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ABSTRACT
Vascular disease is the main cause of disability and mortality in the western world and the major limiting
factor for long-term survival of transplanted organs. Occlusive vascular lesions lead to ischemia and
structural changes in organs and in transplant arteriosclerosis and restenosis after endovascular procedures,
narrowing of the vessel lumen is partly due to intimal hyperplasia caused by smooth muscle cells (SMCs).
In this thesis, I have examined the mechanisms involved in intimal hyperplasia in a rat aortic allograft
model of transplant arterioscleroris with an emphasis on the biology of SMCs in this process.
First, the phenotypic properties of the SMCs involved in the formation of intimal hyperplasia were studied
by electron microscopy and immunohistochemistry. A segment of the abdominal aorta was transplanted
orthotopically from Fischer to Lewis rats and the transplanted vessels examined after 1-12 weeks. After 1
week, loss of endothelial cells, adhesion of platelets and leukocytes to the luminal surface, and a
phenotypic modification of SMCs in the media were observed. Subsequently, modified SMCs appeared in
the intima and lymphocytes and macrophages were found to infiltrate the intima as well as the adventitia.
This occurred together with detachment of endothelial cells and activation of SMCs in the media as
determined by the induction of cellular retinol-binding protein-1. Later, SMα-actin positive SMCs were
observed to migrate into the intima and proliferate as judged by staining for cyclin D1 and proliferating
cell nuclear antigen. TUNEL- and Fas/CD95-positive SMCs, indicating apoptosis, appeared in the media
which was followed by a reduction in SMα-actins taining in this layer. The continued development of the
neointima was associated with a decrease in SMα-actin-positive SMCs, an increased staining for the
extracellular matrix components fibronectin and osteopontin, and a further accumulation of inflammatory
cells. The maximum growth in size of the neointima with an increase both in the number of SMCs and the
content of extracellular matrix occurred 4-8 weeks after transplantation. SMCs and
monocytes/macrophages in the neointima and in the media were also noted to accumulate lipid, turn into
foam cells, and eventually show signs of necrosis and apoptosis. Within the lipid-rich cell remnants,
calcification also occurred. Finally, after 12 weeks, the growth in mass of the intimal lesions ceased and
reformation of an endothelial lining was detected.
In order to examine if SMCs derived from the host animal can participate in intimal hyperplasia, we
transplanted aorta of F344 female rats to Lewis male rats with or without cyclosporin A treatment. As a
control, one group of animals was transplanted with aortic isografts exposed to prolonged cold ischemia.
Infiltration of SMCs and inflammatory cells into the intimal lesions, cell proliferation, and apotosis were
analyzed by immunostaining and laser microdissection followed by real-time PCR for the SRY gene to
determine cell origin. Early after transplantation, proliferating and apoptotic graft SMCs were observed in
the neointima and leukocytes and immunoglobulins appeared in the grafts. At this time apoptosis of
medial SMCs occurred and proliferating, SRY-positive, host-derived SMCs started to accumulate in the
neointima. After 8 weeks, the neointima was mainly composed of host-derived SMCs. Immunosupression
with cyclosporin A significantly decreased the number of host SMCs in the neointima and only a small
number of host SMCs were observed in isografts exposed to prolonged ischemia. To explore the possible
bone marrow origin of allograft cells, female LEW rats were irradiated and substituted with bone marrow
from male LEW rats by transplantation of vascularized bone marrow or by infusion of bone marrow cells,
followed by transplantation of aorta from female F344 rats. Immunostaining for cell-specific markers and
real-time PCR for the SRY gene showed that the number of leukocytes was lower than the number of
bone marrow-derived cells in intimal lesions. Primed in situ labeling for the SRY gene combined with
immunostaining confirmed the presence of SM-like cells of male origin in the vessel wall in the intima.
Similar observations were made after balloon injury of the carotid artery.
The findings add further support for the prior assumption that early loss of endothelial cells contribute to
the initial response and activation of SMCs, whereas the inflammatory process may be the dominating
factor that influence vessel structure later after transplantation. The observations also suggest that
progenitors of bone marrow origin give rise to cells with SM-like properties during the formation of
intimal hyperplasia after allotransplantation as well as after balloon injury. In addition, the results provide
the basis for a novel theory of transplant arteriosclerosis which suggests that the development of intimal
hyperplasia in this vasculopathy is a dynamic two-stage process that involves apoptosis of resident graft
SMCs triggered by an allogenic immune response which also promotes recruitment of host-derived SMCs.
©Piotr Religa, 2003,
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INTRODUCTION
Replacement-organ transplantation is an established treatment for end-stage disease of
the kidneys, heart, liver or lungs. With respect to kidney transplantation, which is the
most common solid-organ transplantation, the procedure gives improved quality of life
and higher survival rates for patients in comparison with dialysis. About 200 000
transplants from cadaver- and living donors have been performed every year in the USA
since the first successful kidney transplantation in 1954. The 1-year survival rate of renal
grafts is about 80-90% and the half-life is about 10 years (Cecka, 2000). The first cardiac
transplantation was done by Dr. Christian Barnard in 1967 and has since become the
treatment of choice for patients with severe cardiac dysfunction and life expectancy of
less than 6-12 months. After cardiac transplantation, the survival rate is up to 85% after
1 year and 66% after 5 years (Keck et al., 1997).
Transplanted organs evoke an immune response with both cellular and humoral
components, directed against tissue antigens incompatible with those of the recipient
(Hancock et al., 2002; Mauiyyedi and Colvin, 2002). Therefore, recognition and rejection
of the allograft by the immune system of the recipient has to be prevented by
immunosuppressive drugs. The progressive development of immunosuppressive therapy
after transplantation, for example through the introduction of azathioprine and
prednisone in the sixties, cyclosporin in the eighties, and sirolimus and mycophenolate
