimal/medial area ratio at 4 weeks

[114]; siRNA decreased intimal
lesion and intimal/medial area ratio
at 2 weeks associated with
decreased proliferation [115]
Jaggedl Conditional Jagl heterozygous Enhanced intimal area and intimal/

mouse model controlled by
Tie2-Cre

medial area ratio at 4 weeks [116]

MAMLI1 (Notch
signaling)

Dominant-negative MAMLI con-
trolled by SM22-Cre

No survival after carotid artery
ligation due to defects in the cere-
bral collateral circulation within the
circle of Willis [12]

CD40

Null mouse model

Decreased intimal area and intimal/
medial area ratio at 3 weeks with
loss of CD40 in vessel wall or in
bone marrow-transplanted cells
with high-cholesterol diet [117];
reduced intimal area [118]

RAGE

Null mouse model

Decreased intimal area and intimal/
medial area ratio at 3 weeks [119]

Vaninl

Null mouse model

Decreased intimal area and intimal/
medial area ratio at 3 weeks with
decreased proliferation [120]

Necl-5

Null mouse model

Decreased intimal/medial area ratio
at 4 weeks associated with
decreased proliferation [121]

ENPP1

Null mouse model

Decreased intimal area and intimal/
medial area ratio at 2 and 3 weeks
[122]

Intracellular enzymes

Ephx2

Null mouse model

Decreased intimal area and
intimal/medial area ratio at 6 weeks
[123]
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PTEN Conditional null mouse model Reduction of PTEN (+/—) globally
controlled by SM22a-Cre, or mediated by SM22a-Cre has
as heterozygotes increased intimal areas and
increased intimal/medial area ratios
at 2 weeks [124]
CaMKIIS Null mouse model Decreased intimal lesion formation
at 2 weeks associated with
decreased cell proliferation [125]
SIRT1 Transgenic mice expressing human | Decreased intimal/medial area ratio
SIRT1 under SM22a promoter at 4 weeks associated with
decreased proliferation [126]
Cystathionine Null mouse model Increased intimal area and intimal/
gamma-lyase medial area ratio at 4 weeks [127]
VIA phospholi- Null mouse model and transgenic Null mice had decreased intimal

pase A2 (iPLA2p)

mouse model with smooth muscle
cell expression (SM MHC promoter)

area and intimal/medial area ratio at
4 weeks; transgenic mice increased
intimal area and intimal/medial
area ratio at 4 weeks [128]

miRNA

miR-126

Null mouse model

Decreased intimal lesion formation
at 4 weeks [129]

miR-143/145

Null mouse model

Decreased intimal thickness,
medial thickness, and intimal/
medial area ratio at 4 weeks [22]

miR-155 Null mouse model Decreased intimal area and intimal/
medial area ratio at 3 weeks [130]
miR-663 Adventitial adenoviral delivery of Decreased intimal area and intimal/

miR-663

medial area ratio at 2 weeks [131]

Drug or small molecule treatments as pathway antagonists or agonists are not included. Studies
with this injury model used in combination in atherosclerosis models (i.e., ApoE null with high-fat
feeding, LDL null background) are also not included

In summary, the carotid artery ligation model has been an invaluable tool for
elucidating the role of specific gene contributions to the complex vascular
remodeling response.
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Chapter 4
Photochemically Induced Endothelial Injury

Yuji Matsumoto and Kazuo Umemura

Abstract Thrombosis and intimal hyperplasia occur in the development of reste-
nosis after coronary angioplasty or the progression of atherosclerosis. The devel-
opment and use of animal models are thus important for understanding the
mechanisms involved in thrombus formation and intimal thickening and for eval-
uating potential therapies. Photochemically induced thrombosis and neointima
formation following endothelial injury are initiated by the reactions between a
photosensitizer, rose bengal, and green light (wavelength, 540 nm). The basic
mechanism for endothelial injury in this model is that the photoexcited dye pro-
duces a singlet molecular oxygen by “photodynamic type II” energy transfer to
molecular oxygen. This highly reactive oxygen species may react with structural
proteins and lipids in the cell membrane to initiate direct peroxidation reactions
leading to endothelial membrane damage, thus providing the initial stimulus for
platelet thrombus formation, followed by intimal hyperplasia. The models of such
vascular diseases created in the mouse are valuable especially since a variety of
transgenic or gene knockout mice is now available for identifying factors involved
in the development of thrombosis and intimal hyperplasia.

Keywords Photochemical reactions ¢ Endothelial injury ¢ Thrombosis
Neointimal hyperplasia

4.1 Introduction

Experimental animal models of thrombosis and intimal hyperplasia after endothe-
lial injury are necessary for understanding the mechanisms involved in thrombus
and/or neointima formation and for evaluating antithrombotic and thrombolytic
preparations as potential therapeutic agents. Over the past few decades, several
experimental approaches to induce in vivo arterial thrombosis in animals have been
described (reviewed in reference [1]). Those which involve endothelial injury
in vivo include: electric current [2, 3], laser [4, 5], intra-arterial catheters [6, 7],
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balloon catheters [8, 9], and chemicals [10, 11]. One major limitation of the
invasive methods is that they cannot be applied to small mammals. In the light of
such drawbacks, a photochemically induced endothelial injury model has been
adapted for routine experimental thrombosis studies. The preliminary evaluation
studies, using a wide range of antithrombotic and thrombolytic agents, as well as a
review of the related literature, have been the subjects of the book [1]. The model
represents a nonmechanical and noninvasive method of achieving vessel wall
denudation. More recently, this experimental methodology has been applied to
induce intravascular thrombosis in mice [12—-18]. Furthermore, our laboratory has
adapted this photochemically induced injury model of thrombosis to induce intimal
thickening, originally in guinea pigs [19, 20] and rats [21-23] and thereafter in mice
[24-29]. The model created in the mouse has considerable advantages over that of
other species such as the guinea pig, rat, and rabbit. First, a variety of transgenic or
gene knockout mice are now available for identifying factors involved in the
development of thrombosis and intimal hyperplasia. Second, the quantity of agents,
antibodies, and so on required for investigating stimulation or prevention of throm-
bosis and intimal hyperplasia may be reasonably small. The thrombosis model can
be used to assess dynamics, treatment, or prevention of thrombosis, and it can also
be used to assess the later sequelae of thrombosis such as neointima formation,
restenosis, or other aspects of later atherosclerotic developments as discussed in
Sect. 4.3.

4.2 Photochemically Induced Thrombosis Model

4.2.1 Introduction

Thrombotic complications of vascular disease are the major cause of morbidity and
mortality in most developed nations [30, 31]. The mechanisms of thrombus forma-
tion may be multiple. Intravascular thrombus formation may follow endothelial
injury. An injured area of the vessel wall can initiate activation of platelets and the
coagulation cascade. Subendothelial tissue induces platelet shape change which
results in platelet adhesion and aggregation to form a platelet-rich thrombus at the
site of vessel injury [32]. The model is valuable, firstly, because it can be applied to
large as well as small blood vessels and, secondly, because this method leads to
remarkably reproducible lesions. Since experimental variability determines the
number of animals needed, experiments can be performed with reasonably small
numbers of animals. This is especially important for testing therapeutic interven-
tions in prolonged experiments such as the development of neointima and complex
atherosclerotic lesions. Thirdly, since this animal model can be mechanistically
validated by a variety of techniques including genetic manipulation, such a valida-
tion may enhance the extrapolation of results to the mechanisms occurring in
analogous human disease.
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4.2.2 Photochemical Reactions

The principle of photochemical reactions is shown in Fig. 4.1. A photosensitizer,
rose bengal, is known as one of the most efficient generators of singlet molecular
oxygen [33]. The basic mechanism for thrombus formation in this model is that the
photoexcited dye produces singlet molecular oxygen by “photodynamic type II”
energy transfer to molecular oxygen [34]. This highly reactive oxygen species may
react with structural proteins and lipids in the cell membrane to initiate direct
peroxidation reactions leading to endothelial membrane damage, thus providing
the initial stimulus for platelet thrombus formation.

In collaboration with Hamamatsu Photonics K.K. (Shizuoka, Japan), the green
light irradiation system, L.-4887, was designed and developed by our laboratory
[1]. The optical system of this apparatus is shown in Fig. 4.2. The light source is a
short-arc-type super-quiet xenon lamp. The xenon lamp was selected in order to
achieve the high brightness and stable light intensity necessary for irradiating a
small area. The light is concentrated and prefiltered by an elliptical reflector which
has a special coating to absorb infrared and ultraviolet radiation. The remaining
visible light is spectrally modified by filters to produce pure green light of band-
width 80 nm, centered at 540 nm. Elimination of infrared and ultraviolet radiations
is essential, as these can heat up and damage biological tissues. The green light is
then directed to a flexible optic fiber as the irradiating probe. The intensity of
irradiation is controlled by an optical aperture. Alternative green light sources have
also been described, e.g., a 200-fiber optic cable as green light source
(530-590 nm) [35].

NaO 0 0

ci coor\:a :> ‘0,
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Cl Cl
Green Light
Cl (wevelength: 540 nm)
Rose Bengal

Fig. 4.1 The principle of photochemical reactions. Rose bengal, which belongs to the dye class of
photosensitizers, is an efficient photosensitizer of the photodynamic type (type II), producing
singlet molecular oxygen ('0,). For the photoexcitation of rose bengal, the green light absorption
maximum is close to 540 nm. The singlet oxygen produced then reacts with endothelial cell
components, resulting in endothelial cell injury
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Fig. 4.2 Diagram of the optical system of L-4887, the irradiation apparatus. (/) Super-quiet xenon
lamp, (2) elliptical reflector, (3) green filter with heat-absorbing capacity, and (4) flexible optic
fiber. The light from the short-arc-type xenon lamp is reflected by the elliptical reflector and
directed to the optic fiber via filters. Infrared and ultraviolet radiations are eliminated by the
reflector and the filters. Pure green light is produced by a spectral cutoff filter. Conventional xenon
lamps consume the cathode itself during prolonged use and must be replaced periodically. The
super-quiet xenon lamp, however, has a special durable cathode to avoid such problems

4.2.3 Technical Aspects

Our photochemically induced thrombosis model is a modification of the technique
described by Watson et al. [36] to induce focal thrombosis in cerebral vessels in the
rat. In this model, a small segment of an exposed artery in an experimental animal is
irradiated with green light in the presence of an intravenously administered photo-
sensitizer such as rose bengal. Within a few minutes, the irradiated segment
becomes occluded by a thrombus. We have described our approach to the femoral
arteries of mice previously in great detail [12—14, 37, 38]. Briefly, animals are
anesthetized with sodium pentobarbital (80 mg/kg, i.p.). A cannula is inserted into
the jugular vein of each animal for injection of rose bengal. Then the right or left
femoral artery is exposed, and a pulsed Doppler flow probe (PDV-20; Crystal
Biotech, Hopkinton, MA, USA) is placed on it for monitoring blood flow
(Fig. 4.3). Transillumination with green light (wavelength, 540 nm) is achieved
using a xenon light with both a heat-absorbing filter and a green filter (model
L-4887; Hamamatsu Photonics K.K., Shizuoka, Japan). Irradiation is directed via
an optic fiber positioned approximately 5 mm away from a segment of the intact
femoral artery proximal to the flow probe. Irradiation at an intensity of 0.9 W/cm? is
started when the baseline blood flow is stable and then rose bengal (15 mg/kg) is
injected for 5 min. Irradiation is continued until the blood flow stopped. The
femoral artery is considered occluded when the blood flow has stopped for more
than 1 min. The time to occlusion is taken from the start of the rose bengal infusion
to the cessation of blood flow (Fig. 4.4).
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Fig. 4.3 Schematic illustration of photochemically induced thrombosis (PIT) model in the
femoral artery. Either the right or left femoral artery is exposed surgically under anesthesia.
Blood velocity is measured continuously by a pulsed Doppler flow probe distal to the inguinal
ligament. Transillumination with green light (wavelength, 540 nm) is achieved by a xenon lamp.
The light is directed by an optic fiber mounted on a micromanipulator so that its head is
approximately 5 mm above the intact femoral artery, proximal to the flow probe. Rose bengal
(15 mg/kg) is then injected via the contralateral femoral vein, and transillumination with green
light continued until the vessel is thrombotically occluded. The femoral artery is assumed to be
occluded when the blood flow has completely ceased
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Fig. 4.4 Representative tracings of phasic and mean blood flow in a femoral artery, before and
after injection of rose bengal under green light irradiation. (i) Immediately before and after
injection of rose bengal 15 mg/kg, iv. (ii) Ten minutes after the initiation of the photochemical
reaction. The blood flow of the irradiated artery decreased gradually with time and ceased
completely about 10 min after the injection of rose bengal with green light irradiation

4.2.4 Histology of the Thrombotic Response

Light microscopic observation of the femoral artery following the cessation of
blood flow reveals that the arterial lumen was occluded with a platelet-rich throm-
bus at the site of the photochemical reaction (irradiated segment). A representative
cross section of the occluded femoral artery is shown in Fig. 4.5. The mouse
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Fig. 4.5 Light microscopic
view of a cross section of
occluded guinea pig
femoral artery which had
been irradiated with green
light (the site of
photochemical reaction). As
seen, the arterial lumen is
completely occluded by a
platelet-rich thrombus. The
cross section is stained with
hematoxylin and eosin
(Reproduced with
permission from Ref. [58])

femoral artery became thrombotically occluded (cessation of blood flow) about
10 min after systemic rose bengal injection and green light irradiation. Twenty-four
hours later, spontaneous reflow, observed in all mice, had recovered to 86 % of the
baseline level [24].

The scanning electron photomicrograph in Fig. 4.6a shows a full view of the
femoral artery occluded by a thrombus. Figure 4.6b is a view at higher magnifica-
tion of a part of Fig. 4.6a. In this model, the thrombus was composed of distorted
red blood cells and leukocytes trapped in a fibrin mesh, together with a large
number of aggregated platelets (Fig. 4.6b).

4.2.5 Conclusion

This model involves a photochemical reaction between systemically administered
rose bengal and transluminal green light, which cause endothelial injury followed
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Fig. 4.6 Scanning electron photomicrographs of mouse femoral artery surface immediately after
photochemically induced endothelial injury. In panels a and b, the thrombus is composed of
deformed red blood cells and leukocytes trapped in a large amount of fibrin, together with
numerous aggregated platelets. Panel b is a higher magnification of panel a (Reproduced with
permission from Ref. [24])

by platelet adhesion, aggregation, and formation of a platelet- and fibrin-rich
thrombus at the site of the reaction. The model represents a nonmechanical
approach to induce vascular endothelial denudation. The photochemical technique
is simple, fast, and reproducible. It has been used originally in guinea pigs [39—41]
and rats [42—44]. Thereafter, the methodology has been adapted to induce intra-
vascular thrombosis in mice [12-14]. However, this model can also be broadly
applied to any mammalian species from mice to primates [45—47]. Thrombus
formation in different species will be easily controlled by rose bengal concentration
and the green light intensity. This photochemical thrombosis model has now been
widely used in many kinds of genetically altered mice (reviewed in reference [48]).
However, it should be mentioned that a number of transgenic mice display pheno-
typic variability in thrombosis severity depending on the strain background [48]. -
Strain-related genetic differences may also influence on the degree of
photochemically induced intimal hyperplasia as discussed in Sect. 4.3. The possi-
bility to use genetically altered animals is important, since it allows to characterize
mechanisms occurring in vivo.
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4.3 Photochemically Induced Arterial Intimal Thickening
Model

4.3.1 Introduction

It is well known that intimal thickening occurs with the development of restenosis
after percutaneous coronary intervention and the progression of atherosclerosis. To
date, several experimental approaches to induce intimal thickening have been
reported. These include endothelial injury induced by a flexible wire [49], a balloon
catheter [50], air-drying [51], and laser injury [52]. Such injuries do lead to
neointimal formation in arteries by removing the endothelium and they can be
used to study atherosclerosis and restenosis after angioplasty. However, they all
involve procedures that are relatively complicated and difficult to control with
respect to the extent of vascular injury [53]. In the light of this situation, establish-
ment of a simple and more reproducible animal model of intimal thickening in
response to endothelial injury is very desirable. It could facilitate to gain insight
into the pathophysiology of neointimal formation after vascular injury and to assess
potential therapies. We have therefore adapted the thrombosis model after photo-
chemically induced endothelial injury to induce intimal thickening originally in
guinea pigs [19, 20] and rats [21-23] and thereafter in mice [24—-28]. Moreover, the
longer duration of these experiments may cause logistic problems, especially if
therapeutic interventions should be tested. The mouse model offers an important
advantage in this context.

4.3.2 Preparation of the Photochemically Induced Intimal
Thickening Model

The procedure for inducing a transluminal thrombus in the mouse femoral artery is
largely the same as described above. However, the main interest is focused on late
sequelae of endothelial lesion and thrombosis. Therefore, the methods for assessing
the outcome differ from the thrombosis model proper. The irradiated segment of the
femoral artery is considered to be occluded by a platelet- and fibrin-rich thrombus
when blood flow has completely stopped. Thirty minutes later the wound is closed,
and the animal is returned to its cage, after it has recovered from anesthesia.
Twenty-four hours later, the mice are reanesthetized, and spontaneous reflow is
confirmed by monitoring the blood flow in the femoral artery. In photochemically
induced thrombosis, spontaneous reflow is affected by the duration of
photoirradiation, rose bengal concentration, green light intensity, and thickness of
the vessel wall. Under our experimental conditions, spontaneous reflow occurred in
all mice within 24 h after thrombotic occlusion of the femoral artery [24].
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4.3.3 Histology on Light Microscopy

A typical pattern of intimal thickening after photochemically induced endothelial
injury is shown in Fig. 4.7. Twenty-one days after the photochemical injury, an
extensive neointima had formed in the subendothelial layers throughout the injured
arterial segment. The neointima extended from the borders between uninjured and
injured sites (positions A and E in Fig. 4.7) into the injured center (position C in

- >

|‘ Photochemicalinjury_l

——
( Neointimalthickening (O
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Fig. 4.7 Light photomicrographs of serial histological cross sections from mouse femoral artery
21 days after photochemical injury. a to e and f are cross sections from injured and uninjured
vessels, respectively. Internal elastic lamina is indicated by arrowheads in a to f. Hematoxylin and
eosin stain, bars =50 pm (Reproduced with permission from Ref. [24])
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Fig. 4.7). On the other hand, neointimal formation was not observed at the normal
site (position F in Fig. 4.7). This process was quantified by measuring the intima-
media ratio at almost equally spaced positions across the injured segment in
Fig. 4.7. Position C in Fig. 4.7 had a significantly thickened neointima compared
with neighboring positions [24]. Within 24 h after endothelial injury, the number of
medial smooth muscle cells (SMCs) had decreased by about 28 % compared with
uninjured controls, and the loss of medial SMCs was apparent in some sections after
endothelial injury (Table 4.1). Seven days after injury, SMCs, which had migrated
from the media, were present in the neointima and it became gradually thicker,
coincident with its repopulation by cells. Neointimal formation reached a maximum
of 21 days after endothelial injury and remained unchanged for as long as 42 days
after the injury. Within 2 days after endothelial injury, the luminal area decreased,
reflecting vasoconstriction due to the disappearance of endothelium-dependent
vasodilation, but this initial decrease in the luminal area was reversed at 7 days
after injury. Thereafter, with neointimal proliferation, the luminal area of the vessel
decreased, but the medial area remained unchanged throughout the observation
period (Table 4.1).

4.3.4 Histology on Scanning Electron Microscopy

The scanning electron photomicrographs in Fig. 4.8 show mouse femoral arteries
before and after photochemically induced endothelial injury. One day after the
thrombotic occlusion, spontaneous thrombolysis had occurred, but numerous acti-
vated platelets were still seen adherent to the injured arterial wall (Fig. 4.8a). After
3 days, in addition to platelets, leukocytes were also present and had formed a
monolayer on the injured vessel wall (Fig. 4.8b). Seven days after the injury, no
leukocytes were seen in the damaged area, but a few platelets were still seen
adherent to the exposed subendothelial matrix (Fig. 4.8c). Twenty-one days after
the operation, no blood cells were present on the luminal surface (Fig. 4.8d).
Figure 4.8e shows the characteristic cobblestone-like intact endothelial cells of
the vessel wall of an uninjured artery.

4.3.5 Immunohistology

Immunostaining for smooth muscle a-actin revealed a progressive increase in the
area of media and/or neointima, which was positive for smooth muscle a-actin as
shown in Fig. 4.9a—c. There were only a few a-actin-positive areas in the neointima
at 7 days after the injury (Fig. 4.9a). At day 14 and day 21, however, almost the
entire neointima was positive for o-actin (Fig. 4.9b, c). The extracellular matrix
(ECM) deposition surrounding SMCs in the neointima was confirmed by Masson’s
trichrome staining. There was only a small amount of ECM in the neointima at
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Fig. 4.8 Scanning electron photomicrographs of mouse femoral arteries after photochemically
induced endothelial injury. Femoral arteries were harvested at 1 (a), 3 (b), 7 (c), and 21 (d) days
after injury. (a) Spontaneous thrombolysis within 24 h of thrombus occlusion of the vessel is
shown. Numerous activated platelets are still evident adherent to injured surface. (b) Platelets and
leukocytes have formed a monolayer on injured surface. (¢) No leukocytes are visible on injured
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Fig. 4.9 Light photomicrographs of immunostained or Masson’s trichrome-stained cross sections
from mouse femoral arteries at various times after endothelial injury. a, b, and ¢ were
immunostained with alpha-actin monoclonal antibody to reveal smooth muscle cells. d, e, and
f were stained with Masson’s trichrome reagent to indicate presence of extracellular matrix
surrounding smooth muscle cells in the neointima and media of injured arteries. a and d: 7 days
after injury; b and e: 14 days after injury; ¢ and f: 21 days after injury. Internal elastic lamina is
indicated by arrowheads in a to f. Extracellular matrix and smooth muscle cells are stained blue
and red, respectively. In immunostained cross sections, nuclei are stained blue with Mayer’s
hematoxylin. Bars =50 pm (Reproduced with permission from Ref. [24])

7 days after injury (Fig. 4.9d). Beyond 14 days after injury, however, the amount of
ECM in the neointima was increased (Fig. 4.9¢, f). These findings suggest that the
neointima that has formed after the vascular injury is composed mainly of SMCs
and ECM.

Arterial cell proliferation was evaluated by bromodeoxyuridine (BrdU) staining,
which is positive for cells undergoing DNA synthesis [24]. The maximum level of

<
«

Fig. 4.8 (continued) surface, but a few platelets remain. (d) Blood cells on arterial injured surface
are observed no longer. (e) Before the endothelial injury, intact endothelial cells are seen
(Reproduced with permission from Ref. [24, 27])
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SMC proliferation in the medial layer was detected 2 days after vessel wall injury,
followed by a gradual decrease to baseline level by day 21. BrdU-positive cells in
the intima were first observed 7 days after the endothelial injury and were maximal
at this point. The ratio of BrdU labeling thereafter decreased in a time-dependent
manner.

4.3.6 Endothelial Regeneration

As shown in Fig. 4.10a, no blue-stained area was observed in the uninjured vessel,
indicating no endothelial damage. Endothelial cells (ECs) from the photoirradiated
segment were completely absent immediately after the endothelial injury that was
revealed by Evans blue staining (Fig. 4.10b). ECs originating from the uninjured

Fig. 4.10 Photographs

showing Evans blue

staining of mouse femoral

arteries after A
photochemically induced
endothelial injury. (a)

Control (no blue staining in
uninjured artery) (b):
immediately after injury (c, B =
d, and e) are 2, 7, and w -
21 days after injury,

respectively. Evans blue

dye penetrated the injured

segment immediately after

endothelial injury. Blue-

stained areas gradually

decreased thereafter and A}_

were absent by 21 days after C
injury, at which time

endothelial regeneration

was complete. Bar =5 mm
(Reproduced with

permission [24]) D
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borders grew into the injured center, and the reendothelialization was complete
within 21 days after injury (Fig. 4.10c—e).

4.3.7 Conclusion

The model represents a nonmechanical and noninvasive approach to achieve vessel
wall denudation, which is different from models using flexible wire [49], balloon
catheter [50], air-drying [51], and laser injury [52]. In our model, neointima
formation after photochemical injury reflects migration of SMCs from the media
to the intima within the arterial wall, proliferation of SMCs in the intima, and
excessive production of ECM by SMCs [54]. A number of studies have reported
that certain growth factors, including platelet-derived growth factor [55], basic
fibroblast growth factor [56], interleukin-1p [54], thrombin [57], activated platelets,
and leukocytes or the injured ECs themselves, may interact with the neointimal
SMCs in an autocrine or paracrine manner to promote SMC migration and prolif-
eration, thus contributing to the neointima formation. Current pharmacological
therapy for preventing the development of restenosis after percutaneous coronary
intervention or the progression of atherosclerosis is limited at present. As well as
the mouse photochemical thrombosis model, which has been extensively investi-
gated [48], the photochemically induced intimal thickening model with vast genetic
and molecular resources should promise not only to discover new and previously
unanticipated mechanisms but also thus to bring new therapies.
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Chapter 5
Murine Models of Thrombosis
and Hemostasis

Brian C. Cooley

Abstract The study of thrombosis and hemostasis has greatly benefited from the
development and application of murine models. Thrombosis models have been
designed for applications to venous, arterial, and microvascular blood clotting.
Common vessels include the infrarenal vena cava, the carotid artery, and several
microvessel sites based on thin tissue layers. Methods of analysis range from simple
weight/length measurements or time for an occlusive thrombus to grow to more
sophisticated intravital fluorescence imaging over time using fluorophore-labeled,
thrombus-targeting molecules and cells. Hemostasis models have focused on tail
resection designs, to measure the time to hemostatic achievement or collection of
blood to measure total volume of blood lost. Other hemostatic models have been
designed around injury/transection of the saphenous vein. These many models have
been applied with high success to a large variety of transgenic and knockout mouse
lines, to determine gene-specific effects on blood clotting under various conditions.
Future studies will benefit from appropriate model selection, matching the specific
model to the research question.

Keywords Thrombosis « Hemostasis « Thromboembolism ¢ Platelets ¢ Fibrin

5.1 Introduction

The advent of transgenic and gene knockout technologies and their relative ease of
application in mice has led to an explosion in utilization of this species in many
fields of medical and biological research. The study of thrombosis and hemostasis is
exemplary of this transition; prior to the mid-1990s, most in vivo thrombosis and
hemostasis models were done in rats, rabbits, and larger animals, whereas the past
15 years have seen the vast majority of studies using murine-adapted models. This
chapter will delineate and discuss the various models of note and their utility in the
field.
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Blood clot formation manifests in two processes: hemostasis (transected/rup-
tured microvessels or larger-vessel punctures, a desirable process and evolution-
arily selected to maintain circulatory integrity) and thrombosis (when clots form
inside intact large vessels, blocking flow and limiting circulation regionally with
pathologic secondary consequences). Large-vein thrombosis is most commonly
encountered in leg and pelvic veins — deep vein thrombosis (DVT) — causing leg
pain and swelling and can lead to clot embolization that can disrupt lung circulation
as pulmonary embolism (PE). Clinical arterial thrombosis develops under many
conditions, generally resulting in blockage of inflow to downstream tissues, such as
coronary thrombosis and its associated myocardial infarction or carotid/cerebral
artery thromboembolism and its associated stroke symptoms. Plaque rupture in
atherosclerotic vessels is considered the primary initiator of arterial thrombosis;
however, it can be difficult to determine whether it is thrombus at the plaque rupture
site, or downstream lodging of a thromboembolus, or even ruptured plaque material
— or some combination of these — that causes the final occlusive event. There are
many other initiators of both arterial and venous thrombosis, such as vascular
trauma, chemotherapeutic access sites, and even surgical vessel repair, to name
some of the more common examples. In vivo modeling of these various thrombus
inductions and their sequelae is difficult at best and becomes especially problematic
in the very small mouse body size, making such model design quite limited and
challenging.

Blood clotting at a vessel surface has two main initiators: tissue factor and
collagen. Disruption of the endothelium or complete vessel wall breach causes
exposure of both of these elements. Tissue factor is the primary initiator of the well-
known coagulation cascade, binding to Factor VIla to form the extrinsic tenase
complex, generating Factor Xa which assembles with Factor Va to form the
prothrombinase complex [see Ref # 1-3 for reviews]. This latter enzymatic unit
drives the generation of large amounts of thrombin which is the final enzyme that
converts fibrinogen to fibrin, the main structural coagulation protein of a clot. Many
other pro- and anticoagulation factors are involved in regulating this aspect of clot
formation, notably intrinsic tenase, the combination of Factor IXa with its cofactor,
VllIa, as another route for Factor Xa generation. All of the coagulation complexes
have greatly enhanced activity when assembled on phospholipid membranes, such
as activated/injured endothelium or bound/activated platelets.

Collagen is the other primary initiator of thrombosis [1, 4, 5]. Platelets in
circulation bind to collagen through several receptors: direct binding to the integrin
receptor a,P; or the glycoprotein GPVI and indirect binding to the GPIb/IX/V
complex. This latter receptor complex has much higher surface presence on plate-
lets (~25,000 copies per platelet) than the other collagen receptors. It binds to von
Willebrand factor (vVWF) which is found in circulation. vWF is also released by
activated platelets and activated/injured endothelium and thus has a high concen-
tration in the vicinity of vessel injury and platelet binding and activation, where a
clotting nidus is stimulated to further accrue more platelets. Upon binding/activa-
tion, platelets also release other granule contents that stimulate circulating platelets
to aggregate via platelet:platelet interactions mediated by the integrin, oyp,p3, with
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linkage provided by several circulating proteins, notably the highly prevalent
fibrinogen molecule. This localized but temporally brief high stimulatory environ-
ment causes massive platelet thrombus formation. In the exposed ring of collagen at
the end of a transected vessel or puncture site of a larger vessel, this rapid buildup
quickly develops into a beneficially occlusive hemostatic plug, which gets
reinforced as a fibrin mesh is generated. In a mildly injured large vessel (e.g.,
arterial catheter insertion/removal), platelet activation/aggregation is limited and
subsequently subsides (through platelet disaggregation), but in more severe vessel
wall disruption (e.g., plaque rupture), this thrombus buildup can extend across the
diameter too quickly, causing a pathologically occlusive event.

There are clear overlapping and reciprocating interactions between coagulation
(fibrin formation) and platelet aggregation. Thrombin generated by the coagulation
cascade sequence is also a powerful stimulator of platelet activation and aggrega-
tion via protease-activated receptors (PARs) on the platelet surface [6]. Recipro-
cally, platelets provide a vital surface for coagulation complex assembly where the
highest activity of coagulation enzymes are localized [7]. Fibrinogen, the precursor
of fibrin, is also the primary connecting protein for oyy,p3-mediated platelet aggre-
gation [8—10]. This interactive aspect of clot formation is exemplified by the high
success and standard use of heparin compounds (Factors Xa and thrombin inhibi-
tors) for many arterial interventions where platelets are known to dominate clot
formation [11, 12]. Furthermore, strong clinical evidence has shown that inhibiting
platelet aggregation (e.g., with aspirin) can reduce DVT where fibrin clotting is
considered to predominate [13—15]. Thus, an understanding of thrombogenesis
under any conditions should consider both fibrin- and platelet-based aspects of
clot development.

In consideration of murine models of thrombosis and hemostasis, two aspects of
study design are of paramount importance —how a clot is formed and how the clot is
evaluated. Induction of a clot should have as much clinical relevance/analogy as
possible; however, this is often the major shortcoming of experimental studies.
Similarly, how the clot is studied — the outcome measure — is an all too often
simplified and possibly misleading representation of thrombodynamics. The rest of
this chapter will describe the various murine models of thrombosis and hemostasis
in most prominent use, critically appraising their utility with these considerations
in mind.

5.2 Mouse Models of Venous Thrombosis

Simulating DVT in a mouse is most often done by selecting the largest accessible
vein in the mouse, the infrarenal vena cava (IVC). Other veins for model selection
have included the iliac, femoral, saphenous, and jugular veins. Some models use
injuries to venules of the microvasculature, as models of more general thrombus
formation.
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5.2.1 1VC Stasis Model

This model [16] is based on rat versions [17] which all relate to the earliest studies
of vein occlusion, such as the rabbit-based Wessler model [18]. Upon surgical
exposure through a laparotomy, the IVC is simply ligated with a suture just
upstream of (distal to) the left renal vein branch site. The model can be done either
with or without side and/or back-branch ligations/cauterization; these branches
have variable presence and anatomic location [19], which can further vary with
mouse strain and gender (females have additional uterine vein branches that enter
the IVC in the region of study). A thrombus will subsequently form in the stagnant
site (Fig. 5.1) and undergo remodeling over the course of days to weeks.

The major advantages of this model are its relative technical ease and the large
size of the clot that can be removed and weighed to give an index of clot size. The
length can also be measured as a further index of clot size. Additionally, the clot can
be used subsequently for histologic or histomorphometric evaluation [20] or it can
be subjected to Western blot analysis for thrombotic component analysis [21].

The primary weakness of this model is its use of abrupt vessel occlusion (via
ligature) to induce thrombogenesis. Whereas clinical DVT and related venous
thrombosis begin with a thrombus growth which progresses to vessel occlusion,
the IVC stasis model uses the opposite — occlusion to induce thrombogenesis. The
clot also develops in an upstream direction, opposite to that found with clinical
DVT [22, 23]. Thus, the clinical relevance of this reversed thrombotic inductive
process and direction of growth is questionable. There can also be considerable
variability in clot size/length due to technical differences in model application and
mouse vessel anatomic (variability). Of particular note is that operator skill and
experience can vary the response; a more traumatic dissection for ligature place-
ment or side/back-branch ligature or cauterization can augment the thrombotic
response. The mouse venous system has a great capacity to reroute venous return
normally carried by the IVC, and any overlooked small branches can occasionally
maintain a flow channel that can prevent thrombus formation.

Fig. 5.1 Infrarenal vena cava (IVC) stasis model, showing 48-h thrombus within the IVC (a) with
ligation site at lower left, and after opening the IVC (b), with scale bar showing ~6.5 mm length of
a mixed red and white thrombus
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5.2.2 IVC Stenosis Model

A modification on complete IVC ligation was developed to create a stenosis
[24, 25], a flow restriction of ~90 % of the cross-sectional area just upstream of
the left renal vein to induce a low-flow state in the IVC. This is done by placing a
spacer tube next to the IVC as the ligature is tied in its infrarenal location and then
removing the spacer to create a narrow flow channel through the ligature — a
stenosis. The most commonly used spacers are a blunted 30-gauge needle
[26, 27], a ~0.36-mm wire [28, 29], or a piece of 5-0 nylon or polypropylene suture
[24, 25].

Unlike the complete stasis model, the IVC stenosis model has a less than 100 %
thrombosis rate in most hands [26—31]. Efforts to increase the thrombosis rate have
focused on side and back-branch ligations/cauterizations [29] as well as the initial
model development of introducing a moderate injury by briefly clamping the IVC
distal to the ligature with a neurovascular or similar clamp [24, 25]. Work in my lab
has found that even this approach is not reliable, with only a ~20 % (3/15) clot
formation rate at 24 h, using a large bulldog-style clamp applied for two 15-s
periods (Cooley, unpublished data). Others have reported ~50 % clot formation
rates without using a clamp injury [31], further suggesting a high variability in clot
formation among different operators. Furthermore, when the clot does form, the
reported size/weight of the developing thrombus can have a large range and
standard error [28], making comparisons among experimental and control groups
less rigorous. The model is closer to what is envisioned as simulating clinical DVT
due to flow restriction; however, as clinical DVT is believed to develop most often
in a downstream direction from a valve pocket, the IVC stenosis thrombus develops
in an upstream direction, an oppositely directed scenario which may weaken its
clinical relevance. Because of the less than 100 % thrombosis rate, the model may
be most useful for evaluating a thrombus-augmenting (prothrombotic) state. This
might show both an increase in thrombosis rate and an increase in thrombus size
and possibly both outcomes.

5.2.3 1IVC Electrolytic Model

The concept of an electrolytic injury, using a mild positive-electric (anodal) current,
to stimulate thrombus growth, was originally developed in a dog coronary artery
thrombosis model [32]. Diaz and colleagues [33] have recently adapted this model
to the mouse IVC. A 25-gauge angled needle with an indwelling silver-coated
copper wire is inserted into the IVC near the iliac bifurcation, advancing it
proximally and holding it against the inner wall of the IVC. A 250-pA constant
anodal current is delivered for 15 min using a Grass stimulator, with cathode
grounding to nearby tissue (e.g., skin wound edge), then the needle is removed
from the IVC. Thrombus formation is consistently observed at 2 days, using a
weight measurement and subsequent protein or microanatomic evaluations
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[33]. The primary advantage of this model is that it induces a reliable thrombus
under flowing conditions without vessel occlusion, with the thrombus extending
downstream from the site of application, thus simulating the purported clinical
scenario for DVT development. Disadvantages include (1) the use of a substantial
nonphysiologic thrombotic stimulus, an electrolytic injury which is applied to the
inside of the vessel; (2) an extra needle puncture site for introducing the 25-gauge
needle (adding an additional thrombotic injury); and (3) the need for a relatively
expensive constant-current regulated electrical power source to generate the elec-
trolytic induction of thrombus.

5.2.4 Femoral Vein Electrolytic Model

This model uses the same basic electrolytic process as described in the above model
to induce a thrombus. The initial model [34] used a smaller microsurgical needle
(70-130 pm in diameter) inserted into and against the inner wall of the femoral
vein, with a constant voltage source for a shorter time (1-2 min) for thrombus
induction. Subsequent studies found that a technically simpler approach [35]
yielded a similarly consistent and cleaner thrombus, without adding the needle
insertion injury site. The femoral vein is exposed in an anesthetized mouse by
simple skin incision and directed retraction, without any other dissection; the vein
surface becomes immediately accessible. The blunt end of a 75-pm microsurgical
needle (Sharpoint, Surgical Specialties, Reading, PA) with the suture pulled out of
the swaged end gives an easily held, iron-containing flat and circular area for
contact onto the outer surface of the vein. The anodal (positive-current) end of a
1.5- or 3-V direct current source is easily connected to this wire by holding a
connecting wire between the surgeon’s gloved finger and the metal instrument that
holds the microneedle; the cathode of the power source is attached to local tissue
such as the wound edge around the dissected site. Simple manual placement of the
blunt end of the needle gently onto the surface of the vein completes the circuit
(Fig. 5.2a) and generates a localized free-radical injury that transits through the vein

Fig. 5.2 Photomicrographs of mouse femoral vein electrolytic application, showing (a) anode-
connected blunt microsurgical needle touching surface of femoral vein (long arrow; with short
arrow indicating distal saphenous vessels) and (b) visible thrombus seen within the femoral vein
30 min after the electrolytic injury (long arrow)
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wall to confer thrombogenesis (Fig. 5.2b). A mechanical hand or micromanipulator
can also be devised to hold the needle against the vein, though for general,
relatively brief applications, hand-holding of the needle is sufficiently steady and
consistent.

The contact can be left in place for a variable time, depending on the desired
outcome, using a rough equation of [time] X [voltage] to calibrate a consistent
injury. A 1.5-V delivery for 30 s yields a consistent, moderate size, nonocclusive
thrombus. Even 1-2 s of delivery will induce a small, short-lived thrombotic
response, whereas 3 volts applied for 90 s causes a far larger, extended thrombus
(Fig. 5.3). This approach, surface-applied electrolytic injury, can be delivered to
any vein large enough to have an exposed accessible surface from an intramuscular
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Fig. 5.3 Intravital fluorescence imaging of brief electrolytic injuries to the femoral vein, showing
platelet (green) and anti-fibrin (red) images of the thrombi at 5, 20, and 55 min: (a) three regions
on the femoral vein surface received 2-s electrolytic injuries with a 1.5-volt application; (b) a 30-s
injury; and (c) a 180-s injury. Flow in the vein is from left to right
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venule to the saphenous or epigastric vein (all in the same wound site as the femoral
vein exposure) to the IVC.

The major drawback of this model is with the evaluation. The femoral vein is
considerably smaller in diameter (0.5-0.6 mm) and shorter in length than the IVC
(which is >1 mm in diameter and ~3—4 times longer); this smaller vessel limits the
potential size of the ensuing thrombotic mass. Thus, measuring clot weight or
length results in too small a datum for separation of experimental groups, with
values too close to the limits of scale sensitivity and precise surgical extraction. The
thrombus is also very small for other useful applications, such as Western blot
analysis. To obtain a reasonable measure of thrombus size, histomorphometric
analysis can be applied [34, 36] which involves a complete sectioning of the
thrombus and careful area measurements of the clot at evenly spaced cross sections
throughout the series, summing the areas to yield a volume estimate. The laborious
process also only provides one time point per sample (as in the IVC models) taken
at the time of harvest.

To overcome the limitations associated with femoral vein thrombosis in a
mouse, an intravital fluorescence imaging system (Fig. 5.4) was developed in
concert with the model [35]. A basic dissecting or operating microscope is used,
either with inbuilt fluorescence capacity or with a custom-configured system
integrated with a non-fluorescence/operating microscope (as developed by the
author [35]). This system uses a 100-mm objective lens that allows magnification
up to 100X and yields a 2.4 x 3.2 mm field in a C-mounted low-light digital camera,
providing sufficient resolution for relatively fine features of thrombodynamic
changes. The long working distance of the objective lens permits surgical manip-
ulations before or during imaging. A filter wheel is incorporated between the

High-Resolution, High-Speed,
Low-Light Camera

“Remote” Imaging
Focusing Camera

Microscope:
100X

|

Filter wheel

Emitted ngh* Data Acquisition/imaging
: Mirror

Beam-Expanded |
Excitation Light _I|_(

Target — e.g.. in vivo mouse vessel

Fig. 5.4 Schematic of custom-designed intravital fluorescence imaging system. The excitation
light (e.g., beam-expanded lasers) reflects off a mirror to the surgical field to induce emission in the
target vessel, with image capture through a microscope-filter-camera-computer combination
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microscopic optical path and the camera to allow flexible selection of emission-
specific filters. An array of lasers for specific excitation wavelengths are combined
with beam expanders (defocusing lenses) that spread each ~1-mm laser beam to a
sufficiently large diameter (2—3 cm) to evenly illuminate the desired field of image
capture. A shuttering system is used to limit this illumination via strobe synchro-
nization with the camera shutter, to minimize photo-bleaching. The camera should
have controls to permit digital video capture with control of both exposure time and
between-exposure delays: this allows time-lapse video capture of a slow-growing
thrombus. The lasers can be arrayed with horizontal beam paths adjacent to the
microscope, using a mirror system to deflect the light onto the microscopic field of
view (i.e., the surgical site of thrombus induction).

