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ABSTRACT

Experimental models of vein grafting need to have specific relevance to the clinical
complications encountered in coronary artery bypass grafting: acute thrombosis, neointima-
associated stenosis, and progression of late-forming atherosclerotic lesions. Despite extensive
use, many of these experimental models lack endpoint measures with clear analogies to their
clinical counterparts and may in fact target the wrong (patho) physiologic process. Model se-
lection is critical to further progress toward preventing these all too prevalent complications
used for heart revascularization.

KEYWORDS: Coronary artery bypass graft; Percutaneous coronary intervention; Anastomosis;
Oligodesoxynucleotide; Neointima; Arterialization.

INTRODUCTION

Interposition vein grafting is used to bypass arterial stenotic/occlusive sites caused
primarily by atherosclerotic lesions and plaque rupture in the coronary arteries. The choice
of whether to use a Coronary Artery Bypass Graft (CABG) or a Percutaneous Coronary In-
tervention (PCI) and stent placement is an ongoing debate, with advocacy for CABG un-
der many conditions not appropriate for stent placement or internal mammary artery-based
revascularization.'* Despite the high acceptance and application of these bypass procedures,
complications are a substantial problem, resulting in early and intermediate-term failures rates
upwards of 25%. !¢

The types of complications encountered with vein grafts can be broken down into 3
categories, on the basis of causation and the approximate time of development.® Acute throm-
bosis can arise from vessel wall trauma after the vascular repairs and generally occurs intraop-
eratively or in the early postoperative interval in 5-10% of cases, though it may be encountered
up to 1 month after graft placement. Graft stenosis can develop in the ensuing months, either
caused by neointimal overgrowth or inward remodeling of the graft wall (~1-24 months) or by
late-stage atherogenic lesion formation (2-10 years), with the former accounting for the largest
proportion of complications.*¢

Most experimental studies into these complications have focused on neointimal de-
velopment. There are a number of good reviews of animal models of vein grafting,” mostly
focusing on studies of intermediate to late development of complications. There is a paucity of
studies into thrombotic studies of acute vein graft failure. There is also confusion in terminol-
ogy for intermediate-term and late-term vein graft disease, with all too frequent interchanging
of terms for neointimal versus atherosclerotic lesions to describe the pathologic changes in
these grafts. This paper will address some of these difficulties in the interpretation of published
literature.
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ACUTE THROMBOSIS

The majority of studies into vein graft thrombosis come
from the microvascular surgery literature, wherein the problems
of repairing and reconstructing vessels smaller in diameter than
the coronary artery have been considered. The clinical need for
these grafts is the lack of vessel length during extremity replan-
tation!® or composite free tissue transfer (free flaps),''? due to
vascular damage/trauma and inability to juxtapose vessel ends
without tension during efforts of direct anastomotic repair. These
applications can be viewed in simplistic terms, the simple addi-
tion of a second anastomosis to the vessel repair site, essentially
doubling the thrombotic risk for occlusion. Because of the rela-
tive success in applying vein grafts under these conditions, and
the lack of later-term failures, experienced reconstructive micro-
surgeons have felt that vein grafts can be applied safely and with
little further risk of thrombotic failure in these cases.'

Experimental studies into vein graft thrombosis have
focused primarily on three modulating influences: the diameter
of the graft, the use of antithrombotic therapies, and preservation
of vein graft integrity and endothelium. The majority of these
experimental studies have used rabbit or rat models, harvesting
grafts from the external Jugular Vein (JV), Femoral Vein (FV),
or superficial inferior Epigastric Vein (EV), and grafting into the
carotid or femoral artery. Thrombotic rates are relatively low in
these models (under 15%), and are reduced with experience and
higher levels of competence, making it difficult to discern dif-
ferences in thrombotic failure rates without very large animal
numbers. The studies of vein graft diameter may also be unique
to the reconstructive surgical field, where arterial diameters
can vary greatly (from pediatric digital replants to large-adult
forearm replants)'>!* and the choice of vein graft donor is wider
(e.g., use of dorsalis pedis veins).!* The standard CABG graft
uses the saphenous vein, grafted in end-to-side fashion, which
can be surgically modulated to any size which to a large extent
obviates the issue of vessel diameter at the anastomosis.