mofetil in the nineties has constantly improved the survival of grafts and patients, mostly
with respect to short-term results (Gonin, 2000; Olyaei et al., 2001). However, the longterm survival after transplantation is still limited and a progressive deterioration of graft
function occurs in 3-5% of all transplanted patients per year (Cecka, 2000; Keck et al.,
1997; Wilkinson, 2001).
Chronic transplant dysfunction is the major limiting factor for successful outcome after
transplantation of solid organs (Womer et al., 2000). The process involves occlusive
arteriopathy known as transplant arteriosclerosis and atrophy with fibrosis of the organ
parenchyma (Furness, 2001; Tejani and Emmett, 2001). Transplant arteriosclerosis is, in
general terms, a reparatory remodeling of vessels in transplanted solid organs (also
referred to as transplant vasculopathy). The process is characterized by infiltration of
inflammatory cells in the vessel wall, a progressive narrowing of the vessel lumen due to
a healing reaction in the intima, intimal hyperplasia, and deterioration of the media with
cellular death and fibrosis (Furness, 2001).
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The development of transplant arteriosclerosis has many features in common with other
vascular diseases such as atherosclerosis and luminal narrowing after vascular
interventions (Newby, 2000; Pasterkamp et al., 2000). Atherosclerosis is the most
common cause of arteriosclerosis and cardiovascular diseases. Also this disease process
can be regarded as a reparatory reaction to a vascular injury and begins with the
formation of lipid streaks and inflammation in the artery wall. It then involves further
lipid deposition and thickening of the inner layer of the arteries, the tunica intima. This
gives rise to a lesion, an atherosclerotic plaque, that projects into the vessel lumen, and
eventually restricts the flow of blood, leading to end-organ ischemia, for example in the
heart (Ross, 1999). Cardiovascular diseases due to atherosclerosis are the main cause of
death and disability in economically developed countries, even though the situation has
improved since the seventies due to changes in living habits and development of new
medical treatments (Oberman et al., 1994). However, it was recently concluded that a
predicted increased survival of the general population will lead to increased morbidity
and mortality because of cardiovascular disease and generate a rise in medical costs as
well as a decrease in the quality of life (Amouyel, 2002; Mukherjee et al., 2002). The main
risk factors for atherosclerosis are age, high blood pressure, smoking, high concentration
of cholesterol and triglycerides in the blood, diabetes, obesity, and low physical activity.
The morbidity is higher among men as well as some ethnic groups. Furthermore, it can
be affected by drugs, narcotics, alcohol and hormonal replacement therapy (Sharabi et al.,
2001). There is no established curative therapy for atherosclerosis available, although
treatment of heart and extremity ischemia includes many pharmacological and surgical
approaches. Albeit these efforts do not cure the underlying atherosclerotic disease, they
have been shown to be effective in secondary prevention and in relief of the ischemic
symptoms, thereby significantly altering morbidity and mortality in cardiovascular disease
(Dawson et al., 2002). Vascular interventions, such as bypass surgery and percutaneous
transluminal coronary angioplasty (PTCA), with or without stents, are the most common
treatments of myocardial ischemia today (Mulukutla and Cohen, 2002; Yutani et al.,
1999). The number of vascular interventions by intravascular catheterisation is increasing
and has recently reached about 1 million interventions per year worldwide (Bittl, 1996).
Even if the early outcome is very promising, about 30-50% of patients after PTCA and
10-15% after bypass surgery need a renewed surgical treatment within one year because
of a recurrent narrowing due to intimal hyperplasia and vessel remodeling, also referred
to as restenosis and graft stenosis (Sallam et al., 2001).
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Intimal lesions lead to clinically important vascular narrowing in transplant
arteriosclerosis and after surgical procedures. However, in some cases an enlargement of
the vessel may occur, i.e. a compensatory positive remodeling (Moliterno and Topol,
1998). Formation of intimal hyperplasia is also involved in the formation of a fibrous cap
in atherosclerosis which provides stability to the lesions (Libby, 2000). Since the
formation of the intimal hyperplasia is a common phenomenon in vascular pathology,
the understanding of this process will be crucial for the future development of clinically
useful treatment strategies in the management of a large variety of vascular diseases
(Galis et al., 2002). In this thesis I have provided novel information related to the
mechanisms of intimal hyperplasia in a rat aortic transplant model. This information will
hopefully be important for the future development of new therapeutic strategies.
NORMAL ARTERIES
Normal arteries have a three-layer structure with an intima, a media and an adventitia.
The intima is the most internal layer and is covered by a sheet of endothelial cells lining
the vessel lumen and forming a barrier against the blood. The endothelial cells form a
tight monolayer and rest on a basement membrane, a fine meshwork made up of
extracellular matrix components, mainly collagen type IV, laminin, and heparan sulfate
proteoglycans (Gutierrez et al., 1998; Thyberg, 1998). Occasional SMCs may be present
in the intimal space underneath the endothelium. The media is composed of circular
layers of SMCs alternating with bundles of elastin arranged in concentric lamellae. The
number of layers is dependent on the size of the vessel. The sheets of elastin are
fenestrated and associated with loosely packed collagen fibrils. SMCs are the major
cellular components of the arterial media, although some elastic and muscular arteries
also contain vasa vasorum, i.e. capillaries which penetrate from the adventitia and
provide nutrients and oxygen. The SMCs are responsible for synthesis of elastin,
collagen and other extracellular matrix components. These muscle-like cells are
influenced by factors released from the endothelium, nerves, circulating blood, and the
surrounding extracellular matrix. They are electrically connected to various extents by
gap junctions. The external part of the arterial wall is formed by the adventitia, a thin
connective tissue mainly composed of fibroblasts and a collagen-rich extracellular matrix.
The adventitia contains vasa vasorum, a lymphatic system, and some nerve fibers