For imaging a thrombus, a multitude of fluorophore-linked, thrombus-targeting
compounds can be generated to query a variety of aspects about thrombodynamics.
The number of fluorophores used in the same thrombus imaging session is primarily
limited by the laser and filter sets available and their relative exclusivity. A standard
setup [35] is to use a blue or green-yellow fluorophore matched with a red/near-
infrared set, using one color for platelet labeling and one for an anti-fibrin antibody,
which allows image acquisition for the two dominant structural components of a
thrombus. Antibodies or peptides with binding affinities to a number of thrombus-
specific targets can be fluorophore labeled and injected systemically, with thrombus
site imaging to capture accumulating label. Platelets can be isolated from a donor
mouse and membrane labeled for subsequent injection and detection of their
accumulation. A standard approach [37—43] is to label platelets with rhodamine
6G or Vybrant DiD (Invitrogen), excited with green (532 nm) or red (650 nm)
wavelengths, respectively, with simultaneous injection of a red- or green-labeled
anti-fibrin antibody, respectively; this allows simultaneous evaluation of both
platelet and fibrin development in a growing thrombus.

The primary advantages of this imaging approach combined with the electrolytic
injury are multifold:

1. The surgical exposure and thrombus induction are simple and quick (under
5 min).

2. The thrombotic induction is clean, without any extravascular bleeding (e.g.,
from puncture holes) which can obscure imaging or give false-positive viewing
of an intravascular thrombus.

3. The electrolytic injury can be varied to generate larger or smaller clots simply by
changing the applied voltage and/or the time of application.

4. The developing thrombus can be imaged continuously for both qualitative and
quantitative offline analysis.

5. Offline analysis yields a direct quantitative evaluation of each fluorophore-
linked thrombotic element over time, providing a wealth of data from each
assay. By selecting a laser-excitation power density that optimizes image cap-
ture of a given fluorophore without camera saturation, the area of fluorescence
can be combined with the average pixel intensity of each fluorophore to offer a
relative net total fluorescence in each image (with background subtraction). By
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quantitating every image over time, the thrombodynamic profile for a given
thrombus-targeting compound is generated. Adjustments can also be made for
mouse weight (to estimate blood volume) and amount of injected fluorophore to
permit normalizing of a group of data for between-animal and between group
quantitative/statistical comparisons [35].

6. The same in vivo model can be evaluated with different combinations of
thrombus-targeting compounds (various platelet-specific receptors/integrins,
coagulation cascade components and coagulation complex assemblies, and
other cellular and plasma-carried elements [35]).

7. Time-lapse image series can be developed into videos that speed up the viewing
of an extended thrombodynamic process, thus showing, for example, a 1 h
thrombotic growth and stabilization in around 15 s, overlaying images for
color-specific identification of each thrombotic element.

5.2.5 Other Venous Models

Mechanical, chemical, and laser-injury induction mechanisms have been used on
murine veins to stimulate thrombosis, though these approaches are less common
and yield more variability in the thrombosis response. Pinching a vein [44] with
forceps or a clamp will cause a mechanical injury to the wall with subsequent
intraluminal thrombus development at the injury site. Ferric chloride has been used
to generate a free-radical injury [45, 46], similar to the electrolytic injury, generally
applied by placing a ferric chloride-saturated filter on the vessel surface for a brief
(1-3 min) period; this method is more established in arterial thrombosis models (see
below). Difficulty with reproducibility is a main contributor to the less frequent use
of these models.

5.3 Arterial Thrombosis Models

There are three models of arterial thrombosis that are most commonly done in the
mouse, all three of which use a form of free-radical generation to stimulate
thrombosis. Several other models have also been developed but are less commonly
used due to variability, technical difficulty, or both. All of these models are most
often done in the common carotid artery, primarily because of the ease of dissecting
and isolating a long, unbranched length for the manipulations.
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5.3.1 Ferric Chloride Model

Originally described for the rat carotid artery [47], this model is easily adapted to
the smaller mouse counterpart [48, 49]. The basic model uses a filter paper strip,
usually 1 x 2 mm, which is soaked in a ferric chloride solution with a concentration
by weight of 2-20 % [50]. This saturated strip is laid onto the surface of the
common carotid artery for a specified period of time (generally 1-3 min). After
its removal and washing of the vessel, flow in the artery is monitored with a flow
probe (e.g., Transonic cuff) or similar ultrasound Doppler system. The outcome
measure is most often the “time to occlusion” (TTO), the time from initial filter
paper placement with baseline flow until the rate of flow approaches zero. Because
of the difficulty in determining an absolute zero flow state with the available
instrumentation, and because the fall in flow is generally rapid as it passed through
50 % and 25 % of baseline, the TTO is often based on the time to reach 50 % or
25 % of the baseline flow. Depending on the ferric chloride concentration and
application time, and the particular mouse phenotype or antithrombotic treatment,
some vessels may not undergo significant or even any flow reduction; a final
end-assay time of 30 min is generally sufficient to identify whether or not an
occlusive thrombus will develop. Most vessels that occlude remain occluded
without any re-establishment of flow over the 30-min observation (Fig. 5.5).
Some phenotypes/therapies will result in an unstable thrombus, for which an
apparent TTO develops but partial or complete flow restoration is seen, sometimes
showing the phenomenon repeatedly over 30 min. Decisions on how to treat these
nonstandard data [51] should be made, ideally prior to running an assay. This model
often requires a substantial number of animals per phenotypic group to obtain a
suitable data set for comparison to other groups [52].

While ease of technical application and data collection has made this a popular
model, there are several experimental drawbacks. As with many free radical-based
injury models, the mechanism of injury which leads to thrombogenesis is

Fig. 5.5 Histologic cross
section (H&E stain) of
murine carotid artery

30 min after ferric chloride
injury to vessel surface
(blackened wall indicated
by arrows on left).
Thrombus is mostly
composed of platelets, with
occasional leukocytes and
pockets of red blood cells
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incompletely understood [53, 54]. The data are non-Gaussian in nature, with a
general limit on the shortest TTO and an infinite upper TTO that requires an
arbitrary cutoff. Furthermore, the TTO is an indirect measure of thrombosis, the
time at which a thrombus gets large and stable enough to occlude flow in the vessel.
A slow-growing but thrombo-resistant clot might yield a longer TTO, which would
be misinterpreted as a hypothrombotic response; conversely, a rapid-growing but
possibly unstable clot may still yield an early occlusion (short TTO) that is
interpreted as hyper- or prothrombotic. There is often a lag in the first few minutes
before any substantial thrombus develops [55], even under prothrombotic condi-
tions, making discernment of shorter TTOs from control TTOs difficult. Thus,
despite its extensive utility, the ferric chloride model as an assay must be critically
appraised in each application.

5.3.2 Rose Bengal Model

Intense light in a wavelength range of ~500-600 nm will stimulate singlet oxygen
production by Rose bengal. When light is illuminated onto a localized area of the
carotid artery of a Rose bengal-injected mouse, the generated singlet oxygen will
confer molecular damage at the inner vessel surface, with subsequent
thrombogenesis [56-58]. The light is generally applied continuously to maintain
the damaging effect. The concentration of circulating Rose bengal plus the illumi-
nation intensity (power density, usually delivered by a 540-nm nitrogen laser) is
calibrated to yield an occlusive thrombus, using the TTO (as with the ferric chloride
model) as an endpoint measure (monitored with a flow probe). The TTO is
generally longer than that for the ferric chloride model under similar phenotypic/
pharmacologic conditions, suggesting that a milder but prolonged injury is needed
to generate an occlusive thrombus with this model. Indeed, the need for continuous
laser irradiation/stimulation implies that a somewhat different thrombodynamic
process may be operative. The thrombotic occlusion can, as with the ferric chloride
model, undergo cyclic reflow [57]. The equipment (laser) adds more to the setup for
model development, but otherwise, it is quite similar to the ferric chloride in
application, advantages, and shortcomings.

5.3.3 Arterial Electrolytic Injury Model

Surface application of an electrolytic injury can be done on the mouse carotid artery
[35], similar to the description above in the venous version of the model. A stronger
“dose” of electrolysis (iron deposition) is needed for the thicker-walled artery to
generate a substantial injury; generally 3 V for 30 s is sufficient to create a large but
nonocclusive thrombus, using a slightly larger microsurgical needle (130-140 pm
in diameter) for charge delivery. The same intravital imaging approach (Fig. 5.4) as
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Arterial Electrolytic Injury: Platelet Accumulation
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Fig. 5.6 Graph showing the relative intensity of fluorescently labeled platelets at the site of a 30-s
electrolytic injury applied to the surface of a murine carotid artery. Data were collected from
images captured every 10 s, over the course of 60 min starting 1 min after the initiation of the brief
electrolytic injury. Four clearly evident abrupt embolic events can be seen (rapid falls in the
intensity), with the second embolus at approximately 12.5 min showing virtually complete
thromboembolism

with the venous system is used for outcomes measures, selecting from a variety of
potential thrombus-targeting, fluorophore-labeled compounds/cells. A simplified
version of imaging can also be used, exploiting the “white” nature of the platelet
thrombus and its exclusion of red blood cells to permit direct-light viewing/imaging
of the developing clot and using an area measurement of this white region as an
estimate for 3-dimension clot size/mass [59].

The primary drawback to this model is the relatively unstable nature of the
thrombus attachment site. This instability often causes partial or near-complete
thromboembolism, with subsequent regrowth [35]; this embolic/regrowth process
may occur repeatedly over the window of observation, though it has not been found
to extend beyond 90-120 min (Cooley, unpublished findings). The massive nature
of the embolism and thrombogenic regrowth are intriguing phenomena, but they
play havoc with efforts to achieve quantitative consistency in a group series, often
translating into sharp drops in otherwise smooth and consistent data sets [55] (e.g.,
in a 1-h imaging series, Fig. 5.6).

5.3.4 Other Arterial Models

In efforts to generate simple or more clinically analogous models, several other
approaches have been developed. Mechanical injury mechanisms have been
applied to the carotid artery using either a hard, brief pinch [60, 61] or severe
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ligation (with immediate removal of the ligature) [62] to create localized vessel
wall damage. Possibly due to the lack of consistency in injury delivery, these
models can display considerable variability. They also have a rapid onset and
resolution in comparison to the free-radical injury-based models, generally peaking
in thrombus growth by ~3 min and becoming quiescent by 10—15 min [55].
Recent approaches to develop more clinical relevance in arterial thrombosis
models have used atherogenic mouse lines, with injury applied to the pathologic
lesions that develop at the internal/external carotid artery bifurcation. Mechanical
[62, 63] or acoustic/ultrasound [64] disruption of the atherosclerotic lesion site can
stimulate thrombus growth. Difficulties with these models are encountered with
consistency and the poor access of the distal regions of these vessels for subsequent
imaging. Another inherent shortcoming is that the atherosclerotic lesion in this
portion of the carotid artery of an atherogenic mouse may lack similarity to the
vulnerable human plaque lesions and their subsequent spontaneous ruptures.

5.4 Models Applicable to Both Arteries and Veins

While many of the above-described models use similar injury mechanisms for
stimulating both arterial and venous thrombosis, these often use different outcome
measures (e.g., flow in arteries versus clot harvest for analysis in veins). Some
models have been developed for more direct comparison between arteries and
veins, such as the electrolytic injury model described above, which has been used
to compare arterial and venous thrombosis in the same experiment [41, 42]. A
model of collagen-stimulated thrombosis was recently developed, with applications
to both arterial and venous thrombosis using intravital fluorescence imaging in both
for an outcome measure [65]. Another model of thrombosis uses sutured repairs of
the femoral artery and vein, for which the small vessel size makes these repairs
prone to thrombose, has also been described [66, 67]. This model has direct analogy
to vascular surgical repairs which are subject to thrombotic occlusion. Intravital
fluorescence imaging can be used for quantitative outcome measures at the vessel
repair sites [67].

5.5 Microvessel Thrombosis Models

Two main tissue structures in mice have been used for thrombosis assays in smaller
microvessels: the cremaster muscle [68, 69] and the mesenteric fascial/connective
tissue [49, 70]. The mouse ear has also been described in a thrombosis model
[71]. The arterioles and venules in these thin tissues can be viewed with standard
fluorescence or confocal microscopy at high resolution, selecting vessels that are
30-200 pm in diameter for evaluation. Thrombosis is induced without vessel
disruption/transection by either precise laser injury to the wall [68, 71] or by
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illuminating the vessel with excitation light specific to an injected fluorophore (e.g.,
fluorescein [69, 70]), both models conferring heat injury, or by regional application
of ferric chloride [49], either in solution or by brief application of a saturated piece
of filter paper onto the tissue. Fluorescence imaging of the thrombotic site(s) is
typically used to identify and quantitate accrual of fluorophore-labeled thrombus-
targeting compounds. These approaches have been used successfully to identify
many novel aspects of thrombogenesis. Their application requires a high-quality
fluorescence or confocal microscopic system which may need to be dedicated
specifically for in vivo applications (depending upon institutional/IACUC-
established regulations). The high resolution and 3-dimensional image acquisition
that can be achieved with confocal microscopy provides profound insight into the
initiation and subsequent thrombogenic response in these injured microvessels.

One of the main critiques of these models is that the vasculature is not analogous
to the large vessel in which clinical thrombotic complications develop. In this
sense, studies of microvessel “thrombosis” may have stronger relevance for hemo-
stasis, which is primarily a phenomenon of microvessel thrombotic occlusion.
Indeed, the time to peak thrombus growth in the arterioles, 1-3 min [68, 71], is
more along the lines of hemostatic bleeding times (generally under 2 min; see
below), whereas sustained thrombotic responses of an hour or more, and often
many days, are typically encountered with the murine large-vessel thrombosis
models described in the previous sections. Nevertheless, these models remain a
useful tool and source of insight for investigating intravascular thrombosis.

5.6 Hemostasis Models

There are two main models for evaluating hemostatic potential in mice. The most
popular to date is the tail transection model, which has several variations. A
relatively new model has been described using a transected saphenous vein.

5.6.1 Tail Transection Models

The basic model uses an anesthetized mouse and a sharp scalpel or razor blade to
transect the tail tip at a defined length, generally between 1 and 5 mm from the end
[72-74]. Bleeding from the tip is monitored until cessation, recording the time until
complete hemostasis. This is most reproducibly done by hanging the tail in a 37 °C,
saline-based solution within a tube, with maintenance of animal body temperature
as well. The blood that emerges can be easily observed until bleeding stops,
recording the time for hemostasis. The blood can also undergo quantitation by
measuring the hemoglobin content collected in the solution during the bleeding
[74], using spectrophotometric or similar measurement for quantitation (and
adjusting for initial hematocrit of the animal). An alternative “dry” method uses a
filter paper for blotting the transected tip at regular intervals (e.g., 10 or 30 s) until
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no more spotting is seen on the filter paper, with the last visible blood spot used to
determine the hemostasis time [75]. The major drawbacks of these models are their
potential variability and the outcome of only one data point per mouse, limiting the
experimental potential of each mouse with this assay. An advantage is that the assay
can be done with survival of the animal, which can have the tail tip treated to
prevent recurrent bleeding, allowing recovery from the blood loss for subsequent
use in other studies.

5.6.2 Saphenous Vein Bleeding Model

An alternate bleeding model was developed by Whinna and colleagues [45, 76] in
an effort to provide a more reproducible and larger working data set per mouse in a
hemostasis assay. In this model, an anesthetized mouse undergoes saphenous vein
exposure through a medial skin incision on the leg. Using a dissecting microscope
for observation, the vein is first punctured with a hypodermic needle or partially
transected with microscissors. A small longitudinal cut (~200-300 pm) is then
made in the distal direction along the vein starting at the puncture/transection site.
A tapered wick or sponge is used to absorb the emerging blood until the bleeding
stops, recording the time from initial bleeding induction until cessation. The small
clot in the opening is then immediately (or after a defined interval [77]) disrupted by
gently scraping it out with the tip of a small hypodermic needle, stimulating
rebleeding. The process of sponging until cessation and removing the recurrent
clot is repeated, over the course of 30 min, recording the time to achieve hemostasis
after each clot disruption maneuver. Thus, a series of hemostatic times is generated
for each mouse, which can be averaged to yield a final hemostatic time with less
mouse-to-mouse variability for a given phenotype or antithrombotic treatment. The
data in a given group of mice can be combined into a group average hemostasis
time, which is relatively comparable to tail bleeding times for more distal tail-tip
amputations. Alternatively, each mouse can have the data transformed into the
number of hemostatic events over a 30-min period, which is simply a count of the
number of these events — both types of data are directly obtained from each other by
the formula:

[30 min]/[# of hemostatic events] = [average bleeding time for a mouse].

5.6.3 Other Hemostasis Models

A pinpoint of laser light (~540 nm wavelength) can be used at a high power density
and in a brief pulse to punch a small hole in a vein wall, with subsequent
development of a hemostatic clot [78], generally combining this approach with
fluorescence imaging of labeled cells/proteins at the laser-injury site (as described
above). In another model, a 30-gauge needle can be used to make a puncture into
the knee capsule, stimulating bleeding, with the extent of bleeding evaluated by
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visual inspection using a Likert scale of 0-3 for characterizing the ensuing
hemorrhage [79].

5.7 Model Selection

There are clearly a relatively large selection of models that can be used to evaluate
thrombosis and hemostasis, developed for application in the murine system. How a
particular investigator selects which model(s) to apply to his/her particular research
question(s) will depend upon several factors:

1. Available equipment or costs to purchase: Often functional or used dissecting
microscopes are available, though the quality of these can vary greatly, as can
that for microsurgical instruments needed for the fine tissue manipulations.
Availability of fluorescence imaging systems at sufficient resolution that can
be used for intravital procedures may be a limiting factor at some institutions.
For example, whole-animal imaging lacks any meaningful resolution for murine
thrombosis models, especially in comparison to what can be obtained by con-
focal microscopy.

2. Available technical expertise: Having adequately trained staff to run the exper-
iments is critical for reproducibility. Establishing a given procedure in a lab will
require careful validation under previously established/published conditions. If a
PT or staff member has no experience with a given model, learning to do it may
need to be done from another investigator or lab where the model is well-
established.

3. Matching the model to the question: There are no perfect models of either
thrombosis or hemostasis. For this reason, model selection is at best an approx-
imation based on assumptions and speculation with regard to clinical analogy
and appropriateness. Clearly, venous thrombosis models will be most relevant
for studying questions related to venous thrombosis, and similarly for arterial
and microvessel thrombosis and hemostasis. A broader approach is often
recommended, using two or more models that are judged to have the most
relevance to the problem. If general thrombotic questions are posed, not specific
to large versus small vessels or venous versus arterial systems, then selecting at
least one model applicable to each vessel type may be in order.

5.8 Conclusions

Many murine models of relevance to thrombosis and hemostasis have been devel-
oped. Each has its strengths and limitations. Appropriate selection is essential for
addressing the basic-science and/or clinically relevant questions of a given
study plan.
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Chapter 6
Murine Heart Transplantation and Graft
Arterial Disease

Jun-ichi Suzuki, Masahito Ogawa, and Mitsuaki Isobe

Abstract Although more than 116,000 heart transplantations have been performed
worldwide to date, graft arterial disease (GAD), which is a phenomenon of chronic
rejection, is still a serious problem. Because GAD involves entire allograft arteries,
angioplasty and bypass grafting are not practical treatment options. Therefore,
GAD is the biggest long-term limitation in cardiac allograft recipients. Because
the cause of GAD is mostly immunologic, several cytokines, chemokines, and
adhesion molecules play a critical role in the process. Although there has been no
established clinical strategy for preventing or treating GAD, recent investigations
have proved some promising methodologies. In this article, we described a protocol
of murine cardiac transplantation and pathological characteristics of GAD.

Keywords Heart transplantation ¢ Chronic rejection ¢ Adhesion molecule ¢
Cytokine « Gene therapy

6.1 Introduction

Heart transplantation is a common surgical procedure in humans; almost 116,000
heart transplantations have been performed worldwide over the past 40 years
[1]. However, graft arterial disease (GAD), which is a phenomenon of chronic
rejection, is still a serious problem [1, 2]. Because GAD involves entire allograft
arteries, angioplasty and bypass grafting are not practical treatment options. There-
fore, GAD is the biggest long-term limitation in heart transplant recipients. GAD in
cardiac allografts is especially problematic because hearts exhibit more severe
diseases than other transplanted organs [3-5].

Several cytokines and adhesion molecules promote rejection; GAD is charac-
terized by intimal thickening comprised of proliferative smooth muscle cells
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(SMCs) and extracellular matrix (ECM) with relatively intact internal and external
elastic laminae. Although the cause of GAD is mostly immunologic, nonimmune
pathways also contribute to its development. Inflammatory cells, such as lympho-
cytes, macrophages, neutrophils, and eosinophils, are all variably present in evolv-
ing lesions. In early stages, there is a subendothelial accumulation of mononuclear
cell infiltration associated with markers of endothelial cell (EC) activation. Because
endothelial or perivascular cellular immune injury induces persistent allograft
vascular damage, inflammatory cells and activated ECs secrete growth factors to
recruit and activate SMCs [3, 6-9]. Recently, the intimal SMCs in GAD lesions are
known to derive in part from circulating host cells. Although these cells share a
number of markers with medial SMCs, they are modulated cells with a proliferative
and synthetic phenotype [3, 6, 10, 11].

In this article, we outlined the protocol of murine cardiac transplantation and the
pathological characteristics of GAD.

6.2 Clinical Findings of GAD

Because transplanted hearts are denervated, clinical symptoms for ischemia are not
useful to diagnose GAD. Coronary angiography (CAG) is still a standard method-
ology for the diagnosis of GAD in clinical settings. However, CAG is relatively
insensitive and underestimates the lesions because GAD involves vessels diffusely.
Instead, intravascular ultrasound (IVUS) and coronary computed tomography
(CT) are preferred methods to quantitatively assess intimal thickening. IVUS is
one of the most sensitive tools for diagnosis of GAD because it reveals both actual
lumen diameter and thickness of the neointima. The examinations proved the high
frequency of GAD; 90 % of patients develop GAD within 10 years. Of note, GAD
development does not correlate with episodes or severity of cellular rejection and
that vascular lesions occur despite adequate immunosuppression to prevent acute
rejection [4, 12]. However, the procedure is invasive and is associated with a risk of
complication. In contrast, CT can provide a comprehensive and noninvasive eval-
uation of GAD. It may be useful as a single noninvasive test not only for GAD
evaluation but also for allograft function and other complications [13].

6.3 A Protocol of Murine Heterotopic Cardiac
Transplantation

As an experimental model of GAD, transplantation of heterotopic cardiac allografts
has been developed in mice. The animal model has demonstrable usefulness in
studies of the pathophysiology of rejection. The histological findings are similar to
the acute and chronic rejection seen in clinical heart transplantation. Here, we
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demonstrate the representative protocol of murine heterotopic cardiac
transplantation.

6.3.1 Donor Heart Preparation

. Inject pentobarbital to anesthetize the donor mouse.

. Immobilize the mouse using arm and leg restraints.

. Wipe the skin with alcohol.

. Open the abdominal cavity by making a transverse incision.

. Cut the diaphragm and lift the anterior chest wall to expose the heart using clips
(Fig. 6.1).

. Make an incision on the posterior lateral thoracic cavity on the left and right
sides of the chest.
7. Place a loose 5-0 silk suture around the inferior vena cava (IVC).
8. Insert it into the right atrium.
9. Inject 1.0 cc of 4 °C heparinized saline into the IVC.

10. Ligate the IVC with the 5-0 silk suture.

11. Isolate the right superior vena cava (SVC) in a similar fashion.

12. Ligate it with 5-0 silk suture.

13. Roll the heart toward the animals’ right side and isolate the left SVC.

14. Ligate and divide it with a 5-0 silk suture to expose the left pulmonary artery

(PA).

AW N =
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Fig. 6.1 Representative
clips for donor (/eft) and
recipient (right) preparation
during the murine heart
transplant surgery

For Donor For Recipient
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Use micro-scissors to divide the aorta proximal to the right brachiocephalic
artery.

Reflect the aortic cuff to expose the PA trunk and the left and right branches of
the PA.

Divide the PA trunk as distally as possible.

Place a 5-0 silk suture around the base of the heart and tie.

The heart is then cut free at the base and placed in 4 °C saline.

6.3.2 Heart Implantation into the Recipient Mice

BN =
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Fig. 6.2 A representative
photo of the recipient
abdominal aorta, inferior
vena cava, and renal vessels

. Anesthetize the recipient mice with pentobarbital.

. Immobilize the mouse using arm and leg restraints.

. Wipe the skin with alcohol and drape in a sterile fashion.

. Make a midline vertical abdominal incision and enter the abdominal cavity

using clips (Fig. 6.1).

. Retract the bowel on to the chest and keep it wrapped in a sterile, moist gauze.
. Isolate the abdominal aorta and IVC below the renal vessels (Fig. 6.2).

. Use 10-0 nylon suture to ligate any lumbar vessels within the field.

. Use micro-clips to nip the inferior followed by the superior vessels.

. Form an aortotomy with a 30 G needle in order to enter the lumen of the aorta.
. Extend the incision with fine micro-scissors to a length of approximately 2 mm.
. Perform an end-to-side anastomosis of the donor aorta to the recipient aorta in

the following fashion.

Place a 10-0 nylon suture stay stitch on the donor aorta and on the inferior angle
of the incision in the recipient aorta and tie.

Place a second 10-0 nylon suture opposite the first in the donor aorta and the
superior corner of the incision in the abdominal aorta and tie.
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Fig. 6.3 A representative
photo of the donor heart
after transplantation
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Make a running suture line from superior to inferior in the lateral wall of the
aorta and tie with the previously placed stay stitch.

Perform an end-to-side anastomosis of the donor pulmonary artery to the
recipient IVC in the following fashion.

Puncture the IVC with a 30 G needle and extend the incision for approx. 2 mm
with fine micro-scissors.

Tie the donor pulmonary artery to the inferior corner of the incision in the IVC
with 10-0 nylon.

Place a second 10-0 nylon opposite the first in the donor artery and the superior
corner of the incision in the IVC and tie.

Make a running suture line between the pulmonary artery and the IVC and tie.
Release the distal micro-clip to reestablish venous flow.

Once hemostasis of the venous anastomosis is observed, the proximal micro-
clip is gradually loosened and the arterial anastomosis observed for hemostasis.
When both anastomoses are considered secure, remove the micro-clips from
the mouse (Fig. 6.3).

Return the bowel to the abdomen.

Use 6-0 silk suture to close the abdominal wall in two layers.

Recover the animal on a warming blanket.

6.4 Pathology of GAD

6.4.1 Immunological Features and Risk Factors

Pathologically, GAD involves the entire length of the transplanted arterial vascu-
lature. GAD is characterized by concentric intimal thickening comprised of SMCs
and ECM, with relatively intact internal and external elastic laminae. The vascular
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media and adventitia are relatively unaffected, while inflammatory cells are vari-
ably present in evolving lesions. Calcification and atheroma formation are also
uncommon. It is known that the clinical risk factors for GAD are as follows: donor
history of hypertension, induction therapy with IL-2 antagonist or OKTS3,
pretransplant diagnosis of coronary artery disease, increasing number of HLA-DR
mismatches, and so on. Other risk factors include obesity, diabetes, hyperlipidemia,
viral infection, and hyperhomocysteinemia [3].

Allografts are subject to multiple injuries, such as immune and nonimmune
factors. Although many pathological factors contribute to GAD development, any
of the various injuries can independently induce GAD. Immune injury is known to
play a critical role in GAD pathogenesis. Although cellular immune responses have
a central role in GAD development, humoral injury is also recognized as a critical
component. The predominant effector cells are macrophages; they secrete
proinflammatory cytokines that influence smooth muscle-like cell (SMLC) and
fibroblast proliferation. It also enhances ECM synthesis which results in GAD
formation. Recipient T cells require two signals to be activated; one signal involves
host T-cell receptor interaction with the donor major histocompatibility complex,
and another signal involves ligation of costimulatory molecules. The nature and
efficiency of both signals affect the development of GAD [14, 15]. Nonimmune risk
factors, including ischemia, diabetes, and hypertension, correlate with intimal
thickening of GAD. Periods of ischemia are significantly important for promoting
GAD; these effects are attributable to ischemic EC, which increases local platelet
accumulation. EC ischemic injury can also increase the major histocompatibility
complex and adhesion molecule expression [16, 17]. Cytomegalovirus is known to
be associated with an increased incidence of GAD, which is linked to wound repair
and angiogenesis [18, 19].

6.4.2 Altered Myosin Heavy Chain Isoforms

We reported that there are three types of smooth muscle myosin heavy chain
(MHC) isoforms expressed in vascular SMCs: SMI, SM2, and SMemb. SMI is
expressed throughout early developmental stages to mature stages, and SM2 is
expressed only after birth. These two isoforms are specific to SMCs, whereas
SMemb is a non-muscle-type MHC isoform that is expressed in embryonic SMCs
of fetal aorta and proliferating SMCs. The expression of these MHC isoforms can
be a useful molecular marker for detection of pathological conditions in acute or
chronic rejection. We showed that the coronary arteries had significant intimal
thickening, as indicated in pathological samples in rat allografts taken on day
35 from FK506-treated recipients. Monkey allografts harvested on day 44 treated
with anti-leukocyte function-associated antigen (LFA)-1 mAb showed severe GAD
with perivascular cell infiltration. Immunohistochemically, SM2 was positive in the
media of coronary arteries in native rat hearts and isografts. In FK506-treated rat
allografts harvested on day 35, SM2 expression was eliminated in both the media
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Fig. 6.4 Microscopic findings of rat coronary arteries. Panels at fop (I through 3) were stained
with hematoxylin and eosin (HE), those in the middle (4 through 6) with anti-a-SMA antibody, and
those at bottom (7 through 9) with anti-SM2 antibody. Elastica van Gieson staining was used to
demonstrate intimal thickening (/0). Both a-SMA and SM2 are expressed in the cells of the medial
layer of native heart (left, 1, 4, and 7). The allograft harvested on day 14 with FK506 treatment
(middle, 2, 5, and 8) does not show intimal thickening; however, SM2 expression in the cells of the
medial layer was reduced. The allograft harvested on day 35 with FK506 treatment (right, 3, 6, 9,
and /0) shows intimal thickening, and SM2 expression was also reduced in the medial layer and
thickened intima. An arrowhead in panel /0 shows internal elastic lamina. Scale bar = 50 pm
(From Ref. [10])

and thickened intima. However, a reduced SM2 expression was also observed in the
media, even in the area lacking the intimal thickening in the FK506-treated rat
allografts on day 14. The expression of a-SMA was observed both in the media and
in the proliferative intima of all the coronary arteries (Fig. 6.4). In native monkey
hearts, SMemb was negative in the media of coronary arteries. However, SMemb
was expressed in thickened intima and media in monkey coronary arteries
harvested on day 44 (Fig. 6.5). Transmission electron microscopy showed severe
intimal thickening of graft coronary arteries in the allograft from FK506-treated rats
on day 35. Thickened intima consisted of phenotypically modulated SMCs: some
had abundant actin filaments, caveolas, and dense bodies similar to the normal
phenotype. Others showed abundant mitochondria and endoplasmic reticula.
Reduced actin filaments demonstrated phenotypic modulation (Fig. 6.6). We dem-
onstrated that chronic rejection is characterized by diffuse coronary arteriosclerosis
formed by diffuse intimal thickening that consists of proliferative vascular SMCs
with phenotypic modulation. Because the proliferation of SMCs is regulated by
sustained immune responses, the phenotypic modulation of SMCs can be a sensi-
tive indicator of chronic rejection. In the study, we demonstrated that enhanced
SMemb expression and reduced SM2 expression in the media as well as in the
thickened intima of coronary arteries were shown in chronically rejected cardiac
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Fig. 6.5 Microscopic findings of monkey coronary arteries stained with anti-SMemb antibody (Z,
native monkey heart; 2, transplanted monkey heart with anti-LFA-1 mAb treatment harvested on
day 44). Although SMemb was not expressed in the native monkey heart, SMemb-positive cells
were observed not only in perivascular lesions but also in the thickened intima and media in the
transplanted monkey heart. Scale bar =50 pm (From Ref. [10])

Fig. 6.6 Transmission electron microscopic findings of a coronary artery occluded by intimal
thickening (/, transplanted rat heart with FK506 treatment on day 35) (IEL indicates internal
elastic lamina). The smooth muscle cells that composed the thickened intima demonstrated
phenotypes similar to normal cells (2) or phenotypic modulation (3). 1, scale bar =10 pm; 2 and
3, scale bar =1 pm (From Ref. [10])
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allografts. These cells were phenotypically modulated SMCs with proliferative
states characterized by abundant organelles on electron microscopy, indicating
the altered expression of MHC in early chronic rejection. Altered MHC expression
was also observed in the media even in the area without intimal thickening. The
usefulness of this approach in sensitive detection of phenotypic modulation, before
morphological changes occur, was clearly shown. We also noticed altered MHC
expression present simultaneously in both endomyocardial arterioles and epicardial
coronary arteries of chronically rejected allografts. This result suggested that
chronic rejection could be demonstrated by altered MHC isoform expression in
endomyocardial arterioles. Therefore, altered MHC expression in GAD is an early
sign of chronic rejection [10].

6.4.3 Costimulatory Signals

Costimulatory signals are important for stimulation of T cells and inflammatory cell
recruitment into allografts [20]. It has been reported that GAD correlates with
expression of adhesion molecules, including intracellular adhesion molecule
(ICAM)-1, vascular cell adhesion molecule (VCAM)-1, E-selectin, and P-selectin
[21, 22]. Besides facilitating EC interactions, lymphocyte integrins can also act as
costimulatory molecules during antigen presentation. Although blockade of ICAM-
1 and LFA-1 interactions induced allograft tolerance [23], the effect of the signal
blockade on GAD development was not clarified. To prove the effect, we treated
C3H/He mice that received cardiac allografts from BALB/c mice with anti-ICAM-
1 plus anti-LFA-1 mAbs for the first 5 days after transplantation. For control
studies, FK506 was administered daily to other allograft recipients. Allografts
were harvested on day 60.Immunohistochemical analysis was used to detect the
expression of ICAM-1 and VCAM-1, and in situ reverse transcriptase—polymerase
chain reaction (RT-PCR) was performed to detect platelet-derived growth factor
(PDGF)-B mRNA expression in the graft arteries. We found that allografts from
mice that received FK506 treatment daily showed significant neointimal thickening
with increased expression of I[CAM-1, VCAM-1, and PDGF-B mRNA, whereas
there was almost no intimal thickening and ICAM-1, VCAM-1, and PDGF-B
mRNA expression in the mice that received anti-ICAM-1 plus anti-LFA-1 mAbs.
We concluded that short-term blockade of ICAM-1 and LFA-1 adhesion not only
induced immunologic tolerance to cardiac allografts but also prevented GAD [24]
(Fig. 6.7).

It has also been reported that cytotoxic T-lymphocyte-associated protein-4
(CTLA-4) blockade of B7-CD28 interactions attenuated GAD [25]. The inducible
costimulator (ICOS) molecule on T cells could also influence GAD development by
directly interacting with ICOS-ligand on medial SMC activated by interleukin (IL)-
1P [26, 27]. We also revealed that blockade of selectin [28], LIGHT [29], and
4-1BB [30] attenuated GAD, whereas programmed death-1 (PD-1) blockade accel-
erated the development [31]. Because each costimulatory signal has a different
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Fig. 6.7 Representative GAD findings of nontreated (/) and anti-ICAM-1 and LFA-1 antibody
treated (2) arteries are demonstrated (From Ref. [24])

effect on GAD development, the anti-costimulatory therapy should investigate
different organs and conditions.

6.4.4 Cytokines and Chemokines

Cytokines mediate local and systemic immune responses. Interferon (IFN)-vy is the
most important player because it activates macrophages, augments inflammatory
cell recruitment, and amplifies immune responses [32]. Despite ongoing acute
rejection, the absence of IFN-y abrogates GAD [33]. In association with the
IFN-y-induced cytokines, the IFN-y and IL-12 relationship is a critical element in
GAD pathogenesis, because medial SMCs synthesize IFN-y following stimulation
by IL-12 and IL-18 [34]. Although IFN-y blocks medial SMC proliferation in vitro,
IFN-y directly induces intimal hyperplasia in the absence of inflammatory cells
[35]. Other proinflammatory cytokines downstream of IFN-y also play an
important role.

Among the proinflammatory cytokines, tumor necrosis factor (TNF) also plays a
pivotal role. It is well known that TNF promotes multiple aspects of allograft
rejection via binding to type 1 (p55) and type 2 (p75) receptors. To reveal the
role of TNF and its receptors on GAD formation, we used TNF type 1 receptor-
deficient (TNFR1KO), type 2 receptor-deficient (TNFR2KO), and receptor double-
deficient (TNFRDKO) mice to assess the relative roles of TNFR in acute rejection
and GAD. Heterotopic cardiac transplantation was performed between C57BL/6
and Balb/c mice (total allomismatch) to assess the effects on graft survival; C57BL/
6 and B6.C-H2<bm12>KhEg mice (Bm12, class IT mismatches) were used to assess
the effects on GAD 8 weeks after transplantation. We found that graft survival in
the total allomismatch combinations was the same regardless of TNF-receptor
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Fig. 6.8 Representative GAD findings are shown. Severe GAD develops by 8 weeks in both WT
B/6 donor hearts in Bm12 hosts (a), as well as in Bm12 hearts transplanted into WT B/6 hosts (b).
Major histocompatibility complex class II-mismatched TNFRDKO B/6 allografts implanted into
WT Bml2 recipients showed significantly less GAD (c¢) compared to WT B/6 donor hearts.
However, the WT Bm12 allografts implanted into TNFRDKO recipients showed severe intimal
thickening (d), comparable to WT B/6 hosts. Both TNFR1KO (E) and TNFR2KO (F) donor hearts
transplanted into Bm12 hosts showed severe GAD comparable to WT combinations (arrows
indicate internal elastic lamina; original magnification, 200X) (From Ref. [36])

status. In class II mismatches, wild-type (WT) combinations showed severe GAD,
and GAD was not diminished when WT hearts were transplanted into TNFRDKO
hosts. TNFR1KO donors or TNFR2KO donors had GAD comparable to WT
donors; however, GAD was significantly diminished in B/6 TNFRDKO donor
hearts. Because host TNF-receptor deficiency did not reduce GAD, the effect was
not attributable to TNF signaling on host inflammatory cells. We conclude that both
p55 and p75 signals on donor vascular wall cells are involved in the development of
GAD, and either TNF receptor is capable of mediating a response that will
culminate in GAD [36] (Fig. 6.8).

Chemokines are known to be recruiting and activating inflammatory cells. They
are classified in four groups, CC, CXC, XC, and CX3C. The roles of these
molecules in acute rejection and GAD have been investigated [37]. RANTES is a
well-characterized CC chemokine implicated in both atherosclerotic and GAD
pathogenesis [38]. Further chemokines, the IFN-y-inducible IP10, Mig, and
I-TAC, are critical for their strong association with GAD [39, 40]. Moreover,
targeted deletion of CCRI1 reduced both acute rejection and the development of
GAD [41].
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6.4.5 Sources of Cells in GAD

Although SMLCs are similar in appearance to medial SMCs, they are phenotypi-
cally modulated cells with different genetic expression profiles. We revealed that
medial SMC exhibits a contractile function, whereas SMLC exhibits a more
embryonic, synthetic phenotype [10]. Previously, GAD intimal cells were assumed
to derive from the migration and proliferation of donor medial SMC. However,
several groups have shown that intimal SMLC can also be of host origin. In animal
models, the proportion of host origin SMLC in intimal lesions exceeds 90 % [42—
44]. However, in gender-mismatched cardiac allografts, Y-chromosome in situ
hybridization identified only 3—15 % host-derived intimal SMLC [45, 46]. These
results demonstrate that both host bone marrow and non-bone marrow precursors
contribute to the GAD development. Therefore, therapies against GAD may need to
account for different cells of origin, routes of recruitment, and differentiation
pathways.

6.5 Possible Agents for GAD Prevention

6.5.1 Immunosuppressants

Cyclosporin A (CyA) significantly suppressed acute cardiac allograft rejection;
however, it was not effective in preventing GAD [47]. Although tacrolimus pro-
vides superior prevention of acute rejection compared with CyA, GAD develop-
ment was similar between CyA- and tacrolimus-treated groups [48]. It has been
reported that mycophenolate mofetil (MMF) significantly decreased first-year max-
imal intimal thickness [49] and the incidence of GAD [50]. Recently, proliferation
signal inhibitors are known to have significant effects for preventing GAD.
Sirolimus delays the progression of GAD in some clinical trials [51, 52]. Another
proliferation signal inhibitor, everolimus, also prevented GAD development
[53]. However, as there is no report to demonstrate the long-term effect of prolif-
eration signal inhibitors to suppress GAD, further observation studies are needed.

6.5.2 AntiHypertensive Drugs

Calcium channel blockers are known to delay the progression of GAD and enhance
coronary vasodilation [54]. Angiotensin-converting enzyme (ACE) inhibitors par-
tially improve allograft endothelial dysfunction, oxidative stress, and endothelin
activation. They are also associated with plaque regression and improved graft
survival [55, 56]. Recently, a synergistic beneficial effect of a calcium channel
blocker and an ACE inhibitor on the development of GAD has been described [57].
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We showed that an effect of telmisartan, a potent angiotensin II receptor blocker,
was attenuating GAD in murine cardiac allografts. Recently, it was reported that
telmisartan could function as a partial agonist of peroxisome proliferator-activated
receptor-y (PPAR-y) in addition to a blocker of angiotensin II receptor. We
investigated the effect of telmisartan on chronic rejection. Hearts from Bm12
mice were transplanted into C57BL/6 mice (class II mismatch), and allografts
were harvested at 8 weeks after transplantation. Recipient mice were fed either
control chow or chow containing telmisartan from 1 day before transplantation.
Proliferation assays of SMCs, which were isolated from the aorta of B/6 mice, were
performed. Although severe neointimal hyperplasia developed in allografts from
control mice fed chow, neointimal hyperplasia was significantly attenuated in
allografts from mice fed chow containing telmisartan. Expression of IFN-y and
IL-15 mRNAs and MMP-2 in allografts was significantly lower in telmisartan-
treated mice than in control mice. Proliferation of SMCs in response to fetal bovine
serum was suppressed significantly by telmisartan. The PPAR-y antagonist blocked
telmisartan-induced suppression of SMC proliferation. Thus, telmisartan attenuates
SMC proliferation via PPAR-y activity and suppresses neointimal hyperplasia after
transplantation. Telmisartan may be useful for suppressing chronic allograft
rejection [58].