Unfractionated heparin remains the primary antithrom-
botic agent in the peri-operative period, primarily because of its
anticoagulant use during cardiopulmonary bypass and because
of its reversibility with protamine. This dominant use of heparin
has to some extent impeded the efforts to develop other anti-
thrombotic agents for CABG, though several direct thrombin in-
hibitors are currently under investigation and in use for patients
who develop Heparin-induced thrombocytopenia (HIT).!!5
Platelet inhibitors have also received some study,'®!” but their
current use is principally directed to that of preventing further
cardiovascular sequelae.'®

GRAFT EC INTEGRITY

Many vascular surgeons advocate a “no touch” tech-
nique'®?! for vein graft harvest, in an effort to minimize vein
graft iatrogenic injury. The goal is to preserve endothelial and
smooth muscle cell presence and function in the graft, with a pre-
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sumed outcome of reduced maladaptive neointimal overgrowth,
though early prevention of thrombosis is also a rationale. En-
dothelial preservation will maintain nitric oxide and prostacy-
clin generation,?' critical factors for sustaining function, patency,
and vascular integrity. The effect of no-touch graft harvesting on
subsequent bypass surgery outcome is difficult to evaluate, given
that it represents differences in personal surgical technique and
that endothelial cells cannot be directly seen or tracked follow-
ing clinical graft placement. This issue is further complicated by
recent advocacy of endoscopic graft harvesting approaches*
that are primarily designed to minimize donor-site morbidity
and infection and for which damage from harvesting is more
difficult to control. Very few experimental studies have directly
assessed endothelial preservation after vein grafting. Ehsan and
colleagues® showed that under endothelial-preserving condi-
tions, rabbit JV grafts maintain endothelial cells that undergo a
burst of proliferation in the first 3 days post-grafting. The author
used a murine vein graft model with marker-gene-expressing
endothelial cells in the grafts which were transplanted into wild-
types, demonstrating preservation of the endothelium out to 30
days.? Thus, a gentler surgical approach appears to have good
relevance to preserving vein graft integrity.

NEOINTIMAL FORMATION

As mentioned, most experimental studies into vein
graft complications have focused on the development of neointi-
mal formation and its presumed progression to stenotic compli-
cations and graft occlusion, using rat and rabbit in vivo mod-
els. These models are straightforward to conduct, are usually
done in end-to-end interpositional graft fashion (a difference
from clinical CABG), and are evaluated at relatively early time
points (2-12 weeks) in comparison to CABG assessments (6-24
months). These models use histomorphometry of the neointimal
thickness or area, or a neointima: media thickness ratio, as sur-
rogate markers for stenotic lesion development. Numerous stud-
ies have shown that a variety of factors can reduce the extent
of neointimal thickening in these grafts, with many focusing on
inhibiting smooth muscle proliferation; the possible list of these
publications is quite extensive and is not provided here, for brev-

ity.

Of clinical relevance, studies in rabbit JV grafts were
used to show that edifoligide, an oligodesoxynucleotide de-
signed to block E2F-mediated smooth muscle cell proliferation,
reduced neointimal thickening without influencing endothelial
cells;?? these studies served as pre-clinical findings to support
the PREVENT 1V trial of edifoligide prevention of neointima-
associated stenosis.***! This trial, though exemplary of an excel-
lently conducted clinical trial, failed to show efficacy from the
treatment.*® Much speculation ensued following the outcome in
an effort to identify the cause(s) of treatment failure.’'-*

To get at the root of this problem, and the translational

potential of experimental vein grafting, a more critical appraisal
is warranted. Using experimental neointimal wall thickness as
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a surrogate for vein graft stenosis may be inherently flawed.
Veins transferred into an arterial environment undergo “arteri-
alization”, what is arguably a beneficial remodeling to arterial
shear and pressure, developing a healthy smooth-muscle-dom-
inated neointimal wall as an adaptive response. What is needed
in experimental vein graft models is a further progression of this
response toward inward growth, “negative remodeling” of the
wall, with even greater neointimal thickening that reduces the
lumenal cross-sectional area and that can progress to stenotic
occlusion. Very few vein graft models have demonstrated this
negative remodeling; most rat and rabbit models, whether using
EV, FV, or JV grafts, show a nicely maintained lumenal area
without any apparent flow reduction (Figure 1A). Thus, devel-
oping approaches to reduce neointimal thickness in these models
may, in truth, be a demonstration not of preventing neointima-
associated stenosis (the desired finding), but of inducing incom-
plete, stunted arterialization of these grafts, essentially a patho-
logic thinning of an otherwise favorable adaptation of the vein to
the arterial environment.

R i
g ok T\

Figure 1A: Rat femoral vein graft to femoral artery harvested at 4 weeks, showing
proximal region of graft with modest “arterialized” neointima (mostly stained red ad-
jacent to lumen; a portion of the ipsilateral femoral vein is seen in the upper right)
(Masson’s trichrome stain).

Vein graft models that progress toward some degree of
pathophysiologic stenosis are needed but in short supply. His-
tologic images and histomorphometric evaluations of the stan-
dard rat and rabbit vein graft models do not show evidence of
substantial stenosis (Figure 1A). In fact, one histomorphometric
measure, the lumenal radius to wall thickness ratio, is typically
~10 in rabbit JV grafts,>”? indicating a high degree of lumenal
area preservation without stenotic encroachment. Even in larger
animal models, like swine,*** canine’**’ and even non-human
primates,*® there is little evidence of stenotic, negative remod-
eling. There have been reports with ovine and canine models
showing substantial stenosis in grafts, particularly near the
anastomoses where non-laminar disturbed flow patterns are pre-
dicted. These large animal models also have arguably the most
clinical relevance. Indeed, a report by Abbasi et al.** used an
ovine direct analogue to CABG, grafting the saphenous vein as a
bypass graft to the left anterior descending coronary artery, with
the identification of a greatly thickened vein graft wall. Shiroma
and Kusaba® used a canine FV graft to the femoral artery, again
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providing histologic evidence of substantial lumenal stenosis in
the grafted vein. Saito and colleagues* used a similar model and
demonstrated greatly thickened neointima relative to other vein
graft models. The drawback to these and similar large-animal
vein graft models is the high budgetary considerations in their
application.