involved in vasomotor control (Ross et al., 1995).
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RESTENOSIS
Development of restenosis is a complex process that leads to vascular narrowing after
surgical procedures on vessels. It occurs after atherectomy, balloon angioplasty and
stenting (Kataoka et al., 2002). A related process also takes place in by-pass grafts of
autologous veins. Restenosis is the major cause of long-term failure after vasular
intervention. Up to one half of the patients need repetitive procedures due to recurring
narrowing after coronary balloon angioplasty (Sallam et al., 2001). Whereas restenosis is
a process which develops in diseased arteries, stenosis in by-pass grafts of autologous
veins take place in a previously healthy vessel and accounts for the major cause of longterm graft failure after by-pass surgery (Waller et al., 1984). The process is initiated by
the mechanical and hemodynamic injuries which the surgical procedure imposes on the
vessel segment (Depre et al., 1998), and in simple terms, restenosis can be divided into
two separate events. The first is a vascular healing and involves early platelet adhesion,
SMC activation and migration from the media to the intima, where subsequent cell
proliferation and deposition of extracellular matrix form a lesion or thickening, i.e.
intimal hyperplasia (Pasterkamp et al., 2000). The second part of the process involves
remodeling of the vessel wall as an adaption to altered shear forces, tissue scarring and
fibrosis (Pasterkamp et al., 2000). Clinically, both pharmacological and surgical
techniques have been introduced to prevent narrowing after vascular intervention.
Antiplatelet and antithrombotic strategies have improved the early outcome and the
introduction of stents has increased patency after PTCA by limiting negative remodeling
(Schwartz and Seidelin, 1995; Virmani et al., 2002). However, the problem of intimal
hyperplasia after vascular reconstruction has remained unsolved and trials using systemic
treatment with either calcium channel blockers, angiotensin converting enzyme
inhibitors, lipid lowering drugs, antioxidants, or immunosuppression by cyclosporin have
been unsuccessful (el-Sanadiki et al., 1990; Landymore et al., 1990; Landymore et al.,
1989; Mohacsi et al., 1997; Okimoto et al., 2001). Recently, the introduction of drugeluting stents after coronary angioplasty has emerged as a promising new treatment
strategy and local delivery of sirolimus has been shown to reduce in-stent restenosis rates
after coronary revascularisation with high efficiency (Regar et al., 2002).
TRANSPLANT ARTERIOSCLEROSIS AND THE MECHANISMS OF TRANSPLANT REJECTION
The pathology in allografts with chronic dysfunction is found in the vascular bed and in
the parenchyma of the organ (Kouwenhoven et al., 2000). For example, intimal
hyperplasia in vessels and fibrosis of the parenchyma is observed in transplanted hearts
and may lead to congestive heart failure, arrhythmias, myocardial infarction, and sudden
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death (Rebocho et al., 2001). In renal allografts, tubular atrophy with glomerulosclerosis
and interstitial fibrosis may lead to a progressive loss of renal function (Paul, 1995). The
knowledge about the pathogenesis of allograft vascular disease and transplant
arteriosclerosis has been obtained from animal experiments such as the rat aortic
transplantation model which was introduced in the sixties and is still widely used
(Rossmann and Lacha, 1999; Urist and Adams, 1967). In comparison to solid allografts,
this model allows studies of vascular disease alone after transplantation with a limited
influence from the parenchyma, although inflammation in the adventitia is a common
finding (Rossmann et al., 1999). Transplant arteriosclerosis is usually described as an
occlusive vascular disorder with stenosis due to intimal hyperplasia and medial necrosis
(Pethig et al., 2000). However, luminal loss in allograft vessels can develop without any
signs of medial necrosis and even without changes in endothelial integrity (Liu and
Butany, 1992). Furthermore, studies with intravascular ultrasound have indicated that
luminal loss can also be caused by inflammation and fibrosis in the adventitia and
negative remodeling of the vessel (Lim et al., 1997; Schwarzacher et al., 2000). The
immunological reaction involves a sequential cellular infiltration by leukocytes, mostly
macrophages and lymphocytes (Plissonnier et al., 1995), the appearance of
immunoglobulins, and expression of major histocompatibility complex (MHC; (Wood et
al., 1988). In the rat model, complete remodeling with intimal hyperplasia, medial
destruction, and a complete loss of any physiological function is observed after 8-12
weeks (Bigaud et al., 1999). The development of transplant arteriosclerosis is presented
in Fig. 1. Geraghty and co-workers described phenotypic modulation of SMCs and
indirectly concluded that the intimal lesions were of graft origin (Geraghty et al., 1996).
The origin of the cells in allografts was first studied in the sixties and seventies when
host repopulation of endothelium was described (Williams and Alvarez, 1969). Later
investigations have implicated also non-inflammatory cells originating from the host
animal in neointima development in transplants. Thus, analysis of neointimal cells with
alloserum demonstrated a discrepancy between the amount of host cells and leukocytes
(Plissonnier et al., 1995). This observation was strengthened by experiments showing
that development of transplant arteriosclerosis can be reduced by immunosupression,
even though the luminal narrowing and SMC proliferation is not necessarily affected
(Andersen et al., 1997; Mohacsi et al., 1997; Raisanen-Sokolowski et al., 1995).
Rejection of transplanted organs can be divided into hyperacute, acute, and chronic,
dependent on the time of onset. Hyperacute rejection occurs when the recipient has
circulating anti-human leukocyte antigen (HLA) antibodies against the donor.
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Figure 1. Current understanding of the evolution of transplant arteriosclerosis:
A) normal artery (E=endothelial cells; cSMC=contractile SMCs; AF=adventitial
fibroblasts), B) endothelial damage, adhesion of inflammatory cells (M=macrophage;
L=lymphocyte), phenotypic modulation and migration of medial SMCs to the intima
(sSMC=synthetic SMC), and apotosis of SMCs in the media (aSMC=apoptotic SMC)
C) formation of intimal hyperplasia by synthetic SMCs and inflammatory cells and
progressive apoptosis of medial SMCs, D) further accumulation of SMCs in the
neointima, reappearance of endothelial cells on the luminal vessel surface, and
progressive fibrosis of the media (F=fibrosis).