6.5.3 HMG-CoA Reductase Inhibitors

Studies have shown that HMG-CoA reductase inhibitors (statins) play an important
role in the prevention of GAD. The effects of statins are mediated by multiple
immunogenic effects. Simvastatin reduced proinflammatory cytokine activity,
improved coronary endothelial function, and increased coronary lumen area
[59]. We demonstrated that pitavastatin has an effect for prevention of GAD in
an animal model. We investigated the role of pitavastatin, a potent HMG-CoA
reductase inhibitor, in cardiac allograft rejection and mechanism of GAD suppres-
sion. Balb/c mice hearts were transplanted into C3H/He mice (a full allomismatch
combination) to assess acute rejection or C57BL/6 hearts into Bm12 (a class II
mismatch combination) to examine the extent of GAD. Pitavastatin was orally
administered to mice everyday. To assess the effect in acute rejection, mixed
lymphocyte reaction (MLR) was performed and cytokine mRNA expression was
examined by ribonuclease protection assay (RPA). We found that pitavastatin
significantly prolonged allograft survival. Lymphocyte proliferation was inhibited
by pitavastatin, and RPA showed downregulation of IL-6 in pitavastatin-treated
cardiac allografts. Allografts in the pitavastatin-treated group after 8 weeks showed
less GAD compared to the control group. In an in vitro study, pitavastatin
suppressed the SMC proliferation in response to activated T cells and inhibited
extracellular signal-regulated kinase 1/2 activation. Thus, we concluded that
pitavastatin could be effective to suppress GAD development in cardiac transplan-
tation [60] (Fig. 6.9).
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Fig. 6.9 Elastica van Gieson staining of cardiac allografts at 8 weeks after transplantation. (a,
control group; b, pitavastatin-treated group) 400x. Panel ¢ demonstrates quantitative results of
GAD (*P <0.05), and panel d shows cytokine expressions of cardiac allografts by Western
blotting (From Ref. [61])

6.5.4 Pioglitazone

We demonstrated that pioglitazone could prevent GAD in the murine cardiac
transplantation. It is well known that pioglitazone activates PPAR-y and it plays
an important role in regulating inflammation. To show their roles on GAD, we
administered pioglitazone in a murine cardiac transplantation model. We
performed heterotopic murine cardiac transplantation in total allomismatch or
major histocompatibility complex class II-mismatched combinations. Recipient
mice were given standard chow or chow containing pioglitazone beginning 1 day
before cardiac transplantation. In acute rejection, animals given pioglitazone
showed significantly longer cardiac allograft survival than that of control mice.
Treatment with pioglitazone significantly suppressed the expression of IFN-y and
MCP-1 in the grafts. In chronic rejection, neointimal hyperplasia was significantly
lower in allografts from mice treated with pioglitazone than in those from control
mice. Pioglitazone-treated allografts showed significantly reduced expression of
IFN-y, IL-10, and MCP-1. We performed MLRs and in vitro proliferation assays of
SMCs. Addition of pioglitazone to MLRs inhibited proliferation of T cells. SMCs
showed significant proliferation when cocultured with activated splenocytes. This
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proliferation was significantly inhibited by addition of pioglitazone. We concluded
that pioglitazone prolonged allograft survival and attenuated GAD through sup-
pression of proliferation of SMCs. Pioglitazone may be a novel means to prevent
acute and chronic allograft rejection [61].

6.5.5 Prostaglandin E, Receptor 4 Activator

PGE, is a pathogenesis of inflammatory diseases; PGE, plays a key role in
association of anti-inflammation and immune suppression. EP4, which is a PGE,
receptor, is known to suppress the production of inflammatory cytokines and
chemokines in vitro. Although EP4 agonists prolonged cardiac allograft survival,
little has been elucidated the immunological mechanism. We injected a selective
EP4 agonist (EP4ARAG) into recipient mice with heterotopic cardiac transplanta-
tion. EP4RAG significantly prolonged the graft survival compared to the vehicle-
treated group. While the vehicle-treated group showed severe myocardial cell
infiltration, the EP4RAG-treated group attenuated the development on day
7. EPARAG suppressed various proinflammatory factors such as cytokines,
chemokines, adhesion molecules, and NF-kB compared to the vehicle-treated
group. We also demonstrated that EP4ARAG suppressed the activation of macro-
phages, but it did not affect to T lymphocytes in vitro. EPARAG inhibited the
activation of NF-kB compared to the control group. Pharmacological selective EP4
activation suppressed the production of proinflammatory factors via inhibition of
NF-kB activity in cardiac transplantation [62].

6.5.6 Inhibition of Plasminogen Activator Inhibitor-1

Plasminogen activator inhibitor-1 (PAI-1) is critical in the inflammation and
thrombus formation. However, little is known about the effect of PAI-1 in heart
transplantation. To clarify the role of PAI-1 in the progression of cardiac rejection,
we heterotopically transplanted murine hearts using major mismatch combinations
for evaluation of acute rejection and class II mismatch combinations for the GAD.
We administered the specific PAI-1 inhibitor (IMD-1622) into murine recipients
following cardiac allografts. Nontreated allografts of the major mismatch group
were acutely rejected, while the PAI-1 inhibitor prolonged their survival. Although
severe cell infiltration and GAD with enhancement of inflammatory factors were
observed in untreated allografts of class II mismatch group on day 60, the PAI-1
inhibitor attenuated these changes. The PAI-1 inhibitor is potent for the suppression
of both acute rejection and GAD [63] (Fig. 6.10).
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Fig. 6.10 Representative results of Elastica van Gieson staining of the class Il mismatch allografts
are shown. Heavy neointimal thickening was observed in the coronary arteries of untreated
allografts (a). In the PAI-1 inhibitor-treated group, arterial intimal thickening was attenuated
(b). The quantitative result of GAD (C) is demonstrated in the graph (c). Scale bars: 50 pm (From
Ref. [65])

6.5.7 Macrolide Antibiotics

A major macrolide antibiotic, clarithromycin (CAM), has many biological func-
tions including matrix metalloproteinasis (MMP) regulation. MMPs are critical in
the development of inflammation and tissue remodeling. MMP-9 level is associated
with the rejection of heart transplantation. However, little is known about the effect
of CAM in heart transplantation via MMPs. To clarify the role of MMPs regulated
by CAM in the progression of rejection, we orally administered CAM into murine
cardiac allograft recipients. Total allomismatch combination and class II mismatch
combination were used for the analysis of acute rejection and GAD. CAM
improved acute rejection judged by graft survival and by myocardial cell infiltrating
area in a total allomismatch combination. CAM-treated allografts showed affected
expression of T cells, macrophages, and MMP-9 in immunohistochemistry.
Zymography indicated that enhanced MMP activities were observed in nontreated
hearts, while CAM suppressed the levels. In chronic rejection, CAM suppressed the
development of GAD and myocardial remodeling compared to that of
non-treatment. CAM inhibited the expression of MMP-9, while the treatment did
not alter the expression of MMP-2 and TIMP-1 in macrophages and SMCs.
Inhibition of MMP-9 by CAM was associated with suppression of SMC migration
and proliferation. Thus, CAM is useful to suppress GAD because it is critically
involved in the prevention of cardiac rejection through the suppression of MMP-9
[64] (Fig. 6.11).
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Fig. 6.11 Representative results of Elastica van Gieson staining of the class II mismatch allografts
are shown. Although myocardial cell infiltration, fibrosis, and GAD were observed in the
nontreated allografts on day 60 (/), CAM treatment markedly attenuated them (2). Scale bars:
50 pm (From Ref. [66])

6.5.8 Polyphenols

Some natural extracts may have an effect for preventing GAD. Tea catechins have
many biological functions; these effects are induced by the suppression of several
inflammatory factors. However, effects of catechins on cardiac allograft rejection
have not been well investigated. To test the hypothesis that catechins can attenuate
ventricular remodeling and GAD in cardiac rejection, we performed oral adminis-
tration of catechins into murine cardiac recipients. We analyzed the mechanisms
using immunohistochemistry, RNase protection assay, gel mobility shift assay, and
cell proliferation assay. Although severe myocardial cell infiltration, fibrosis, and
GAD with enhancement of inflammatory factors were observed in untreated class II
mismatch allografts at day 60, catechins attenuated these changes with altered
Th1/Th2 cytokine balances and suppressed NF-kB activation. Catechins are potent
agents for the suppression of chronic rejection because they are critically involved
in the suppression of proinflammatory signaling pathways [65] (Fig. 6.12). Other
substances, such as vitamins and flavonoids, might also have the potential to restore
allograft endothelial function [66, 67].

6.6 Gene Therapies for GAD Prevention

Possible targets to prevent GAD are chemokines, cytokines, costimulatory signals,
cell proliferation, and apoptosis. It was reported that the induction of transient
mixed hematopoietic chimerism leads to long-term heart allograft survival and did
not develop GAD in monkeys without chronic immunosuppression [68]. However,



130 J.-i. Suzuki et al.

Fig. 6.12 Representative findings of allograft arteries of the class II mismatch group at day 60.
Left panels show arteries from nontreated mice; right panels are from those treated with the
catechins. Panels A and B show arteries with Elastica van Gieson staining, and other panels (c to h)
are immunohistochemical findings of the arteries. Severe intimal thickening (a) with enhanced
expression of macrophages (¢) and VCAM-1 (e) was observed in the nontreated arteries, while
suppressed GAD development (b) and expression of macrophages (d) and VCAM-1 (f) was
observed in the arteries with catechins. However, TGF-p was faintly expressed in the thickened
intima of arteries of nontreated allografts (g) as comparable in catechin-treated graft arteries (h).
Scale bars: 50 pm (From Ref. [67])
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tolerance induction and systemic immune modulation may cause adverse effects.
Limited treatment on transplant organs is ideal for the long-term survival of
recipients. Thus, we have investigated the effects of the limited gene transfer
system to allografts for the prevention of GAD [69].

6.6.1 Antisense Oligodeoxynucleotides for Cell-Cycle
Regulation

Recent progress in DNA technology, such as antisense oligodeoxynucleotides
(ODNs) to regulate the transcription of disease-related genes, has an important
role in therapeutic applications [70]. Firstly, we selected antisense cyclin-
dependent kinase (cdk) 2 kinase ODN because the enzyme plays an important
role in cell transition through the G1/S phase [71]. We observed that cdk2 kinase
mRNA was elevated in the thickened intima of coronary arteries of murine hetero-
topic cardiac allografts. We studied the effects of antisense phosphorothioate ODN
against this enzyme using gene transfer mediated by a hemagglutinating virus of
Japan (HVJ)-liposome complex intraluminally delivered to inhibit the intimal
hyperplasia. At 30 days after transplantation, antisense cdk2 kinase ODN treatment
had dramatically inhibited neointimal formation in the allografts. Expression of
VCAM-1 was also suppressed by antisense cdk2 kinase ODN. However, these
effects were not observed in the sense or scrambled ODN-treated allografts. Thus,
an intraluminal administration of antisense ODN directed to a specific cell-cycle
regulatory gene can inhibit neointimal formation after cardiac transplantation [72]
(Fig. 6.13).

Antisense cdk2 kinase ODN
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Fig. 6.13 Allograft arteries at day 30 after transplantation with VCAM-1 staining. Antisense cdk2
kinase ODN transfection (b) limited intimal thickening and suppressed VCAM-1 expression,
whereas the untransfected artery (a) showed severe intimal thickening and enhanced VCAM-1
expression (original magnification, x400) (From Ref. [72])
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Fig. 6.14 Representative microscopic findings of graft coronary arteries at day 28 after cardiac
transplantation. Upper panels show nontreated allograft arteries; lower panels are those
transfected with antisense PCNA ODN. Left panels (I and 4) show graft coronary arteries stained
with Elastica van Gieson to demonstrate intimal thickening; center panels (2 and 5) show VCAM-
1 expression using immunohistochemistry; right panels (3 and 6) show PDGF-B mRNA expres-
sion detected by in situ RT-PCR. VCAM-1 and PDGF-B were strongly and diffusely expressed in
the thickened intima of the allograft arteries from recipients without ODN transfection, whereas
they were almost nonexistent in the allografts transfected with the antisense PCNA ODN (From
Ref. [74])

Next, we transfected antisense proliferating-cell nuclear antigen (PCNA) ODN
to allografts, because PCNA plays an essential role in cell transition through both
the G1/S and G2/M phases [73]. To test the hypothesis that antisense PCNA ODN
could prevent allograft arterial intimal hyperplasia, we performed single
intraluminal delivery of the antisense or sense PCNA ODN or no transfer into
murine cardiac allografts. DBA/2 murine hearts were transfected and transplanted
into B10.D2 mice; the allografts were harvested 4 weeks later. Severe intimal
thickening with enhanced expression of PCNA was observed in untransfected and
sense PCNA ODN-treated allografts, whereas antisense PCNA ODN prevented
neointimal formation [74] (Fig. 6.14).

6.6.2 Antisense ODNs for Cell Apoptosis

Next, we targeted apoptosis because it is a prominent feature of atherosclerosis;
bcl-x is one of the major antiapoptotic mediators [75]. To test the hypothesis that
antisense bcl-x ODN is effective in preventing intimal hyperplasia through
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Fig. 6.15 Representative histopathological findings of graft coronary arteries. Upper panels show
allograft arteries stained with Elastica van Gieson; lower panels show the arteries with TUNEL
assay. Left panels show allograft arteries without ODN transfection; center panels show the
arteries with antisense bc/-x ODN. Right panels show the arteries of native hearts. No ODN
transfection resulted in heavy arterial neointimal formation (/) with faint TUNEL positive cells
(4), while antisense bcl-x ODN suppressed neointimal development (2) with enhanced TUNEL
staining; arrows indicate TUNEL positive cells (5). Neither neointimal formation (3) nor TUNEL
positive cells (6) were seen in native heart arteries (original magnification: X400) (From Ref. [76])

enhancing apoptosis after cardiac transplantation, we performed single intraluminal
delivery of antisense bcl-x ODN into murine cardiac allografts. DBA/2 mouse
hearts were transplanted into B10.D2 mice. Sense bc/-x ODN and no treatment
studies were also performed. Allografts were harvested at 4 weeks after transplan-
tation; all allografts kept beating throughout the period. Coronary intimal thicken-
ing had developed in nontreated and sense ODN-transfected allografts at 4 weeks
after transplantation with enhanced expression of bcl-x and cell adhesion molecules
and suppressed apoptosis. However, antisense bcl-x ODN prevented neointimal
formation through enhanced apoptosis. These results indicate that apoptosis of
vascular SMCs induced by bcl-x is associated with initial hyperplasia after heart
transplantation. Antisense bcl-x ODN inhibits SMC proliferation by inducing
apoptosis in graft coronary arteries [76] (Fig. 6.15).
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Fig. 6.16 Representative pathological findings of primate allograft arteries at day 28 after trans-
plantation. Top, allograft arteries without any gene transfection; bottom, allograft arteries transfected
with E2F decoy. Panels / and 4 show coronary arteries stained with EvG to demonstrate intimal
thickening. Panels 2 and 5 show PCNA expression revealed by immunohistochemistry, and panels
3 and 6 show cdc2 kinase mRNA expression detected by in situ RT-PCR. PCNA and cdc2 kinase
were strongly and diffusely expressed in the thickened intima of the allograft arteries from recipients
without decoy transfection, whereas their expression was weak in the allografts transfected with the
E2F decoy. Arrows indicate internal elastic lamina. Scale bars: 50 pm (From Ref. [78])

6.6.3 Decoy ODNs for Cell-Cycle Regulation

Transfection of cis-element double-stranded DNA, named “decoy,” has been reported
to be a useful method for gene therapy. The transcription factor E2F regulates
multiple cell-cycle regulatory genes, which are critical to the process of cell growth
and proliferation [77]. To test the hypothesis that double-stranded DNA with specific
affinity for E2F (E2F decoy) is effective in preventing intimal hyperplasia, we
performed ex vivo single intraluminal delivery of E2F decoy into cardiac allografts
of mice and Japanese monkeys using the HVJ artificial viral envelope (AVE)—
liposome method. Severe intimal thickening was observed, and multiple cell-cycle
regulatory genes were enhanced in the untreated allografts. E2F decoy prevented
neointimal formation and suppressed these genes for up to 8 weeks. Gel mobility shift
assay proved the specific effects of E2F decoy, and reverse transcriptase—polymerase
chain reaction documented that neither complication nor dissemination of HVJ into
other organs was observed. We demonstrate that ex vivo gene delivery to allografts is
a potent strategy to modify allograft gene expression, resulting in the prevention of
GAD without systemic adverse effects [78] (Fig. 6.16).
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Although the E2F decoy ODN strategies have not yet been used in clinical
transplantation, the effects have already been investigated in coronary bypass
grafting in clinical settings. It was reported that ex vivo E2F decoy ODN transfec-
tion in vascular grafts suppressed neointimal hyperplasia after cardiac bypass
surgery [79, 80].

6.6.4 Decoy ODNs for Inflammatory Gene Regulation

Another critical transcription factor, nuclear factor-kappa B (NF-kB), plays a
pivotal role in the coordinated transcription of multiple inflammatory genes
[81]. To test the hypothesis that NF-kB decoy can attenuate acute rejection and
GAD, we performed single intraluminal delivery of NF-kB decoy into murine
cardiac allografts using the HVJ-AVE-liposome method. No decoy or scrambled
decoy transfer was performed for control. Hearts were heterotopically transplanted
from BALB/c to C3H/He mice (major mismatch group) and from DBA/2 to B10.
D2 mice (minor mismatch group). Nontreated or scrambled decoy transfected
allografts of the major mismatch group were acutely rejected, while NF-kB decoy
prolonged their survival. While severe cell infiltration and GAD with enhancement
of inflammatory factors were observed in untreated or scrambled decoy-treated
allografts of minor mismatch group at day 28, NF-kB decoy attenuated these
changes. We conclude that NF-kB is critically involved in the development of
acute as well as chronic rejection of the transplanted hearts. NF-kB decoy attenu-
ates both acute rejection and GAD by blocking the activation of several inflamma-
tory genes [82] (Fig. 6.17).

Although the NF-kB decoy ODN has not yet been used in clinical transplanta-
tion, we tried the NF-kB decoy ODN transfection in the site of coronary arteries
after stent implantation in humans [83-85]. The results demonstrated that the
strategy is clinically promising. Thus, further studies should be conducted in
other transplant models to explore the clinical utility of this technology for preven-
tion of GAD.

6.7 Summary

Although improved surgical techniques have resulted in excellent graft functions
[86], GAD is a remaining problem to be resolved in the treatment. Because heart
transplantation has been limited by a severe shortage of donors [87], preventing
GAD is critical for prognosis of recipients. In this review article, we described
pathological and immunological characteristics of GAD. Several cytokines,
chemokines, and adhesion molecules play a critical role in the process. Cell
adhesion, migration, and proliferation of the bone marrow and other cells are
involved in its development (Fig. 6.18). Although there has been no established
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Fig. 6.17 Representative microscopical findings of allografts of the minor mismatch group at day
28. Upper panels show allografts from nontreated mice; lower panels are from those transfected with
NF-kB decoy. Panels / and 5 show ICAM-1 expression and 2 and 6 show major histocompatibility
complex class I expression using immunohistochemistry. ICAM-1 and major histocompatibility
complex class I were strongly and diffusely expressed in the myocardial interstitium of allografts
from untreated recipients, while expression was weak in allografts transfected with NF-kB decoy.
Panels 3 and 7 show VCAM-1 expression, and 4 and 8 show PDGF-B mRNA expression in graft
coronary arteries. They were strongly expressed in the nontreated thickened intima, while expression
was weak in the allografts with NF-kB decoy. Scale Bars: 50 pm (From Ref. [82])
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Fig. 6.18 A summary on the pathological and immunological characteristics of GAD is demon-
strated. Several cytokines, chemokines, and adhesion molecules play a critical role in the process.
Cell adhesion, migration, and proliferation of bone marrow and other cells are involved in its
development. GAD indicates graft arterial disease, CMV Cytomegalovirus, ECM, extracellular
matrix, NF-kB nuclear factor-kappa B, and SMLC smooth muscle-like cell
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clinical strategy for preventing or treating GAD, recent investigations have proved
some promising methodologies. Therefore, further studies are needed to clarify the
clinical usefulness for prevention of GAD.
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Chapter 7
Murine Models of Vein Grafting

Brian C. Cooley

Abstract Vein graft research has increasingly turned to murine models, to exploit
the potential of transgenic and knockout mouse lines to study genetically based
questions. Several models of murine interpositional vein grafting into arteries have
been published, as well as models of vein patch grafting. Models vary on the vein
graft source (inferior vena cava, external jugular vein or its distal branches),
recipient artery (aorta, carotid, or femoral), and method of engraftment (end-to-end
or end-to-side continuous or interrupted suturing or ring-coupling techniques).
Outcomes vary considerably, depending on the model employed; neointimal wall
thickening is induced that is often comparable to larger vein graft models on an
absolute basis, despite the much smaller vessel diameters of mouse vein grafts.
Substantial vein graft stenosis is apparently only found with the smaller of these vein
graft models. Selecting the appropriate model requires careful consideration of
the specific research question to be addressed as well as laboratory expertise with
microsurgical techniques.

Keywords Bypass vein grafting « Vein graft stenosis « Neointimal formation

7.1 Introduction

It has become increasingly clear that the complications arising after vein bypass
grafting procedures are more complex than had been originally hoped [1, 2]. More
sophisticated approaches to basic experimental design are needed to address these
complexities for developing more effective therapies to reduce the
complication rate.

The major complications encountered with clinical vein grafting are early/acute
thrombosis (occlusive failure), more intermediate stage (1-24 months) graft steno-
sis due to neointimal inward overgrowth, and late-stage (2—10 years) atherogenic
lesion formation on the graft, again leading to stenosis [3, 4]. Most experimental
studies have focused primarily on vein wall changes that are extrapolated as
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simulations of the inward “negative” remodeling which progresses to graft stenosis,
either with or without a superimposed atherogenic burden.

There are two common assumptions in many of these studies that may be
erroneous. Firstly, and most critically, the development of a thickened neointimal
wall in an experimental vein graft is often considered the clinically analogous
pathology when, in most cases, this type of remodeling should be considered
“arterialization,” a desirable and beneficial remodeling of the vein in response to
the arterial shear flow and high-pressure environment [5]. Many studies have shown
methods and therapies that reduce the thickness of this arterialized wall, which may
in fact cause the wall to become pathologically too thin. Very few experimental
vein graft models develop a truly stenotic lesion [6—8], yet investigators all too
often overlook this critical shortcoming of the applied model.

Secondly, the study of atherosclerotic lesion development in the vein graft is
assumed to be distinctly separable from the neointimal type of lesion. It is more
likely that these two processes, neointimal wall remodeling and atherogenic lesion
formation, have overlapping roles, with each contributing to the other’s develop-
ment or modulation or both. Endemic to this overlap is the imprecision of using
atherosclerosis-associated wording and terminology to refer to neointima-
dominated processes, often without an atherogenic stimulus in the experimental
design. Thus, the separation of these potentially distinct pathologic processes needs
more precise demarcation in animal models and study design.

7.1.1 Advantages of Mouse Vein Graft Models

The primary, overwhelmingly utilitarian advantage of using the mouse for vein
graft research is the availability and application of the many knockout and trans-
genic mouse lines that have been developed [9, 10]. Very specific gene-based
questions can be directly addressed with such animal models. Related to these
mouse lines are the numerous syngenic strains of mice that permit transplantation
between and among mice on the same strain or that have undergone background
crossing into the same strain, obviating complications from immunogenic
responses. Thus, cross-transplant strategies can be combined, such as placing a
vein from a knockout or transgenic mouse into a wild-type recipient to determine
the effect of the particular genetic change restricted to the vein graft cells and,
reciprocally, placing a wild-type graft into a knockout/transgenic recipient to
modify the systemic/circulatory environment for an otherwise normal graft
[11, 12]. The availability of marker gene mice and breeding possibilities that
generate cell lineage tracing tissues permits tracking of specific cell types and
their sources [13, 14]. These mouse lines have the potential to be combined with
bone marrow or fetal liver transplants for specific manipulations of hematopoietic
cells [14] to determine their role in the vein graft response.
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7.1.2 Disadvantages of Murine Vein Graft Models

A central drawback to the mouse model in general is its questionable clinical
relevance to human (patho)physiology. In particular for vein graft studies, it is
currently not possible to attempt experimental versions for exact replication of
clinical procedures — whether for coronary artery bypass or lower limb arterial
bypass surgery — due to the small vessel sizes and nonparallel anatomy for the
mouse vascular structures. The small mouse body size and concomitant vessel
diameters make any type of vein graft especially challenging from a technical
standpoint. Furthermore, the response of a vein placed into the rapid pulsatile
flow in a mouse is another source of difference.

7.2 Models: Technical Aspects

The published models for mouse vein graft studies can be divided on the basis of
interpositional surgical technique, ring-coupled versus sutured, and end-to-end
versus end-to-side versus patch graft repairs. These grafts can also segregate on
the basis of donor graft source (vena cava, jugular, femoral, or posterior facial vein)
or recipient site (aorta, carotid, or femoral artery). Most applications have used a
harvested vein segment or patch from a donor animal which is transplanted into a
separate recipient animal.

7.2.1 Ring-Coupled Vein Graft Model

Zou and colleagues [15] developed a simplified method for interpositioning a large
vein into the common carotid artery. The basis of this approach is the incorporation
of a thin-walled polyethylene or similar synthetic ring (e.g., cut from tubing) of an
inner diameter approximating that of the unstretched artery. The common carotid
artery is clamped or occluded at proximal and distal sites and an appropriate
segment is resected. Two rings are brought into place, one for each end of the
artery. To create an anastomosis to a vein end, the transected end of the artery is fed
through the ring and everted back and over the outside of the ring. The vein end is
then slipped over the everted artery on the ring and a 8-0 nylon suture is placed as a
ligature around the ring, securing both vessels onto the ring in a leak-proof
anastomosis. The same procedure is done at the other end of the vein graft, coupling
it to the other transected arterial end to complete the interpositioning of the graft.
While the carotid artery is the primary recipient vessel of choice, the model can also
be done in the abdominal aorta, though this presents a more invasive surgical
procedure due to the intra-abdominal exposure/access and lower body ischemia
from the aortic clamping.
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The thoracic inferior vena cava (IVC) is found within the thoracic cavity just
below the heart, has no branches, is easy to isolate with sufficient length, and has a
diameter amenable to this procedure, making it the ideal choice for vein graft
source. It must be obtained from a donor mouse upon euthanasia. The graft can
tolerate a moderate ischemic interval even at room temperature in a saline-based
physiologic solution. The external jugular vein is another graft source, though
limited length and the presence of branches make it a less consistent vein donor
source.

7.2.2 End-to-Side Sutured IVC Graft

This model was developed by Zhang and colleagues at Duke University [16]. It is
similar to the ring-coupled model in its donor/recipient choices of IVC and carotid
artery. The carotid is occluded with temporary occlusion clamps or 5-0 silk suture
(temporary ligatures), placed at proximal and distal extremes on the dissected
artery. Two arteriotomies (“side” windows) are created just within each occlusion
site. Each vein end is then anastomosed to an arteriotomy in end-to-side fashion,
orienting the vein so that the subsequent arterial flow in it will be in the same
direction as the original venous flow. The repairs are done with 11-0 nylon using
running stitches. The carotid artery is doubly ligated with 5-0 silk between the
anastomoses and the artery is transected between these ligatures. Thus, the arterial
ends retract, stretching the vein slightly in the gap, whereupon reflow is established.

7.2.3 End-to-End Vein Graft Models to Abdominal Aorta

Diao and associates [17] developed an alternative vein graft model placed into the
abdominal aorta using 11-0 nylon suture in interrupted-stitch fashion for creating
two end-to-end anastomoses to join the artery ends to the vein graft. They used the
external jugular vein harvested from the same mouse for the graft source, in an
autologous transplant. Salzberg and colleagues [18] described a technically similar
model but used a donor mouse to provide the thoracic IVC as the donor graft,
identical to the previously described models.

7.2.4 Posterior Facial Vein to Femoral Artery Model

I developed an independent model [11] which has similarities to the last set of
sutured models. It uses two end-to-end, interrupted-stitch anastomoses with 11-0
nylon to join the arterial and vein graft ends (Figs. 7.1 and 7.2a). The posterior
facial vein is found just distal to and feeding into the external jugular vein
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Fig. 7.1 Posterior facial vein graft interpositioned to the femoral artery, showing (a) completed
anastomoses (interrupted 11-0 sutures, 8 per anastomosis), with forceps adjacent to small ligated
branch in middle of graft and (b) graft with flow immediately after completing the anastomoses
(flow is from left to right). The dilated vein is approximately 0.6 mm in diameter, while the
femoral artery is 0.2 mm in diameter

Fig. 7.2 (a) H&E cross section of proximal portion of vein graft (4-week harvest), showing
neointimal extent between black arrows. (b) Masson stain of cross-sectioned posterior facial vein
prior to harvest from the neck (blood filling lumen to hold it open); note very thin medial layer
(one-cell layer thick)

(Fig. 7.2b), within the loose subcutaneous tissue of the neck; the mouse vein
anatomy is essentially identical with rat vein anatomy in this tissue region [19]
and does not directly parallel human anatomy. It is the larger of two main branches
that conjoin at the origin of the jugular vein and it has few or usually only one minor
branch along a ~1 cm length; this small branch should be ligated (Fig. 7.1a) or
cauterized prior to graft reflow. While autologous grafting is easily achieved, the
model has more often been used with donor graft harvest from one mouse and
transplantation to a recipient mouse; this approach permits two grafts to be
harvested from a donor, taken from the pair of veins found bilaterally, which can
be a valuable technical step when scarcity of donor mice is a factor. The femoral
artery of a recipient mouse is dissected and clamped widely, resecting a small
portion, then the vein is brought in and anastomosed with 11-0 nylon using
approximately eight interrupted stitches per anastomosis (Fig. 7.1). Because of
the fragility of the vein, it should be minimally handled and not mechanically
dilated at any point; simply placing it into the femoral wound with a physiologic
solution facilitates lumen exposure, with the walls floating apart to permit lumen
identification, using a high-magnification microscope (60X or greater). The proce-
dure may take time to master, but with experience the graft can be harvested in
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less than 5 min and grafted to the artery in ~40 min (total recipient surgery time
of ~60 min).

7.2.5 Patch Graft Models

A model of vein oval patch graft to an artery has been described by two groups,
using autologous transplantation of a piece of jugular vein to replace a portion of
resected arterial wall. Although not a true vein bypass-analogous graft, this model
provides some insight into the response of a vein wall in an arterial environment.
Shi and associates [20] used a single incision in the ventral neck to access both the
jugular vein for obtaining the graft and exposure of the carotid artery for placement.
Sakaguchi and colleagues [21] transferred the same graft to the abdominal aorta.
Both groups described using 11-0 suture in a single, continuous running stitch for
engraftment into an arteriotomy/side window.

7.3 Technical Comparisons

The various combinations of donor vein and recipient artery selection and the
method of graft anastomosis are limited, though this may play a profound role in
the subsequent response designed to mimic clinical vein grafting (Table 7.1). Zhou
et al. [15] and Zhang et al. [16] both use the same vessels, grafting the IVC into the
carotid artery but with very different anastomotic techniques. Diao et al. [17] and
Salzberg et al. [18] used a suturing technique that differed from that of Zhang et al.
[15], placing interrupted stitches in end-to-end fashion rather than continuous
running stitches in end-to-side configuration and adding variations in graft/recipient
combinations. In the model developed in my lab [11], perhaps the smallest vein
used, the posterior facial vein is grafted into the smallest of arteries in these models
— the common femoral artery — using interrupted end-to-end suturing. The patch
graft models use more common vessels but deviate from true interpositional vein
grafting. Though none of these models replicate clinical vein graft-to-artery sce-
narios, the femoral artery model can be argued to share more features of lower
extremity artery bypass surgery, involving a muscular-type artery that in fact
matches a clinical site for these procedures.

The suture-based techniques [11, 15-18] offer the most clinical analogy, though
the ring-coupled approach of Zou and colleagues [15] is the simplest to perform. An
inherent weakness of this model is the abrupt diametric transitions from the arterial
ends where they enter the vein through the inner diameter of the ring, creating a 90°
geometric jump to the larger diameter of the outer edge of the ring. This deviation
from the other models, which attempt to create a smoother transitional interface
from artery to vein and back to artery, may lead to potentially non-pathophysiologic
results, at least in terms of paralleling clinical vein graft responses.
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Another consideration is the handling and treatment of the vein graft, from
harvest to arterial flow. Dilating or otherwise stretching the vein may match what
some clinical surgeons do, but there has been an effort over the past 30 or more
years to minimize handling and related sources of iatrogenic trauma to the vein —
the so-called no-touch technique [22-24]. The ring-coupled method describes
mechanically stretching the IVC over the ring for its placement. Though the rest
of the published models lack details on vein handling, in the case of my model, the
handling is nearly no-touch, with only the needle passage having a direct trauma to
the vein wall; the vein is isolated from the neck without touching or flushing it,
allowing incubation in a heparinized solution to gently clear the blood without
clotting and using the same solution at the recipient site to float the vein open for
identifying the lumen and to facilitate stitch placement. Whether the other models
use a similar approach would be valuable to learn.

The technique of experimental vein grafting for model selection must take two
other aspects under consideration: time for the procedure (i.e., throughput) and
success rate (acute graft patency). The published accounts for the procedural times
differ in their start and stop points (Table 7.1), though most models describe times
that appear to lead to total times of 40—70 min, with perhaps longer times for the
end-to-side model of Zhang and colleagues [16]. These times are clearly dependent
upon operator experience and microsurgical proficiency. In the case of my model,
the initial effort took 2.5 h, but rapidly fell to under 1.5 h, and approximately 1 h
with further experience; this time includes all steps, from graft harvest in a donor to
final recipient site closure.

Another consideration is the acute success rate — graft patency following the
procedure (Table 7.1). Most models report greater than 85 %, approaching 100 %
for some [16] as experience is gained. The model I developed is an exception, with
success rates slightly lower at 70-80 %, even with extensive experience. There thus
may be trade-offs between speed of completing the procedure and successful
outcome.

The major outcome measure for which these models were primarily designed is
neointimal inward remodeling of the graft wall — the major complication of clinical
vein grafting. As mentioned previously, this neointimal growth is often mistakenly
attributed to the influence from simple transference of venous tissue to arterial flow/
shear and pressure. Many studies in larger animal models of vein graft neointimal
development have found relatively little net wall thickening, with very few models
showing true stenotic lesion formation. The primary induction of excessive
neointimal growth occurs at sites of perturbed or oscillatory flow and not at high-
shear, laminar flow regions. Thus, in evaluating murine vein grafts, analysis should
be directed at models and sites within models where such perturbed flow can be
expected.

The transitions from the artery to the vein and back from the vein to the artery are
the most likely sites of predicted flow alterations. Indeed, some of the reported
models have shown such differential responses, with greater neointimal thickening
in the graft adjacent to the anastomotic junctures [11, 16]. Another criterion for
predicting such altered flow is the diametric ratio of the vein to the artery
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(Table 7.1). This is seen to be approximately 2:1 for the IVC grafts placed into the
carotid artery, with a lower ratio for placement into the aorta. The posterior facial
vein grafted into the femoral artery has an even greater ratio of ~3:1, which is
further supported by the strong difference in neointimal response in the proximal
and distal portions of the graft in comparison to the mid-graft regions.

7.4 Outcome Measures

The primary outcome measurements are based around direct or surrogate markers
of graft stenosis. Measuring neointimal wall thickness is most often used
(Table 7.1), with some models including medial or combined neointimal and
medial wall thickness as parameters. The neointimal wall thickness that develops
by 4-8 weeks ranges from ~100 to 220 pm in reports using these models [11, 15, 16,
18]. Intriguingly, these thicknesses are comparable to many reports for published
absolute thicknesses from larger rat and rabbit vein models [25-28]; this provides
further support to justify using murine models in vein graft research. A direct
measure of luminal areas from cross-sectioned grafts is the most relevant reflection
of true graft stenosis (Table 7.1). For reported or derived estimates from published
figures, this level of stenosis can range from 15-20% [16, 17] to 65-78%
[11, 20]. In the model I developed, this level of stenosis can be severe (Fig. 7.3)
and results in stenotic occlusion of the graft by 4 weeks in 3—6% of grafts that were
initially patent [11, 29].

Another important issue has been the determination of the origin of the stenosis-
contributing neointimal cells. Whereas until recently, non-murine models have not
been able to determine these sources reliably [30], the use of murine transgenic

Fig. 7.3 Highly stenotic
H&E-stained vein graft
cross section, harvested at P,
4 weeks; bar = 100 pm A
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Fig. 7.4 Vein graft from
transgenic mouse
constitutively expressing
LacZ, grafted into wild-type
mouse and harvested at

4 weeks, with
X-galactosidase staining
(blue) and hematoxylin
counterstaining,
demonstrating dominant
presence of vein graft-
originating neointimal cells

lines has permitted in-depth assessment of neointimal cell sources. Despite this
valuable tool, the potential sources of these cells remain an area of controversy.
Indeed, the identified sources have ranged from graft-extrinsic cells, presumptively
blood-borne “pluripotent” cells or peri-adventitial cells migrating into the lumen
[12, 31-34], to a predominance of graft-intrinsic cells (Fig. 7.4) [11]. The source for
cells may be dependent upon vein graft handling, since a gentle technique can
preserve the endothelial layer to a large extent [11]. Furthermore, recent work has
shown that vein-originating endothelial cells can transdifferentiate into smooth
muscle-like neointimal cells, contributing approximately half of the neointimal
cells within the lesion [13]. Thus, technical considerations of vein graft models
may have a direct influence upon how the neointima develops in these grafts.

7.5 Atherosclerotic Lesion Development

The distinction of atherosclerotic lesion formation within the vein graft wall versus
neointimal development is important because of the differences in these pathophys-
iologic processes [1—4]. Unfortunately, most studies in murine systems that have
used atherogenic models have not drawn this distinction very precisely, at times
confusing the terms and analyses [31, 33, 35-37]. There may be differential
responses of neointima in an atherogenic environment, but distinguishing
non-atherosclerotic from atherosclerotic wall lesions needs to be more carefully
appraised (Fig. 7.5).
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Fig. 7.5 Wild-type vein ™
graft transplanted into an
ApoE-null mouse on high-
fat diet (atherogenic), with F
4-week harvest, showing
similar extent of neointimal
formation in comparison to
non-atherogenic conditions

7.6 Summary

In conclusion, there are several published models of vein grafts that have been
developed in mice. These models offer unique opportunities for investigating vein
graft complications. The appropriate selection of specific model for the research
question(s) and how to evaluate the outcome are important considerations for future
studies in the field.

References

—

. Hess CN, Lopes RD, Gibson CM, et al. Saphenous vein graft failure after coronary artery
bypass surgery: insights from PREVENT IV. Circulation. 2014;130:1445-51.

2. Aranki SF, Tatooles AJ. Disconnect between vein graft failure and clinical events after
coronary artery bypass graft surgery. Circulation. 2014;130:1439-41.

3. Motwani JG, Topol EJ. Aortocoronary saphenous vein graft disease: pathogenesis, predispo-
sition, and prevention. Circulation. 1998;97:916-31.

4. Halabi AR, Alexander JH, Shaw LK, et al. Relation of early saphenous vein graft failure to
outcomes following coronary artery bypass surgery. Am J Cardiol. 2005;96:1254-9.

5. Cooley BC. Experimental vein graft research: a critical appraisal of models. Heart Res Open
J. 2015;2:53-9. http://dx.doi.org/10.17140/HROJ-2-110

6. Abbasi K, Shalileh K, Anvari MS, et al. Perivascular nitric oxide delivery to saphenous vein
grafts prevents graft stenosis after coronary artery bypass grafting: a novel sheep model.
Cardiology. 2011;118:8-15.

7. Shiroma H, Kusaba A. Ultrastructural features of progressive intimal hyperplasia at the distal
end-to-side anastomosis of vein grafts. Cardiovasc Surg. 1996;4:393-8.

8. Saito T, Iguchi A, Tabayashi K. Irradiation inhibits vascular anastomotic stenosis in a canine
model. Gen Thorac Cardiovasc Surg. 2009;57:406—12.

9. Capecchi MR. The new mouse genetics: altering the genome by gene targeting. Trends Genet.

1989;5:70-6.


http://dx.doi.org/10.17140/HROJ-2-110

154 B.C. Cooley

10. Gierut JJ, Jacks TE, Haigis KM. Strategies to achieve conditional gene mutation in mice. Cold
Spring Harb Protoc. 2014;4:339—49.

11. Cooley BC. Murine model of neointimal formation and stenosis in vein grafts. Arterioscler
Thromb Vasc Biol. 2004;24:1180-5.

12. Hu Y, Mayr M, Metzler B, Erdel M, Davison F, Xu Q. Both donor and recipient origins of
smooth muscle cells in vein graft atherosclerotic lesions. Circ Res. 2002;91:e13-20.

13. Cooley BC, Nevado J, Mellad J, et al. TGF-p signaling mediates endothelial to mesenchymal
transition (EndMT) during vein graft remodeling. Sci Transl Med. 2014;6:227ra234.

14. Maroney SA, Cooley BC, Ferrel JP, Bonesho CE, Mast AE. Murine hematopoietic cell tissue
factor pathway inhibitor limits thrombus growth. Arterioscler Thromb Vasc Biol.
2011;31:821-6.

15. Zou Y, Dietrich H, Hu Y, Metzler B, Wick G, Xu Q. Mouse model of venous bypass graft
arteriosclerosis. Am J Pathol. 1998;153:1301-10.

16. Zhang L, Hagen PO, Kisslo J, Peppel K, Freedman NJ. Neointimal hyperplasia rapidly reaches
steady state in a novel murine vein graft model. J Vasc Surg. 2002;36:824-32.

17. Diao Y, Xue J, Segal MS. A novel mouse model of autologous venous graft intimal hyper-
plasia. J Surg Res. 2005;126:106—13.

18. Salzberg SP, Filsoufi F, Anyanwu A, von Harbou K, Karlof E, Carpentier A, et al. Increased
neointimal formation after surgical vein grafting in a murine model of type 2 diabetes.
Circulation. 2006;114:1302-1307.

19. Greene EC. Anatomy of the rat. Philadelphia: Macmillan Publishing Co.; 1935.

20. Shi C, Patel A, Zhang D, et al. Plasminogen is not required for neointima formation in a mouse
model of vein graft stenosis. Circ Res. 1999;84:883-90.

21. Sakaguchi T, Asai T, Belov D, et al. Influence of ischemic injury on vein graft remodeling: role
of cyclic adenosine monophosphate second messenger pathway in enhanced vein graft pres-
ervation. J Thorac Cardiovasc Surg. 2005;129:129-37.

22. Gottlob R. The preservation of the venous endothelium by ‘dissection without touching’ and
by an atraumatic technique of vascular anastomosis. The importance for arterial and venous
surgery. Minerva Chir. 1977;32:693-700.