Over the past 17 years, several mouse vein graft mod-
els have emerged,”****” primarily developed for their potential
application in this extensively genome-manipulated species. A
recent review’ of these murine models placed them into perspec-
tive for their clinical relevance and utility, identifying a model
developed by this author as most clinically relevant, though
technically the most demanding. This model simulates many of
the complications associated with clinical CABG: 1) the acute
thrombosis rate is comparable, at ~20%; 2) the neointima is
thickest near the anastomotic repair sites where flow disturbance
(oscillatory flow) can be presumed to support neointimal over-
growth (Figures 1B and 1C); 3) the recipient artery (femoral) is
amuscular artery more like the coronary artery than elastic arter-
ies such as the carotid or abdominal aorta (more typical recipi-
ent sites in mouse models); 4) the vein donor graft is obtained
from the posterior facial vein, a peripheral neck vein in the loose
connective tissue, akin to the donor site of the saphenous vein
and unlike other mouse model vein grafts that most often use
the inferior vena cava; 5) the donor graft, despite its fragility
and small size, can be engrafted with preservation of its venous
endothelium which, in itself, has been shown to contribute to the
neointima through a endothelial-to-mesenchymal transdifferen-
tiation process (Figures 2A and 2B);* and perhaps of greatest
relevance, 6) the neointima develops to a very high extent (Fig-
ure 1C), absolutely comparable in dimensional thickness to rat,
rabbit, and even dog and pig models (100 or more microns);***
under the vessel diameter conditions of the mouse, this translates
to a substantial stenotic lesion that often results in a lumenal
radius:neointima wall thickness ratio of less than 1 and leads
to stenotic occlusion in 3-6% of these grafts within 30 days.>**
The drawback of this model is its extreme difficulty due to the
sutured engraftment into such a small artery (0.2 mm diameter
of the femoral vein in an adult mouse).

Figure 1B: murine posterior facial vein graft into femoral artery at the same harvest
time, proximal location, magnification, and staining conditions, showing substan-
tially greater absolute neointimal thickening.
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Figure 1C: highly stenotic murine graft at 4 weeks, with nearly occluded lumen (H&E
stain); bar in A= 100 microns, applicable to all images.

Lumen ©

Figure 2A: Immunohistochemicalstain of murine vein graft at 4 weeks, using smooth muscle actin
antibody to demonstrate extensive smooth muscle cell presence within the neointima (shown
between the arrows).

Figure 2B: Murine vein graft from a LacZ-cell-lineage-tracing donor mouse (expressing
B-galactosidase (blue X-Gal stain) in endothelial cells and their descendents), grafted
into a wild-type mouse and harvested at 4 weeks, with H&E counterstaining, showing
multi-layer and localized clonal presence of endothelial-lineage cells within the neointima
(shown between the arrows).

ATHEROSCLEROSIS

Long-term vein graft failures are often attributed to
atherosclerotic lesion development within the graft. Compos-
itely, negative remodeling from neointima and atherosclerosis
are called vein graft disease.*>* However, as a disease entity it
has been difficult to study the atherogenic side separately from
neointimal stenosis, both clinically and experimentally. To com-
plicate this issue, the experimental literature has been diluted
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with an interchanging of terms, often substituting atherosclerotic
terminology for what is more identifiable as neointimal forma-
tion, either without an atherogenic stimulus* or with super-
imposed atherogenesis.’'*> This confusion in the literature is a
major obstacle to understanding the fundamental mechanisms
underlying vein graft pathologies. A better appreciation of the
distinction between these pathologies would use the stable de-
velopment of neointima that then progresses to atherosclerotic
lesion presence, ideally with a substantial stenotic component.
Larger animal models may be more conducive to these dis-
criminations, using the longer time frame for atherogenesis for
distinguishing arterializing neointima from athero-like lesions.
Because of the high involvement of murine models in current
research, it would also be very helpful to get a better understand-
ing of which of the various murine vein graft models are optimal
for dissecting out these thorny problems, rather than assuming
that “any” vein graft model is adequate.

In summary, there are a wide variety of in vivo mod-
els for studying vein graft complications. Critical assessment
is needed for what each model demonstrates and what clinical
relevance each model holds. Future studies should make model
selection an important criterion for exploring the causes of vein
graft failure and approaches to its prevention.
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