The rejection results in an acute vasculitis at the time of transplantation due to a humoral
response with binding of antibodies to the endothelium which causes cellular activation
and thrombosis (VanBuskirk et al., 1997). Hyperacute rejection can be avoided by cross
matching the recipient serum with donor T lymphocytes (Gallon et al., 2002). In contrast,
acute rejection is related to cell-mediated inflammatory responses and occurs if HLA
mismatching between the host and the donor is present, and is related to the degree of
mismatching (VanBuskirk et al., 1997). The rejection involves accumulation of
inflammatory cells around vessels and in the parenchyma of the rejected organs.
Activation of T lymphocytes can be dependent on the direct presentation of antigens
present in the allografts. The cells can be CD8+ cytotoxic cells, CD4+ cells or CD4+
cells mediating delayed hypersensitivity (Chen et al., 1996). Acute rejection also involves
B lymphocytes, an indirect presentation of antigens, and the development of a humoral
response (Liu et al., 1993); Fig. 2). Since the principal role of the CD4 molecule is to
promote interaction of T cells with class II HLA molecules on antigen-presenting cells
whereas CD8 interacts with class I HLA molecules, it is not surprising that both types of
T cells are usually present and involved in the rejection, what was for example shown in
experiments using anti-CD4 and -CD8 antibodies (Nagano et al., 1998). Finally,
cytokines such as interleukins (IL-1, IL-2, IL-3, IL-4, IL-6, IL-10, and IL-12), tumor
necrosis factor α (TNFα), and interferons are involved in the control of the alloimmune
rejection response (Saleem et al., 1996). The process is also related to innate immunity
and components such as macrophages, natural killer cells, neutrophils, and complement
factors have been described to be involved (He et al., 2002).
Chronic rejection is a term that started to be used in the fifties in order to describe the
slow deterioration of transplanted organs and was initially believed to be dependent on a
delayed immunological response (Libby and Pober, 2001). Even though chronic
rejection is related to immunity, the major finding in allografts affected by this disease is
fibrosis of the parenchyma which has developed over months to years. Since this process
is also dependent on non-immunological factors (Tullius and Tilney, 1995), it has
recently been proposed that chronic rejection should be described as chronic transplant
dysfunction (Libby and Pober, 2001). A number of diverse immunological factors which
influence the final development of chronic transplant dysfunction have been identified
such as the degree of acute rejection, immunosuppression, and concomitant
opportunistic