23. Adcock OT, Adcock GL, Wheeler JR, Gregory RT, Snyder SO, Gayle RG. Optimal techniques
for harvesting and preparation of reversed autogenous vein grafts for use as arterial substitutes:
a review. Surgery. 1984;96:886-94.

24. Tsui JCS, Souza DSR, Filbey D, Bomfim V, Dashwood MR. Preserved endothelial integrity
and nitric oxide synthase in saphenous vein grafts harvested by a ‘no-touch’ technique. Br J
Surg. 2001;88:1209-15.

25. Tennant M, McGeachie JK. Adaptive remodelling of smooth muscle in the neo-intima of vein-
to-artery grafts in rats: a detailed morphometric analysis. Anat Embryol. 1993;187:161-6.
26. Mann MJ, Gibbons GH, Kernoff RS, et al. Genetic engineering of vein grafts resistant to

atherosclerosis. Proc Natl Acad Sci U S A. 1995;92:4502-6.

27. Wolff RA, Tomas JJ, Hullett DA, et al. Macrophage depletion reduces monocyte chemotactic
protein-1 and transforming growth factor-pl in healing rat vein grafts. J Vasc Surg.
2004;39:878-88.

28. Suggs WD, Olson SC, Mandani D, Petal S, Veith FJ. Antisense oligonucleotides to c-fos and
c-jun inhibit intimal thickening in a rat vein graft model. Surgery. 1999;126:443-9.

29. Cooley BC. Differential neointimal response in vein grafts and wire-injured arteries. Circ
J. 2007;71:1649-52.

30. Dilley RJ, McGeachie JK, Tennant M. The role of cell proliferation and migration in the
development of a neo-intimal layer in veins grafted into arteries, in rats. Cell Tissue Res.
1992;269:281-7.

31. Hu'Y, Zhang Z, Torsney E, Afzal AR, Davison F, Metzler B, Xu Q. Abundant progenitor cells
in the adventitia contribute to atherosclerosis of vein grafts in ApoE-deficient mice. J Clin
Invest. 2004;113:1258-65.



32.

33.

34.

35.

36.

37.

Murine Models of Vein Grafting 155

Zhang L, Freedman NJ, Brian L, Peppel K. Graft-extrinsic cells predominate in vein graft
arterialization. Arterioscler Thromb Vasc Biol. 2004;24:470-6.

Xu Q, Zhang Z, Davison F, Hu Y. Circulating progenitor cells regenerate endothelium of vein
graft atherosclerosis, which is diminished in ApoE-deficient mice. Circ Res. 2003 Oct 17;93
(8):€76-86.

Zhang L, Brian L, Freedman NJ. Vein graft neointimal hyperplasia is exacerbated by CXCR4
signaling in vein graft-extrinsic cells. J Vasc Surg. 2012;56:1390-7.

Hu Y, Xu Q. New mouse model of vein bypass graft atherosclerosis. Heart Lung Circ.
2002;11:182-8.

Liu S, Li Y, Zhang Z, Xie F, et al. al-Adrenergic receptors mediate combined signals initiated
by mechanical stretch stress and norepinephrine leading to accelerated mouse vein graft
atherosclerosis. J Vasc Surg. 2013;57:1645-56.

Chen Y, Wong MM, Campagnolo P, et al. Adventitial stem cells in vein grafts display
multilineage potential that contributes to neointimal formation. Arterioscler Thromb Vasc
Biol. 2013;33:1844-51.



Part IV
Hyperlipidemia-Induced Atherosclerosis



Chapter 8
Mouse Models of Atherosclerosis

Hiroshi Iwata, Jun-ichiro Koga, Julius Decano, Jung Choi,
Andrew K. Mlynarchik, Peter C. Mattson, Elena Aikawa,
and Masanori Aikawa

Abstract Atherosclerosis is a chronic inflammatory disorder in arteries, and its
complications cause major clinical problems such as acute myocardial infarction
and stroke, leading to global health threats. Particularly, activated macrophages
participate in multiple steps of atherogenesis from the initiation, to the lesion
progression, to the onset of acute complications. To examine its molecular mech-
anisms and develop new therapies, experimental models of atherosclerosis play
important roles. Due to the availability of various genetically altered strains, mouse
models of atherosclerosis enormously contribute to testing specific biological
hypotheses. Mouse models of atherosclerosis also help to evaluate and monitor
the effects of new therapies. This chapter briefly discusses the history of the
development of animal models of atherosclerosis and summarizes several mouse
strains commonly used in atherosclerosis research. As do clinical trials, preclinical
studies should employ multidisciplinary approaches to provide the unambiguous
evidence that supports a biological hypothesis or examine the effects of a new
therapy from various angles. We thus describe the experimental protocols of
atherosclerosis research in mice that covers several disciplines, including ultraso-
nography, molecular imaging of macrophage activation, histological analyses, and
biochemical assays.
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8.1 Introduction

Atherosclerosis is a chronic inflammatory disease. Inflammation is integral to the
pathophysiology in the development and progression of atherosclerosis [1, 2]. Ath-
erosclerosis is accelerated by dyslipidemia, clinically defined as elevated plasma
levels of low-density lipoprotein (LDL), very-low-density lipoprotein (VLDL), and
triglycerides and low levels of high-density lipoprotein (HDL). In dyslipidemia,
monocytes in circulation infiltrate vascular lesions, differentiate into macrophages,
and become foam cells by taking up oxidized lipoproteins. Macrophage foam cells
release various proinflammatory cytokines and chemokines, which promote further
inflammatory processes in neighboring cells (e.g., dysfunction of endothelial cells,
proliferation, migration, and excessive extracellular matrix production in smooth
muscle cells), the recruitment of additional monocytes, and further activation of
macrophages [3, 4]. Inflammation in atherosclerotic plaques also contributes to the
onset of acute events, including acute myocardial infarction and stroke, through
enhancing the instability and thrombogenicity [5—7]. Since initial contributions to
in vivo models of atherosclerosis in cholesterol-fed rabbits made by Nikolai
Anitschkov and others in the nineteenth century [8], animal studies have helped
to understand the mechanisms of atherosclerosis and develop new therapies.
Although various species (e.g., nonhuman primates, rabbit, dog, swine, guinea
pig, hamster, rat) are useful depending on the goals of each study, mouse is most
frequently used. This chapter will describe experimental protocols of mouse models
of chronic atherosclerosis. Mouse genes are named according to the International
Committee on Standardized Genetic Nomenclature for Mice (e.g., Apoe—/—
instead of apoE—/—) [9].

8.2 Mouse Strains for Atherosclerosis Research

Major reasons why mice have been dominantly used compared to other animals
include (1) less difficulty for genetic engineering, (2) cost effectiveness due to
shorter gestational period, (3) smaller size, and (4) relatively faster progression of
atherosclerotic lesions. It should also be noted that mice and humans significantly
differ in various parameters related to atherogenesis. In mice, heart rates are much
higher than humans (550-700 in mice and 60-100 in humans), although blood
pressure is comparable [10]. Furthermore, major lipoprotein in mice is HDL while
LDL in humans. One possible reason of this difference is the lack of cholesteryl
ester transfer protein (CETP) in mice. Nevertheless, mice, particularly genetically
altered strains, are useful to test the specific biological hypothesis.
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A study by Pagen et al. compared the development of atherosclerosis among
three wild-type mouse strains C57B1/6J, BALB/c, and C3H fed by an atherogenic
high-fat diet [11], and they found C57/B16J was most susceptible for atherogenesis.
Manipulation of certain genes related to lipid metabolism alters the lipid profile and
accelerates the development of atherosclerotic lesions. The two most frequently
used genetically altered mouse strains are apoE and LDL receptor-deficient
(Apoe—/— [12]and the Ldir—/— [13]) mice. Apoe—/— mice are spontaneously
hypercholesterolemic (300-500 mg/dl) and develop significant atherosclerotic
lesions on a normal chow diet. Atherogenesis can develop faster with a high-fat/
high-cholesterol diet, such as Western diet, Paigen diet [14], and atherogenic diet
[15], which increase plasma cholesterol levels beyond 1000 mg/dl. Lesions develop
in the aortic root, the arch, the innominate artery, and other branches of the aorta
and bifurcation of renal arteries. On a normal chow diet, early-stage foam cell
lesions develop within 10 weeks of age. Later than 15 weeks of age, they progress
into atherosclerotic lesions. And, beyond 20 weeks, they become advanced fibrous
lesions. High-fat/high-cholesterol feeding accelerates this time course. Moreover,
high-fat/high-cholesterol diets promote cholesterol crystal, necrotic core, and cal-
cification. As a potential disadvantage of the use of Apoe—/— mice, plasma
cholesterol is mostly carried by lipoprotein remnants, instead of LDL, which
plays a central role in human atherosclerosis. Elevation of plasma lipoprotein levels
in Apoe—/— mice is mainly caused by the lack of the lipoprotein ligand for the
major cell-surface receptors, which are responsible for high-affinity plasma lipo-
protein clearance. Many studies have used the Ldlr—/— mice [16]. The advantage
of using Ldlr—/— mice in atherosclerosis study is that deficiency of LDL receptor
does not have multitude of functions other than lipoprotein uptake and clearance.
Ldlr—/— mice on a regular chow diet do not have substantial hyperlipidemia and
develop only mild atherosclerotic lesions. On a high-fat/high-cholesterol diet,
however, Ldlr—/— mice develop marked hypercholesterolemia and atherosclerotic
lesions within 20 weeks. Thus, unlike Apoe—/— mice, one can turn on the athero-
genic milieu in a group of Ldlr—/— mice by beginning a high-fat/high-cholesterol
diet at any given time point.

Ldlr—/— deficiency has been coupled with transgenic Apob, such as a deficiency
of the ApoB100-editing enzyme apoBec-1 [17] and human apoB100 transgenic
[18], to yield mice that develop extensive atherosclerotic lesions in hypercholes-
terolemia (300 mg/dL) with large numbers of small Apob-100-containing lipopro-
teins even in normal chow diet. ApoE*3 Leiden mice expressing a variant of human
apoE3 with low affinity for the LDL receptor develop atherosclerotic lesions
[19, 20]. LDL receptor and apoE double-mutant mice (Apoe—/—Ldlr—/— mice)
represent more severe hypercholesterolemia and atherosclerotic lesions than single
Apoe—/— mice [21]. As mice do not have CETP that decreases HDL levels in
humans, studies have utilized a mouse strain expressing human CETP transgene in
combination with Ldlr—/— [22], human apoB100 transgenic [23], or ApoE*3
Leiden mice [24] to produce atherosclerotic lesions. Proprotein convertase subtil-
isin/kexin type 9 (PCSK9) increases plasma LDL cholesterol levels by degrading
LDL receptor in the liver [25]. Two recent studies demonstrated that the induction



162

Table 8.1 Mouse Models of Atherosclerosis

H. Iwata et al.

Reported duration for
atherosclerotic lesion Reference
Mouse models Diets formation no.
Apoe—/— Normal chow 16-20 weeks old [72]
diet
Human ApoE*3 Leiden High-fat/high- | 16 weeks [20]
transgenic cholesterol
diet
Ldlr—/— High-fat/high- | 16-20 weeks [13]
cholesterol
diet
Ldlr—/— x human apoB-100 High-fat/high- | 24 weeks [73]
transgenic cholesterol
diet
Ldlr—/— x Apobec-1—/— Normal chow 8 months (32 weeks) old [17]
diet
Apoe—/— x Ldlr—/— Normal chow 14 weeks old [18]
diet
Mouse Apoa2 transgenic High-fat/high- | 11-12 weeks [74]
cholesterol
diet
Human apoB transgenic High-fat/high- | 18 weeks [75]
cholesterol
diet
Ldir—/— x human CETP High-fat/high- | 3 months (12 weeks) [22]
transgenic cholesterol
diet
Apoe—/— x human CETP High-fat/high- | 3 months (12 weeks) [76]
transgenic cholesterol
diet
Human apoE*3 Leiden transgenic | High-fat/high- | 19 weeks [77]
x human CETP transgenic cholesterol
diet
Human apoB transgenic x human | High-fat/high- | 20 weeks [23]
CETP transgenic cholesterol
diet
PCSK9 gain-of-function mutants | High-fat/high- | 12 weeks [26]
(adeno-associated viral vectors) cholesterol
diet
SR-BI KO/ApoeR61(h/h) High-fat/high- |4 weeks [28, 29]
cholesterol
diet

of PCSK9 mediated by adeno-associated virus (AAV) induces hypercholesterol-
emia and atherosclerosis under high-fat diet without gene manipulation even in a
relatively early time point (12 weeks) [26, 27]. Mice with homozygous mutations in
the high-density lipoprotein receptor SR-BI (scavenger receptor class B, type I) and
apolipoprotein E genes (SR-BI KO/ApoeR61(h/h) mice) fed with a low-fat diet
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exhibit a constellation of pathologies shared with human atherosclerotic coronary
heart disease (CHD): hypercholesterolemia, occlusive coronary atherosclerosis,
myocardial infarctions, cardiac dysfunction (heart enlargement, reduced systolic
function and ejection fraction, and ECG abnormalities), and premature death (mean
age 6 weeks) [28, 29] (Table 8.1).

8.3 Atherogenic Diets

Depending on the main purpose of each study, different strategies to induce
atherosclerosis in mice may be used. A series of diets are commercially available
(Research Diets, Harlan Laboratories, and Purina Diets), which promote the devel-
opment of atherosclerosis. Here, we review the common types that have been used
in many studies. It should also be noted that an appropriate choice of a mouse model
is important in conjunction with the diet for successful study.

e Normal chow diet, or otherwise known as the “control diet” in animal experi-
ments, provides sufficient nutrition. Usually composed of ground ingredients
such as corn, oats, wheat, and soybean meal, this grain- or cereal-based diet is
designed to meet the requirements of a healthy rodent diet (along with other
additives such as vitamins, minerals, and fat). An animal group fed with an
atherogenic diet may be paired with another group with a control diet with no
added cholesterol and fat. Such a control diet should ideally use purified chow
rather than regular chow, as contents of regular chow vary depending on the
season, which may influence on the results of experiments [30].

* The Western diet is a purified diet composed of 20 % milk fat/butter fat, 34 %
sucrose, and 0.2 % cholesterol and is widely available. Fat and cholesterol
amounts can be modified to higher levels. It is popularly used with genetically
manipulated mouse strains, such as Ld/r—/— and Apoe—/— and others.

¢ Another common diet is the “Paigen” atherogenic diet (a hybrid diet created by
mixing a natural ingredient mouse diet in a 3:1 ratio with “Thomas-Hartroft”
diet) which consists of 16 % fat (half derived from cocoa butter), 1.25 %
cholesterol, and 0.5 % sodium cholate.

e “Clinton/Cybulsky” AIN-76A semi-purified high-fat diet which contains 17 %
cocoa butter and 1.25 % cholesterol (category: D12108C, Research Diets)
compared to the “standard” AIN-76A rodent diet.

To effectively induce quantifiable atherosclerotic plaques in mice, it is crucial to
understand and pick which nutrients you may wish to add/deduct from the rodent
diet before starting the administration. Addition of dietary cholesterol is a key
factor for promoting atherosclerosis in especially some genetically modified mouse
strain [31]. Ishibashi et al. have indicated that the greater the increase in lipid-rich
diet in Ldir—/— mice, the greater the increase in plasma cholesterol can be achieved
[32]. Added dietary cholate for atherosclerosis studies in LDLR —/— mice was
reported to be controversial due to its toxic hepatic metabolic effects [33].
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8.4 Feeding Study Protocol

Before starting any animal experiment, approval of the experiment via animal
research protocol by a local institutional committee for animal care and use/NIH
is required. All federal regulations and institutional policies need to be fully abided.

The materials needed for an administration protocol are genetically altered mice
(e.g., Ldlr—/—, Apoe—/—) and wild-type mice (for control group) of at 6-10 weeks
of age (and at least 18 g in body weight) and the prepared diet. Depending on goals
of each study, the diet can be composed of either chow or high-fat diet with/without
additive cholesterol. The diet can be customized as well to test a compound of
interest or a drug. For safer measures, it is always recommended to have the diet
irradiated for sterility before administering it to the animals. The prepared diets
should last for 3—6 months in cold storage, but if testing out a drug/compound, one
needs to take into account the shelf life of the compound mixed in with the diet. The
activity level of the compound may also alter when going through the milling
process (heating and cooling).

With 6-10-week-old Ldlr—/— mice, high-fat/high-cholesterol diet administra-
tion (ad lib) should be between a minimum of 4 weeks and ~20 weeks (study end
point) to induce substantial levels of plaque formation within the aorta and carotid
arteries. Apoe—/— mice on the other hand do not require such extensively long diet
administration to see similar amount of plaque formation, due to the strain’s trait of
possessing severe spontaneous hypercholesterolemia earlier in age, in comparison
to its Ldlr—/— counterpart. Even if fed with a milder “high-fat” diet, Apoe—/— mice
are known to induce severe hypercholesterolemia [34].

8.5 Ultrasound Imaging of the Carotid Artery

The development of high-resolution ultrasound imaging has helped translational
and preclinical researchers noninvasively visualize in vivo tissue structure and
physiology [35]). This makes it an excellent and clinically relevant tool for small
animal imaging to measure surrogate end points. High frame rate ultrasonography
and advanced echocardiography have been made accessible to laboratories world-
wide largely due to the efforts of VisualSonics through their line of high-resolution
micro-ultrasound machines (e.g., Vevo 2100, Vevo LAZR, Vevo 3100). Imaging
the vasculature, including the aorta, brachiocephalic, and carotid arteries, with
intact physiologic blood flow, is critical for accurate morphometric analyses in
mouse models of atherosclerosis. High temporal resolution accorded by this modal-
ity provides data such as vascular wall motion velocities, displacement, distensi-
bility, and stiffness through a speckle-based tracking algorithm in VisualSonics’
Vevo®Vasc Advanced Analysis software package [36]. Their high-frequency trans-
ducers (e.g., MS 700 of the Vevo 2100) combined with a stepping motor (minimum
of 10 pm steps) can produce detailed 3D image data set from serial slices of 2D B
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mode, color Doppler, contrast, or power Doppler images. Targets such as the
neointima can be segmentally traced for accurate in vivo volumetric measurements.

In

addition, the MS 700 having a center frequency of 50 MHz and bandwidth of

30-70 MHz can image the mouse carotid artery with an axial resolution of 30 pm
and a lateral resolution of 70 pm. A clear delineation of the intima-media border can

be

visualized in the atherosclerotic vessel, which appears as a thin black line

“sandwiched” between a slightly hyper-echoic (gray) adventitia and a very hyper-
echoic (white) endothelial/intima layer.

Following protocol is an example of acquiring a short-axis and a long-axis B

mode, ECG-based kilohertz visualization (EKV) image, and 3D B-mode image of
the mouse carotid artery.

Materials

Vevo 2100 and MS 700 Transducer (VisualSonics)
Vevo Integrated Rail System III (VisualSonics)
ECG platform and physiologic monitor
Transducer clamp

Oxygen/medical air tank

Inhalational anesthesia system

Isoflurane

Transmission gel

Lubricant

ECG electrode cream

Depilatory cream

Cotton-tipped applicators

Kim wipes

Mice on pro-atherogenic or the control diet

Protocol

1.

Turn on the Vevo 2100 machine and allow it to fully initiate.

2. Attach physiologic monitor to the Vevo 2100 and turn it on. Attach MS 700 to

[9]

9,1

the transducer port and then initialize the scanhead.

. Set the platform temperature to 37 °C on the physiologic monitor.
. Fill to 80 % capacity the anesthesia vaporizer chamber with isoflurane and open

the air tank.

. Set air flow to 1 1/min and isoflurane output to 2-3 %
. Place the mouse inside the anesthesia induction chamber. Secure airflow lines

and direct isoflurane gas to the chamber. Allow 3—6 min for full sedation.

. Transfer the mouse onto the ECG platform in the supine position. Fit the

animal’s snout into the nasal cone. Switch the isoflurane line toward the cone
and reduce isoflurane to 1-1.2 %.

. Place ECG electrode cream onto the four metal ECG leads on the platform and

then secure the paws of the mouse onto these leads using tape.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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Coat the rectal temperature sensor with lubricant before gently inserting into
the mouse to monitor its temperature.

Check the physiologic monitor and confirm the heart rate remains between
400 and 600 beats per minute and the temperature is close to 37 °C. For heart
rate <400 bpm, reduce isoflurane to 0.8-0.9 %.

Make sure the animal’s respiratory rate (RR) is between 50 and 80 cycles per
minute. If <40 cpm, reduce the isoflurane. RR and ECG tracing can easily be
seen on-screen during live scanning.

Apply depilatory cream onto the neck region of the mouse from the subman-
dibular area down to the sternal area extending to the lateral edges of the
mouse’s neck. Massage the cream onto the fur using the cotton-tipped appli-
cator and wait for 3—6 min.

Remove the cream with detached fur using wet Kim wipes. Continue wiping
with fresh wipes until all cream is gone revealing a hairless neck area. Dry
the area.

Place transmission gel onto the neck area and position the scanhead where the
midportion of the common carotid artery is located, 0.5-1.0 cm above the skin
of the neck. Make sure the horizontal plane of the transducer is perpendicular to
the axis of the carotid.

Press scan button to image live. The image is short-axis view or transverse
section of the artery.

The notched ridge on one side of the scanhead orients the imager to the image
seen. This ridge corresponds to the vertical line beside a small dot located in the
top left corner of the image window. This orients the probe position relative to
the image.

Locate midsection of the common carotid artery, which appears as a circular
object pulsating on each side of the midline trachea. Change to color Doppler to
confirm arterial pulsations inside the arterial lumen. If no pulsations are seen,
adjust the pulse repetition frequency (PRF) to a lesser value using the “veloc-
ity” turn-knob.

Center the target in the image window and reduce image width and depth while
pushing the transducer nearer to the artery so as to “zoom in” on the artery.
Adjust image focus using focal zone-type and depth rocker switches.
Maximize the differential appearance (echogenicity) of the neointima, media,
and adventitia of the artery by reducing the transmission power to the desired
level while keeping the gain at 32 dB.

Record cine loop of several frames (e.g., 300 or 800 frames). To get an EKV
image, make sure the heart rate is regular and then switch to EKV acquisition
mode. The EKV image is much more polished than a B-mode image. Its clarity
depends on the EKV acquisition frequency which can range from 1000 Hz to
10,000 Hz. A higher EKV frequency will have longer acquisition time. The
resulting EKV image is a reconstruction of multiple successive M-mode lines
of image taken from the left edge of the acquisition window all through the
right edge for every time frame within the ECG cycle.
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21.

22.

23.
24.

25.

One can also take an M-mode image of the cross section. This allows acqui-
sition of very high temporal images of the anterior and posterior vessel wall as
it moves during several cardiac cycles. This movement and displacement may
be affected by arterial distensibility, elasticity, or stiffness. Simply place the
M-mode sector sampler exactly at the middle of the arterial section. Record
cine loop.

For a long-axis B-mode image, the probe is simply rotated in place by 90°.
During B mode, the image window is adjusted by increasing the image width
until the carotid bifurcation is seen. The artery should be in the most horizontal
position for imaging. Any tissue plane is most clearly seen when they are
directly perpendicular to the axis of insonation (long axis of the transducer).
Adjust the mouse platform accordingly.

Record cine loop and an EKV image if desired.

All B-mode and EKV images can also be processed offline using the
Vevo®Vasc Advance Analysis software for speckle tracking to measure several
parameters like intima-media thickness (IMT); distensibility; elastance; shear
stress; pulse propagation velocity; sector- or layer-specific motion parameters
like radial, rotational, and tangential velocity; displacement; and lumen diam-
eter changes.

To get a 3D image of the artery, attach the Vevo 3D stepping motor to the rail
system with the transducer clamp attached below the mini rail of the stepping
motor. Position the transducer accordingly. Attach the motor connector cable to
the back panel of the Vevo 2100 and initiate the motor through the software.

26. Locate the artery and center it as closely as possible.

27. Press the 3D button.

28. Set up the 3D mode using the guide below:

3D

parameter | Description

Scan Distance in millimeters that the 3D motor stage will traverse for image acquisition
distance

Step size Sets the incremental distance between successive 2D images which affects the

amount of detail contained in the 3D image and acquisition time

29.
30.

Start scanning. Once done, store cine loop.

Load the 3D image as directed in the screen and go to 3D settings for volume
rendering. Start tracing of the neointima or the lumen, proceed through the
slices, and end as prompted on the screen. Volume will be automatically
calculated. Various options in the screen can be used to show different 3D
renderings and viewpoints.
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8.6 Molecular Imaging

Molecular or functional imaging is a promising tool to visualize biological pro-
cesses at molecular levels. Technical innovations, such as nanotechnology, have
enormously contributed to the development of molecular imaging [37]. Macro-
phages play central roles in the pathogenesis of atherosclerosis from the initiation to
the development and to the onset of acute thrombotic complications of atheroscle-
rosis. Therefore, imaging of macrophages may help to further understand the
mechanisms for atherosclerosis. Macrophage imaging may also serve as a powerful
preclinical tool to monitor the effects of new therapies. This section briefly reviews
several key modalities for molecular imaging of macrophages—magnetic reso-
nance imaging (MRI), nuclear imaging, and near-infrared fluorescence (NIRF)
imaging—and then describes a specific protocol of NIRF imaging in macrophage
activities in atherosclerotic plaques.

8.6.1 Macrophage Imaging by MRI

Magnetic nanomaterials with iron oxide cores are used as contrast agents for MRI
[37]. Superparamagnetic iron oxide (SPIO) nanoparticles and ultrasmall SPIO
(USPIO) nanoparticles (<50 nm) represent such materials. Morishige et al. used
3.0 Tesla MRI and USPIO to report that, in rabbit atherosclerosis model, (1) changes
of MRI signal intensity correlate with histologically evaluated macrophage accu-
mulation and (2) macrophage imaging with USPIO can monitor the effects of lipid-
lowering therapy on plaque [38].

8.6.2 Macrophage Imaging by Nuclear Medicine

Nuclear medicine is a promising modality to visualize macrophage burden and
activity in atherosclerotic plaques in patients. PET with '®F-fluorodeoxyglucose
(FDG-PET) can visualize cells with active glucose metabolism—macrophages in
atherosclerotic plaques—and monitor the effects of drugs [39-41]. FDG-PET is
also used in the field of preclinical research. FDG-PET can detect foamy macro-
phages in atherosclerotic plaques in hyperlipidemic rabbits [42]. Furthermore, a
recent study reported new radionuclides targeting mannose receptor, a macrophage
product [43]. Macrophages took up 2-deoxy-2-[lgF]ﬂuoro-D-mannose (lsF-FDM)
more efficiently than 'F-FDG, suggesting that 'SF-FDM serves as a novel
macrophage-targeting tracer.
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8.6.3 NIRF Imaging of Macrophages

NIRF with a wavelength of 600-900 nm has several advantages for noninvasive
imaging. The absorbance of NIRF signals by H,O or hemoglobin, which abun-
dantly exists in human bodies, is small and thus penetrates the tissue. By combi-
nation with other modalities such as an angioscope, information about tissue
surface appearance and protease activity in deeper tissues could be obtained
simultaneously [44, 45]. The Jaffer and Tearney groups have developed an intra-
vascular molecular imaging modality [46, 47]. This technology involves a catheter-
assisted dual-imaging approach—optical frequency domain imaging (OFDI) and
NIRF imaging. This dual-modality intra-arterial catheter can visualize atheroscle-
rotic plaques with high protease activity in the rabbit aorta and porcine coronary
arteries and has been in clinical development. In mouse models of atherosclerosis,
NIRF images could be acquired by intravital confocal laser microscopy or fluores-
cence reflectance imaging (FRI) with appropriate laser and detector for NIRF.

8.6.3.1 Macrophage Accumulation

NIRF probes for macrophages are commercially available. AminoSPARK
(PerkinElmer) consists of nanoparticles with iron oxide core and is coated with
biocompatible polymer. AminoSPARK is taken up by macrophages, thus enabling
to visualize phagocytic activity in vivo.

8.6.3.2 Proteinase Activity

Plaque macrophages produce various proteinases including matrix metallopro-
teinases (MMPs) and cathepsins. The evidence suggests that such matrix-degrading
enzymes reduce collagen content in atherosclerotic arteries and weaken mechanical
strength of the atherosclerotic plaques [48, 49]. Experimental studies used geneti-
cally altered mouse strains to support this theory [50, 51]. Preclinical studies
including our own established the feasibility of molecular imaging of matrix-
degrading enzymes in atherosclerosis [37, 52, 53].

8.6.3.3 Calcification

Human arteries and aortic valves often contain calcification. Although conventional
views considered cardiovascular calcification as an aging-associated passive degen-
erative process, the recent evidence has recognized that calcification involves active
biological processes closely linked with inflammation [16, 54, 55]. In humans, the
recent evidence has indicated that coronary artery calcium (CAC) score detected by
CT predicts future cardiovascular events [44, 56]. Preclinical evidence suggests that
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a Macrophages Osteogenesis Merged

20 week old apoE~/- mouse

Macrophages Osleogenesis

Fig. 8.1 NIRF imaging of macrophages and calcification in mouse atherosclerotic plaques. (a)
Intravital NIRF imaging of the left carotid artery of Apoe—/— mice for osteogenic activity (green)
and macrophage accumulation (red). At 20 weeks of age, osteogenic activity was almost
undetectable where macrophages accumulated. 10 weeks later in the same lesion of the same
mouse, as macrophage burden had increased, marked osteogenic activity was detected. However,
10 weeks of statin treatment in Apoe—/— mice that started at 20 weeks of age suppressed
macrophage accumulation and, in parallel, osteogenic activity. (b) Co-mapping of macrophages
and calcification by FRI. FRI co-localized macrophage accumulation and osteogenic activity in the
aortic root and aorta (Reproduced from Aikawa E. et al. [54])

early calcification (“microcalcification”) reduces atherosclerotic plaque stability
and increases the risk of disruption and thrombus formation [57]. Molecular imag-
ing with the NIRF probes OsteoSense 680 for osteogenic activity and
AminoSPARK for macrophages, co-injected in atherosclerotic mice, demonstrated
that macrophage accumulation precedes calcification (Fig. 8.1a) [54]. The same
study also demonstrated that statin treatment retarded the development of macro-
phage burden and calcification in parallel (Fig. 8.1b), indicating that anti-
inflammatory therapies may prevent calcification and thus cardiovascular events.
Figueiredo JL et al. demonstrated that cathepsin S inhibition decreases osteogenic
activity in atherosclerotic lesion of Apoe—/— mice [58].

Following protocol is an example of an intravital molecular imaging using NIRF
probes.

Materials

¢ Animals: mouse (Apoe—/—, Ldlr—/— mice, etc.)

« Diet: high-fat/high-cholesterol diet (D12108C, Research Diets)

e NIRF probes: MMPSense 680, AminoSPARK (PerkinElmer)

» Imaging instrument: confocal microscopy (FV1200, Olympus)

e Surgical tools: small spring scissors, forceps, polyethylene tubing, corkboard
¢ Anesthetic agents: ketamine, xylazine

Protocol

1. Prepare model animals (e.g., high-fat diet-fed Ldlr—/— mice).
2. Intravenously inject NIRF probes.
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. 24 or 48 h later, anesthetize the mice.
. Place the mouse on the corkboard at supine position and cut the neck skin at

midline.

. Separate left and right lobes of thyroid grand by midline incision.

. Expose trachea and remove connective/fat tissues around the carotid artery.

. Insert polyethylene tubes under the carotid artery to keep the artery horizontal.
. Set the mouse on the stage of the microscopy and detect and image the NIRF

signals with appropriate wavelength laser.

8.7 Tissue Harvesting

Materials

Mice (high-fat/high-cholesterol diet fed)

Phosphate-buffered saline (PBS) (Cat: 12001-680, VWR)

0.9 % sodium chloride solution (can be used to substitute the PBS above) (Cat:
85583, Owens and Minor)

Surgical scissors, sharp-blunt, one pair (Cat: 14001-12, Fine Science Tools)
Adson forceps, one pair (Cat: 91106-12, Fine Science Tools)

Dumont #5/45 Forceps (angled), two pairs (Cat: 11251-35, Fine Science Tools)
Vannas Spring Scissors, one pair (Cat: 91500-09, Fine Science Tools)

10 mL syringe (Cat: BD309604, VWR)

1 mL syringe (Cat: BD309659, VWR)

25-gauge needles (Cat: 305122, VWR)

Heparin sodium (Cat: 33185, Henry Schein Animal Health)

Pentobarbital (Euthasol) (Cat: 07-805-9296, Patterson Veterinary)

Isoflurane (can be used to substitute pentobarbital above) (Cat: 029405, Henry
Schein Animal Health)

Protocol

1.

2.

Either inject pentobarbital (200 mg/kg IP or approved amount for euthanasia) or
place the animal under the effect of isoflurane anesthesia.

To first collect whole blood sample for lipid analysis (if blood sampling is not
needed, then skip to step 4), hold abdominal skin at midline of the body with
Adson forceps and open the abdominal cavity laterally to the diaphragm using
surgical scissors—sharp-blunt. Use the forceps (or a cotton swab in substitution)
to gently move the digestive tract and other organs to the side to expose the
inferior vena cava (IVC) and right kidney.

. Coat the inner 1 mL syringe and 25G needle with heparin (drawing as much

heparin as you can and flushing it all out). Carefully puncture the inferior vena
cava (IVC) and draw blood slowly. A 25-30 g mouse should yield approxi-
mately 800—1000 uL of blood collection in volume.

. From below the sternum, carefully open the thoracic cavity anteriorly using

surgical scissors until the thyroids are exposed. Both sides of the rib cage should
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be retracted to the side to expose the lungs and heart. Diaphragm can be opened
further if more “work space” is needed.

5. Using micro scissors, snip the right atrium of the heart, and perfuse the
remaining blood from the left ventricle using a 10 mL syringe full of PBS or
0.9 % sodium chloride solution.

6. Remove all other organs and tissues from the body cavity so that only the heart
and kidneys are left. Note: take extra caution when removing the lungs, thyroids,
and esophagus so that the aorta and carotid arteries are not accidentally dam-
aged. These can be resected using the micro scissors and angled forceps, under a
dissecting microscope.

7. Taking care to not damage the aortic arch, hold surrounding connective tissues
with the angled forceps and “peel” away (with micro scissors) as much fatty tissue
as possible. Free the left subclavian artery, left common carotid artery, and the
brachiocephalic artery (can further free the right subclavian and right carotid artery
bifurcation if interested). Transect across these three arteries to leave 2-3 mm
attached to the aorta. Separate the heart at the aortic root. The abdominal aorta
should also be cleaned of connective tissue and fat, all the way down until the
internal/external iliac arteries are exposed. Remove the aorta for tissue embedding.

8.8 Histopathological Approaches

Histopathology is an important tool to characterize pathomorphological changes in
human and experimental atherosclerosis. To better understand the development of
atherosclerosis and atherosclerotic lesion formation and its composition, it is
crucial to know the morphology of the tissue and the various pathological processes
involved. Histopathology can also examine the effects of new therapies in vivo.
These goals can be accomplished through a variety of histological stains, identifi-
cation of different proteins through immunohistochemistry, and rigorous quantita-
tive analysis. This section will describe how to process the tissue for histological
analyses, the different histological stains used to visualize tissue morphology, and
how to identify protein targets through immunohistochemistry.

8.8.1 Embedding of Fresh-Frozen Tissue in Optimum
Cutting Temperature (OCT) Compound

Tissue preparation is a critical step in obtaining reliable and reproducible results in
histopathology. There are two major types of specimen preparation routinely used
in staining experiments: paraffin-embedded and fresh-frozen tissue samples. While
paraffin embedding has its advantages (e.g., tissue preservation), fresh-frozen
embedding is the preferable method, particularly for immunohistochemistry.
Unfixed fresh-frozen tissues maintain antigen preservation. This method also
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allows more flexibility in post-fixative choice, which can be determined based on a
specific experimental goal or the choice of an antibody. This is important because
different fixatives (e.g., formalin, paraformaldehyde) may differently affect the
reactivity of each antigen. Paraffin embedding of fixed tissues preserves excellent
tissue morphology. However, its use for immunohistochemistry may suffer with
antigenic masking by a fixative and paraffin embedding (e.g., heat).

One must be extremely careful when freezing tissue. Improper freezing process
may cause ice crystal artifacts in the tissue. This often makes morphological
interpretation difficult. If tissue is frozen too slowly, large ice crystals can form,
producing cracks in the tissue, increasing intracellular and extracellular spaces, the
detachment of the tunica intima from the media, and rupturing cell membranes.
While “snap freezing” technique using liquid nitrogen allows tissue to be frozen
rapidly, tissue often cracks due to the rapid expansion of ice, producing problems
later on during sectioning. Liquid nitrogen, in its vapor phase, can also act as an
insulator, causing uneven tissue freezing and adding further to ice crystal forma-
tion. The ice artifacts due to too slow and too rapid freezing techniques could be
overcome by freezing the tissue in chilled/dry ice isopentane (2-methylbutane) (see
protocol below). The use of isopentane allows the tissue to freeze without expan-
sion and tissue damage, making it the preferred method for histological and
immunohistological applications.

Protocol (Fresh-Frozen Tissue Embedding)

1. Place a container filled with isopentane (2-methylbutane) onto dry ice 1520 min
before embedding so that the isopentane becomes cold.

2. Dissect the tissue (approximately 1 x 1 cm).

3. Incubate the tissue in optimal cutting temperature (OCT) compound (Tissue-Tek
O.C.T. Compound, Sakura Finetek) at room temperature (2-3 changes,
1 min each).

4. Add OCT into a plastic Cryomold.

5. Place tissue in Cryomold with OCT (make sure that tissue is completely covered
by OCT).

6. Using long forceps, place the Cryomold into cold isopentane until OCT stops
bubbling (~1-3 min).

7. Place frozen mold onto dry ice until isopentane fumes evaporate before going to
—80 °C freezer.

Before tissue samples are sectioned, they should be taken out of the —80 °C
freezer and placed into the cryostat until the temperature of the tissue falls to the
temperature of the cryostat. Sections should be cut in temperatures of around —16
to —22 °C. If cryostat temperature is too low, tissue sections tend to fold during
sectioning, making it difficult to get a clean section on the microscope slide.
On the other hand, if cryostat temperature is too high, tissue sections will shrivel
up during cutting. Therefore, it is crucial to maintain the right cryostat temperature
in order to obtain a clean and undamaged tissue section. Furthermore, for immu-
nohistochemical applications, sections are cut in 6—7 um thickness (thickness can
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be adjusted based on each experimental situation). Following cryotomy, slides are
left at room temperature for up to 30 min to air dry. The contrast in heat melts OCT
on the slide, providing better tissue adhesion. The slides are then stored at —20 °C
until further needed.

8.8.2 Collagen and Elastin

Elastin and collagen are major extracellular matrix components that influence the
progression of atherosclerosis. In response to inflammation, special enzymes are
released that degrade elastin and collagen. This leads to the thinning of the fibrous
cap, which ultimately leads to its rupture. The following Masson trichrome stain,
picrosirius red stain, and van Gieson stain can highlight these extracellular compo-
nents in atherosclerotic lesions.

8.8.2.1 Picrosirius Red Stain

Picrosirius red stain is an excellent method to detect fibrillar collagen accumulation
and tissue collagenous architecture when viewed under circulatory polarized light
[16, 51, 59-61]. To accurately quantify fibrillar collagens, assessment with polar-
ized microscopy is essential, while bright-field assessment may overestimate or
underestimate the results [62—65]. The use of polarized light also enables to
visualize the collagen fiber orientation and perform quantitative analyses on colla-
gen retardation and red and green hues [50, 66] (Fig. 8.2a).

Protocol (Frozen Sections)

. Dry slides for 30 min.

. Place slides in 10 % neutral buffered formalin for 10 min.
. Rinse slides under running tap water for 5 min.

. Place slides in distilled water 2 times for 2-3 min.

. Incubate slides with 0.1 % picrosirius red (pH = 2) for 90 min.
. Rinse in 0.01 N HCL, 2 times for 2 min.

. Rinse in distilled water.

. Rinse slides in 70 % alcohol for 30 s.

. Rinse slides in 95 % alcohol for 30 s.

10. Rinse slides in 100 % alcohol for 30 s.

11. Place slides in xylene for 3 min.

12. Mount slides using Permount.

01NN A W
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Results
(a) Light microscopy
1. Collagen: Red
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Fig. 8.2 Extracellular matrix staining in mouse atherosclerotic plaques. (a) Picrosirius red
staining for fibrillar collagen viewed under polarized microscope [50]. Collagen accumulation in
the intima of the aortic root of hyperlipidemic Apoe—/— mice crossed with collagenase-resistant
mutant knock-in mice that express type I collagen that is not cleaved by the MMP family
collagenases (Col®®/apoE™'~; right) was greater than that of mice expressing wild-type collagen
type I (Col*"*/Apoe™; leff). Insets: Picrosirius red staining without polarization. (b) van Gieson
staining for elastin. Elastin fiber broke in the atherosclerotic plaque of Apoe ™~ mice (leff). Elastin
was better preserved in Apoe™'~ mice that lacks cathepsin S (Cars—/—) mouse atheroma [54]
(Reproduced from Fukumoto Y. et al. [50] and Aikawa E. et al. [54])

(b) Polarized microscopy

1. Thick collagen fibers: Yellow, orange
2. Thin collagen fibers: Green

8.8.2.2 van Gieson Stain (Elastic Stain)

The van Gieson stain identifies elastic fibers in the tissue allowing for better
understanding of the atherosclerotic plaque morphology often characterized by
increased elastin fiber breaks in more advanced lesions [67] (Fig. 8.2b).

Protocol (Frozen Sections)

1. Fix slides in 10 % neutral buffered formalin.
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2. Prepare fresh working elastic stain solution.

(a) Alcoholic hematoxylin solution.. .. .. 20 ml
(b) Ferric chloride solution. . ...............8 ml
(c) Weigert’s iodine solution. . .............8 ml

3. Prepare fresh working differentiating solution.

(a) Ferric chloride solution. . ...............8 ml
(b) Deionized or distilled water. . ........32 ml

. Hydrate slides in distilled water.
. Stain slides in working elastic stain solution for 15 min to 1 h.
. Rinse excess stain off slides in tap water for 1 min.
. Decolorize sections in working differentiating solution and agitate gently until
elastic fibers are blue-black and background is pale gray.
8. Check under microscope.
9. Place slides in sodium thiosulfate solution for 1 min.
10. Rinse slides in distilled water for 30 s.
11. Stain slides in van Gieson stain solution for 1 min.
12. Rinse in 95 % alcohol 3 times for 1 min each.
13. Rinse in 100 % alcohol 2 times for 1 min each.
14. Place slides in xylene 3 times for 1 min each.
15. Mount with Permount.