infections

related

to

the

susceptibility

of

a

recipient

under

immunosuppressive therapy such as cytomegalovirus (CMV) infection (SoderbergNaucler and Emery, 2001). In addition, non-immunological factors like donor age,
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Figure 2. Transplant rejection: A) Factors influencing development of transplant
arteriosclerosis, B) Direct recognition occurs when recipient T cells (CD4+, CD 8+) recognize
intact donor MHC molecule complexes on donor stimulator cells; C) Indirect recognition
occurs when the host antigen presenting cells (APC) process the donor-MHC molecules from
donor allogenic cells (dAC) prior to presentation to recipient T cells in a self-restricted manner

quality of the transplanted organ, surgical procedures, and post-transplant factors related
to life style and other diseases of the recipient are important (Lu, 1996; Schneeberger et
al., 1993). For example, organs from living donors survive better than organs from
cadavers (Tullius and Tilney, 1995), and the cause of death of the donor influences the
final outcome (Takada et al., 1998). Systemic disease in the donor such as hypertension,
diabetes, various infections such as viral hepatitis, hyperlipidemia, and atherosclerosis
also affects the survival of the allograft (Fellstrom, 2000).
ATHEROSCLEROSIS
Atherosclerosis is a disease of large and medium-sized elastic and muscular arteries and
is characterized by endothelial dysfunction, vascular inflammation, accumulation of lipids
and cholesterol, cell death, and calcification within the intima. This process results in the
formation of plaques protruding into the vessel lumen, vascular remodeling, acute and
chronic luminal obstruction, abnormalities of blood flow, and diminished oxygen supply
to the target organs. A complex and incompletely understood interaction exists between
endothelial cells, SMCs, platelets and leukocytes of the atherosclerotic lesion. Vasomotor
function, the thrombogenicity of the blood vessel wall, the state of activation of the
coagulation cascade, the fibrinolytic system, SMC migration and proliferation, and
cellular inflammation are complex and interrelated biological processes that contribute to
atherogenesis and the clinical manifestations of atherosclerosis (Libby, 2002).
Six separate stages in atherosclerosis have been defined by the American Heart
Association (Fig. 3; (Stary et al., 1995). The primary event of atherosclerosis can be
described as a biochemical endothelial injury and accumulation of lipids in the
subendothelial space. Adaptive changes in the intima, mostly by proteoglycans in the
extracellular matrix, followed by infiltration of cells lead to the formation of so called
fatty streaks. Activated endothelial cells expressing adhesive molecules, such as vascular
cell adhesion molecule (VCAM-1) or intercellular adhesion molecule (ICAM-1), and
chemotactic factors, such as macrophage chemoattractant protein-1 (MCP-1), promote
adhesion of circulating monocytes. These then enter the intima, become macrophages
and take up low-density lipoprotein (LDL) that has accumulated and become oxidized in
the intima. A fibrous plaque has developed when accumulation of lipid-filled
macrophages and T-lymphocytes forms a lipid core separated from the blood by a
fibrous cap generated by SMCs which migrate from the media, proliferate and produce
an extracellular matrix rich in collagen (Stary et al., 1995). This process is regulated by
several cytokines and growth factors such as transforming growth factor β (TGFβ),
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Figure 3. Atherogenesis: A) normal artery (E=endothelial cells; cSMC=contractile
SMCs; AF=adventitial fibroblasts), B) infiltration of lipids into the intima
(ECM=extracellular matrix), C) formation of a fatty streak in the intima by the
infiltration of leukocytes which turn into foam cells by uptake and accumulation of lipid
(M=monocyte/macrophage; FC=foam cell; L=limphocyte), D) development of a
fibrous plaque with the accumulation of SMCs in a fibrous cap covering lipid-filled
leukocytes in the intima (sSMC=synthetic SMC; Fc=fibrous cap), E) formation of an
advanced plaque with progressive inflammation, necrosis, and calcification of the lipid
core (Nc=necrotic core).

platelet-derived growth factor BB (PDGF BB), and TNFα (Binder et al., 2002; Skoog et
al., 2002). The final formation of an advanced atherosclerotic plaque involves further
accumulation of inflammatory cells, especially T-cells and macrophages, apoptosis and
necrosis of cells in the central part of the lesion (the necrotic core), calcification, and
angiogenesis (Stary et al., 1995).
COMPARISON OF TRANSPLANT ARTERIOSCLEROSIS, ATHEROSCLEROSIS AND RESTENOSIS
The structure of the vessel wall changes during development of pathological processes
and is related to a balance between all factors influencing the circulation. Factors that
participate in this remodeling process include blood flow, shear forces, cell-cell and cellmatrix interactions, injury to vessels by biochemical or physical forces, and inflammatory
reactions in the vessel wall (Newby, 2000). Based on experiments with vascular injury in
animal models, it was previously believed that remodeling of vessels was limited to
reparative processes in the intima related to the death and proliferation of cells. However,
it has lately been established that also remodeling of vessel structure in the media and in
the adventitia determines luminal narrowing (Glagov, 1994; Hassan et al., 2001). These
processes can lead to inward increase in vessel wall thickness with luminal narrowing
(negative remodeling) or outward increase in wall thickness without luminal narrowing
(positive remodeling). Both negative and positive remodeling can involve intimal
hyperplasia, composed mostly of SMCs and extracellular matrix (Fig. 4). Similarities in
pathology of transplant arteriosclerosis, atherosclerosis and restenosis after surgical
procedures can be seen in Table 1.
INTIMAL HYPERPLASIA
Intimal hyperplasia was first described by Carrel and Guthrie in 1906 when they reported
that the anastomis of veins implanted in the arterial circulation was covered with a tissue
similar in appearance to endothelium (Carrel and Guthrie, 1906/2001). Although animal
models of intimal hyperplasia were introduced in the seventies (Spaet et al., 1975), many
questions related to this process remain unsolved. Intimal hyperplasia is defined as an
abnormal expansion or thickening of the intima (Schwartz et al., 1975). The process
involves activation and phenotypic modulation of medial SMCs, most commonly as a
response to physical injury of the vessel, followed by migration of SMCs to the intima
(Campbell and Chamley-Campbell, 1981; Thyberg, 1998). Subsequent proliferation of
SMCs in the intima with extensive deposition of extracellular matrix gives rise to an
intimal lesion that reduces the lumen after endovascular surgery and in bypass grafts
(Gruberg et al., 2000). Intimal hyperplasia is also observed in atherosclerosis and in

17

Normal artery

A)
intima
media

intima

intima

media

media

B)

D)
intima
media

C)
Figure 4. Types of vascular remodeling with formation of intimal hyperplasia: A) normal
artery, B) vessel expansion, C) constrictive remodeling, D) intimal thickening

Table 1 Comparison of morphology and events in transplant arteriosclerosis,
atherosclerosis and restenosis, according to (Young, 2000) with modification
Characteristic

Transplant
arteriosclerosis

Intimal lesion
morphology

Atherosclerosis

Restenosis

Concentric, equal
distribution

Local, excentric

Local, concentric,
according to damage

All types

Large and mediumsized vessels

Local, related to injury

Initial lesion

SMC proliferation

Fatty streak

SMC proliferation

Internal elastic
lamina

Very often intact

Disrupted

Damaged

Cholesterol
deposition

Intracellular

Intra- and extracellular, local

Usually not present

Endothelium

Very often intact

Disrupted

Disrupted

Leukocytes

Present

Present

Rare

Endothelial MHC II

Present

Absent

Absent

Calcification

Absent, not typical

Present

Absent

Vessels involved

transplant arteriosclerosis, at least in part due to triggering by inflammatory stimuli and
release of cytokines and growth factors (Geng et al., 1997). Apart from physical injury,
hemodynamic factors also induce intimal hyperplasia. Low blood flow and hence low
shear stress exerted on the luminal endothelium, not only stimulates the underlying
medial SMCs to contraction, but may also lead to vascular remodeling and intimal
hyperplasia (Clowes and Berceli, 2000). Ultimately, both processes lead to narrowing of
the vessel lumen, increased velocity of the flowing blood and a restoration of shear stress
to normal levels (Maalej and Folts, 1996).
Detailed knowledge about the development of intimal hyperplasia has been obtained
from the well characterized rat carotid balloon injury model and three phases have been
distinguished in the development of intimal hyperplasia in rat (Schwartz et al., 1995). The
stages are illustrated in Fig. 5.
Activation and proliferation of medial SMCs
Shortly after deendothelialization of the rat carotid artery by a Fogarty balloon catheter,
phenotypic modulation and activation of medial SMCs have been observed by electron
microscopy, together with detection of an increased expression of cyclin D1 and an
increased synthesis of DNA (Law et al., 1996; Roy et al., 2002). Both migration and
proliferation of SMCs are regulated by growth factors. These may be derived from
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Figure 5. Development of intimal hyperplasia after mechanical injuring of a vessel:
A) normal artery (E=endothelial cells; cSMC=contractile SMCs; AF=adventitial
fibroblasts), B) deendothelialisation and injury of the media with activation and
phenotypic modulation of medial SMCs (sSMC=synthetic SMC), C) migration of
synthetic SMCs to the intima, D) formation of an intimal lesion by proliferation and
synthesis of extracellular matrix by SMCs.