N O\ A

Results

Elastic Fibers: Black

Nuclei: Black

Collagen: Red

Other Tissue Structures: Yellow

8.8.3 Lipid Stain

Lipids play a major role in various stages of atherogenesis. To highlight overall
lipid accumulation in atherosclerotic lesions, we describe the protocol of Oil Red O
stain as an example.

Protocol (Frozen Sections)
Oil Red O Preparation (Do this the day before staining.):

1. Add 0.5 g of oil Red O to 100 ml of 100 % propylene glycol (only add a small
amount of propylene glycol in the beginning).

2. Gradually add the remainder of propylene glycol stirring periodically.

3. Heat gently until solution reaches 95 °C (Do not allow solution to go over
100 °C).
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4. Filter solution through coarse filter paper while still warm.

5. Let solution stand overnight at room temperature.

6. Filter through medium fritted glass filter with aid of vacuum (filter only what you
want to use on that day).

7. Refilter if solution becomes turbid.

Staining:

. Rinse slides in distilled water.

. Place in absolute propylene glycol for 2 min.

. Stain in oil Red O solution for 90 min.

. Differentiate in 85 % propylene glycol solution 3 times for 1 min each.

. Rinse in 2 changes of distilled water.

. Stain in Gill’s Hematoxylin solution for 1 min.

. Rinse thoroughly in several changes of distilled water and coverslip using
aqueous mounting solution.

~N NN =

Results
Lipids: Red
Nuclei: Blue

8.8.4 Calcification

Calcium deposits are often present in advanced atherosclerotic lesions. The follow-
ing stains can be used to highlight calcification in tissues: alkaline phosphatase for
early calcification and von Kossa and Alizarin Red for late stages of calcification
[Aikawa E, Circulation 2007;116:2841-50]. Representative images showing early-
and late-stage calcification in mouse atherosclerotic plaques are provided (Fig. 8.3).

8.8.4.1 Alkaline Phosphatase Stain

Activity of alkaline phosphatase, a marker for early-stage calcification, can be
visualized using the Vector Red Substrate Kit from Vector Laboratories
(SK-5100). The resultant stain is also fluorescent and can be viewed under a
polarized light microscope:

. Dry slides for 20 min.

. Place slides in tap water for 5 min.

. Briefly rinse slides in distilled water.

. Prepare the substrate working solution.

AW N —

(@) To 5 ml of 100 mM Tris-HCI, pH 8.5 buffer, add 2 drops of reagent 1 and
mix well.

(b) Add 2 drops of reagent 2 and mix well.

(c) Add 2 drops of reagent 3 and mix well.
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Fig. 8.3 Early and late calcification in mouse atherosclerotic plaques. Top panels: Little if any
activity of alkaline phosphatase (ALP, red stain) and no calcium deposits (von Kossa) were
detected in early calcifying lesions. Bottom panels: Lesion with advanced calcification contained
high levels of ALP and von Kossa (black) signals [67] (Reproduced from Aikawa E. et al. [67])

5. Cover tissue sections with the substrate working solution and leave for
40-60 min.

. Place slides in Tris-HCI, pH 8.5 buffer for 5 min.

. Place slides in distilled water.

. Dip slides in Gill’s Hematoxylin 2 times.
9. Wash slides in tap water.

10. Place in Bluing Reagent for 1 min.

11. Wash slides in tap water.

12. Rinse slides in distilled water.

13. Place slides in 95 % ethanol 2 times for 3 min each.

14. Place slides in 100 % ethanol 2 times for 3 min each.

15. Place slides in xylene 2 times for 3 min each.

16. Cover slip slides using Permount.

el NI

Results
Alkaline phosphatase enzyme: Red
Nuclei: Blue

8.8.4.2 The von Kossa Stain

The von Kossa stain is used to stain calcium deposits in tissue.
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Protocol (Frozen Sections)

. Dry slides for 20 min.

. Place slides in 10 % neutral buffered formalin for 10 min.
. Place slides in tap water for 2 min.

. Rinse slides through 2 changes of distilled water.

. Cover tissue sections with 5 % silver nitrate.

. Place slides under UV light for 10-60 min.

. Rinse slides in distilled water.

. Place slides in 5 % sodium thiosulfate for 2—3 min.

. Rinse slides thoroughly in running tap water.

10. Place slides in nuclear fast red stain for 5 min.

11. Rinse slides in running tap water.

12. Dehydrate slides by placing in 100 % alcohol 3 times.
13. Place in xylene 3 times.

14. Coverslip using Permount mounting medium.

1NN A W
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Results
Calcium: Black
Cytoplasm: Pink
Nuclei: Red

8.8.5 Immunohistochemistry

Immunohistochemistry is a powerful tool for identifying and localizing antigens
within tissues through the use of antibodies. In atherosclerosis, immunohistochem-
istry can identify a variety of targets within cell types including macrophages, T
cells, endothelial cells, and smooth muscle cells, which contribute to the patholog-
ical processes of atherosclerotic lesion development (Fig. 8.4). While the following
protocol is a general immunohistochemistry protocol, there can be different varia-
tions including type of fixation, incubation steps, and one-step or multiple-step
labeling methods. One-step labeling methods involve the label being directly
conjugated to the primary antibody. Multiple-step labeling methods involve the
label being conjugated to a secondary antibody or the use of an avidin-biotin
complex. The protocol given below can easily be adapted to fit one’s preferred
experimental design.

Immunohistochemistry Protocol (Frozen Sections)

1. Dry slides for 30 min at room temperature.

2. Wash slides 2 times in PBS for 5 min each.

3. Fix slides in 4 % paraformaldehyde for 5 min.

4. Rinse slides in tap water and then wash in PBS 2 times for 5 min each.
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Fig. 8.4 Immunohistochemistry of matrix-degrading enzymes in mouse atherosclerotic plaques.
(a) Immunostain for macrophages (top, red reaction product) and smooth muscle cells (SMCs;
bottom, red) in the atherosclerotic plaques of Apoe ™'~ and MMP-13-deficient (Mmpl3—/—) mice
[50]. (b) Immunofluorescence identified increased cathepsin S expression (red fluorescence) in the
atheroma of Apoe—/— mice as compared to undetectable levels in those with cathepsin S
deficiency (Cats—/—) [67] (Reproduced from Deguchi J et al. [50] and Aikawa E. et al. [67])

5. Place slides in H,O, solution for 3 min to inhibit endogenous peroxidase
activity.

. Wash well in distilled water.

. Wash with PBS for 5 min.

. Prepare a moisture chamber with soaked paper towels.

. Cover each tissue section with appropriate blocking serum (4 % normal serum,
depending on primary antibody source) for 30 min in moisture chamber.

10. Tap off blocking serum and cover each section with primary antibody (diluted

in the blocking serum ) and incubate for 90 min.
11. Tap off primary antibody solution and wash 2 times in PBS for 5 min each.

Nelie BN Be)N
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12. Cover each section with appropriate secondary antibody solution. Incubate for
45 min.

13. Tap off secondary antibody solution and wash slides 2 times in PBS for
5 min each.

14. Cover each section with streptavidin peroxidase for 30 min.

15. Wash slides 2 times in PBS for 5 min each.

16. Cover sections with AEC Substrate/Chromogen solution and check reaction
under microscope.

17. Rinse slides in tap water 2 times for 5 min each.

18. Counterstain with Gill’s Hematoxylin solution for 1 min.

19. Rinse in tap water for 5-10 min.

20. Place in bluing solution for 1 min.

21. Rinse in tap water.

22. Coverslip with aqueous mounting medium.

8.8.6 Immunofluorescence

Using fluorescent labels is another powerful tool to visualize proteins but more on a
subcellular level (Fig. 8.4). It is mainly used to identify where the protein is
expressed within the cell. Immunofluorescence is also useful for double or triple
labeling. Typically, tissue sections are incubated with a secondary antibody that is
conjugated with a fluorochrome label or avidin-biotin complexes. Tissue sections
can also directly be incubated in primary antibodies that are fluorescently conju-
gated, decreasing the number of steps in the protocol and avoiding cross-reactivity
and high background staining. Tissue sections are viewed under a fluorescent
microscope equipped with filters for imaging fluorochromes based on their emis-
sion and excitation characteristics. Common fluorescent dyes used in immunohis-
tochemistry include fluorescein (e.g. FITC, green, excitation 494 nm, emission
521 nm) and rhodamine (e.g., Texas Red, red, excitation 595 nm, emission
615 nm). Alexa Fluor dyes are also common, with their excitation and emission
spectra covering the visible spectrum and extending into the infrared (e.g., Alexa
Fluor 350, blue; Alexa Fluor 488, green; Alexa Fluor 594, red; Alexa Fluor
680, near-infrared). The following protocol is routinely used in our laboratory
and also includes steps for single and double labeling.

Immunofluorescence Protocol for Frozen Sections (Single and Double Labeling)

1. Fix slides in 4 % paraformaldehyde for 5 min and wash slides in H,O followed
by PBS two times for 5 min each.

2. Incubate slides in 4 % species-appropriate normal serum for 30 min to block
nonspecific binding of primary antibody.

3. Apply primary antibody diluted in 4 % species-appropriate normal serum and
incubate for 90 min.

4. Wash slides in PBS three times for 5 min each.
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5. Apply biotinylated secondary antibody diluted in 4 % species-appropriate
normal serum and incubate for 45 min.

6. Wash slides in PBS three times for 5 min each.

. Apply streptavidin-conjugated Texas Red and incubate for 20 min.

8. Wash slides in PBS three times for 5 min each.

\]

For single labeling, continue to step 11.
For double labeling, continue to step 9.

9. For double labeling, sections after first part of staining undergo two blocking
procedures:

(a) Treatment with an avidin/biotin blocking kit (Vector): incubate in solution
A for 15 min followed by 15 min of washing in PBS; incubate in solution
B for 15 min followed by 15 min of washing in PBS.

(b) Block with 4 % appropriate normal serum for 20 min.

10. For the second antigen, apply primary antibody overnight in +4 °C fridge,
followed by washing in PBS three times for 5 min each the next day. Apply
biotinylated secondary antibody for 45 min, wash in PBS three times for 5 min
each, and then apply streptavidin-conjugated FITC and incubate for 20 min.
Wash in PBS three times for 5 min each.

11. Counterstain nuclei with DAPI for 2 min.

12. Coverslip slides and store in box at +4 °C.

8.8.7 Counterstaining

Counterstaining is an important step following immunohistochemistry to show a
direct contrast between the antigen expression (labeled enzymatically) and the
overall tissue morphology including nuclei. It can also indicate whether the antigen
is localized in the nuclei or the cytoplasm. In general, hematoxylin is useful because
it provides a good contrast when 3-amino-9-ethylcarbazole (AEC) is used as a
chromogen, showing a blue counterstain, while the antigen expression is shown in
red/brown. Because chromogens such as AEC are soluble in alcohol, it is
recommended that nonalcoholic hematoxylins (Gill’s) be used for counterstaining.

8.8.8 Data Interpretation

In order to properly interpret the results of immunohistochemistry, many different
factors must be taken into consideration. Type of fixation, tissue processing,
sectioning, and staining all could influence the results. Specific signal usually
shows in the cytoplasm, nuclei, or the cell membrane, while nonspecific back-
ground staining tends to show in connective tissue, adipocytes, and collagen.
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Background staining is often associated with excessive concentrations of a primary
antibody; the use of polyclonal antibodies; staining of cells that have undergone
damage, necrosis, or autolysis; and poor blocking of endogenous enzymatic activ-
ity. Fixation is also a crucial factor where a short fixation time can preserve the
antigens but may sacrifice the tissue morphology. On the other hand, a longer
fixation time will preserve the morphology but may alter, mask, deplete, or destroy
the antigens. Thus, careful optimization of these various factors that can influence
the results is critical. Proper interpretation of results also highly depends on the skill
and experience levels of the reader.

8.8.9 Quantification

In order to analyze and quantify histological staining including immunohistochem-
istry, one would first capture digital images and then calculate the percent area that
is positive for a specific stain or the number of signals (e.g., positive cells, positive
nuclei). While this is a common and useful method, several factors, including the
quality of images and observer subjectivity, limit the power of this method.
Therefore, we recently developed a new method involving a hue, saturation,
value (HSV) color space program named Color Selection HSV to accurately
quantify and analyze histological stains [68]. This method allows researchers to
acquire quantitative data that is objective and independent of section thickness and
has little sample-to-sample variation. This new program quantifies histological
stains by separating colors of an image not only into the typical red, blue, green
(RBG) color space but also a hue, saturation, and value color space. This HSV color
space can be attained using the program to convert the RGB dimensions into HSV
dimensions through a mathematical formula. Then, the program automatically
extracts certain colors from the images by identifying every pixel that falls within
a specific threshold range in both color spaces. The program then can count the total
number of pixels that fall into the thresholds and display the number as a percentage
of the region of interest selected [68].

8.8.10 Detection of Pathobiological Processes and Cellular
Events in Atherosclerotic Lesion Development

The development of atherosclerotic lesions results from various pathological pro-
cesses involving several cell types including macrophages and smooth muscle cells.
Several cell types including macrophages, endothelial cells, and smooth muscle
cells contribute to atherogenesis through their production of promoters or suppres-
sors of inflammation, matrix remodeling, and thrombogenesis. In order to identify a
major source of such factors and characterize their expression patterns in each cell



184 H. Iwata et al.

type, an appropriate marker must be used. The following are common markers for
macrophages and smooth muscle cells.

8.8.10.1 Macrophages

¢ CD68: a commonly used macrophage marker; expressed by human monocytes
and tissue macrophages

» F4/80 (mouse): a commonly used macrophage marker

e Mac-1/Mac-3: monoclonal antibodies against the human mannose receptor, a
specific marker for macrophages

* CD163: a specific marker of macrophages that can be used in paraffin-embedded
tissue samples and is not restricted to “mature” macrophages

» Ly6C: a marker for early-stage atherosclerosis

8.8.10.2 Smooth Muscle Cells

* Alpha smooth muscle actin (a-SMA): a general marker of smooth muscle cells,
expressed in differentiated and undifferentiated smooth muscle cells and
myofibroblasts

¢ Calponin: highly expressed in terminally differentiated and non-proliferating
smooth muscle cells

¢ Caldesmon: a marker of fully differentiated and non-proliferating smooth mus-
cle cells

e Smoothelin: a structural protein of differentiated, contractile smooth muscle
cells

e SM22 (transgelin): a marker of differentiating smooth muscle cells

¢ SMI: a smooth muscle myosin heavy chain (MHC) isoform; a strict marker of
differentiated smooth muscle cells

o SM2: a smooth muscle MHC isoform; the most strict marker for mature smooth
muscle cells

8.8.10.3 Other Targets

Other targets for immunohistochemistry include cytokines and chemokines, includ-
ing interleukin 1 (IL-1p), tumor necrosis factor « (TNFa), fibroblast growth factor
(FGF), platelet-derived growth factor (PDGF), and chemokine (C-C motif) ligand
2 (CCL2)/monocyte chemotactic protein 1 (MCP1). As discussed, extracellular
matrix is subject to degradation by proteolytic enzymes such as metalloproteinases
(MMPs) and cathepsins during tissue remodeling. Among these enzymes are
3 mammalian collagenases that initiate the degradation of interstitial collagen:
MMP-1/collagenase-1, MMP-§8/collagenase-2, and MMP-13/collagenase-3.
MMP-13 seems to play a dominant role in collagen remodeling in mouse
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atherosclerosis [50, 53]. Other key proteolytic enzymes that can be detected by
immunostaining include gelatinases (MMP-2 and MMP-9) and elastases (cathepsin
S and cathepsin L) [58, 67]. The antibodies for these enzymes are readily available
from various sources.

8.9 Biochemical Analyses

8.9.1 RNA Extraction

This procedure, whose purpose is to isolate RNA from atherosclerotic tissues for
downstream application in gene expression studies, is similar to that described in
previous literature [69]. Briefly, the procedure consists of both homogenization and
phase separation stages.

Materials

Mice with induced atherosclerosis

1.5 mL tubes (DNase/RNase-Free)

Pipette tips (DNase/RNase-Free)

TRIzol (Invitrogen, Carlsbad, CA, USA)

Chloroform (Sigma-Aldrich, St. Louis, MO, USA)

Isopropyl alcohol (Sigma-Aldrich, St. Louis, MO, USA)

UltraPure DNase/RNase-Free Distilled Water (Life technologies, Carlsbad, CA,
USA)

75 % Ethanol (diluted in UltraPure Water above)

NanoDrop 2000 (NanoDrop Technologies, Wilmington, DE, USA)
RNeasy Micro Kit (Valencia, CA, USA)

RNAlater RNA Stabilization Reagent (Valencia, CA, USA)

Protocol

1.

Tissue samples are homogenized in 0.5—1 ml of TRIzol for every 50—-100 mg of
sample. Cells are lysed on a plate and incubated for several minutes and then
collected into 1.5 ml tubes.

. 0.2 ml of chloroform per 1 ml of TRIzol is then added, and the samples are

centrifuged at no more than 12,000x g for 15 min at 4 °C.

. The aqueous phase is carefully transferred to a fresh tube, followed by the

addition of 0.5 ml of isopropyl alcohol per 1 ml of TRIzol.

. Samples are incubated at room temperature for 10 min and then centrifuged at

no more than 12,000xg for 10 min at 4 °C.

. Following removal of the supernatant, 1 ml of 75 % ethanol is added to wash

the RNA pellet.

. Samples are centrifuged at no more than 7,500xg for 5 min at 4 °C, and then the

supernatant is again removed and the RNA pellet is briefly dried.
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7.

8.

9.

10.

11.

The last step is to dissolve RNA in DNase-Free and RNase-Free water with
variable elution volume.

RNA concentration is then measured with NanoDrop 2000, followed by imme-
diate use of RNA or storage at —80 °C.

Other options for RNA extraction include Qiagen’s RNeasy Micro Kit and
Qiagen’s RNAlater RNA Stabilization Reagent. RNeasy consists of a column
method in which samples are initially lysed and homogenized. After ethanol is
added to improve binding conditions, the lysate is placed on a silica membrane
to which only the RNA binds. A desired volume of water is then added to elute
the pure RNA. This is a convenient procedure but more costly.

RNA later consists of premeasured RNA Stabilization Reagent within
TissueProtect Tubes in which tissues are immersed directly following their
harvesting.

In all cases, the samples can subsequently be held in storage at —80 °C.

8.10 Reverse Transcription Quantitative Polymerase

Chain Reaction (RT-qPCR)

The goal of RT-PCR is to convert the RNA garnered from extraction into cDNA, in
order to then quantitatively measure the levels of gene expression. This is carried
out similarly to that described in previous literature [69]. The procedure comprises
a reverse transcription protocol—to convert RNA to cDNA—and a quantitative
polymerase chain reaction to amplify and measure cDNA.

Materials

Template: Total RNA from atherosclerotic mice (1 pg/tube)

Reverse transcriptase (Quanta BioSciences, Gaithersburg, MD)
gScript Reaction Mix (5X) (Quanta BioSciences, Gaithersburg, MD)
Nuclease-free water (Quanta BioSciences, Gaithersburg, MD)
Thermal cycler (GeneAmp® PCR System 9700)

0.2 mL tubes

Pipetman

Nuclease-free pipet tips

cDNA from Reverse Transcription

PerfeCTa FastMix II ROX (Quanta BioSciences, Gaithersburg, MD)
TagMan® Gene Expression Assays or SYBR® Green dye for your target genes
(Life Technologies, Carlsbad, CA, USA)

Distilled water

Applied Biosystems 7900HT Fast Real-Time PCR system
MicroAmp Optical 384-Well Reaction Plate

MicroAmp 96- and 384-Well Optical Adhesive Film
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Protocol
Reverse Transcription of RNA to cDNA

1.

2.

RNA is converted into cDNA via reverse transcription of 1000 ng RNA in a
20 uL solution.

10 uL of this solution is a master mix consisting of 5 uL nuclease-free water,
4 uL gScript Reaction Mix (5x), and 1 uL reverse transcriptase. The remaining
10 uL consists of up to 1000 ng RNA with supplemental dilution in nuclease-free
water.

. These samples are then briefly vortexed and spun down, before being placed in

the GeneAmp™ PCR System 9700 with the following preset cycles: 22 °C for
5 min, 42 °C for 30 min, 85 °C for 5 min, and 4 °C for any remaining time.

Quantitative Polymerase Chain Reaction (RT-qPCR)

1.

2 pl cDNA from the previous step is inserted on a MicroAmp Optical 384-Well
Reaction Plate, followed by 5 pl PerfeCTa Fast Mix, 0.2 pl TagMan Gene
Expression assays that serve as primers/probes for the selected genes of interest,
and 2.8 pl distilled water.

. Plate is sealed with MicroAmp 384-Well Optical Adhesive Film and spun down

at 1000 rpm for 1 min. The following preset cycles are used on the PCR system:
95 °C for 30 min, 95 °C for 30 min.

8.10.1 Protein Extraction

In order to analyze proteins that are relevant to studying atherosclerosis in mice,
one must first isolate them from the tissue. As mentioned in previous literature [70],
this is a relatively straightforward procedure that takes advantage of radioimmu-
noprecipitation assay buffer (RIPA buffer) to extract the proteins that will be used
in downstream testing, proteomics, and analysis.

Materials

10X RIPA (Cell Signaling Technology, Beverly, MA, USA)
HPLC Water (Fisher Scientific, Hampton, New Hampshire, USA)
Protease Inhibitor Cocktail-I (50 pl) (Sigma-Aldrich, St. Louis, MO, USA)

Protocol
The tissue sample is thoroughly minced and then subjected to RIPA buffer, made of

the constituents listed above. This will separate the sample into a soluble layer
(desired) and an insoluble layer (can be discarded) over the course of 30 min of
incubation on ice. As previous literature touches upon, these extracts can be
cleaned up if desired by removing any additional buffers, detergents, salts, and
other contaminants.
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8.10.2 Western Blotting

The mission of this procedure is to prove the expression of a particular protein of
interest in atherosclerotic tissues. Previous literature reviews the use of the Western
blot to determine expression of CD59 protein in a mouse model [71]. There are also
manufacturer’s instructions for how to use iBlot in a Western blot (https://tools.
lifetechnologies.com/content/sfs/manuals/iblot2_device_qrc.pdf). The procedure
possesses a SDS-PAGE protocol, a blotting protocol, and a blocking step via
antibody reaction.

Materials

Extracted proteins from atherosclerotic mice

SDS-PAGE Materials (Bio-Rad Laboratories, Hercules, CA, USA)

iBlot (Life Technologies, Carlsbad, CA, USA)

Blocking materials (primary antibody, secondary antibody, TBS-T buffer)

Protocol

1.

Extracted proteins from the previous protocol are washed twice with cold PBS,
lysed for 2 h while sitting on ice, and centrifuged to remove undesirable and
insoluble materials.

. Gels are placed into slots within a tank with 1X running buffer, and protein

samples are then added into the wells.

. The power supply is then set to 20 mA/ gel and the samples undergo SDS-PAGE.

The power supply is then shut off when the run is nearly complete (when the dye
front is proximal to the bottom edge of the gel).

. For the blotting stage, at least two different methods have proven to work well.

The traditional approach, known as the standard wet transfer, utilizes the
layering of filter paper, gel, and the membrane, which are all submerged in a
solution of transfer buffer.

. This sandwich of layers is bound together and placed in a transfer tub with buffer

to which a power supply is directed to promote protein migration to the mem-
brane. This current can be applied overnight for best results.

. On the other hand, the more costly alternative is called the rapid transfer

technique with iBlot technology. Anode and cathode stacks are carefully layered
on the bottom and top of the gel, respectively, in the iBlot machine, along with
the iBlot Filter Paper and disposable sponge according to the manufacturer’s
instructions. After running in the iBlot machine, the gels are blocked with a
proper blocking solution and incubated at room temperature for 1 h.

. The membrane is then washed in TBS-T 3 times for 5 min each time. They next

undergo an antibody reaction when incubated with a primary antibody and
blocking solution again for 1 h at room temperature.

. The membrane is then washed in TBS-T 3 times for 5 min each time. They

undergo another reaction when incubated with a secondary antibody and
blocking solution for 1 h at room temperature.
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Chapter 9
Angiotensin II-Induced Aortic Aneurysms
in Mice

Hong Lu, Deborah A. Howatt, Anju Balakrishnan, Jessica J. Moorleghen,
Debra L. Rateri, Lisa A. Cassis, and Alan Daugherty

Abstract Angiotensin II (Angll) infusion into mice induces both abdominal and
thoracic aortic aneurysms. Continuous delivery of Angll is achieved by subcutaneous
implantation of osmotic pumps. The accumulated experience of many laboratories
has provided templates for standardizing procedures to enhance reproducibility of
data in the quantification and characterization of Angll-induced aortic aneurysms.
This chapter provides suggestions for standard protocols, experimental designs,
execution, and data interpretation. It includes discussion of the confounding issues
in quantifying compositional characteristics of Angll-induced aortic aneurysms.

Keywords Angiotensin I « Aortic aneurysms ¢ Infusion « Mouse

9.1 Introduction

Aortic aneurysms are region-specific permanent dilations that invoke a risk for
sudden death through rupture-induced exsanguination. Common locations for aor-
tic aneurysms in humans are abdominal aortic aneurysms (AAAs) and thoracic
aortic aneurysms (TAAs). AAAs most frequently occur in the infrarenal region,
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whereas TAAs are predominant in the aortic root and ascending aortic region.
Known risk factors for human AAAs include male gender, aging, and smoking
[1-4], whereas there is frequently a genetic basis for human TAAs [5].

Angiotensin II (AnglI) infusion was first noted to promote formation of AAAs in
the suprarenal region of LDL receptor —/— mice [6] that were subsequently
observed in apoE —/— mice [7]. The reproducibility of Angll inducing AAAs has
been demonstrated by publications from many laboratories (reviewed in [8]). The
pathology of Angll-induced AAAs shares several features of human AAAs, includ-
ing pronounced lumen expansion, elastin breaks, thrombosis, extracellular matrix
fragmentation, and accumulation of many types of leukocytes (macrophages, B and
T lymphocytes) [9, 10]. Also consistent with the human disease, the incidence of
Angll-induced AAAs is significantly greater in male than in female mice [11, 12]
and is augmented by coadministration of nicotine [13], a major component in
cigarettes. While age is a major risk factor for AAAs in humans, currently no
studies have demonstrated age-related effects in the formation of Angll-induced
AAAs in mice. Obesity has also been associated with the presence of AAAs in
humans and in Angll-infused mice [14, 15]. Finally, hypercholesterolemia aug-
ments Angll-induced AAAs in mice [8, 16], which is consistent with risk factors for
human AAAs [1-4].

In addition to Angll inducing AAAs, profound dilation also occurs in the
thoracic aorta. The Angll-induced dilation is primarily in the ascending aortic
region, with medial pathology also occurring just distal to the left subclavian artery
branch [17]. While Angll-induced TAAs share a common feature of pronounced
lumen expansion with AAAs, the pathology between these two locations is mark-
edly different. Specifically, Angll-induced TAAs exhibit an early presence of
intraluminal thrombus, extensive and concentric elastin fragmentation, a relative
lack of leukocytic accumulation, and a gradient of tissue disruption across the
media with the most severe being in the adventitial aspect [18-20]. These patho-
logical features of Angll-induced TAAs are distinct from those observed in AnglI-
induced AAAs [9, 18-20].

Relative to other commonly used mouse models of AAAs, such as periaortic
application of calcium chloride [21] or intra-aortic perfusion with elastase [22],
subcutaneous infusion of Angll is an easier procedure that does not require surgical
entry into the body cavity. Moreover, infusion of Angll has the benefit of enabling
the concomitant study of both AAAs and TAAs (Fig. 9.1), as well as atherosclerosis
when Angll is infused to hypercholesterolemic mice. In addition, infusion rates of
Angll that induce these vascular pathologies in mice typically elevate blood
pressure, although these increases do not have a direct effect on aneurysm forma-
tion and progression [23]. Therefore, infusion of Angll in mice provides a good
model to compare and contrast mechanisms of several vascular diseases in response
to interventions. In this chapter, we provide guidance on the design, execution, and
reporting of studies on Angll-induced aortic aneurysms.
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Fig. 9.1 Angll infusion in Infusion

mice induces both thoracic i

and abdominal aortic Saline Ang I
aneurysms. Male mice were
infused with either saline or
AnglI (1000 ng/kg/min) for
4 weeks. Thoracic and
abdominal aortas dissected
from mice infused with
saline (a and c). Thoracic
and abdominal aortas
dissected from mice infused
with AnglI (b and d).
Asterisks (*) indicate
aneurysmal area. Light
green color (aand b) is 2 %
agarose gel containing dye
that is introduced into the
aortic lumen to maintain
patency and improve
visualization

9.2 Selection of Mice and Infusion Rate of AnglI

The initial study reported that Angll infusion at a rate of 500 ng/kg/min induced
AAAs in male LDL receptor —/— mice at the age of 5 months [6]. Our subsequent
study infused 1000 ng/kg/min to female apoE —/— aged 6 months fed with a normal
laboratory diet [7]. Later studies have demonstrated pronounced male gender
preference in hypercholesterolemic mice [11, 12]. Studies have also demonstrated
that AnglI infusion induces AAAs in normocholesterolemic C57BL/6 mice, but the
incidence is 5-10 times lower than hypercholesterolemic mice [16, 24-26]. In
contrast, fat-enriched diet or genetic obesity promotes Angll-induced AAAs in
C57BL/6 mice without pronounced hypercholesterolemia [15]. The basis for hyper-
cholesterolemia promoting AAAs is attributable to increased apoB-containing
lipoproteins [16]. Although aging is a critical risk factor for human AAAs, there
has been no systematic study demonstrating changes in incidence or severity of
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Angll-induced AAAs with increasing age. Most studies have been performed on
mice that are ~8—12 weeks old.

Mouse selection for the study of Angll-induced AAAs can vary depending on
the hypothesis of the experimental study. For example, if administration of a drug
or manipulation of a gene of interest is expected to reduce Angll-induced AAAs, it
is preferable to have a robust presence of the disease in the placebo or vehicle
group. This would be achieved using hypercholesterolemic male mice infused with
1000 mg/kg/min or higher of Angll. If the experimental outcome is expected to
promote AAAs, the presence of AAAs can be reduced in controls by reducing
Angll infusion rate and/or using normocholesterolemic mice.

In contrast to profound contributions of hypercholesterolemia and male gender
to Angll-induced AAAs, Angll-induced TAAs are not associated with increases in
plasma cholesterol concentrations or gender differences [20]. Therefore, if AnglI-
induced TAAs are the focus of a proposed experiment, normocholesterolemic mice
of either gender can be used. As with Angll-induced AAAs, an infusion rate of
500 ng/kg/min or less is preferable if augmentation of Angll-induced TAAs is
expected, whereas an infusion rate of 1000 ng/kg/min is desirable if the outcome is
attenuation of Angll-induced TAAs.

9.3 Determination of Angll Infusion Rate and Selection
of Pump Models

Development of a protocol to permit consistent infusion rates of Angll is a critical
aspect of experimental design. Angll mass to be infused is calculated after deter-
mination of infusion rate and study duration [27]. Infusion is performed using an
Alzet (DURECT Corporation) osmotic pump model selected from those listed in
Table 9.1. Selection of a pump model for a specific experiment is based on infusion
rate, study duration, and mouse body weight. Although most reported studies use an
Angll infusion rate of 1000 ng/kg/min for 28 days, infusion rates and study duration
can vary depending on experimental purpose. Insights into selecting Angll rates are
provided in Sect. 9.2. If early changes prior to overt aortic aneurysm formation are
the focus of an investigation, infusions of AngllI for less than 10 days will suffice
[9]. If advanced stages of AAAs are the focus of a study, longer infusion intervals
can be performed by sequential replacement of pumps [18, 28]. In addition to
infusion duration, an important determinant to the selection of Alzet pump used is
mouse body weight (Table 9.1).

Different pump models have various priming intervals to initiate peptide deliv-
ery. For example, model 2004 pumps initiate extrusion 40 h after filling, when

Table 9.1 Alzet osmotic pump models commonly used in mice

Pump model 1007D 2001 1002 2002 1004 2004 2006
Infusion duration (days) 7 7 14 14 28 28 42
Mouse weight (g) >10 >20 >10 >20 >10 >20 >20
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submersed in saline at 37 °C or implanted subcutaneously. In our standard protocol,
we implant pumps after incubation in saline at 37 °C for 12-24 h on the basis that
mice have 16-28 h to recover from the surgery prior to AngllI delivery. However, if
prolonged infusion of Angll (more than 4 or 6 weeks) is needed, this requires
replacement with a second pump that should be primed to immediately deliver
Angll on implantation. In this case, a filled model 2004 must be immersed in saline
and incubated at 37 °C for at least 40 h before the implantation surgery.

Although increases of blood pressure do not contribute to Angll-induced AAAs
or TAAs [20, 23, 29], we routinely measure systolic blood pressure at baseline
(prior to pump implantation) and during AnglI infusion since blood pressure is one
parameter that demonstrates effective Angll delivery [30]. Therefore, we recom-
mend measuring blood pressure as a routine procedure before and during Angll
infusion. A second validation is measurement of plasma renin concentrations that
are decreased during AngllI infusion [31].

9.4 Quantification of Aortic Aneurysms

9.4.1 Death Due to Aortic Rupture

Death due to aortic rupture has been a consistent finding during AnglI infusion, and
it should be qualified in all studies. Analysis of aortic rupture rate or survival curve
for the entire study duration is a useful indicator of aneurysm rupture in response to
an intervention [28, 32]. Since mice infused with Angll may die of either abdominal
or thoracic aortic rupture, it is important to perform a necropsy soon after death to
define the location of aortic rupture since pathologies of Angll-induced AAAs and
TAAs differ considerably.

9.4.2 Ultrasonography

Ultrasonography is the most convenient and cost-efficient manner of screening for
aortic aneurysms in humans [33-35]. In humans, although luminal diameter of 3 cm
or above in the infrarenal region is commonly defined as an AAA, an aneurysm is
also defined as exceeding the normal luminal diameter of the artery by 50 %
[36]. Both sagittal and transverse screens are commonly used, accompanied by
color Doppler flow recognition in humans.

Ultrasonography has also been used frequently in mouse aortic aneurysm studies
to quantify aortic dilation [28, 37-42]. A major benefit of this method is the ability
to sequentially quantify luminal dilation in a live mouse [20, 29, 37]. Any of the
VisualSonics models (Vevo 660, 770, or 2100) provide sufficient resolution to
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determine lumen dimensions of the suprarenal aorta. Although long-axis screening
is reported in several studies, accuracy requires demonstrating that lumen diameter
is recorded from the midpoint of the vessel to provide maximum diameter. Also, the
potential for tortuous regions after Angll infusion can complicate accurate mea-
surement. Hence, it is likely that short-axis screen provides more precise measure-
ments of abdominal aortic dilations in mice.

For these measurements, mice are sedated with isoflurane and their abdominal
surface depilated and placed dorsally in a supine position. Angll-induced AAAs are
located in the suprarenal region. The left renal artery provides a landmark to ensure
consistent screening in the same location. After identifying the left renal artery,
two-dimensional images (B mode) can be acquired starting above the right renal
artery with Cine loops. Our standard protocol requires acquisition of Cine loops of
100 frames/suprarenal aortic region. The 100 frames are used to determine the
maximal luminal diameter of suprarenal aortas. Measurement accuracy of ultraso-
nographic images depends largely on user skill, knowledge, and experience. It is
preferable that two independent, well-trained operators analyze images in a blinded
manner. The frequency for ultrasound screening is variable dependent on the
experimental design. To monitor the progression of AAAs, suprarenal aortas can
be screened at relatively frequent intervals [28, 37].

Ultrasonography has also been used frequently to monitor and determine aortic
root and ascending aortic dilations in mouse models [20, 29, 41, 42]. Because of
depth of penetration and width of the aortic root and ascending aorta, use of a
VisualSonics Vevo 2100 is preferable to acquire these images. There is an
enhanced level of technical skill needed to measure TAAs relative to AAAs.

To provide some quality control of ultrasonographic measurements, it is
suggested that aortic dimensions acquired by this noninvasive process be compared
to direct visualization and measurements of aortas after termination, as described in
Sects. 9.4.3 and 9.4.4.

9.4.3 Aortic Tissue Processing

Blood is usually drawn from anesthetized mice through a right ventricular puncture
to collect either serum or plasma for biochemical measurements. These measure-
ments typically include concentrations of total cholesterol and cytokines. As noted
above, we commonly measure plasma renin concentrations to confirm effective
Angll delivery.

For mice infused with Angll for 4 weeks or less, after perfusion with saline to
remove blood, aortas are dissected carefully and placed in a fixative solution (e.g.,
10 % neutrally buffered formalin) for more than 24 h. For mice infused with AnglIl
for more than 4 weeks, especially those infused with Angll for 12 weeks, it is
helpful to excise aortas after pressure perfusion with a fixative solution at
~100 mmHg and injection of 2 % (wt/vol) agarose to maintain aortic patency
[18,28]. Adventitial tissues are then removed carefully to expose the gross structure
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Fig. 9.2 Maximal outer
width measurement of the
suprarenal aorta. Example
shown is an aorta from a
male LDL receptor —/—
mouse infused with Angll
1000 ng/kg/min for

4 weeks. The red line on the
abdominal aorta represents
maximal outer width of the
suprarenal region

(outer boundary of the medial layers) of the aorta. Subsequently, aortas are pinned
on black wax to acquire aortic images for maximal ex vivo measurements of
suprarenal regions (Fig. 9.2). After completion of this measurement, aortas are
unpinned and cut open longitudinally (Fig. 9.3a) through the inner curvature and
outer curvature with midline cutting through the three major branches (innominate,
left common carotid, and left subclavian) of the aortic arch region as described in
the literature [43]. Aortas are then pinned to expose intimal surface of the ascend-
ing, arch, and descending part of the thoracic aorta on black wax. For TAAs, images
are acquired for en face measurements of intimal surface areas (Fig. 9.3b).

9.4.4 Ex Vivo Imaging

Measurement of the maximal outer width is the most commonly used measurement
for Angll-induced AAAs. Measurements can easily be recorded using a digital
imaging system. It is preferable to have two independent observers acquire mea-
surements. The measurement of ex vivo diameter can be used to determine AAA



204 H. Lu et al.

a. Aortic cutting b. Enface analysis

Fig. 9.3 En face analysis for measuring thoracic aortic aneurysms. (a). Longitudinal cutting open
of aorta. Labeling /—4 represents the cutting order. / represents cutting open the middle of the
outer curvature through the innominate artery, 2 through left common carotid artery, and then
3 through left subclavian artery. 4 is cutting open the inner curvature with midline cutting through
the entire length of the aorta. (b). Definition of area to determine intimal area of the ascending
aortic (yellow box) and aortic arch (ascending aorta in addition to 3 mm from the branch of the
subclavian as illustrated by the orange line)

incidence. As with the definition of human AAAs, this requires an arbitrary
definition of the absolute size or percent increases that determine AAA presence.

A potential issue of ex vivo measurements is that it only provides a
two-dimensional measurement of a three-dimensional aorta and it does not provide
information on luminal diameters. To overcome this limitation, AAA volume can
be measured using the three-dimensional (3D) imaging function of the Vevo
imaging system [28, 38]. 3D mode of the Vevo imaging system acquires a series
of 2D “slices” that can be assembled into a 3D dataset using a cube view system.
This method can provide both outer and inner volumes of each aortic segment
analyzed. For this approach, it is optimal to perform fixation in vivo at physiolog-
ical pressure to maintain the patency of the lumen. With current software config-
urations, it is time consuming to measure AAA volume.

In an earlier publication [44], we proposed a classification of Angll-induced
AAAs. This was subsequently modified to ease classification and assist in devel-
oping statistically robust data [45].
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9.4.5 En Face Imaging

En face analysis of thoracic aortic dilation can be performed on pinned aortas using
image analysis. As shown in Fig. 9.3b, this analysis can arbitrarily be defined as
ascending aorta and arch regions to determine site-specific effects. The ascending
aorta is defined as the intersection of the base of the left cardiac ventricle to the root
of innominate artery, and the aortic arch includes the three major aortic branches
(innominate, left common carotid, and left subclavian arteries). Ascending aortic
dilation is measured by tracing the outline of the intimal surface area in the
ascending and arch regions. As with all measurements, we acquire measurements
from two independent operators.

9.5 Characterization of Aortic Aneurysmal Pathologies

9.5.1 Serial Sectioning

Visualization and characterization of pathological changes in aneurysmal tissues is
optimally performed by histological and immunocytochemical analyses on serial
sections of aortas. AAAs have considerable heterogeneity throughout their length.
Meaningful analysis of AAA pathologies requires examining the region of lumen
expansion which presents in the early stages of AAA formation as a focal
transmural media break across all elastin layers. This should include analysis of
regions with normal lumen diameters, although these are not the primary areas of
disease initiation. Therefore, it is preferable to section the entire length of AnglI-
induced AAAs, also including a small portion of normal aortic tissues proximal and
distal to the AAA region. An example of a protocol for performing this analysis has
been described previously [18]. This includes the collection of serial 10 pm sections
throughout the AAA. These sections are placed serially on 10 sequential slides.
This process provides slides with 9-12 tissue sections that are located at 100 pm
intervals. For a 4 mm long AAA with normal aortic tissues, this entails 40 slides
with approximately 400 sections.

Serial sections of the ascending aorta can be acquired in a similar manner as we
described for measurements of atherosclerotic lesions [46]. The serial sectioning of
the aortic arch provides more challenges due to the curvature of the region and the
presence of the three branches. An alternative to short-axis cross sectioning is to
perform longitudinal sectioning of the ascending aortic and arch region [20]. While
acquisition of longitudinal sections can provide a view of the entire region in a
single section, a shortcoming of longitudinal sectioning for measurements is the
difficult of acquiring sections of the midsection of the aorta. Acquisition of sections
either side of the midline compromises measurements since tissue dimensions are
distorted.



206 H. Lu et al.
9.5.2 Compositional Analyses

Considering the heterogeneity of aortic aneurysmal pathologies, it is important to
characterize pathologies in multiple tissue sections. As noted by the description of
serial sectioning, this enables multiple sections to be characterized throughout the
aortic aneurysmal tissue and enables multiple stains to be performed on serial
sections.