adhering platelets, leukocytes, and injured endothelial cells or SMCs (Schwartz and
Henry, 2002). Especially fibroblast growth factor (FGF) has been identified as an
important mitogen for the early phase of SMC proliferation and treatment of injured rat
carotid arteries with either FGF antibodies or the FGF-binding polysaccharide heparin
prevents the development of intimal hyperplasia (Lindner and Reidy, 1991; Pintucci et al.,
1999). However, mitogens are not the only factors involved in SMC activation after
injury. For example, exogenously added FGF increases SMC proliferation after vessel
injury but does not affect SMC proliferation in uninjured arteries (Lindner and Reidy,
1991; Reidy and Lindner, 1991). This suggests that changes within the vessel related to
the injury may also take part in the regulation of SMC activation. After vessel injury,
expression of matrix metalloproteinases (MMPs), degradation of laminin and other
components in the basement membrane around medial SMCs, and deposition of
fibronectin has been suggested to be important for SMC activation (Hedin et al., 1999;
Southgate et al., 1996; Thyberg, 1998). This concept is strengthened by the observation
that fibronectin promotes SMC activation and cell cycle entry in vitro, whereas laminin
prevents activation (Hedin et al., 1988; Roy et al., 2002).
Migration of SMCs
After activation and phenotypic modulation in the media, SMCs migrate to the intima.
Although live tracking of migration has never been done due to technical problems, cells
crossing the internal elastic lamina are usually visible one week after balloon
deendothelialization (Thyberg et al., 1995). SMC migration seems to be stimulated by
chemotactic growth factors, such as PDGF BB released from degranulating platelets
(Jawien et al., 1992). It has also been shown that endothelial damage induces expression
of tissue plasminogen activator and MMPs that facilitate SMC migration to the intima
(George et al., 1998).
Formation of the intimal lesion
The first SMCs with a synthetic phenotype are found in the intima about one week after
surgery (Thyberg et al., 1995). The intima thereafter grows in size due to continuous
SMC proliferation for another 2-4 weeks and deposition of extracellular matrix proteins
(Clowes et al., 1983). SMC proliferation is believed to be stimulated by growth factors,
such as PDGF BB, angiotensin II and insulin-like growth factor (IGF), released from
SMCs in an autocrine or paracrine fashion (Thyberg, 1998). After 4-6 weeks, further
growth of the neointima is mainly due to matrix synthesis (Chung et al., 2002).
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The concept of intimal hyperplasia presented above is under debate since many
questions are still not resolved. New findings and concepts in vascular biology may also
add to the picture. Characteristic SMC features with respect to morphology, biochemical
markers, and reactivity to mitogens and chemotactic factors change during the different
phases of intimal development (Schwartz et al., 1995). At an early stage, the SMCs have a
synthetic phenotype with an extensive endoplasmic reticulum and Golgi complex and
respond well to growth factors (Thyberg et al., 1995). Later, after 4-6 weeks, the cells
become more mature and contractile, with expression of SMC markers such as SM
myosin heavy chain, desmin, calponin and SM22α (Halayko et al., 1996). These
variations in the characteristics of SMCs can be explained by an adaptation to different
physiological conditions by differentiation or dedifferentiation (Schwartz et al., 2000).
However, there are also other possible explanations. The most intriguing new concept of
vascular biology is that the cells of the neointima are of different origins. For example, it
has been shown by the sequential appearance of cell-specific markers and the labeling of
adventitial fibroblasts that adventitial fibroblasts can migrate to the neointima (Zalewski
and Shi, 1997). In addition, studies by Plissonier in a rat model of transplant
arteriosclerosis have suggested that host cells participate in the formation of intimal
hyperplasia in allografts (Plissonnier et al., 1995). These findings can be explained by the
migration of adjacent host SMCs toward the graft. Another possibility is that circulating
cells invade the graft intima and peripheral blood has indeed been reported to contain
endothelial- and fibroblast-like precursor cells of bone marrow origin (Asahara et al.,
1997; Bucala et al., 1994).
SMOOTH MUSCLE CELLS
SMCs are normally the sole cells of the thickest layer of the vessel wall, the tunica media.
They are spindle-shaped and closely associated in circular bundles or sheets. Their
boundaries are difficult to distinguish, even though the individual cells are surrounded by
a basement membrane (Ross et al., 1995). SMCs are responsible for vessel contraction
and relaxation, and so the regulation of blood flow. The SMCs are intimately connected
by gap junctions that allow exchange of ions and make the cells function as a syncytium.
When one part of the muscle layer is stimulated, the action potential thus spreads
throughout all SMCs (Ross et al., 1995). A single nucleus is present in the thickest part of
the cell and the cytoplasm is homogenous with numerous myofibrils, a small
endoplasmic reticulum and Golgi apparatus, usually plenty of glycogen particles, long
slender mitochondria and ribosomes orientated around the nucleus (Ross et al., 1995).
The contractile apparatus is composed of SMα-actin, SM myosin and SM tropomyosin.
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A number of other cytoskeletal proteins, some also involved in contraction, distinguish
SMCs from other cell types, such as calponin, SM-22α, caldesmon, vinculin,
metavinculin, desmin, and smoothelin (Sobue et al., 1999). The contraction process is
similar to that of skeletal muscle cells, except that SM myosin only interacts with
SMα-actin when it has been phosphorylated (Ganong, 2003). Thick myosin and thin
actin filaments slide against each other to produce contraction. The filaments are
anchored in cytoplasmic dense bodies and dense plaques associated with the plasma
membrane. Calcium is stored in the sarcoplasmic reticulum and its mobilization from
here and subsequent contraction can be activated by neuronal or hormonal stimulation
or by local factors. Neuromuscular junctions are not present and neurotransmitters are
instead released from free nerve endings and diffuse around the vessels. Examples of
such factors are norepinephrine, histamine and nitric oxide (Fuster et al., 1996; Ganong,
2003).
Despite their sophisticated function in normal vessels, SMCs are not in a terminally
differentiated state and have the capacity to regenerate and proliferate. SMC regeneration
is related to an overall change in structure and function, often referred to as a phenotypic
modulation. SMCs in the media of normal, adult vesssels have a contractile phenotype
characterized by quiescence, low synthetic activity and contractile properties (Thyberg,
1996). Both in vivo and in vitro, it has been shown that SMCs can also adopt a synthetic
phenotype. This process includes a reduction in the number of myofilaments and a
concomitant increase in the amount of synthetic organelles (Fig. 6). There is a decreased
expression of cytoskeletal proteins characteristic for contractile cells such as SMα-actin,
myosin, vinculin, and desmin (Sobue et al., 1999). Functionally, the cells enter the cell
cycle and acquire the capacity to proliferate in response to mitogens and increase their
protein synthesis (Fuster et al., 1996; Roy, 2001; Roy et al., 2002). Modulation of medial
SMCs from a contractile to a synthetic phenotype is observed during the formation of
atherosclerotic plaques, vascular narrowing by formation of a neointima after surgical
interventions, and in transplant arteriosclerosis (Thyberg, 1998). In vivo, this process has
been studied in detail in connection with intimal hyperplasia after balloon injury of the
rat carotid artery (Thyberg et al., 1995). In this model, it has been shown that medial
SMCs are activated, lose most of their contractile apparatus and display an increased
volume of synthetic organelles. This structural reorganization seems to be required
before DNA synthesis and cell division starts (Clowes et al., 1983). After one or a few
rounds of proliferation, the cells migrate through the internal elastic lamina and form the
first layer of the neointima. Later, the proliferation of these cells and secretion of
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extracellular matrix components produce a further growth in size of the neointima. Most
likely, the process is regulated by a balance between extrinsic factors and the local
environment. It depends on interactions between SMCs, endothelial cells, platelets,
mechanical forces, neuronal effects, growth factors, inflammatory cytokines, coagulation
factors, and various lipid products (Fuster et al., 1996). Several growth factors which
regulate SMC proliferation have been assigned important roles in different vascular
pathologies such as PDGF, FGF, TGF, and IGF. These factors are either released from
other cell types, such as macrophages, platelets, and endothelial cells, or produced by the
SMCs themselves (Chabrier, 1996).