9.5.2.1 Histological Analyses

A commonly used histological method is hematoxylin and eosin (H&E) staining.
This is a rapid, easy method to visualize and distinguish cells from adjacent
extracellular materials in cross-sectioned aortic tissues. There are several other
histological methods that are routinely used to characterize pathologies including
connective tissue staining with Movat’s pentachrome, collagen staining with
Gomori trichrome or Picrosirius red, and elastin staining using Verhoeff’s hema-
toxylin method. Extracellular matrices and ground substances of aortic pathologies
can be characterized using these histological methods. For example, medial thick-
ness can be quantified by measuring the largest distance perpendicularly between
the internal and external elastic laminas of each section with either H&E or any of
the other stains. Frequency of elastin breaks can be counted in serial sections using
Verhoeff’s or Movat’s pentachrome stains.

9.5.2.2 Immunostaining

Immunostaining enables identification of many cellular markers such as leukocytes
and their subtypes (macrophages and lymphocytes). Specific cellular components
of the aortic pathologies can be determined by immunostaining using the antibodies
described in Table 9.2 and our previous publication [47]. Specific protein identifi-
cation in the aortic pathologies can also be performed if authentic antibodies are
available.

9.5.2.3 Quantitative Analysis of Histology and Immunostaining

There is an increasing recognition that tissue composition, rather than diameter, is a
primary determinant of acute rupture of aortic aneurysms. Therefore, quantification
of a specific component in aneurysmal sections has been performed by many
investigators to explore mechanisms of progressive aortic dilation and aortic
rupture. Quantification is based on immunostaining analysis of a molecule of
interest. Currently, there are no widely accepted standards for quantification of
immunostaining. Most reported studies use a red, green, and blue (RGB) mode
image that relies on an observer-defined threshold. All histological stainings and
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Table 9.2 Antibodies commonly used for immunostaining of cellular components in aortic
aneurysmal tissues

Cellular

components Information of commonly used antibodies

Leukocytes Rat CD45 monoclonal antibody (Clone 30-F11, cat# 550539, BD
Pharmingen)

Macrophages Rat CD68 monoclonal antibody (Clone FA-11, cat# MCA1957, AbD
Serotec)

T lymphocytes Rat CD90.2 monoclonal antibody (Clone 30-H12, cat# 553009, BD
Pharmingen)

B lymphocytes | Rat CD19 monoclonal antibody (Clone 1D3, cat# 553783, BD Pharmingen)

Endothelial Biotinylated anti-CD31 monoclonal antibody (Clone MEC13.3, cat# 553371,

cells BD Pharmingen)

Smooth muscle | Rabbit polyclonal alpha smooth muscle actin antibody (cat# ab5694,

cells ABCAM)

immunostaining result in a range of color intensities that usually require an arbi-
trary decision to determine the border of the staining. Since the determination of a
threshold color intensity that defines positive staining is a subjective decision, it is
preferable for two operators to independently acquire data. Additionally, the reli-
ability of measurements will be enhanced by the use of sufficient numbers of serial
sections as described at the beginning of Sect. 5.1 to prevent acquisition of data that
are subject to sampling error.

Aortic diameter measurements may be combined with compositional analysis to
interpret mechanisms of aneurysmal formation. While aortic dilations are standard-
ized and a well-accepted measurement of aortic aneurysms, the many confounding
factors noted above may influence quantification and interpretation of composi-
tional analysis. Also, the pronounced changes in tissue composition with aneurys-
mal development provide challenges to interpreting quantitative data.

9.6 Summary

Reproducibility of aortic aneurysm studies will be optimized by the establishment
of standard protocols and experimental designs that consider the multiple variables,
including mouse strain, age and gender, as well as AnglI infusion rate and duration.
Standard protocols for quantification and characterization are also important. These
are necessary to enhance consistency of the AAA literature and thereby provide
meaningful mechanistic insights into aortic aneurysm formation and progression
using AnglI infusion approach.
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Chapter 10
Mouse Model of Abdominal Aortic
Aneurysm Induced by CaCl,

Hiroki Aoki, Satoko Ohno, Aya Furusho, Michihide Nishihara,
Norifumi Nishida, Saki Hirakata, and Koichi Yoshimura

Abstract Abdominal aortic aneurysm (AAA) is a common and fatal disease for
which pathogenesis is still uncertain. Reproducible and standardized animal model
of AAA is essential to obtain the knowledge of the molecular pathogenesis for
developing novel diagnostic and therapeutic strategies. In this regard, CaCl,-
induced mouse model of AAA (Ca model) has several advantages. The histopa-
thology of Ca model recapitulates important features of human AAA, including
chronic inflammation, progressive destruction of elastic lamellae with preserved
triple layers of aortic wall, and expansion of aortic diameter. The procedure has
been well established and widely used to decipher the roles of key molecules in
AAA. Because Ca model is induced by a simple chemical stimulus, the result is
highly reproducible qualitatively and quantitatively once the surgical technique is
established. In this section, we describe the step-by-step procedure for creating Ca
model of AAA in mice. The standard methods for the evaluation and analysis of the
aortic aneurysm are also provided.

Keywords Aorta ¢ Chronic inflammation ¢ Extracellular matrix « Remodeling

10.1 Introduction

Aortic aneurysm is the local weakening and dilation of aortic walls that is driven by
chronic inflammation and proteolytic degradation of the extracellular matrix
[1]. Although most patients present no clinical symptoms, the degradation and
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expansion of aortic walls advance and eventually result in the abrupt rupture of the
aorta and sudden death. The current therapeutic option is limited to replacement of
the diseased aorta with an artificial graft either by open surgery or endovascular
aneurysm repair (EVAR) using a stent graft. In most of the patients, the aneurysm
diameters are small and not suitable for graft replacement due to the low risk of
rupture and lack of symptoms. No therapeutic option is available for these patients,
and “watchful observation” is the only clinical strategy. The EVAR leaves diseased
aortic wall tissue in place, which poses a concern because of remaining inflamma-
tion and may lead to future complications such as progression of the aneurysm.
Therefore, patients with a small aneurysm or those who have undergone EVAR
would benefit from therapies that suppress the inflammation and stabilize the aortic
walls.

Extensive studies have aimed to better understand the molecular mechanism of
aortic aneurysm, so new diagnostic and therapeutic strategies can be developed.
Reliable and reproducible animal models are essential for such studies [2, 3]. The
CaCl,-induced abdominal aortic aneurysm model (Ca model) is widely used for
deciphering the molecular mechanism and for testing the efficacy of therapeutic
interventions [4, 5]. This section includes the detailed protocol for the Ca model as
well as a description of some pitfalls. The standard methods for the evaluation and
analysis of the aortic aneurysm will also be provided.

10.2 Ca Model of Aortic Aneurysm

The Ca model is induced by the application of CaCl, solution to the adventitia of
the exposed abdominal aorta. This procedure takes about 30 min per mouse for a
trained operator. The CaCl, is thought to make insoluble salts in the tissue that
trigger chronic inflammation and promote the development of aortic aneurysm
6—10 weeks after application, eventually causing dilation of the CaCl,-treated
segment of the aorta to about twice its normal diameter. Histopathologically, the
treated aortic walls recapitulate many of the features in human aortic aneurysm,
including the adventitial inflammation with cellular infiltration, activation of
inflammatory signaling molecules such as JNK [6] and NF-xB [7], secretion of
various matrix metalloproteinases (MMPs) [5], and degradation of medial elastic
lamellae (Fig. 10.1).

As an experimental system, the Ca model is highly reproducible qualitatively
and quantitatively [3]. Fine-tuning of the inflammation can be achieved by
adjusting the time the CaCl, solution is applied. On the other hand, some limitations
of the Ca model are that it does not progress to rupture and develops no athero-
sclerosis or mural thrombi. The procedure requires careful training of the operator,
especially for the exposure of the aorta and removal of the connective tissue
surrounding the adventitia. The training of the operator can be lengthy, because it
takes 4-6 weeks for the aortic aneurysm to develop. For optimal results, the
operator should adjust the procedure based on the extent of inflammation and the
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Fig. 10.1 Macroscopic and
microscopic images of the a
Ca model. Macroscopic

images (a) and microscopic

images (b, ¢) using Elastica

van Gieson (EVG) and
hematoxylin and eosin (HE)

stains. Bars indicate 100 pm

Control CaCl,

EVG

Control CaCl,
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dilation of the aorta. To shorten the training period, we suggest observing the aorta
1 week after the CaCl, treatment. Adventitial inflammation of the entire circum-
ference of the aorta ensures that the isolation and the CaCl, treatment of the aorta
were successful. At this time point, the aneurysm has not fully developed and the
elastic lamellae, observed with Elastica van Gieson staining, should not be severely
destructed. Once the circumferential inflammation is reproducibly obtained by the
CaCl, treatment, the aorta should be observed 6 weeks after the CaCl, treatment to
verify the aortic aneurysm develops as expected. Adjust the application time of the
CaCl, treatment without changing the surgical procedure to obtain the optimal
results. By keeping the surgical technique and the CaCl, treatment (concentration,
volume, and application time) consistent, highly reproducible results can be
obtained.

10.3 Tools

The tools and equipment that the authors use for making and analyzing the Ca
model (Fig. 10.2) are listed below. The names of the manufacturers and the catalog
numbers are provided for selected items as a reference for the readers. Similar
products from other manufacturers may be used.

» Cotton wool

» Cotton swabs

» Superfine cotton swabs

* Scissors

¢ Fine scissors (F.S.T. #14060-09)

e Spring scissors (F.S.T. #15003-08)

» Forceps (F.S.T. #11050-10)

* Microsurgery forceps (F.S.T. #11253-20) x 2

¢ Needle holder (Roboz #RS-7820)

« Extra-thin pins (F.S.T. Minuten pins #26002-10)

e Syringes (1 mL) with 26G needles

 Infusion set

* Microsurgical needles with 5-0 nylon suture thread

¢ 100 mm culture dish with black rubber plate and scale

» Stereomicroscope for surgery with shadowless coaxial illumination (Carl Zeiss
Stemi DV4 SPOT)

* Microscope equipped with a calibrated digital camera and PC (Leica M165 C)

e Anesthesia apparatus

e Timer

» Fiber optic illuminator or LED illuminator with flexible arms

e Operating table

¢ Heating plate

» Hair removal cream
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Fig. 10.2 Tools for the Ca model. (/) Physiological saline, (2) 1 mL syringe with 26G needle, (3)
timer, (4) hair removal cream, (5) needle holder, (6) scissors, (7) forceps, (8) microsurgery forceps,
(9) superfine cotton swabs, (/0) cotton swabs, (//) microsurgical needles with 5-0 nylon suture
thread, (/2) large pieces of cotton, (/3) small pieces of cotton, (/4) 100 mm culture plate with
rubber plate and scale

* Anesthetics; sodium pentobarbital, isoflurane
e 70 % ethanol for disinfection

¢ 0.5 M Ca(Cl, solution

» Physiological saline

¢ Phosphate-buffered saline (PBS)

¢ 4 % paraformaldehyde (PFA) in PBS
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10.4 Operation Procedure

In this instruction, the left and the right indicate those of the operator, not of the
mouse. Fast the mice the day before the surgery. Dilute sodium pentobarbital
(50 mg/mL) to 5 mg/mL with saline and administer it intraperitoneally at
0.08-0.1 mL/10 g body weight (40-50 mg/kg body weight) to the mouse for the
induction of anesthesia. Maintain the anesthesia with 2 % isoflurane with appro-
priate adjustment of the concentration. Remove the abdominal hair with hair
removal cream. Place the mouse on the operating table in the supine position.
Sterilize the abdomen with 70 % ethanol. Make a skin incision of approximately
2.5 cm along the midline and cut the abdominal wall along the linea alba to open the
peritoneal cavity (Fig. 10.3).

Using a cotton swab, displace the intestine to the upper right side in the
peritoneal cavity to expose the right kidney, inferior vena cava (IVC), and left
renal vein (Fig. 10.4). Pay attention not to injure the liver. Put a piece of cotton
(1.5 x 1.0 cm) into the upper and left sides of the abdominal cavity to keep the
intestine outside of the operating field. Expose the IVC from the level of the left
renal vein to the iliac bifurcation. Aortic beats should be visible on the right side of
the IVC. Find two thin blood vessels running in the retroperitoneum in front of the
aorta (Figs. 10.4 and 10.5, arrowheads). Using microsurgery forceps, carefully tear

Fig. 10.3 Skin and

peritoneal incisions . N

s




10 Mouse Model of Abdominal Aortic Aneurysm Induced by CaCl, 217
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Fig. 10.4 Securing of the operating field

the retroperitoneum covering the aorta between these vessels from the level of the
left renal vein to the iliac bifurcation. Then, displace the loose connective tissue
covering the aorta (Fig. 10.6). Avoid damaging the blood vessels as it can cause
operational death from major bleeding.
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retroperitoneum

Fig. 10.5 Tearing the retroperitoneum

While gently holding the connective tissue (not aortic wall) on the left side of the
midline of the aorta with microsurgery forceps, displace the aorta with slight
rotation to the right side to expose the left surface of the aorta (Fig. 10.7). While
keeping the aorta displaced, gently tear off the connective tissues and adipose
tissues from the left and the back sides of the aorta using microsurgery forceps.
Then, repeat the same procedure to expose the right surface of the aorta. The left
renal vein sometimes runs close to the aorta. Remove it from the aorta by holding
the surrounding connective tissue without touching the veins. It is easy to separate
the aorta from the IVC between the level of the left renal vein and the midpoint to
the iliac bifurcation. Avoid forceful separation of the lower half of the infrarenal
aorta from the IVC, as this portion is packed in thick connective tissue. Pay
attention not to injure the lumbar arteries and veins running toward the back.

After adequate removal of the connective tissue surrounding the aorta, gently lift
the aorta to see if the IVC can be seen from the right side through the thin
connective tissue underneath (Fig. 10.8). After isolating the aorta, wipe off the
exudate with a cotton swab. Immerse small pieces of cotton (1 x 34 mm) in
200 pL of 0.5 M CaCl, solution (Fig. 10.9) and pack them around the isolated
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Fig. 10.6 Clearing the connective tissue covering the aorta. Dashed lines indicate the aorta

aorta. First, pack the cotton in the back of the aorta, then on the right and left sides,
and finally on the front. Pile the CaCl,-soaked large pieces of cotton (2 X 5 mm) on
the aorta in the cavity, which was formed by cutting the retroperitoneum, to a height
of approximately 5 mm (Fig. 10.10). Use the entire 200 pL of CaCl, solution to
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Fig. 10.7 Clearing the left and right sides of the aorta

soak the cotton pieces that are packed around the aorta. Start a timer for 20 min.
After the 20 min waiting time, remove all of the cotton surrounding the aorta.
Gently wipe the peritoneal and retroperitoneal cavities with a piece of saline-soaked
cotton. Remove the two pieces of cotton used to displace the organs. Close the
incision of the retroperitoneum and place the organs back to their original positions.
Suture the abdominal wall with a continuous suture using 5-0 nylon thread
(Fig. 10.11).

10.5 Analysis of the Aortic Aneurysm Model

10.5.1 Perfusion Fixation

Euthanize the animals by intraperitoneal administration of an overdose of pento-
barbital. After the thoracotomy, insert a thin plastic cannula, such as the outer
catheter of Angiocath™, into the left ventricle of the heart from the apex. Perfuse
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Fig. 10.8 Isolation of the aorta

the animal with PBS at physiological pressure (approximately 80 cm H,O) using an
infusion set. Drain the blood by cutting the free wall of the right atrium. After
draining all blood by perfusion, which is indicated by the clear draining fluid from
the right atrium, switch the perfusion fluid to 4 % PFA in PBS and continue the
perfusion with approximately 2—3 mL to fix the tissue.

10.5.2 Excision of the Aorta

After the perfusion fixation, open the abdominal cavity to excise the abdominal
aorta under the stereomicroscope using forceps and fine scissors. Care should be
taken not to damage the aortic wall that shows fibrous adhesion to the periaortic
tissue because of the inflammation from the aortic aneurysm induced by CaCl,.
Stick the excised abdominal aorta to the rubber plate with extra-thin pins. Clear the
aorta from the periaortic fibrous tissue under the stereomicroscope using microsur-
gery forceps and spring scissors. Remove all of the loose connective tissue for
accurate morphometry.
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Fig. 10.9 Packing of the CaCl,-soaked cotton

10.5.3 Morphometry

For the morphometry, prepare a plastic dish, such as a 100 mm cell culture plate,
with a black rubber plate attached to the bottom. Fill the dish with PBS. Stick the
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aorta to the black rubber plate with extra-thin pins. Place the scale along the aorta.
Take pictures of the aorta using the digital camera attached to the stereomicroscope
under appropriate illumination from the fiber optic illuminator to avoid unwanted
shadows. Perform the morphometric analysis using image analysis software on the
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Fig. 10.11 Closing the retroperitoneum and the skin incision

photographs that are calibrated with the scale. A digital imaging system such as
Leica M165 C equipped with a calibrated digital camera and PC would be conve-
nient for recording the images and the morphometry.

10.5.4 Histological Analysis

Fix the aorta in 4 % PFA in PBS overnight at 4 °C, followed by 70 % ethanol for at
least 1 day before paraffin embedding and sectioning. Alternatively, the aorta may
be embedded into Tissue-Tek O.C.T. Compound™ (Sakura Finetek Japan Co.,
Japan) for cryosectioning. After sectioning, use standard histochemical stains, such
as hematoxylin and eosin and Elastica van Gieson (Fig. 10.1). For further analysis,
immunostainings may be performed.

10.5.5 Expression of Genes and Proteins

For the expression analyses of genes and proteins, perfusion should be done without
PFA or other fixatives, and the tissue should be processed according to the purpose.
For mRNA analysis, the tissue may be immersed into an RNA-preserving reagent
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such as RNAlater™ or snap-frozen in liquid nitrogen for later RNA extraction. For
protein analysis, the tissue is snap-frozen in liquid nitrogen. Pulverize the frozen
tissue using a homogenizer such as SK-100 (Token Co., Japan), and extract the
proteins with an appropriate lysis buffer.
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Chapter 11
Mouse Models of Aortic Aneurysm

Miyuki Kanematsu, Yasuhisa Kanematsu, and Tomoki Hashimoto

Abstract A combination of pharmacologically induced hypertension and degen-
eration of elastic lamina by lysyl oxidase inhibition can cause aneurysm formations
at two aneurysm-prone regions of the aorta. This model with or without modifica-
tion has been successfully used to study pathophysiology of aortic aneurysms.
Phenotypic differences between thoracic and abdominal aortic aneurysms in this
model may indicate that different pharmacological strategies may be needed to
prevent growth and rupture of aneurysms at these two different locations.

Keywords Aortic aneurysm ¢ Hypertension « Animal model ¢ Aneurysm

11.1 Introduction

Rupture of aortic aneurysm results in severe mortality and morbidity. Surgical or
endovascular intervention for unruptured aortic aneurysms is to prevent future
rupture. However, these procedures still carry significant risks of adverse events.
Therefore, pharmacological stabilization of aneurysms that prevents growth and
rupture of aortic aneurysms has been proposed [1]. In order to develop such
strategy, an animal model that recapitulates key features of human aortic aneurysms
is extremely useful.

There is a close association between systemic hypertension and aortic aneurysm
formations in humans [2, 3]. In addition, degeneration and disorganization of elastic
lamina are characteristic histological changes observed in both thoracic and abdom-
inal aortic aneurysms [4, 5]. Incidence of aortic aneurysms increases with age
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[6, 7]. Aging-related degeneration of elastic lamina mat represents a precursory
change that precedes aneurysm formation [8].

In animals, degeneration of elastic lamina can be induced by administration of
beta-aminopropionitrile (BAPN), an inhibitor of lysyl oxidase [9]. Lysyl oxidase
cross-links elastin fibers and collagen fibers. While aging decreases lysyl oxidase
activity in humans [10], BAPN is considered as a lathyrogen because its effects
closely mimic human aging [11].

11.2 Animal Model

We combined hypertension and degeneration of elastic lamina by lysyl oxidase
inhibitor, BAPN, to induce thoracic and abdominal aortic aneurysms in mice
[12]. This model has been successfully used by multiple independent groups with
or without modifications [13-19].

In this model, hypertension can be induced by two well-established methods of
pharmacologically induced hypertension—angiotensin-II-induced hypertension
and deoxycorticosterone acetate (DOCA)-salt hypertension. BAPN (150 mg/kg/
day), a lysyl oxidase inhibitor, can be administered for the first 2 weeks through a
subcutaneously implanted osmotic pump (Alzet, Durect Corp).

Figure 11.1 shows representative aortic aneurysms from this model. Aortic
aneurysms in this model develop at the ascending thoracic aorta and abdominal

Control Unruptured Ruptured Dissection

Fig. 11.1 Representative aortic aneurysms. Macroscopically, thoracic and abdominal aortic
aneurysms in this model resembled human aortic aneurysms with their site-specific morphology.
Thoracic aortic aneurysms were saccular-shaped with localized dilation at the great curvature,
while abdominal aortic aneurysms were fusiform-shaped aneurysms with a thick vascular wall. (a)
normal thoracic aorta; (b, ¢) unruptured thoracic aortic aneurysm; (d) ruptured thoracic aortic
aneurysm; (e) normal abdominal aorta; (f, g) unruptured abdominal aortic aneurysm; (h) ruptured
abdominal aortic aneurysm; (i) dissecting aortic aneurysm. Scale bar: 1 mm (This figure is
reproduced with permission from the publisher (Kanematsu and Kanematsu [12]))
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aorta, the two locations where most human aortic aneurysms can be found
[7, 12]. In addition, thoracic and abdominal aortic aneurysms in this model show
site-specific morphological and histological characteristics [12]. Another key
advantage of this new model is the use of wild-type mice, which makes it easier
to examine roles of different signaling pathways compared to using knockout and
transgenic mice.

Using this study, we showed that the combination of hypertension and degener-
ation of elastic lamina by lysyl oxidase inhibition in mice resulted in formation of
aortic aneurysms that recapitulate key features of human aortic aneurysms with
site-specific phenotypes. In addition, we showed critical roles of high blood pres-
sure in the formation of aortic aneurysms, establishing a causal link between
hemodynamic conditions and aortic aneurysm formation in animals.

Daugherty et al. developed an abdominal aortic aneurysm model in genetically
atherosclerosis-prone mice by continuously infusing angiotensin-II [20, 21]. In
their angiotensin-II-induced aortic aneurysm model, apolipoprotein E (ApoE)-
knockout mice or fat-fed low-density lipoprotein (LDL) receptor knockout mice
was used [20, 21]. Morphological and histological characteristics of angiotensin-II-
induced abdominal aortic aneurysms in these knockout mice were similar to the
abdominal aortic aneurysms in our model, indicating that common molecular
mechanisms potentially exist between these two models in respect to abdominal
aortic aneurysms. Interestingly, angiotensin-II infusion in ApoE-knockout or LDL
receptor knockout mice did not cause thoracic aortic aneurysm [20, 21]. In contrast,
aneurysm formation in our model occurred not only in the abdominal aorta but also
in the thoracic aorta involving the ascending aorta.

Direct application of calcium chloride to the descending thoracic aorta through
thoracotomy can cause aneurysmal formation in the aortic segment that was
exposed to calcium chloride [22]. The advantage of the calcium application
model is that aneurysmal dilatation occurred in almost all animals [22]. However,
the aneurysmal dilatation in their model was mild, i.e., 25 % dilatation comparing to
50 % in our model. More importantly, in our model, both abdominal and thoracic
aneurysms were induced by the same pharmacological treatments. Our model may
be more suitable for studying differential underlying mechanisms and treatment
strategies between thoracic and abdominal aortic aneurysms.

In our model, the aneurysms at the two aneurysm-prone regions were induced by
the same systemic pharmacological treatment. However, they exhibited different
morphological and histological features that closely resembled human aortic aneu-
rysms at the respective locations. Morphological and histological differences
observed between thoracic and abdominal aortic aneurysms in this model may
suggest that differential responses to the combination of hypertension and lysyl
oxidase inhibition at these two regions of the aorta lead to different phenotypes of
aneurysms.

Morphological and histological differences between thoracic and abdominal
aortas in this model and in humans may be due to the differences in developmental
origins of smooth muscle cells [23, 24]. Embryologically programmed differences
of vascular smooth muscle cells may determine the site-specific phenotypes of
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aneurysms at the two regions [23-25]. More importantly, different pharmacological
strategies may be needed to prevent growth and rupture of aneurysms at these two
different locations.

Interestingly, normalization of blood pressure by an antihypertensive agent
dramatically reduced the incidence of aneurysms and almost completely abolished
histological changes associated with angiotensin-II and BAPN treatment in this
model. We were able to reproduce thoracic and abdominal aortic aneurysms when
DOCA-salt hypertension was used. Captopril did not reduce the incidence of aortic
aneurysm in DOCA-salt-hypertensive mice, further suggesting critical roles of
hypertension in this model.

It should be noted that although our mouse model replicated key features of
thoracic and abdominal aortic aneurysms in humans, aneurysms in this model did
not form spontaneously but were induced by two pharmacological interventions,
which potentially bypassed some of the early critical events that lead to aortic
aneurysm in humans.

11.3 Conclusions

A combination of pharmacologically induced hypertension and degeneration of
elastic lamina by lysyl oxidase inhibition can cause aneurysm formations at two
aneurysm-prone regions of aorta. Using this model, we established critical roles of
hypertension in the formation of aortic aneurysms. Phenotypic differences between
thoracic and abdominal aortic aneurysms in this model may indicate that different
pharmacological strategies may be needed to prevent growth and rupture of aneu-
rysms at these two different locations.
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Chapter 12
Technical Aspects of Mouse Intracranial
Aneurysm Model

Yoshiteru Tada, Masaaki Korai, and Tomoki Hashimoto

Abstract Subarachnoid hemorrhage caused by the rupture of intracranial aneu-
rysms results in catastrophic consequences with high morbidity and mortality.
Mouse models of intracranial aneurysm help to improve our understanding of
mechanisms for aneurysmal formation and rupture. Intracranial aneurysms can be
induced by a combination of hypertension and a single injection of elastase into the
cerebrospinal fluid in mice. In this model, subarachnoid hemorrhage due to aneu-
rysmal rupture can be detected by a daily neurological examination. Our model will
allow a better understanding of mechanisms of aneurysmal formation and rupture.
Studies on the efficacy of pharmacological treatment on aneurysms are now
conceivable to prevent aneurysmal rupture.

Keywords Intracranial aneurysm ¢« Mouse * Hypertension

12.1 Introduction

Subarachnoid hemorrhage (SAH) due to the rupture of intracranial aneurysms
carries a high mortality rate [1]. Endovascular or intracranial surgery (coiling or
clipping) is performed to prevent their rupture. However, the morbidity and mor-
tality associated with coiling and clipping of the aneurysms are not negligible. To
establish pharmacological treatment for aneurysmal rupture, animal model of
aneurysmal rupture is required.

Considering (1) the increasing detection rate of unruptured aneurysms, (2) the
improved but still non-negligible adverse outcome rate associated with the coiling
or clipping of unruptured aneurysm, (3) the high cost of these technically intensive
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invasive therapies, and (4) the limited treatment options for patients with giant
aneurysms, pharmacological techniques to stabilize aneurysms for the prevention
of aneurysmal rupture may be an attractive alternative approach. Our proposal
represents a unique effort to develop a strategy of pharmacological stabilization
of intracranial aneurysms for the prevention of aneurysmal rupture.

Although many previous studies focused on the mechanisms of the formation of
intracranial aneurysms, there is a paucity of studies that directly investigates the
mechanisms of aneurysmal rupture or the pharmacological prevention of aneurys-
mal rupture. This paucity is primarily due to the lack of a suitable animal model in
which aneurysmal rupture occurs spontaneously with a predictable time course and
at a predictable rate. It has often been assumed that understanding the mechanisms
of aneurysmal formation and growth provides insights into the mechanisms of
aneurysmal rupture. This notion is based on an assumption that the processes of
aneurysmal formation, growth, and rupture share the same or similar underlying
mechanisms. However, there is no clear basis for such an assumption. Mechanisms
of aneurysmal rupture may be fundamentally different from those of formation and
growth.

We have developed a mouse model of intracranial aneurysm that recapitulates
the key features of intracranial aneurysms, including spontaneous rupture [2—4]. A
subarachnoid hemorrhage as a result of aneurysmal rupture causes neurological
symptoms in this model [4]. Furthermore, the neurological symptoms associated
with aneurysmal rupture can be easily detected with a simple neurological exam-
ination [4]. Our innovative animal model allows us to directly study the mecha-
nisms of aneurysmal rupture. This model with or without modifications has been
successfully used by multiple independent groups in mice and rats [3—11]. In this
article, we described surgical techniques that are critical for the successful appli-
cation of this model.

12.2 Description of the Model

Intracranial aneurysms were induced in 8- to 10-week-old male mice (C57BL/6J;
Jackson Laboratory) and 10- to 12-week-old female mice. We combined systemic
hypertension and a single injection of elastase in the cerebrospinal fluid at the right
basal cistern to induce intracranial aneurysms.
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12.3 Deoxycorticosterone Acetate (DOCA)-Salt
Hypertension

To induce systemic hypertension, we used deoxycorticosterone acetate (DOCA)-
salt hypertension. Mice underwent unilateral nephrectomy followed by an implan-
tation of DOCA pellet 1 week later; 1 % NaCl drinking water was given on the same
day as DOCA pellet implantation. To perform unilateral nephrectomy, anesthetized
mouse is placed in the right lateral position. The mouse kidney is located retroper-
itoneally and approximately 1 cm caudal to the twelfth ribs. A short skin and
abdominal muscle incisions are made. The left kidney is freed from the surrounding
tissue and pulled out of the incision. The kidney should be isolated by dividing the
adrenal gland with a sterile suture. The sterile suture is gently ligated around the
renal vessels and ureter. The kidney is removed by incising as close as the ligature.
The abdominal muscle and skin incisions are closed with suture. DOCA pellet
should be placed on the opposite site to the nephrectomy site. The alternative way to
induce hypertension is angiotensin II-induced hypertension as we previously
described [2, 12].

12.4 Stereotaxic Injection of Elastase

The mouse is fixed in the stereotaxic frame with mouse adaptor (World Precision
Instruments) to inject elastase (0—35 milliunits) into the cerebrospinal fluid at the
right basal cistern using a 26-gauge needle (10 uL syringe Model 701 with 26 g
2-in. Hamilton Replacement needle Point style 3, Fisher Scientific) to disrupt
elastic lamina. Mice received a single injection of elastase on the same day as
DOCA implantation. Replacement of the tip of the needle was stereotaxically
placed in the right basal cistern using the coordinates obtained from Mouse Brain
Atlas (2.5 mm posterior to the bregma, 1.0 mm lateral to midline, and 5.0 mm
ventral to the skull surface). Elastase (E7885, porcine pancreatic elastase, lyophi-
lized powder, 20 mg, Sigma-Aldrich) was dissolved in PBS. 2.5 uL of the elastase
solution was injected at 0.2uL/min. After stereotaxic injection of elastase, the
needle was left in place for an additional 10 min to prevent the possible leakage
of the elastase solution.

Although stereotaxic surgery is a well-established technique, a lot of training is
required which is very time consuming to get high-accuracy position and stable
fixation in mice. The mouse is anesthetized with an intraperitoneal injection of an
appropriate dose of ketamine/xylazine cocktail. The mouse eyes should be
protected with antibiotic cream. The mouse is mounted on a stereotaxic frame
through the use of ear bars and a tooth bar. When you fix the mouse’s head with ear
bars, one of ear bars should be locked in place and then the ipsilateral auditory
meatus should be put in. Then using the second ear bar, gently push the ear until a
popping sound is heard, indicating insertion to the tympanic membrane. Keeping
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the mouse’s head in the same position and horizontally, open the mouth and then
hook the tooth. This step is crucial to inject elastase into the cerebrospinal fluid.
Unless accurate and stable position is achieved in the mouse, the tip of the needle is
not optimally placed. When no further movement is possible, you can move on the
next step. During the procedure the core temperature in mice should be maintained
at 37 °C. The surgical procedures for the stereotaxic injection of elastase seem to
cause significant perioperative stress to mice. Therefore, we inject 500 uL of saline
intraperitoneally once a day for the first two postoperative days in mice.

The depth of the needle is another critical factor for the successful induction of
aneurysm in this model. When the needle depth is too shallow, the injection of
elastase into the brain parenchyma results in intracerebral hemorrhage similar to the
collagenase-induced intracerebral hemorrhage. If the needle tip is too close to the
surface of the brain, the injection of elastase into the cerebrospinal fluid can result in
diffuse hemorrhage from the surface of the brain, even when the needle tip is inside
the subarachnoid space. If the needle tip is too deep, the elastase goes into the
subdural space. Place the tip of the needle to a depth of 5.2 mm from the surface of
the skull and retract it back to a depth of 5.0 mm to penetrate the pia matter.

In our experience, we found that the stereotaxic coordinates need to be adjusted
depending on the operator and the age of mice. Therefore, a series of test injections
using dye (bromophenol blue, 2 mg/ml) or black ink was extremely important to
ensure the correct placement of the needle tip at the right basal cistern. Each
researcher should perform a series of test injections to adjust for the appropriated
coordinates before starting the actual experiments. The spread of dye or black ink
along the right half of the circle of Willis should be confirmed.

12.5 Evidences of Subarachnoid Hemorrhage

To detect aneurysmal rupture, two blinded observers performed daily neurological
examination. Neurological signs were scored as follows: 0, normal function;
1, reduced eating or drinking activity demonstrated by the weight loss greater
than 2 g of body weight (approximately 10 % weight loss) over 24 h; 2, flexion
of torso and forelimb upon lifting of the whole animal by the tail; 3, circling to one
side but normal posture at rest; 4, leaning to one side at rest; and 5, no spontaneous
activity. Mice were euthanized when they developed neurological symptoms (score
1-5). All asymptomatic mice were sacrificed 21 or 28 days after aneurysm induc-
tion. To assess the intracranial aneurysms, the anesthetized mice are perfused with
saline followed by perfusion with a bromophenol blue dye and gelatin mixture
(20 %). After taking macroscopic pictures of the major vessel arteries, the brain
tissues were fixed with 4 % paraformaldehyde for histological studies.
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12.6 Time Course of the Occurrence of Subarachnoid
Hemorrhage

In this model, 60-70 % of the mice had unruptured aneurysms at 7 days after
aneurysm induction. The aneurysmal rupture started developing 7 days after aneu-
rysm induction. 70-80 % of mice with aneurysm developed subarachnoid hemor-
rhage due to aneurysmal rupture. Therefore, aneurysm formation precedes
aneurysmal rupture in this model. The time frame between Day 7 and mice Day
21-28 appears to represent a period during which preventive pharmacological
therapies can be tested.

12.7 Overview of Elastase-Induced Intracranial Aneurysm
in Hypertensive Mice

In this model, induced intracranial aneurysms are generally large and macroscop-
ically apparent with a high incidence and short incubation period. Figure 12.1
shows representative intracranial aneurysms from this model. The aneurysms are
easily distinguishable from the normal arteries without using histological assess-
ment. In addition, the aneurysmal rupture occurred spontaneously with a high rate.
Although mechanisms of aneurysmal rupture may be fundamentally different from
those of formation and growth, we can study not only mechanisms of aneurysmal
formation but also those of aneurysmal rupture using this model. Using this model,
we demonstrated that aneurysmal formation was associated with matrix
metalloproteinase (MMP) activation and macrophage [2, 3]. Doxycycline and
minocycline prevented aneurysmal rupture possibly via their anti-inflammatory
effects [4]. Normalization of blood pressure and the inhibition of the local renin-
angiotensin system without reduction of blood pressure can prevent aneurysmal
rupture [5]. Furthermore, the activation of estrogen receptor-f prevented aneurys-
mal formation and rupture in ovariectomized female mice [6, 13].

However, to induce intracranial aneurysms and aneurysmal rupture consistently,
accurate stereotaxic procedure to inject elastase into the cerebrospinal fluid at the
right basal cistern is critical [12]. This is one of the limitations of our model.
Because exogenous elastase was used to induce aneurysms in our model, the
early step of aneurysm formation that requires endogenous elastase may have
been bypass.

In this model, the mechanisms of aneurysmal formation and rupture and the
possible pharmacological therapy for the prevention of aneurysmal rupture can be
studies for future studies that utilized various inhibitors, knockout mice, or
transgenic mice.
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No aneurysm Unruptured aneurysm Ruptured aneurysm

Fig. 12.1 Representative intracranial aneurysms in mice. Left panel: Normal cerebral artery.
Middle panel: Unruptured aneurysm in the right anterior cerebral artery. Right panel: Ruptured
aneurysm with subarachnoid hemorrhage in the right middle cerebral artery. Cerebral arteries were
visualized by blue dyes dissolved in gelatin. Arrows indicate aneurysms. Bar = 2.5 mm (Reprinted
by permission from Macmillan Publishers Ltd: Journal of Cerebral Blood Flow and Metabolism
(Shimada et al. [7]), copyright 2015)
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Chapter 13
Experimental Model of Cerebral Aneurysms
in Ovariectomized Rats

Shinji Nagahiro and Keiko Kitazato

Abstract The mortality rate for subarachnoid hemorrhage from ruptured cerebral
aneurysms (CAs) is approximately 50 %. Unruptured aneurysms are present in
2-5 % of adults; their reported annual rupture rate is about 0.5-1.0 %. The
pathogenesis of CAs remains to be elucidated. However, there are limitations in
CA research; human specimens usually consist of the aneurysmal fundus and do not
reflect the pathology of the CA and there are no reliable, reproducible animal
models of CAs.

To investigate the formation, structure change, and rupture of the aneurysmal
wall we added oophorectomy to Hashimoto’s rat model and established a highly
reproducible CA model in rats. Because CAs often arise in postmenopausal women,
the rats were subjected to estrogen deficiency, hemodynamic changes, and renal
hypertension and fed a high-salt diet.

Here we describe our surgical procedures to induce CA in female rats and
present a potential pharmacological treatment to attenuate aneurysm formation.
Our rat model yields a better understanding of the pathological mechanisms
underlying the formation of aneurysms and provides a means to assess the possi-
bility of medicinal treatments.

Keywords Cerebral aneurysm ¢ Rat ¢« Hypertension « Hemodynamic change ¢
Estrogen deficiency

13.1 Introduction

Cerebral aneurysms (CAs) arise in 2-5 % of adults. While the incidence of CAs has
been reported to be high in Japan and Finland, it is low in India, Iran, the Middle
East, and many parts of Africa. It is difficult to determine whether this is a
geographic variation or attributable to differences in the diagnostic workup.

CAs tend to arise at branching sites of major arteries and at sites where arterial
turns or curves impede the normal blood flow. Aneurysms arise frequently in
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arteries of the anterior circulation. In large forensic clinical and autopsy series the
sites of CAs were the internal carotid artery (ICA, 24-41 %), the anterior cerebral
artery (ACA, 30-39 %), the middle cerebral artery (MCA, 20-33 %), and the
vertebrobasilar artery (VBA, 4-12 %). The lowest morbidity and mortality rates
were reported in patients with small anterior circulation aneurysms (0.8 % and
1.9 %, respectively) and highest in those with large posterior fossa aneurysms
(9.6 % and 37.9 %, respectively).

CAs affect women more frequently than men. A retrospective study of cerebral
angiograms showed that 67 % of patients harboring asymptomatic aneurysms were
women [1]. In an autopsy study from Japan, the aneurysm rate was higher in women
than men [2].

Some individuals with CAs suffer subarachnoid hemorrhage (SAH). While the
incidence of SAH was stable in males of different ages, it was increased in women
aged 40-69 years and there was a peak in women aged 50-59 years [3]. In more
than 80 % of patients primary SAH is attributable to rupture of an intracranial
aneurysm. The consequences of SAH due to the rupture of intracranial aneurysms
are catastrophic. The mortality rate is high; 15 % of affected individuals died before
hospitalization and 36 % died within 48 h of onset, 43 % of these in the first week
and the other 57 % died within 6 months. Furthermore, half of the survivors
suffered severe morbidity such as physical or psychosocial deficits 1 year
after SAH.

Preventing the formation and progression of CAs therefore represents the best
practical measure for avoiding the grim sequelae of SAH. Recent improvements in
the management of patients with aneurysmal SAH resulted in a slight decrease in
the mortality rate. While endovascular- or intracranial surgery (coiling or clipping)
is performed to prevent SAH, these procedures may have deleterious effects. The
successful treatment of CAs requires a good understanding of their pathogenesis
and of the role various risk factors play in their formation, progression, and rupture.

Important questions remain, i.e., what are the factors involved in the formation
of CAs, is it associated with congenital or acquired factors, what is the arterial layer
critical to the formation of intracranial aneurysms, and how is the structure of the
aneurysm formed, changed, and ruptured? However, there are limitations in CA
research; human specimens usually consist of the aneurysmal fundus and do not
reflect the pathology of the CA and there are no reliable, reproducible animal
models of CAs.

13.2 Importance of Experimental Models

The wide spread of endovascular treatment and the trend to operate unruptured CAs
resulted in a decrease in human aneurysmal tissues needed for the study of various
aspects of CAs. The availability of cadaveric aneurysmal tissues has also declined
due to the spread of neuroimaging technologies that reduce the number of individ-
uals with SAH available for postmortem studies. The amount of aneurysmal tissue
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harvested after the clipping of CAs is usually small and consists of the aneurysmal
fundus which fails to reflect the pathology of CAs.

Consequently, reliable animal models are needed to compensate for the shortage
in human aneurysmal tissues and to study the pathogenesis and risk factors of, and
new treatment options for, CAs. We developed a new animal model to identify the
pathogenesis of CAs. Because CAs often arise in postmenopausal women we
established a highly reproducible rat model of CA by adding oophorectomy to
Hashimoto’s model.

13.3 Production of Cerebral Aneurysms by Renal
Hypertension and Unilateral Ligation of Common
Carotid Artery to Elicit Hemodynamic Changes

13.3.1 The Hashimoto Model

The rat aneurysm model involves the induction of renal hypertension and unilateral
occlusion of the common carotid artery (CCA) to elicit hemodynamic changes on
one side of the circle of Willis. Renal hypertension was induced via the bilateral
ligation of the posterior renal arteries and by feeding the rats 1 % saline as a
drinking water. The underlying pathology and the distribution of these experimen-
tal aneurysms are similar to those seen in humans.

Some rats subjected by Hashimoto et al. [4, 5] to the creation of renal infarcts
and an increase in the unilateral cerebral blood flow developed intracranial aneu-
rysms after a few months (Fig. 13.1), suggesting arterial hypertension as one of the
most important factors in the formation of these aneurysms.

In normotensive humans, factors such as lifting heavy objects, bending, and
stress may result in a transient, recurrent blood pressure elevation that may injure
arterial walls and result in the formation, enlargement, and even rupture of aneu-
rysms. In vitro experiments of Austin et al. [6] showed that a high pulse rate and/or
a sudden increase in the blood pressure can increase the turbulence of flow within
saccular aneurysms. This pressure-jump phenomenon tends to result in sudden
aneurysmal enlargement, bleb formation, or the rupture of saccular aneurysms.
However, the reproducibility of their model was low (20-30 %) and, similar to
humans, approximately 3 months were required for the development of aneurysms.
In our experiments we chose to use this type of aneurysm model.
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Aneurysm elicitation in Sprague-Dawley female rats (HT/OVX* rats)

1. Ligation of the bilateral posterior renal arteries for the Induction of
hypertension (according to Hashimoto model) (HT)
2. Ligation of the right common carotid artery for the
Induction of hemodynamic changes)
‘l' 1 month

3. Bilateral oophorectomy (OVX*) 1% NaCl (saline)

drinking water
‘l’ 2 months
Vascular Corrosion Casts (VCC)

\

Assessment of aneurysm formation

Fig. 13.1 Aneurysm elicitation in female Sprague Dawley rats by (/) Ligation of the bilateral
posterior renal arteries for the induction of hypertension (according to the Hashimoto model) and
(2) Ligation of the right common carotid artery for the induction of hemodynamic changes. The
drinking water contained 1 % NaCl (saline). One month later the rats were subjected to bilateral
oophorectomy (OVX). Aneurysm formation was assessed on vascular corrosion casts

13.3.2 Hashimoto’s Model Plus Oophorectomy (Female
Dominance in the Formation of CAs)

All experimental procedures and protocols were in accordance with the Japanese
standards for the care and use of laboratory animals and were approved by the Care
Committee of the University of Tokushima. Before any procedures, the rats were
anesthetized by isofluorane (2—4 %) inhalation. Based on Hashimoto’s model [4],
we ligated the unilateral posterior renal artery to induce hypertension and the right
common carotid artery to induce hemodynamic stress in 7-week-old female
Sprague-Dawley rats. On the following day we ligated the contralateral posterior
renal artery. The drinking water contained 1 % NaCl (Fig. 13.1).

We determined the blood pressure with the tail-cuff method and confirmed that it
was significantly elevated 1 month after ligation of the bilateral posterior renal
arteries. Then the animals underwent bilateral oophorectomy (OVX) to reduce their
estrogen level. Two months later we also confirmed the elevation of blood pressure
(Fig. 13.2). Then we sacrificed the rats to assess the formation of cerebral aneu-
rysms on vascular corrosion casts and to confirm the decrease in the estrogen level
of HT/OVX" rats (Fig. 13.2). Endothelial cells and the morphology of the inner
lumen of the aneurysms were examined under a scanning electron microscope
(SEM).
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13.4 Assessment of the Cerebral Aneurysms

13.4.1 Vascular Corrosion Cast

Anesthetized rats were subjected to laparotomy/thoracotomy. The tip of a plastic
cannula (19 G x 1'4”) inserted into the left ventricle was secured in the ascending
aorta. After cutting the right atrium for drainage, the rats were perfused with 100 ml
of heparinized (20 U/ml) phosphate-buffered saline using a perfusion pump
(Fig. 13.3). The rate was 10 ml/min. We immediately prepared 10 ml of Batson’s
No. 17 plastic resin (Polysciences, Inc., PA, USA) in a 20-ml syringe according to
the protocol provided by the manufacturer. Then we manually injected 10 ml of
Batson’s No. 17 plastic resin into the ascending aorta through the plastic cannula.
After 24-h polymerization at room temperature the whole brain was removed and
digested in 20 % KOH for 24-72 h to remove tissues surrounding vessels.

Vascular casting is a powerful tool for studying arterial vascular systems; it
avoids shrinkage artifacts and maintains a three-dimensional geometry. Even under
a conventional microscope we saw that the blood flow on the side opposite the
carotid artery ligation was increased (Fig. 13.4). After 2-3 water rinses the vascular
cast was dried in a desiccator containing silica gel and sputtered with gold.

The remaining vascular cast was mounted on an SEM stub using colloidal silver
paste, sputter-coated with gold, and screened for the presence of aneurysmal
changes under a Keyence VE-8800 (Osaka, Japan) SEM. The beam voltage was
3KV and the arterial bifurcations of major arteries were carefully examined. The
corrosion cast sample of major arteries shown in Fig. 13.5 mirrors the intraluminal
imprint seen under the SEM. Imprints of endothelial cell nuclei and endothelial cell
borders are clearly visualized.

As many aneurysms formed at the bifurcation of the left anterior cerebral artery
(ACA) and the olfactory artery (OA), we focused on this area (ACA-OA bifurca-
tion) (Fig. 13.5). In normal rats endothelial cells are arranged and oriented in the
direction of flow (Stage 0). We classified anomalous endothelial cell imprints into
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Wash blood clots out of vessels with PBS
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Inject resin (base+promotor+catalyst+pigment)
(Batson#17, Polysciences, Inc)
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Fig. 13.3 Procedures for preparing vascular corrosion casts

Fig. 13.4 Hemodynamic changes. The blood flow (white arrow) on the side opposite the carotid
artery ligation (left side) was increased

3 stages. Stage I indicated that the imprints were irregular, Stage II that there was a
slight elevation of the intimal pad apparently affecting the apex of the bifurcation
rather than the apical intimal pad, the site of earlier changes. We posit that intra-
aneurysmal pressure and blood flow patterns control the expansion of aneurysmal
dilation toward the bifurcation apex. The aneurysmal dome exhibited irregularly-
shaped endothelial imprints and there were areas devoid of endothelial cell mark-
ings (Stage III). The absence of endothelial cell imprints may be more pronounced
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Fig. 13.5 Vascular corrosion casts of major arteries and classification of endothelial damage.
Stage 0 = normal. Stage 1 = endothelial damage. Stage 2 = elevation of the intimal pad. Stage 3 =
saccular aneurysm

in larger aneurysms and may be related to their increased incidence of rupture.
We were able to differentiate early aneurysmal dilation (Stage II) from junctional
dilation, considered by some as a pre-aneurysmal lesion. Junctional dilation was
present in some rats and differed from aneurysmal dilation in that the area of
dilation was covered by normal endothelium. Some of the junctional dilations
were on the right-, i.e., the low shear-stress side. Based on these observations we
suggest that true junctional dilations do not progress to Stage III (saccular aneu-
rysms) without undergoing the changes described as Stage I-II.

Earlier studies to investigate the pathology of CAs in clinical and experimental
settings relied on the appearance of arterial wall dilation, identified by either
angiography or dissecting microscopy, for the diagnosis of aneurysmal changes
[7]. Our technique yields material to study the ultrastructural and 3D morphology of
large areas of the vascular tree.

Under SEM images, we found that the incidence of cerebral aneurysm formation
was 3 times higher in hypertensive HT/OVX™ than HT/OVX™ rats (60 vs. 20 %).
None of the control sham-operated rats developed aneurysms. Our aneurysm model
was reliable and reproducible.
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13.4.2 Immunohistochemical Findings

13.4.2.1 The Expression of Angiotensin II and the NADPH Oxidase
Subunit

Compared to sham-operated rats, in HT/OVX" rats there was obvious outward
bulging of the arterial wall with disappearance of the internal elastic lamina. Note
the strong immunoreactivity for angiotensin II (Ang II) antigen in the cerebral
aneurysm (Fig. 13.6). In the cerebral aneurysmal wall and the parent artery adjacent
to the lesion, there was immunoreactivity to a NADPH oxidase subunit, NOX4.
Another subunit, p22phox was observed in the vascular intima and media of the
cerebral aneurysm. These findings suggest that the renin-angiotensin system (RAS)
was activated in association with hypertension and oxidative stress was increased in
the aneurysmal wall (Fig. 13.6).

Immunohistochemical expression at the bifurcation of the
anterior cerebral- and the olfactory artery in HT/OVX rats

Angll Nox4 p22phox ERo ERP eNOS

normal =— -_ -_ + =+ H

aneurysm +# H + -_ + +

+ : positive
. - : negative
Hypertension
High salt intake Cerebral OA
Hemodynamic changes ACA aneurysms

Ang Il

NADPH oxidase T
Endothelial b(‘i """ Estrogen
@%darﬁi‘age deficiency
Endothelial <--+1; decrease

dysfunction <€—; increase

Fig. 13.6 Increased expression of angiotensin II (Ang /) and NADPH oxidase subunits (Nox4
and p22phox), decreased ERa and eNOS at the bifurcation of the anterior cerebral- and the
olfactory artery in aneurysm model rats subjected to hypertension (H7T), hemodynamic changes
and oophorectomy (OVX™)
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13.4.2.2 The Expression of Estrogen Receptors (ERs)

Estrogen predominantly binds to ERa and exerts vasoprotective effects. Although
ERp has a low affinity for estrogen, like ERa it plays a vasoprotective role. In the
aneurysmal wall of our HT/OVX™ rats the expression of ERa was lower and the
expression of ERP was higher than those in sham-operated rats (Fig. 13.6),
suggesting that under estrogen deficiency conditions ERP may play a
compensatory role.

13.4.2.3 eNOS Expression

In both sham and OVX*/HT rats we observed PECAM 1-positive endothelial cells
arrayed along the vascular lumen [7]. However, compared to sham-operated rats,
the expression of eNOS was reduced in the aneurysmal wall and the parent artery of
HT/OVX" rats (Fig. 13.6).

13.4.3 Analysis of the mRNA Level in the Aneurysmal Wall

Each intracranial artery in HT-, OVX*-, and HT/OVX" rats was isolated and total
RNA was extracted. Transcribed cDNA was subjected to quantitative real-time
polymerase chain reaction assay (qQRT-PCR). The mRNA level of eNOS was
normalized with GAPDH mRNA as the internal standard. In HT-, OVX™*-, and
HT/OVX™ rats, the mRNA level of eNOS was significantly reduced [8]. This
reduction was more marked in HT- than OVX" rats, suggesting a predominant
vascular dysfunction due to hypertension. We confirmed this phenomenon using
endothelial cells under the presence of angiotensin II and/or without 17-f estradiol
in the in vitro study [8].

Taken together, these findings suggest that hypertension with hemodynamic
change activates renin-angiotensin system (RAS), leading to the downregulation
of eNOS and endothelial damage. On the other hand, estrogen deficiency decreases
the expression of ERa, thereby decreasing antioxidative effects and increasing
endothelial damage. These combined actions may facilitate the formation of CA
(Fig. 13.6).

Furthermore, the upregulation of the mRNA level of inflammatory-related
molecules including p-selectin, ICAM-1, VCAM-1, TNFa, and of RAS [9, 10]
and the greater degree of extracellular matrix degradation in the aneurysmal wall of
HT/OVX™ rats are suggestive of a relationship between CAs and vascular degra-
dation due to inflammation.
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13.5 The Acquired Degenerative Changes

The apical intimal pad of arterial bifurcations where aneurysms arose is the site of
greatest hemodynamic stress which is transmitted along the arterial wall. The
incidence of aneurysms increases at sites where the cerebral arteries may be
exposed to greater wear and tear as evidenced by anomalies in the circle of Willis,
e.g., arterial fenestration, ICA agenesis, persistence of a primitive artery.

In our rat model, the formation of cerebral aneurysms is associated with endo-
thelial damage and vascular degradation due to inflammatory-related molecules and
is increased at ACA-OA bifurcation where the cerebral arteries may be exposed to
greater wear and tear. Under the hypothesis that the opening of tight junctions due
to the loss of the tight junction proteins occludin and zona occludens-1 (ZO-1) in
damaged endothelium allows macrophage migration and leads to cerebral aneu-
rysm formation, we examined tight junction proteins in our aneurysm model
HT/OVX™ rats. We also examined the morphology of the vascular wall in the
aneurysms and performed the immunohistochemical and qRT-PCR studies. In the
very early stage before aneurysm formation, the expression of occludin and ZO-1
was reduced in injured endothelial cell junctions exhibiting gaps [10]. In the course
of aneurysmal progression, the reduction in these proteins was correlated with
macrophage migration. Furthermore, in HT/OVX™ rats we observed an increase
in the degradation molecules matrix metalloproteinase-9, nicotinamide-adenine
dinucleotide phosphate (NADPH) oxidase, and monocyte chemoattractant
protein-1 [10]. At sites prone to the formation of aneurysms the reduction in tight
junction proteins was associated with the expression of degradation molecules and
the migration of macrophages. These observations suggest that the destruction of
tight junctions facilitates macrophage migration, thereby accelerating the formation
of cerebral aneurysms in rats (Fig. 13.7).

In clinical and experimental studies, degeneration and fragmentation of the
internal elastic lamina was an important factor in the formation of CAs [7]. Damage
of the internal elastic lamina may be attributable to hemodynamic changes or
certain vascular wall pathologies. Remodeling of the extracellular matrix (ECM)
was suggested to be implicated in the development of CAs [11].

A deficiency in type III collagen in the vessel walls of CAs was one of the very
early reported findings [12]. Collagen and elastin embedded in proteoglycans and
glycoproteins are the main components of the ECM in arterial vessels and deter-
mine their tensile strength. The total amount of collagen in the aneurysmal wall
appears to be less than in normal arteries. Studies to identify the components of
collagen and of the degradation molecules in the aneurysm wall are underway in
our department.

The detection of elevated levels of local elastase activity in aneurysmal walls
does not necessarily correspond with elevated plasma levels. There is support for
the hypothesis that increased local proteolytic activity and vascular extracellular
matrix remodeling play a role in the formation of cerebral aneurysms. In animal
studies, vessels treated topically with elastase dilated and formed aneurysms.
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Fig. 13.7 Gap formation in the endothelial junction during early endothelial damage associated
with a reduction in occludin and zona occludens-1 (ZO-1) in HT/OVX™ rats. The gap formation
facilitates migration of macrophages through gaps in the endothelial junction, thereby leading to
degenerative changes in vascular wall and cerebral aneurysms

Another pathway to the remodeling of the ECM is apoptosis. Smooth muscle cells
from arterial walls exhibited morphological apoptotic changes in the early stages of
aneurysm development. However, the factors that lead to apoptotic changes in
smooth muscle cells remain to be identified.

13.6 Medicinal Treatments

Using our highly reproducible aneurysm model, we examined the efficacy of
several types of medicinal treatment to assess the potential of therapeutic alterna-
tives other than coiling or clipping.

13.6.1 Hormone Replacement Therapy (HRT)

HT/OVX" rats were implanted 17-beta estradiol-releasing pellets (Innovative
Research of America, Sarasota, FL, USA) under their dorsal skin for 2 months
just after OVX. Eight weeks later, the CA changes were assessed using corrosion
casts. The formation (Stage IIl) and progression (from Stage I to Stage II) of
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aneurysmal changes were reduced by estradiol treatment (OVX'/HT rats 86 %,
OVX'/HT/HRT rats 33 %, p < 0.05) [13].

13.6.2 Ang II Type I Receptor Blockade (ARB)

To further examine the effects of HT and estradiol deficiency on cerebral endothe-
lial damage we used the ARB candesartan [7]. Estradiol deficiency had a somewhat
greater effect on the formation of CAs than did HT alone. The growth of CAs (from
Stage II to Stage III) was augmented by the combination of HT and estrogen
deficiency. In contrast, treatment with ARB or HRT attenuated CA formation;
treatment with HRT was slightly more efficacious than with ARB. Endothelial
changes (Stage I) were observed in both ARB- and HRT rats. Endothelial damage
was increased in OVX" rats, while HRT dramatically reduced it suggesting that
estradiol deficiency may be associated with endothelial damage in the early phase
of aneurysm formation [8]. HT facilitated the growth of cerebral aneurysms and
ARB treatment inhibited aneurysmal progression.

13.6.3 Phosphodiesterase 4 (PDE4) Inhibitor

Vascular inflammation is associated with CAs. PDE4 is implicated in various
inflammatory diseases due to cAMP degradation. PDE4 inhibitors suppress mac-
rophage migration and the expression of endothelial leukocyte adhesion molecules
and proinflammatory cytokines. To inhibit PDE4, rats were treated orally with
ibudilast every day for 3 months [9]. Treatment with ibudilast had no effect on
their systolic blood pressure. Immunohistochemically, activated PDE4 highly
expressed in the aneurysmal wall was suppressed by ibudilast. The mRNA level
of the leukocyte adhesion molecules, MMP-9 and TNF-a increased in the aneu-
rysms was attenuated by ibudilast (Fig. 13.8). The blockade of PDE4 activation
may contribute to the suppression of inflammation-related molecules, thereby
inhibiting the formation of cerebral aneurysms.

13.6.4 Mineralocorticoid Receptor Antagonist

The mineralocorticoid receptor antagonist eplerenone prevents the formation of
intracranial aneurysms and reduces the saline intake without affecting the blood
pressure [14]. This was associated with a reduction in Ang II and the degradation
molecules and resulted in the inhibition of macrophage migration and aneurysm
formation. In vitro, occludin and ZO-1 were downregulated by Ang II and estrogen
deficiency; their downregulation was reversed by eplerenone, the MMP inhibitor
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SB3CT, and apocynin [14]. Among the drugs we tested, the inhibition rate of
aneurysm formation by eplerenone was 85 %. Eplerenone most effectively
prevented the formation of intracranial aneurysms (Table 13.1).

13.6.5 Statins

Statins may have beneficial effects on atherosclerosis and CAs [15]. Some studies
also reported their efficacy in cerebral aneurysm models [16]. However, the
detailed mechanisms underlying the benefits of statins remain unclear.

Using our model we first demonstrated that endothelial damage was present in
92 % of the HT/OVX™ rats within 6 weeks and the incidence of moderate protrusion
(Stage II) and saccular aneurysms (Stage III) gradually increased with time (60 and
23 % at 12 weeks, 68 and 47 % at 24 weeks). Unexpectedly, statins exhibited
bidirectional effects in our aneurysm model [17]. A high-dose hydrophilic statin
and a lipophilic statin at any of the doses used induced aneurysmal rupture
(Table 13.1). These detrimental effects were partly associated with the induction
of apoptosis in the aneurysm wall. Based on our findings we urge the careful use of
statins in patients with CAs, especially in postmenopausal women.
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Table 13.1 Effects of various medicinal treatments in aneurysm model HT/OVX" rats

Drug Dose Inhibition Mechanism(s)

17 estradiol 0.48 mg/60 day 67 % Improvement of endothelial dysfunction
Anti-oxidative

Candesartan 1 mg/kg 44 % Improvement of endothelial dysfunction
Anti-oxidative, anti-hypertensive

Ibudilast 60 mg/kg 47 % Anti-inflammatory

Eplerenone 100 mg/kg 85 % Anti-oxidative, Anti-inflammatory

Pravastatin 5 mg/kg 45 % Improvement of endothelial dysfunction

25, 50 mg/kg Deleterious Apoptosis
Simvastatin 5 mg/kg Deleterious Apoptosis
Olmesartan 0.3 mg/kg 54 % Reduction in body Na*

Candesartan and Olmesartan; angiotensin type I receptor antagonist, Ibudilast; inhibitor of phos-
phodiesterase 4, Eplerenone; mineralocorticoid receptor antagonist, Pravastatin; hydrophilic
statin, Simvastatin; lipophilic statin

13.6.6 Na Diuretic ARB

In earlier studies we subjected our rats to bilateral renal ligation to induce hyper-
tension (HT), gave them saline as their water, and then performed oophorectomy
(HT/OVX™ rats).

As the patients with unruptured CAs have not necessarily hypertension, we
hypothesized that body sodium retention may be associated with the high incidence
of CA formation in postmenopausal women without affecting blood pressure. To
investigate the role of the combination of a high-salt diet (HSD) and OVX on the
formation of cerebral aneurysms, we changed the order of these procedures in this
study (Fig. 13.9). Female Sprague-Dawley rats aged 11 weeks were first subjected
to OVX, then the ligation of the left CCA, and they were fed an 8 % high-salt diet
on the same day. Two weeks later, we ligated the unilateral posterior renal artery.
On the following day we ligated the contralateral posterior renal artery to induce
hypertension (HSD/OVX*/RL). After 3 weeks we recorded differences among
sham rats fed a standard diet containing 0.3 % NaCl, sham rats fed an HSD
(Oriental Yeast Co., Ltd., Japan) containing 8 % NaCl (HSD rats), and OVX*
rats with or without RL that were fed an HSD (HSD/OVX" rats, HSD/OVX*/RL
rats). The incidence of unruptured aneurysms was higher in HSD/OVX™ - and
HSD/OVX*/RL rats than in the HT/OVX" rats studied in our earlier investigation
(average incidence 80-90 % vs. 60-70 %). The incidence of CAs was no significant
difference between HSD/OVX'- and HSD/OVX*/RL rats [18]. Note the high
incidence of CAs in HSD/OVX*- and HSD/OVX*/RL was associated with the
increase in body Na*/water ratio which means water-free sodium accumulation
(Fig. 13.10). The increase in urinary Na*/K* ratio was associated with the high-salt
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Fig. 13.9 Modified aneurysm elicitation in female Sprague Dawley rats by (/) Bilateral oopho-
rectomy (OVX). (2) Ligation of the right common carotid artery for the induction of hemodynamic
changes. The rats were fed an 8 % high salt diet (HSD). (3) Two weeks later the rats were subjected
to ligation of the bilateral posterior renal arteries for the induction of hypertension as in Fig. 13.1
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Fig. 13.10 Incidence of CAs, the body Na*/K* ratio and urinary Na*/K* ratio in rats fed a high-
salt diet (HSD), and subjected to OVX (HSD/OVX) and/or renal hypertension induced by bilateral
ligation of the posterior renal artery (HSD/OVX/RL)

intake. Interestingly, a few HSD/OVX"/RL rats developed SAH at the anterior or
posterior communicating artery. The ruptured sites in HSD/OVX'/RL rats are
similar to those in SAH patients. There was no ruptured aneurysm at ACA-OA
bifurcation.

Treatment of HSD/OVX*/RL rats with 0.3 mg/kg olmesartan without affecting
their blood pressure significantly attenuated the incidence of cerebral aneurysms
[18]. The vasoprotective effects of olmesartan were associated with an increase in
the vascular Na* excretion pump, ATPlo2, and a decrease in the body sodium/
water ratio. This alerts to the importance of therapeutic strategies that regulate
water-free sodium accumulation to prevent aneurysm formation under the condi-
tions of estrogen deficiency.



258 S. Nagahiro and K. Kitazato
13.7 Conclusion and Perspective

Estrogen deficiency induces endothelial dysfunction and triggers endothelial dam-
age. Additive hypertension enhances the generation of reactive oxygen species and
inflammation, facilitating degradation of the vascular wall that leads to the forma-
tion of cerebral aneurysms at sites exposed to hemodynamic changes. Therapies
targeting the endothelium and the management of hypertension may help to prevent
CAs. Furthermore, the inhibition of inflammation and the regulation of water-free
sodium accumulation may be an important therapeutic strategy to reduce the
incidence of CAs. As the rate of SAH in our model was low, we are attempting
to establish a reproducible model with a higher rate of SAH by applying further
modifications to our present rat aneurysm model. Efforts are also underway to
establish methods to identify vulnerable unruptured aneurysms and to prevent their
rupture.

In summary, we demonstrated that estrogen deficiency combined with water-
free sodium accumulation increased the susceptibility of rats to the formation of
cerebral aneurysms and that hypertension enhances their progression. Our findings
suggest that hormones and water-free sodium retention in addition to hypertension
play a role in the pathogenesis of CAs. Our rat model is simple and highly
reproducible with respect to aneurysm formation and of value in studies addressing
the pathogenesis and progression of cerebral aneurysms. It can also be used to
assess the efficacy of medical treatments.
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Chapter 14
A Model of Stroke and Vascular Injury
in the Brain
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Abstract Recent clinical trials have revealed high rates of delayed restenosis and
hemorrhage in angioplasty and stenting in intracranial atherosclerotic diseases, but
the causes of this are still unclear. These unfavorable results may be caused by
unique properties of intracranial internal carotid arteries (IICAs) such as lack of an
external elastic lamina and presence of surrounding cerebrospinal fluid. Clarifica-
tion of the mechanism of remodeling after vascular injury to IICAs using injury
models is needed, although several studies have clarified the pathophysiology and
molecular mechanisms involved in the remodeling process after injury to extracra-
nial arteries. In this section, a detailed protocol for an IICA injury (IICAI) model is
summarized. We also review the intraluminal suture middle cerebral artery occlu-
sion (MCAo0) model in mice, which causes cerebral infarction in the area of the
middle cerebral artery region, because the IICAI model is a modification of the
intraluminal suture MCAo model.
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14.1 Introduction

More than 5-10 % of strokes or transient ischemic stroke (TIA) are caused by
intracranial atherosclerotic diseases (ICAD) [1]. Because the risk factors for ICAD
are hypertension, diabetes mellitus, hypercholesterolemia, and high Lp(a) [1-3],
controlling these risk factors with medications is important for the prevention of
ischemic stroke in ICAD. Warfarin and aspirin are also used for secondary preven-
tion, but 2-year stroke rate of patients with ICAD is still 19.7 % [4]; therefore,
percutaneous angioplasty and stenting (PTAS) was studied as a candidate thera-
peutic option for intracranial arterial stenosis in the brain. However, several major
complications were found in patients treated using these techniques. The rate of
delayed restenosis was 32.4 % using bare metal stent placement in the Stenting in
Symptomatic Atherosclerotic Lesions of Vertebral and Intracranial Arteries trial
[5]. A high incidence of restenosis was also observed in a meta-analysis, which
analyzed previous reports on stenting for intracranial atherosclerosis [6]. Drug-
eluting stents, such as Taxus and Cypher, are expected to overcome the restenosis,
but their efficacy remains controversial. For example, one report demonstrated a
restenosis rate of 5 % at 4 months after injury [7], whereas another showed a 38 %
restenosis at 9 months after injury [8]. In addition, the results of the recent Stenting
and Aggressive Medical Management for Preventing Recurrent Stroke in Intracra-
nial Arterial Stenosis trial reported that a high rate of brain hemorrhage within
30 days of stenting is another important complication of ICAD [9].

Thus, these clinical data raise the need to clarify the mechanism behind the high
rate of restenosis and hemorrhage in intracranial arteries and also explore therapies
to prevent these problems. In extracranial arteries, such as femoral arteries and
common carotid arteries, balloon-injury models and wire-injury models have been
established to mimic the remolding process after PTA and PTAS and have been
used to clarify its pathophysiology. Because of the intracranial arteries having a
characteristic structure, specifically with regard to the paucity of elastic fibers in the
media, the reduced adventitial tissue, the lack of an external elastic lamina [10, 11],
and presence of surrounding cerebrospinal fluid, it is necessary to perform studies
using an intracranial artery injury model.

The intracranial internal carotid artery injury (IICAI) model presented here [12]
is a modification of the so-called suture model, which occludes the middle cerebral
artery (MCA) transiently and causes a cerebral infarct in the cortex and caudate
putamen (CP). The IICAI model is different from the MCA occlusion (MCAo)
model in terms of larger size of suture, necessity of a scratch, and the limited strains
of mice available.

In this review, we summarize the protocols for the MCAo and IICAI models.
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14.2 Preparation

All experiments were approved by the Institutional Animal Care and Use Commit-
tee of Osaka University. They were conducted in accordance with the Osaka
University Guidelines, which are based on the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals and the ARRIVE guidelines.

1. Animals

MCAo model: male C57BL6/] mice (CLEA Japan Inc., Japan) aged
6—8 weeks are used. We have not tried the MCAo model in other strains, but
many studies used other strains including C3H/HeN [13] and FVB mice [14].

IICAI model: male FVB/N mice aged 68 weeks are used (CLEA Japan Inc.,
Japan). C57BL6/J mice are not suitable for the IICAI model because subarach-
noid hemorrhage occurs immediately after scratching the intracranial artery in
C57BL6/] mice.

2. Suture preparation

MCAo model: A 6-0 monofilament suture (LOOK suture 916B, LOOK,
USA) is cut into 15-20 mm long pieces. Round the tip (Fig. 14.1a) of the suture
near a soldering iron (HE-20, Taiyo Electric Inc., Japan, (Fig. 14.1c)). Some
sutures are not suitable for rounding because the quality of the material differs
among products. The suture is marked 10 mm from the tip using white correction
fluid (Fig. 14.1a).

IICAI model: A 5-0 monofilament suture (Nesco suture GAOSNA, Alfresa
Corporation, Japan) is cut into 15-20 mm long pieces and coated with epoxide
resin solution (#16323, Konishi, Japan) for a length of 6 mm and 300 pm in
diameter from the tip (Fig. 14.1b). One way to make this suture is to first make a

T
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10 mm from the tip

C

Fig. 14.1 Preparation of the intraluminal suture. (a) The intraluminal suture for the middle
cerebral artery occlusion model. (b) The tip of the 6-monofilament was rounded using a soldering
iron. (¢) The intraluminal suture for the intracranial internal carotid artery injury model; the tip was
coated with epoxide resin
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hole in a piece of paper using a 29-G insulin syringe (ss-05 M2913, Terumo,
Japan). After placing epoxide resin solution around the 5—0 monofilament, the
suture is passed through the hole and marked 10 mm from the tip using white
correction fluid.

14.3 Surgeries

The protocols for the MCAo and IICAI models are the same from step 3 to step 16.

3.

10.

11.

12.

13.

Mice are anesthetized using isoflurane (4 %) in a chamber, and the fur on the
head and the ventral neck region is shaved using a hair clipper (ER 803P,
Panasonic, Japan). The level of isoflurane is then reduced to 1.7 %, and
artificial tear ointment is applied to both eyes.

. The mouse is placed in the abdominal position on a heating pad attached to a

mouse Rotary Brain Anchor-block (MBB-100, Unique medical, Japan). A
probe is inserted into the rectum, and the body temperature is maintained
between 36.5 and 37.5 °C using a thermostat (ATC 402, Unique Medical).

. After sterilization using 70 % ethanol, 0.5 % bupivacaine is injected subcuta-

neously along the prospective incision site. A midline incision is made on the
head, and a fiber optic probe is glued on the right parietal bone 2-mm posterior
and 4-mm lateral to the bregma (the right MCAo region) and connected to a
laser Doppler flowmeter (Unique Medical).

. The mouse is rotated and placed in the supine position. It is important that the

neck is dorsiflexed sufficiently to obtain a large enough operative field. After
sterilization using 70 % ethanol and the subcutaneous injection of 0.5 %
bupivacaine, a midline incision is made on the neck under a stereomicroscope
(Fig. 14.2a). A sufficient operative field is obtained using a retractor, which is
remolded from a 26-G needle (Fig. 14.2a, asterisk).

. The common carotid artery (CCA) is exposed carefully and is dissected free

from the surrounding veins, nerves, and fascia (Fig. 14.2b).

. A 6-0 silk suture is placed loosely around the CCA and then pulled in the

caudal direction to show the external and internal carotid arteries (Fig. 14.2c¢).

. The external carotid artery (ECA) and ICA are exposed carefully, and then

dissected free from the surrounding veins, nerves, and fascia (Fig. 14.2d).
The distal portion of ECA is tied using a 60 silk suture (Fig. 14.2¢) and then
pulled rostrally (Fig. 14.2e asterisk).

The proximal portion of the ECA is tied loosely using a 6-0 silk suture
(Fig. 14.2f), and the surgeon then ensures that no blood is flowing in the ECA.
A small incision is made in the portion between the distal and proximal sutures
in the ECA using a 30-G needle (Dentronics, Japan) (Fig. 14.3a).

The prepared suture (step 2) is introduced into the ECA from the small incision
(step 12). The tied suture in the proximal site of ECA (step 11) is loosened
(Fig. 14.3b asterisk). The inserted suture is advanced to the bifurcation in the
CCA and then moved slightly into the CCA (Fig. 14.3b).
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Fig. 14.2 Surgical procedures (protocols 6—11). (a) Protocol 6. The asterisk shows the retractor
made from a 26-G needle. (b) Protocol 7. (¢) Protocol 8. The asterisk shows the 6-0 silk suture
around the CCA. (d) Protocol 9. (e) Protocol 10. The asterisk shows a 6-0 suture pulled in the
direction of the rostrum. (f) Protocol 11. CCA, common carotid artery; ECA, external carotid
artery; /CA, internal carotid artery

14. The suture tied to distal site of the ECA is pulled to the caudal (Fig. 14.3c
asterisk) to change the direction of the inserted suture to ICA (Fig. 14.3c). The
inserted suture is moved carefully to ensure that it does not enter the pterygo
arteries until slight resistance is felt (Fig. 14.3d).

15. The suture tied to the distal site of the ECA, which is pulled to the caudal, is
released (Fig. 14.3e #). The suture placed around the CCA is loosened to restore
the blood flow (Fig. 14.3e asterisk).

16. The inserted suture is moved into the origin of the MCA until the CBF falls
down (Figs. 14.4 and 14.5). Generally, 8-9 mm from the tip is sufficient to
occlude the MCA.

17. A piece of PE-50 catheter is placed between the CCA and the suture around the
CCA, and the suture is then tied to stop the flow in the CCA (Fig. 14.3f).
Several drops of sterile saline are placed into the operative field to moisten the
CCA, ICA, and ECA.

MCAo0 Model

18. Duration of ischemia is 40 min in our lab, but it should be adjusted to get
sufficient infarct volume without causing high mortality. Typically, the CBF
increases gradually 4-7 min after injury (# in Fig. 14.4a) and then drops
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14.3 Surgical procedures (protocols 12—14). (a) Protocol 12. (b) Protocol 13. The asterisk

shows the loosened 60 suture in the proximal site of the ECA. (c) Protocol 14. (d) Protocol 14.
The asterisk showed the tip of suture inserted into ICA. (e) Protocol 15. (f) Protocol 17. CCA,
common carotid artery; ECA, external carotid artery; /CA, internal carotid artery

19.

20.
21.

22.

23.

dramatically and recovers to the level of the CBF immediately after MCAo (#
in Fig. 14.4a). This increase-drop-recovery wave occurs several times.

The suture is withdrawn carefully, and the 6-0 silk suture is tightened around
the proximal site of the ECA. The CBF will recover slightly (Fig. 14.4a-19).
The level of isoflurane is reduced 1.4 % for 40 s.

The CCA is released from the PE-50 and the suture, and the CBF recovers
gradually (Fig. 14.4a-20); the surgeon should then wait for at least 5 min to
check the reperfusion. If the mean reduction in CBF in 40 min is <85 %, the
mice should be excluded.

The incision is closed using a 4-0 silk suture with a simple interrupted pattern,
and 0.25 % bupivacaine is administered at the incision site.

Recovery from anesthesia is monitored for 4 h, and tests for behavioral
indications of infarction are performed. Typically the mice rotate to the right
spontaneously or curl to left side when held by the tail.
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Fig. 14.4 Cerebral blood flow during surgery. (a) Middle cerebral artery occlusion model. (b)
Intracranial internal carotid artery injury model. The number and symbols coincide with the
protocol number mentioned in the main text (Fig. 14.4b was published previously [12])

IICAI Model (See the Schematic Diagram in Fig. 14.5a—)

18. After waiting for 5 min, the suture is withdrawn carefully until the CBF
recovers (Fig. 14.4b-19).

19. The suture is advanced again until the CBF is reduced; this is repeated 10 times
to scratch the artery (Fig. 14.4b-20).

20. The inserted suture is withdrawn carefully. The 6-0 silk suture is tightened
around the proximal site of the ECA.

21. The incision is closed using a 40 silk suture with a simple interrupted pattern,
and 0.25 % bupivacaine is installed at the incision site.

22. Recovery from anesthesia is monitored for 1 h.
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Fig. 14.5 Surgical procedures (protocols 15-17). (a) CBF is measured using laser Doppler in the
right MCA area. (b) The intraluminal suture is advanced into the origin of the MCA. (c) The dotted
area in the straight segment of the IICA will be damaged after IICAI. Arrowhead, the direction of
blood flow. ACA, anterior cerebral artery; CCA, common carotid artery; ECA, external carotid
artery; /ICAI, intracranial internal carotid artery injury; /CA, internal carotid artery; MCA, middle
cerebral artery; PA, pterygoid artery; PCA, posterior cerebral artery (Fig. 14.5 was published
previously [12]). CBF was reduced compared with baseline (arrowhead in b). The suture is placed
for 5 min, which dilates the artery. Slightly withdrawing the suture recovers CBF, and the suture is
then advanced and withdrawn 10 times (asterisks in b)

14.4 Time Considerations

The MCAo model takes approximately 1 h from the start of surgery to reperfusion.
The IICAI model requires around 40 min from the start of surgery to reperfusion.

14.5 Anticipated Results

14.5.1 MCAo Model

To check the infarct volume, the mice should be perfused with phosphate buffer
followed by 4 % paraformaldehyde. The brain is removed carefully because an
infarct brain is fragile. Postfixation is performed using 4 % paraformaldehyde for
12-24 h, and the brain is then immersed into 15 % sucrose for 1 day followed by
30 % sucrose for 2 days to cryoprotect the tissue. It is then embedded in a 1:2
mixture of 20 % sucrose and Tissue-Tek® OCT compound (Sakura FineTek,
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Normal

Fig. 14.6 Typical images of an infarcted brain and injured IICA. (a and b) Typical image of a
cresyl violet-stained brain at +1.4 mm (a) or 0 mm (b) from the bregma 72 h after MCAo. The
white areas (asterisks) show the infarcted areas. (¢ and d) Images of EVG staining in the normal
IICA (c) or injured IICA on day 56 (d). Red arrowhead, internal elastic lamina; red arrow,
neointimal hyperplasia. Bar =50 pm. (e and f) Images of H&E staining in the normal IICA (e)
or injured IICA on day 28 (f). Nuclei are not observed in the damaged media (*). On day
28, damaged media (*), mixed media, and adventitia (#) are observed. Red arrowhead, internal
elastic lamina. Bar =50 pm. (g and h) Immunohistochemistry for CD31. The endothelium is
removed completely on day 1 (g). Re-endothelialization is almost complete on day 28 (h).
M media, a adventitia, N neointimal; red arrowhead, internal elastic lamina. Bar =25 pm
(Fig. 14.6c-h was published previously [12]). /ICA intracranial internal carotid artery, MCAo
middle cerebral artery occlusion

Japan) and frozen in isopentan chilled in liquid nitrogen. The mixture containing
20 % sucrose prevents the section from curling. The tissue is cut into 12- to 30-pm
thick sections using a cryostat, and the sections are stained with cresyl violet
(031-04852, Wako, Japan). The infarct area presents as an unstained area in the
cerebral cortex and caudate putamen (Fig. 14.6a, b). There are some variations in
infarct volume even when the patterns of cerebral blood flow are similar [15]. Gen-
erally, the variation is greater in the caudal region, such as —1.4 mm from the
bregma.

Alternatively, “TTC staining” could be used to visualize the infarct area. Here,
fresh unfixed tissues are immersed in a 2 % solution of 2,3,5-triphenyltetrazolium
chloride (TTC; Nakalai tesque) in normal saline at 37 °C for 15-30 min [16]. Alive
tissues reveal red regions, but infarcted regions show white (unstained) in the
cerebral cortex and caudate putamen [17]. Generally, TTC staining is quicker and
makes it easier to distinguish the infarct area, but additional staining or immuno-
histochemistry cannot be performed.
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14.5.2 IICAI Model

The brain fixed by perfusion with 4 % paraformaldehyde and depicted carefully to
avoid damaging the circle of Willis. Postfixation is performed using 4 % parafor-
maldehyde for 2448 h, and the brain is embedded in paraffin. For morphological
analysis, cross-sections (6 pm) including the straight portion of IICAs are made
(Fig. 14.5¢).

For morphological analysis, EVG staining is suitable for observing the
neointima because it shows the internal/external elastic lamina and the neointima
is clearly distinguishable (Fig. 14.6c, d). H&E staining is suitable for assessing
cellular infiltration and necrotic changes in the media (Fig. 14.6e, f). This staining
reveals that the IICAs are dilated to double the size of a normal artery on day
1, without causing hemorrhage or disruption to the internal elastic lamina. Inflam-
matory cells start to accumulate outside the vessel wall on day 7. Neointimal
hyperplasia begins to be observed from day 14 and continued to be grown up
with increased thickness of adventitia, while the media was gradually extinct. The
internal elastic lamina does not disappear throughout the remodeling process [12].

Immunohistochemistry for CD31 (anti-CD31 antibodies; 1:200, Spring Biosci-
ence, Fremont, CA, USA) is helpful to check whether the endothelium was
removed successfully after injury. The endothelium is removed 1 day after injury
(Fig. 14.6g). In the IICAI model, re-endothelialization starts from day 7, and
endothelial cells cover the vessel completely on day 28 (Fig. 14.6h). In addition,
damage to the smooth muscle cells in the media can be assessed using immunohis-
tochemistry for aSMA (1:1000, Sigma-Aldrich, St. Louis, MO, USA). aSMA-
positive smooth muscle cells are lost completely on day 1 after injury (Fig. 14.7),
partly due to apoptosis [18]. Unlike endothelial cells, aSMA-positive smooth
muscle cells do not reemerge in the damaged media (Fig. 14.7c, d). However,
aSMA-positive smooth muscle cells emerge in the neointima on day
28 (Fig. 14.7¢c). Immunohistochemistry for F4/80 (1:1000, Abcam, Cambridge,
MA, UK) shows the unique pattern of activated macrophage infiltration in the
intracranial arteries. Macrophages are observed mainly in the adventitia from day
7 and continue to be observed until day 56. F4/80-positive macrophages infiltrate
into the media on day 14 but are absent on day 7 (Fig. 14.7e, f). Few F4/80-positive
macrophages are observed in the neointima. We previously compared the
remodeling processes in IICAs and extracranial arteries (femoral arteries) [12]
and found that IICAs had a unique remodeling process. Briefly, the timing of
neointimal formation is slower, SMCs are lost continuously in the media followed
by extinction of the media itself, macrophages invade in the media on day 14, and
the adventitia grows continuously until day 56. This unique process may be caused
by differences in complexed wall share stress in the circle of Willis, cyclic
circumferential strain due to the structural differences in the vessel walls, and
easy macrophage invasion into the media due to the lack of an external elastic
lamina [12].
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D. Day 56

A. Normal B. Day 1 C. Day 28

\

Fig.14.7 aSMA-positive smooth muscle cells in media and F4/80 macrophages in injured IICAs.
(a) Normal IICAs have aSMA-positive SMCs in the media. (b) They were lost on day 1 after
injury (b). (¢ and d) These cells had not reemerged in the damaged media on days 28 and 56.
However, aSMA-positive SMCs began to appear in the neointima (¢ and d). (e and f) F4/80-
positive macrophages were observed mainly in the adventitia (asterisk). Some macrophages
invaded into the media on day 14 (e, arrow). IICA, intracranial internal carotid artery; ICA,
internal carotid artery; M, media; A, adventitia; N, neointimal; red arrowhead, internal elastic
lamina; arrows, F4/80-positive cells in the media. Bar =20 pm (Fig. 14.7a—f was taken from [12])

Neointimal formation in this model could be prevented by the intraperitoneal
injection of rapamycin, similar to femoral arteries [19] where rapamycin (4 mg/kg/
day in 0.33 % DMSO/0.2 % sodium carboxymethyl cellulose/0.25 % polysorbate-
80) was started immediately after injury and continued once a day for 56 days
without affecting re-endothelialization [12].
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Part VIII
Kawasaki Disease



Chapter 15

Analysis of Kawasaki Disease Using a Mouse
Model, CAWS Vasculitis in DBA/2 Mice,
Induced with a Water-Soluble Extracellular
Polysaccharide Fraction Obtained from
Candida albicans

Naoto Hirata and Naohito Ohno

Abstract It was reported previously that a Candida albicans water-soluble frac-
tion (CAWS), including a mannoprotein and f-glucan complex, has strong potency
in inducing fatal necrotizing arteritis in DBA/2 mice. In this article, histopatholog-
ical changes and cardiac function in this system are reviewed. One mg/day CAWS
was given to DBA/2 mice via peritoneal injection for 5 days. Aortitis was induced
in the CAWS-treated DBA/2 mice, which died at an incidence of 100 % within a
few weeks. Histological findings included stenosis in the left ventricular outflow
tract (LVOT) and severe inflammatory changes of the aortic valve with fibrinoid
necrosis. Cardiomegaly was observed and heart weight increased 1.62-fold
(P <0.01). Echocardiography revealed a severe reduction in contractility and
dilatation of the cavity in the left ventricle (LV): LV fractional shortening
(LVES) decreased from 71 % to 38 % (P < 0.01), and the LV end-diastolic diameter
(LVDd) increased from 2.21 to 3.26 mm (P <0.01). The titer of BNP mRNA
increased in the CAWS-treated group. Severe inflammatory changes resulting
from CAWS brought about lethal LV dysfunction by aortic valve deformation
with LVOT stenosis. This animal model is suggested to be extremely useful not
only for analyzing KD but also for the development of therapeutic agents for
various types of heart failure.
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15.1 Introduction

According to statistics from the World Health Organization (WHO) [1], among the
world’s leading causes of death were ischemic heart disease (12.8 %) and cerebro-
vascular disorder (10.8 %). Indeed, both diseases have firmly maintained their ranks
as the top causes of death for many years, despite the development of treatments
and preventive medicine. While cardiovascular diseases represent a threat to all
mankind, enormous medical resources have been put into the treatment of these
diseases, having a huge impact from the medical-economic viewpoint. In addition
to research on the pathogenesis of these cardiovascular diseases, the development
of treatment methods and novel drugs, as well as the investigation of treatment
protocols, requires the accumulation of evidence through large-scale clinical stud-
ies. Furthermore, the establishment of excellent animal models is essential in basic
studies and at preclinical stages.

In recent years, research results have shown that, in patients with reduced
cardiac function after atherosclerosis or myocardial infarction, the activation and
accumulation of inflammatory cells play important roles in the progression of
lesions, which induce pathological structural changes, called remodeling of cardio-
vascular tissues, associated with persistent chronic inflammation [2]. During the
onset and progression of atherosclerosis, damage to vascular endothelial cells,
infiltration of activated macrophages into the vessel wall, and foam cell formation
due to endocytosis of oxidized low-density-lipoprotein (LDL) cholesterol are
observed [3]. Moreover, calcified lesions observed as a pathological feature of
atherosclerosis are the final outcome of chronic inflammation, and clinically,
inflammation markers such as high-sensitivity C-reactive protein (CRP) (hsCRP)
have been suggested to be useful indices of atherosclerosis [4]. Furthermore, in
patients with acute myocarditis, pericarditis, and vasculitis, the involvement of
infection in the cardiovascular system and immune responses has been suggested.
Many cases of vasculitis are intractable and of unknown pathogenesis. Among such
cases, Kawasaki disease is representative and has been studied in Japan before the
rest of the world, with notable advances [5].

Kawasaki disease was first reported in 1967 by Dr. Tomisaku Kawasaki, who
then worked as a pediatrician at the Japanese Red Cross Medical Center. He
analyzed and verified 50 of his patients and published an article reporting this
condition, which was referred to as “acute febrile mucocutaneous syndrome with
lymphoid involvement” [6]. This was followed by a succession of case reports
mainly in Japan as well as in other Asian countries; subsequently, the name
Kawasaki disease (KD) became established. This disease develops during child-
hood in most patients and is characterized by the formation of refractory inflam-
matory lesions in small+ and medium-sized arteries throughout the body. The
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prognoses reported at the time of this report, which were compiled from 1967 to
1971, included 26 deaths out of 1857 cases, that is, a mortality rate of 1.4 %. At that
time, the causes of death among those patients were unclear; however, from the fact
that 30 % of the patients developed complications with coronary artery dilation and
coronary aneurysms as sequelae after onset, it became clear that the presence or
absence of coronary complications greatly affects the prognosis of KD [7]. In
Japan, the number of patients with KD has been reported to be about 5000-6000
annually since the 1980s. The number of patients identified as having KD is
increasing with improved diagnostic technologies, and more than 10,000 patients
have been reported every year since 2004 [8].

The causes of KD are still unclear; thus, animal models of vasculitis syndromes,
including KD, are useful for the development of methods of pathological analysis
and treatments of vasculitis. In 1987, it was reported that the Candida albicans-
derived substance (CADS) isolated from the feces of KD patients caused coronary
arteritis that resembled KD in mice [9]. Following this report, collaborative
research in our immunology laboratory found that the C. albicans water-soluble
extracellular polysaccharide fraction [or C. albicans water-soluble fraction:
(CAWS)] obtained from the culture supernatant of C. albicans had a strong
vasculitis-inducing effect, as well as lethal activity, in highly sensitive mice such
as DBA/2 mice [10, 11]. The administration of CAWS to DBA/2 mice causes the
development of vasculitis in areas around the aortic valve and the coronary artery
origin (CAWS vasculitis) [12]. Previous studies have shown that the main compo-
nent of CAWS is the mannoprotein [13] and that when administered intravenously,
CAWS exhibits acute lethal toxicity in mice, whereas intraperitoneal administra-
tion of CAWS causes severe vasculitis mainly in the aortic root and around the
aortic valve as well as in the proximal portion of the coronary arteries. Moreover,
these activities show significant variations between different mouse strains [10-
14]. A murine model of CAWS vasculitis has been analyzed as an animal model
that appropriately reflects the histopathology and pathological conditions of vascu-
litis syndromes, including KD. However, with regard to the powerful chronic lethal
toxicity observed only in DBA/2 mice, many aspects remain unclear. It is possible
that certain cardiovascular complications underlie the development of severe vas-
cular lesions in DBA/2 mice; hence, this model potentially serves as a useful animal
model for cardiovascular diseases as well as vasculitis. To this end, a detailed
analysis of vascular lesion formation processes in DBA/2 mice and a thorough
examination of the effects of vascular lesions on the biology of DBA/2 mice are
required.

One of the representative examples of chronic and fatal conditions associated
with cardiovascular lesions is chronic heart failure. Chronic heart failure is regarded
as a condition that develops in later stages, as triggered by various cardiovascular
abnormalities such as ischemic heart disease, valvular disease, cardiomyopathy,
and pericarditis. Chronic heart failure is defined as “the pathological state of
impaired pump function due to chronic myocardial contractile dysfunction, in
which cardiac output is insufficient to meet blood volume for supplying oxygen
requirement of important peripheral organs, and blood congestion in lung or
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systemic veins disturbs vital activities for living of the patients” [15]. As chronic
heart failure gradually progresses, as it transitions from the period of compensation
to the period of decompensation, patients with chronic heart failure are repeatedly
hospitalized and discharged owing to occasional acute exacerbation, with their
cardiac function declining gradually.

There are various ways to classify heart failure depending on the causes,
pathological conditions, stage, and subjective symptoms. The NYHA classification
[16] proposed by the New York Heart Association (NYHA) has been used com-
monly in routine clinical settings owing to its convenience. The severity of heart
failure is classified on the basis of subjective symptoms, including dyspnea on
exertion, shortness of breath, decreased urine volume, edema in the limbs, hepato-
megaly, and loss of appetite. In patients with heart failure, the development of these
symptoms leads to decreased quality of life (QOL). In particular, at NYHA III or
higher, the decrease in QOL is so significant that it interferes with the patient’s daily
life. In end-stage heart failure, patients generally show resistance to drug therapy,
and owing to the heart burden induced by exacerbation of chronic kidney disease
and respiratory failure, patients eventually develop resistance to diuretics adminis-
tered in large amounts as well as to intravenous catecholamines that are given as the
last resort. The prognosis of chronic heart failure is very poor, and patients with
NYHA II heart failure or higher have prognoses as poor as or worse than those of
advanced cancer patients, with a high frequency of sudden death due to fatal
arrhythmia.

Drug therapy for chronic heart failure is mainly aimed at improving QOL and
prognosis and includes vasodilator therapy with renin-angiotensin-aldosterone sys-
tem inhibitors (ACE inhibitors, ARB), combined with diuretics, } receptor antag-
onists, and other drugs. The continued use of several drugs over the long term is
required in almost all patients. The ACC/AHA Guidelines for the Management of
Heart Failure [17], proposed by the relevant cardiovascular societies in the United
States, emphasize preventive medicine according to the classification of heart
failure stages, with a focus on heart failure risk factors such as hypertension,
diabetes, and obesity. The guidelines recommend that, if even one risk factor is
identified, the patient should be classified as Stage A and proactive medical and
pharmaceutical interventions should be provided before onset, regardless of
whether the patient presents with normal cardiac function or has no symptoms.
The prognosis of patients with heart failure has steadily improved owing to the
proper use of multidrug combination therapy and with advances in treatment
technology. In this context, the role of pharmacists is considered very important
for the management of heart failure in day-to-day clinical settings.

Currently, treatments for heart failure performed in clinical practice are based on
drugs and treatment protocols recommended by the guidelines, the effects of which
have been demonstrated on the basis of the vast amount of evidence accumulated
through a number of prospective, large-scale clinical studies. The number of
participants per study is in the hundreds or even tens of thousands, and improved
QOL and extended life prognosis are considered as the most important outcomes. In
Japan, attempts are also being actively made by pharmacists to establish evidence
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by themselves. However, at the practical clinical level, there are obstacles for
pharmacists alone to design and carry out a prospective clinical study as well as
to analyze clinical data. Moreover, from the legal and basic medical knowledge
perspectives, it is extremely difficult to continue a study without the cooperation of
physicians. In this sense, good animal models of cardiovascular diseases play a very
important role, serving as a bridge to fill the gap between preclinical basic research
and clinical practice.

When applying the CAWS vasculitis model to research at the preclinical level, a
basic study of the pathogenesis of vasculitis along with a detailed examination of
cardiovascular complications is essential. Saijo et al. revealed that CAWS is a type
of fungus-derived pathogen-associated molecular pattern (PAMP) and the
mannoprotein, which is responsible for the core activities of CAWS, is recognized
by dectin-2, an innate immune receptor [18]. However, the structure of the sugar
chains constituting the mannoprotein, with which the main activities of CAWS are
associated, is very complex, and since it has not been sufficiently analyzed, several
analysis methods need to be combined in order to determine the sugar chain
structure. Furthermore, since the progression of vascular lesions primarily occurs
in the extracellular matrix structure, it is likely important structurally to compare
sugar chains that constitute host connective tissues and sugar chains of CAWS and
to analyze their structural similarities and interactions in sugar chain recognition in
order to elucidate the mechanisms of vasculitis development. On the other hand, it
has been shown that the sugar chain structure and biological activities of CAWS,
such as vasculitis inducibility, vary significantly depending on the culturing con-
ditions of C. albicans. C. albicans is a resident fungus in humans and causes
infections. Therefore, important clues can be obtained from the growth conditions
of C. albicans, which could lead to the development of vasculitis caused by the
microorganism-derived components.

15.2 Histopathological Characteristics of CAWS Vasculitis
in DBA/2 Mice

The acute toxicity, sensitivity to vasculitis induction, cytokine-inducing ability, and
production of compounds, such as nitric oxide (NO), of CAWS largely differ
among different mouse strains [10—14, 19]. CAWS administered intravenously is
not lethally toxic in DBA/2 mice, but when administered intraperitoneally, these
mice develop severe vasculitis, and 100 % die within a few weeks of follow-up
observation [12]. Shinohara et al. and Uchiyama et al. reported [20, 21] that CAWS
exhibits vasculitis-inducing activity following its continuous administration at
250 pg for 5 days, and exacerbation of vasculitis and shortening of survival were
observed in a dose-dependent manner. During the observation period of about
10 weeks, the minimum dose of CAWS that resulted in the death of 100 % of
mice was 4 mg administered continuously for 5 days. However, vasculitis was
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observed at any dose; 100 % mortality can be observed over an extended period of
observation, even at a low dose. Below, the process leading to the progression of
vasculitis from the onset, the pathological features, and the characteristics of
survival rate and lethal toxicity are described [22].

One week after CAWS administration, infiltration of inflammatory cells from
the adventitial side into the medial elastic fibers is observed around the aortic valve
from the sinus of Valsalva. The inflammatory tissue mainly consists of polymor-
phonuclear leukocytes, along with other cells including monocytes, histiocytes, and
lymphoid cells. As inflammatory cells are also found near the intima, the presence
of inflammation in the intima cannot be ruled out; however, there is no evidence
suggesting the release of endothelial cells, that is, the formation of a thrombus.

In the second week, inflammatory changes from the adventitial/medial side
toward the intimal side progress significantly, mainly in the aortic root including
the aortic annulus, the origin of the coronary arteries, and the portion of sinus of
Valsalva where branching to the coronary arteries occurs, and infiltration of inflam-
matory cells, mainly polynuclear leukocytes, along the elastic fibers is observed. At
this point, inflammation of the intima has also occurred, although fewer polymor-
phonuclear leukocytes are involved than in the case of the adventitia, with more
histiocyte-like cells. No obvious thrombi, the formation of which suggests the
release of endothelial cells in the lumen of inflamed tissue, are observed.

At 3 weeks and thereafter, inflammatory lesions markedly expand over the entire
circumference including the noncoronary arteriovenous sinus. In some parts, an
abscess forms, as well as fibrinoid necrosis in the medial elastic fibers. The basic
structure of the blood vessels, including the intima, medial elastic fibers, and
adventitia, is destroyed, and significant vascular lesions form, to the extent that
the aortic root exhibits advanced stenosis due to the marked thickening of the
media, and the aortic valve tissue is severely deformed (Fig. 15.1).

The characteristics of inflammatory cells in CAWS vasculitis and how they
affect the microstructure of the arteries were investigated in detail. Elastica van
Gieson (EVG) staining revealed destroyed tunica media elastic lamina and inflam-
matory cells directly infiltrating into the extracellular matrix structure. Further-
more, 2 weeks after CAWS administration, infiltration of granulocyte cells through
the elastic fibers was observed in vasculitis lesions. Inflammatory cells of various
origins were observed, partly forming an abscess, and the infiltration of
granulocytes abundantly containing granules within the cells, histiocytes filled
with nuclei, and lymphoid cells was observed. These findings clearly showed
that, in DBA/2 mice, CAWS vasculitis is characterized by marked infiltration and
accumulation of various inflammatory cells, leading to the destruction of the basic
three-layer structure of the arteries [22].

In addition to the name and definition of vasculitis according to the classification
of Fauci et al., the Chapel Hill Consensus Conference (CHCC) proposed a vascu-
litis classification in 1994 [23]. According to the CHCC classification, in which
vasculitis is classified on the basis of the size of vessels containing lesions, some
forms of vasculitis show lesions in large vessels such as the aorta (giant cell arteritis
or temporal arteritis, Takayasu’s arteritis), whereas other forms show lesions in
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Fig. 15.1 Severe aortic valve stenosis of CAWS arteritis in DBA/2 mice

CAWS treatment DBA/2 mice were administered with CAWS via peritoneal injections for five
consecutive days

(a) Untereated aortic valve of DBA/2 mouse, (b) The deformed aortic valve at fourth week after
CAWS administration in DBA/2 mouse

small- to medium-sized arteries that branch into each organ or tissue (polyarteritis
nodosa, KD, Wegener’s granulomatosis, and Churg-Strauss syndrome). Other
forms accompanying capillary inflammation include Henoch-Schonlein purpura
and hypersensitivity vasculitis. Various clinical symptoms are presented depending
on the site of the blood vessel affected. Almost 20 years has passed since the
establishment of the classification, and with discussions regarding the handling of
ANCA-related vasculitis among others, a new classification based on international
clinical studies (DCVAS) [24] and a revised version of CHCC (CHCC 2012) have
recently been proposed [25]. Regarding CAWS vasculitis observed in this study,
inflammatory lesions found in all layers and over the entire circumference are
observed in the aortic root as well as in the proximal portion of the coronary
arteries. Thus, in terms of the site of lesion formation, CAWS vasculitis resembles
KD. From the viewpoint of how inflammatory lesions develop over time, CAWS
vasculitis shares more similarities with giant cell arteritis or Takayasu’s arteritis,
which develops from the adventitial side, as the accumulation of inflammatory cells
toward the adventitial side is observed in the earliest stage, with almost no forma-
tion of thrombus (which strongly suggests desquamated endothelial cells and
intimal damage). Histologically, however, CAWS vasculitis is classified as necro-
tizing vasculitis, since the basic vessel structure is destroyed 3 weeks after CAWS
administration, and fibrinoid necrosis of the medial elastic fibers and intimal
thickening are observed [26]. Inflammatory tissue is composed primarily of poly-
nuclear leukocytes, and as inflammatory cells accumulate in the adventitia, migrate,
and invade into the vasa vasorum, the infiltration progresses along the elastic fibers
of the tunica media, possibly expanding inflammatory lesions [27, 28].

Although the localized nature of vascular lesions has not been fully elucidated,
the involvement of anti-aortic antibodies (autoantibodies responsive to endothelial
cells) in Takayasu’s arteritis and immune complexes and antineutrophil
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cytoplasmic antibodies (ANCAs) in vasculitis of the small- and medium-sized
vascular system has been suggested [26]. Thus, it is possible that there is a
dependence on the type of autoantigen. Moreover, given that the formation of
vascular lesions, including atherosclerosis, often occurs in branched or curved
areas of the arteries, physical stimuli in the vascular tissue, such as shear stress at
branch points and sudden changes in wall pressure and blood flow, might be related
to endothelial cell damage, with possible involvement in the localized nature of the
lesions [29].

CAWS vasculitis represents an inflammatory response accompanied by signif-
icant enlargement of the spleen, and in vitro CAWS stimulation has been reported
to increase inflammatory cytokine production markedly in splenocytes of DBA/2
mice [12]. The incidence and lethal toxicity of CAWS vasculitis, as well as its
cytokine-inducing ability, greatly vary between different mouse strains [10-14,
19]. Associations between some forms of vasculitis and HLA alleles in humans
have been suggested [30], but how the H-2 allele is associated with vasculitis in
mice has not been examined fully. Moreover, DBA/2 mice are known to develop
epicardial calcification frequently, which has been reported to be attributable to
their abnormal nutritional status [31]. Since evidence of calcification is interpreted
as the final outcome of inflammatory responses, the possibility cannot be ruled out
that DBA/2 mice are susceptible to chronic inflammation of the vascular system.

In an animal model of KD-like vasculitis, vasculitis that resembles KD [32] can
be caused by not only fungus-derived substances such as CAWS and CADS but
also bacterium-derived substances such as Lactobacillus casei cell wall extracts
(LCWE/LCCWE). In recent years, many reports have suggested the involvement of
microbial infection and microbial antigens as a cause of vasculitis. These include
the involvement of viruses such as human immunodeficiency virus, parvovirus B19,
cytomegalovirus, and varicella-zoster virus and the involvement of infections by
bacteria such as Staphylococcus aureus [33]. With the development of research on
innate immunity, immunoactivating substances derived from microorganisms are
now collectively referred to as PAMPs [34]. PAMPs are recognized by the innate
immune system and control the differentiation of T cells through the activation of
dendritic cells [35]. Many immunostimulants generally possess the characteristics
of PAMPs, and although immunostimulants cause fewer side effects, various
effects of PAMPs that stimulate immune responses could result in adverse events.
It is worth noting that the murine model of CAWS vasculitis provides data
suggesting this possibility.

Apo-E KO mice have been used widely as an animal model of atherosclerotic
lesions. In Apo-E KO mice, arterial lesions are reported mainly to represent
vascular endothelial cell damage due to abnormal lipid metabolism [36]. CAWS
vasculitis initially develops from the adventitial side, and intimal thickening is not
observed until the later stages of the inflammatory response. In Apo-E KO mice,
however, the involvement of the medial elastic fibers and adventitia is hardly
observed during the initial stage. From this perspective, the process of lesion
formation greatly differs.
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Fig. 15.2 Kaplan-Meier analysis of CAWS arteritis and efficacy of the therapeutic agent
(rapamycin) in DBA/2 mice
CAWS-treated DBA/2 mice were administered with CAWS via peritoneal injections for five
consecutive days. DBA/2 mice at 4 or 5 weeks of age were maintained in specific pathogen free
(SPF) conditions and observed every day. Rapamycin (anti-inflammatory agent) was
co-administered with CAWS

In the present model, vasculitis was induced in 100 % of the DBA/2 mice
administered CAWS, and inflammatory responses were elicited in the initial stage
following CAWS administration, which were so intense as to cause significant
vascular lesions in a short period of time. CAWS vasculitis was not only limited to
lesions in the aorta, but was also accompanied by advanced lesions of coronary
artery origin, as well as in the aortic valve. The progression of CAWS vasculitis
almost plateaus in about 4 weeks after administration, but in DBA/2 mice, lethal
toxicity was observed from around 5 to 6 weeks. Furthermore, about 100 % died
during the follow-up observation of a few weeks (Fig. 15.2). This trend is more
significant in this strain than in other strains of high-CAWS-sensitivity mice,
including C57B1/6 and BALB/c mice. The cause of mortality in DBA/2 mice is
difficult to explain solely on the basis of severe vasculitis, and since it takes several
weeks of observation following the complete development of vasculitis until death,
it is highly likely that sudden death was caused by the induction of fatal ventricular
arrhythmia due to damage to the cardiac conduction system by remodeling, or
complications with cardiac dysfunction due to aortic stenosis and regurgitation, or
ischemic heart disease in DBA/2 mice with CAWS vasculitis. Furthermore, given
that patients with acute heart failure or end-stage heart failure present with moist
skin and cool extremities due to peripheral circulatory failure, as well as loss of
appetite, it is possible that symptoms such as poor coat condition and weight loss,
which appears to be due to decreased appetite, in DBA/2 mice might have resulted
from heart disease complications. Taking these findings together, clarification of
pathological conditions and cause of death in DBA/2 mice will require detailed
studies, particularly one that focuses on the heart.

More detailed analysis of the pathological conditions of the present model will
not only lead to the elucidation of vascular lesion formation mechanisms but also
increase the utility of this strain as an excellent animal model to examine methods
for treating cardiovascular diseases in preclinical stages.
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15.3 Analysis of DBA/2 Mice as an Animal Model of CAWS
Vasculitis with Left Ventricular Dysfunction

As described above, the murine model of CAWS vasculitis has contributed to the
advancement of research as an animal model of KD. Despite this background, in
humans, not all KD cases follow a simple clinical course of vasculitis alone, and
some develop sequelae and complications such as coronary artery dilation and
aneurysms, occasionally leading to death [6, 7]. Severe CAWS vasculitis is also
induced in C57B1/6 mice and BALB/c mice, but these other high-CAWS-sensitivity
mice do not exhibit such severe lethal toxicity compared with DBA/2 mice
[19]. Moreover, as mentioned above, the progression of CAWS vasculitis plateaus
at 3—4 weeks after CAWS administration, whereas the lethal toxicity in DBA/2
mice was found appear after an observation period of several weeks. Taking these
findings together, the lethal toxicity of CAWS vasculitis may not be primarily
attributable to vasculitis itself. Rather, it is highly likely that valvular disease and
ischemic heart disease occur in association with inflammatory changes in the aortic
root, the opening of the coronary arteries, and around the aortic valve and the
development of secondary cardiac dysfunction and complications during the inter-
val period after the development of vasculitis leads to death. In this article, the
complications of CAWS vasculitis in DBA/2 mice are considered, and the mech-
anisms underlying the severe lethal toxicity are discussed. In DBA/2 mice, we
observed cardiomegaly as well as marked splenomegaly as organ changes follow-
ing CAWS administration. In particular, cardiomegaly suggested cardiac compli-
cations associated with aortitis and coronary arteritis. Accordingly, in this article,
we focus on structural and functional changes in the heart. In the first section, with
regard to the lesions around the aorta, aortic valve, and myocardial tissue, we
analyze morphological changes in inflammatory lesions and at the same time
evaluate quantitatively the extent of cardiomegaly. In addition, we anatomically
and histopathologically analyze CAWS vasculitis, with particular focus on the
internal structure of the membrane tissue of the heart valve. Furthermore, in the
second section, we analyze cardiac function in vivo by echocardiography, together
with a comparative examination of B-type natriuretic peptide (BNP) expression,
which is a useful diagnostic and prognostic marker of heart failure widely applied in
clinical practice, between the group administered CAWS (hereafter, the CAWS
group) and the control group [37].

As described above, aortic valve cusp thickening and significant deformation of
the valve structure were observed in the CAWS group. In CAWS vasculitis, lesions
did not simply manifest as vascular abnormality; rather, lesions also showed signs
of potential severe morphological changes in the membrane tissue of the valve,
mainly the aortic valve. In DBA/2 mice with CAWS vasculitis, we observed not
only marked splenomegaly but also a significant heart weight increase with marked
macroscopic cardiomegaly. In previous pathological analyses of tissue specimens,
observations were performed using short-axis slices only; thus, it was difficult to
obtain a full understanding of cardiovascular tissue. Accordingly, we prepared
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long-axis slices for histopathological analysis and comparison. Long-axis slices
were prepared to be able to observe the aortic valve and ventricle simultaneously
from the aorta through the apex. The observation of HE-stained long-axis heart
tissue slices revealed that inflammatory lesions were not confined to the area around
the aortic valve and the sinus of Valsalva, but also infiltrated into the interven-
tricular septum directly below the aortic valve, as well as the myocardial tissue of
part of the left and right ventricles. Furthermore, it was also revealed that, owing to
the infiltration and accumulation of inflammatory cells (particularly valve cusp
thickening from the left ventricle to the aortic valve and inflammatory lesions
directly under the annulus of the aortic valve), severe stenosis developed, which
morphologically extended from the left ventricular outflow tract (LVOT) to the
opening of the aortic valve; this is a new finding. Moreover, the observation at the
myocardial cell level revealed that the cross-sectional area of left ventricular
myocardial cells increased by 1.14-fold in the CAWS group compared with that
in the control group, and concentric hypertrophy was observed [37].

In the body, cardiovascular tissue exhibits circulatory dynamics with its lumen
filled up with blood. Thus, histopathological analysis after the animal has been
sacrificed does not allow for the evaluation of cardiac function, such as hemody-
namics, or anatomical morphological changes in cardiovascular tissue in vivo. It is
essential to observe the cardiovascular structure in the living organism and evaluate
cardiac function in order to determine the causes of death in DBA/2 mice. In
particular, in order to evaluate in vivo cardiac function immediately before their
death, minimally invasive evaluation methods are needed. Ultrasound cardiography
(UCQG) is less invasive to the body, and as it enables real-time observation of organ
morphology and function, it is essential in heart disease examination in clinical
settings and has been used widely [38]. In a typical UCG examination, heart
morphology (the form and movement of left ventricle, left atrium, aorta, mitral
valve, and aortic valve) is observed with a probe placed on the chest wall. The most
common type of heart tomographic image is a B-mode image. On the basis of this
image, an M-mode echo image is obtained, which yields a one-dimensional view of
the selected structure moving over time. Measurements of blood flow are possible
by Doppler echocardiography. The main cardiac parameters obtained by UCG
include the following: aortic diameter (AoD), left atrial dimension (LAD), left
ventricular diameter (LVD) (LVDd=Ileft ventricular end-diastolic diameter;
LVDs =left ventricular end-systolic diameter), interventricular septal thickness
(IVS) (dVSd=interventricular  septal  thickness at end  diastole;
IVSs =interventricular septal thickness at end systole), left ventricular posterior
wall thickness (LVPW) (LVPWd = left ventricular posterior wall thickness at end
diastole, LVPWs =Ileft ventricular posterior wall thickness at end systole), left
ventricular fractional shortening (LVFS) (%) (LVDd — LVDs) / LVDd x 100),
left ventricular ejection fraction (LVEF): estimated by several calculation
methods), and inferior vena cava (IVC). Changes in cardiac function following
CAWS administration were closely observed; in particular, cardiac function during
the 6th to 7th weeks (i.e., immediately before death) was evaluated in detail by
UCG. At the time of UCG evaluation, 10 mice each were prepared for the CAWS
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group and the control group; however, two of the CAWS mice died before exam-
ination, leaving eight available for the subsequent examination. However, two of
the eight mice in the CAWS group died during UCG examination due to severe
bradycardia leading to cardiac arrest. It was not possible to evaluate the cardiac
function of these two mice immediately before their death; in these cases, the
presence of severe heart disease was suggested [37]. The UCG of the six mice of
the CAWS group, for which examination was feasible, revealed a diffuse, severe
reduction of contractility in the left ventricle compared with the control group
(Fig. 15.3). The segmental akinesia in the wall of left ventricle was not found. It was
suggested that the influence of the ischemia did not cause infarction in CAWS
arteritis. In the CAWS group, no clear changes in cardiac function were demon-
strated for some time after the onset of vasculitis. However, after the development
of vasculitis, the aortic valve outflow velocity tended to be higher than that in the
control group, suggesting an increase in pressure load (pressure gap) due to the
narrowing of the LVOT and aortic valve (Fig. 15.4). Above all, at the end stage, a
significant increase in LVDd and a significant decrease in LVFS were observed,
along with the thinning of the myocardial wall. It was revealed that DBA/2 mice

Fig. 15.3 Comparison of the cardiac function measured by echocardiography in untreated and
CAWS treatment DBA/2 mice

CAWS treatment DBA/2 mice developed left ventricular dilution and dysfunction between 6 and
7 week after CAWS administration. (a) Untreated DBA/2 mouse, (b) The sixth week after CAWS
administration

Left ventricular fractional shortening (LVFS) decreased from 71 % to 38 % (P <0.01), and
dilation of the left ventricular diastolic dimension (LVDd) was observed from 2.21 to 3.26 mm
(P <0.01) (b) n = 10 (untreated) and n = 6 (CAWS treatment)

(b)
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Fig. 15.4 Aortic valve and LVOT stenosis measured by echocardiography

The bloodstream increase (about 1.5 times) and pressure increase (more than two times) were
found in the CAWS-treated DBA/2 mouse. (a) Untreated DBA/2 mouse, (b) The sixth week after
CAWS administration
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with CAWS vasculitis develop eccentric hypertrophy associated with aortic regur-
gitation (AR), which is accompanied by significant left ventricular dilation and
reduced left ventricular contractility immediately before death.

15.4 Assessment of Cardiac Function in DBA/2 Mice After
the Onset of CAWS Vasculitis with B-Type
Natriuretic Peptide (BNP)

Brain or B-type natriuretic peptide (BNP) and N-terminal (NT) proBNP are bio-
markers of heart failure widely used in clinical settings in Japan [39]. BNP was
named after the fact that it was originally discovered from porcine brain tissue in
1998 [40]. BNP and atrial natriuretic peptide (ANP), which had been identified
before BNP [41], were both found to be secreted from myocardial cells in propor-
tion to the severity of heart failure [42, 43]. Later, in 1990, C-type natriuretic
peptide (CNP) was also identified [44]. Thus, among the members of the natriuretic
peptide family, BNP is often referred to as the “B-type” natriuretic peptide. Most
studies on the natriuretic peptide family have been conducted in Japan, from their
discovery to application. Along with ANP, BNP has been considered as a myocar-
dial stress marker [45], with its precursor proBNP produced in response to
increased cardiac load in myocardial cells, which is then converted by a protease
into active BNP (half-life, about 20 min) and inactive NT-proBNP (half-life,
60-120 min) [39]. In mice, there have been studies in which blood ANP concen-
tration and systolic blood pressure were compared among different mouse strains.
These showed no significant differences in blood ANP concentration between
inbred strains of wild-type mice [46, 47], leading to the conclusion that it is a
useful indicator of cardiac function. Measurements of BNP and NT-proBNP could
thus serve as prognostic indicators of acute and chronic heart failure, with high
evidence according to clinical practice guidelines [48]. The onset of heart failure
leads to other well-known pathological conditions of impaired diastolic perfor-
mance and reduced systolic performance. However, differential diagnosis of these
two conditions cannot be made on the basis of BNP level. Combining BNP with
physiological tests such as UCG, however, can lead to a more accurate diagnosis
[49]. Murine BNP cDNA has been identified by Ogawa et al. [50], but anti-mouse
BNP antibodies are not commercially available at present as a reagent. This made it
difficult for us to measure BNP at the protein level. Accordingly, in this section,
induction of BNP by CAWS administration was observed at the mRNA level by the
reverse transcription PCR method using RNA primers, as previously reported
[51]. In the CAWS group, a significant increase in BNP mRNA expression level
was observed 6 weeks after CAWS administration (Fig. 15.5).

In this article, with regard to a sharp decrease in survival rate observed in the
chronic phase of CAWS vasculitis in DBA/2 mice, we analyze mainly the effect of
inflammatory lesions on the internal structure of the heart and cardiac function, with
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Fig. 15.5 mRNA
expression of murine BNP
in CAWS arteritis

The cDNA levels of murine
BNP were examined by
RT-PCR after 6 weeks
CAWS administration
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the aim of elucidating pathological conditions that may potentially lead to death
[22, 37]. Valvular disease is a sequela of rheumatoid fever caused by group A
hemolytic streptococcus infection and a representative inflammatory disease that
could cause myocardial damage or cardiac dysfunction. This is believed to be due
to an immunological cross-reaction between bacterium-derived component and
autoantigen, which leads to the progression of valve tissue destruction [52]. Other
acute diseases include viral myocarditis [53] and progressive destruction of the
cardiac internal structure associated with acute pericarditis or infectious endocar-
ditis. In these conditions, infections or inflammatory lesions greatly damage the
internal structure and function of the heart and significantly affect patient prognosis
[54]. In DBA/2 mice, although CAWS vasculitis is also accompanied by severe
stenosis of coronary artery origin, previous studies showed no extensive infarct
involving the left ventricle, scarred fibrous tissue, which is usually observed after
myocardial infarction, inflammatory cell infiltration into inflamed myocardial tis-
sue, or a valvular disease other than aortic valve disease. In addition, since ischemic
heart disease by itself does not cause concentric hypertrophy with an increased
myocardial cross-sectional area as a complication, CAWS vasculitis and accompa-
nying left ventricular dysfunction might not have developed with ischemic heart
disease as the direct underlying cause. In the present model, the major factor
associated with concentric hypertrophy, which was observed in histopathological
images, likely involves the narrowing of the LVOT directly under the aortic valve
and the thickening and deformation of the aortic valve. These are developed as
complications due to the progression of vascular lesions, which leads to the
formation of inflammatory tissue around the aortic valve.
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After CAWS administration, the overexpression of BNP mRNA, a cardiac stress
marker, was observed in the myocardial cells of DBA/2 mice. It is assumed that this
was caused by the narrowing of the LVOT, which caused pressure load particularly
on the left ventricle, thereby inducing BNP in myocardial cells in the left ventricle.
BNP belongs to the natriuretic peptide family, and it has been shown to exert its
effects via the guanylate cyclase (GC) receptors NPR-A (GC-A) and NRP-B
(GC-B) as well as NPR-C, which shows no GC activity. GC-A and GC-B increase
intracellular cyclic GMP (cGMP) concentrations, and physiological activities are
then expressed [55]. NPR-C is assumed to be mainly involved in the inactivation
and clearance of the natriuretic peptide family [56]. GC-A is widely distributed in
vascular endothelial cells, smooth muscle cells, and stromal cells. Among these
cells, GC-A is abundantly expressed in mesangial cells (i.e., endothelial cells of the
glomerular capillary) and epithelial cells of renal tubules. ANP and BNP have a
strong affinity to the GC-A receptor and exert a vasodilatory effect to increase the
glomerular filtration rate and the diuretic effect based on the suppression of sodium
reabsorption mainly in the renal inner medullary collecting duct. ANP has been
utilized primarily in Japan and BNP primarily in Europe and the United States as
diuretics as well as for clinical purposes such as to treat acute heart failure [57]. In
CAWS vasculitis, lesions may cause an excessive load in myocardial cells of
DBA/2 mice, and BNP may be induced as part of biological reactions.

Clinically, similar conditions include aortic valve stenosis (AS) and hypertro-
phic obstructive cardiomyopathy (HOCM) [58, 59]. AS is a condition in which the
aortic valve is narrowed owing to the degeneration of the aortic valve and congen-
ital bicuspid aortic valve, or rtheumatoid or inflammatory changes, resulting in
chronic left ventricular pressure load and concentric hypertrophy. In a study of
pathological tissue specimens from AS patients of various ages, 48 % showed
degenerative changes, 27 % a bicuspid valve, and 23 % inflammatory changes
among patients aged >70 years. On the other hand, among patients aged <70 years,
50 % showed a bicuspid valve, 25 % inflammatory changes, and 18 % degenerative
changes. These findings suggest that congenital bicuspid valve accounts for a high
percentage among relatively young age groups and that with age, patients tend to be
less likely to develop AS due to bicuspid valve or inflammation and more likely to
develop AS due to degeneration [60]. In AS, the left ventricle is exposed to pressure
overload in the early stage from onset, although patients remain asymptomatic for
some time. During this period, left ventricular remodeling as a compensatory
reaction proceeds, with remarkable concentric hypertrophy occurring secondary
to this event. For a while, left ventricular function is maintained without any
symptoms owing to this compensation; however, deterioration of left ventricular
function progresses gradually. Symptoms appear eventually, as the compensatory
mechanism alone can no longer maintain the blood supply to the entire body.
Clinically, when angina, syncope, and heart failure present as the symptoms of
severe AS, the prognosis is extremely poor, and radical surgery such as valve
replacement must be performed as early as possible. The average life expectancies
from the emergence of angina, syncope, and heart failure are reportedly 5 years,
3 years, and 2 years, respectively [61]. A sharp decrease in survival rate is observed
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after the onset of symptoms. This tendency appears to be very similar to that of the
survival rate of DBA/2 mice with CAWS vasculitis as an animal model. However,
in the natural course of AS alone, conversion to eccentric hypertrophy rarely occurs
after the onset of concentric hypertrophy. In the present model, we observed left
ventricular dysfunction associated with eccentric hypertrophy at the end stage
immediately before death, which suggests that volume load due to aortic regurgi-
tation (AR) and myocardial ischemia caused by stenosis of coronary artery origin
might be involved in subsequent left ventricular dilation and reduced left ventric-
ular function.

HOCM is a disease of unknown cause, in which the thickened wall of the heart
muscle in the ventricular septum causes severe stenosis or obstruction in the LVOT.
If left untreated, this condition can lead to left ventricular depression due to large
left ventricular end-systolic pressure differences (load) in the left ventricle.
Reduced left ventricular function observed at the end stages of AS and severe
HOCM is caused by an extremely large and sustained pressure load imposed on the
left ventricle, which arises from severe stenosis of the opening of the aortic valve
and LVOT. This mechanically disturbs blood flow from the left ventricle to a great
extent. In general, 10.15 % of the patients with hypertrophic cardiomyopathy
(HCM) undergo transition into the dilated phase of hypertrophic cardiomyopathy
(dHCM), with a prominently enlarged left ventricular cavity and reduced systolic
performance [59]. The prognosis of dHCM is poor, likely because of the thinning of
the ventricular wall due to aortic valve disease and chronic ischemia induced by
insufficient blood supply to the hypertrophied myocardium [62]. In the present
model, coronary artery lesions were also observed, suggesting that it is highly likely
that, in addition to an increased blood demand to the hypertrophied myocardium,
coronary artery lesions further exacerbated myocardial ischemia.

The mechanism leading to reduced left ventricular function can be summarized
as follows. First, severe vasculitis lesions induce aortic valve cusp thickening and
narrowing of the opening of the aortic valve, and the infiltration of inflammatory
cells causes LVOT stenosis. The narrowing of the aortic valve and LVOT causes
excessive and sustained pressure load on the left ventricle, thereby inducing
concentric myocardial hypertrophy. As a hypertrophied myocardium requires
larger amounts of oxygen and nutrients than a normal myocardium, increased
coronary artery blood flow is necessary; however, owing to coronary artery lesions
associated with vasculitis, myocardial blood supply is insufficient, and eventually,
the entire left ventricular myocardium becomes severely ischemic. Owing to aortic
valve disease and ischemia, the hypertrophied myocardium undergoes transitions to
dilated-phase eccentric left ventricular hypertrophy, which causes rapid deteriora-
tion of left ventricular function, leading to death caused by heart failure or sudden
death due to fatal arrhythmias. Left ventricular dysfunction observed in this model
is assumed to exhibit left-heart-failure-predominant symptoms. Typically, in left
heart failure, weight gain and peripheral edema are rarely or not observed. Here, the
weight loss of about 10 % noted during the temporal weight change monitoring is
thus assumed to be partly explained by the decreased appetite associated with heart
failure symptoms and inflammatory reactions.
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In the treatment of chronic heart failure, prognosis improvement is the most
important outcome in clinical practice. Animal models enable easy observation of
survival rate and are expected to be very useful not only for the development of
novel therapeutic agents but also for studies of treatment protocols. For now, only a
few good animal models exist for cardiovascular diseases, particularly in regard to
chronic heart failure. Commonly used murine models of myocardial damage
include those involving surgical treatment or genetic manipulation as well as
models of coxsackievirus B3-induced myocarditis and encephalomyocarditis
virus (EMCV)-induced myocarditis. In particular, as EMCV-induced myocarditis
forms myocardial lesions resembling dilated cardiomyopathy accompanied by
cardiac dysfunction, it is used as a human heart failure or animal cardiomyopathy
model [63-65]. However, it requires an immense amount of effort and skilled
techniques to generate heart disease models that involve surgical treatment or
genetic manipulations, so it is difficult to generate a large number of samples
simultaneously in a short time that match a large-scale clinical study. In this article,
we showed that the murine model of CAWS vasculitis can also be used as an animal
model of cardiovascular diseases accompanied by reduced left ventricular function.
Furthermore, such a model only requires the intraperitoneal administration of
CAWS, which is a very simple procedure, to achieve simultaneous development
of vasculitis in 100 % of a large number of animals. Taken together, this animal
model is suggested to be extremely useful for the development of therapeutic agents
for heart failure (Fig. 15.2).
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