Figure 6. Phenotypic modulation of SMCs in transplanted arteries: A) contractile SMC
found in the media of the graft with a heterochromatic nucleus (N), a cytoplasm
dominated by myofilaments (F) and sparse synthetic organelles, B) synthetic SMC found
in the neointima with an euchromatic nucleus (N), expanded synthetic organelles
(GC=Golgi complex; ER=endoplasmatic reticulum) and a reduced amount of
myofilaments in the cytoplasm (ECM=extracellular matrix).

SMC PROGENITOR CELLS
Studies in the nineties have shown that organs with terminally differentiated cells such as
the brain can regenerate because of the presence of stem cells (Johansson et al., 1999).
Moreover, other studies have suggested that an exchange of different cell types take part
in the regeneration of organs, as for example shown in the liver (Petersen et al., 1999).
Together, these findings have developed a new biological concept with a potential of
extraordinary impact for clinical medicine. With respect to vascular biology, a repair
process like intimal hyperplasia may also involve stem cells (Rafii et al., 1995).
Interestingly, intimal lesions and the vessel wall have for many years been considered to
contain SMCs of different phenotypes (Schwartz et al., 2000). This can either be
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explained by an adaptation of existing SMCs into different phenotypes (Campbell and
Chamley-Campbell, 1981) or indicate that the cells are of different origin (Campbell et al.,
2000b).
Stem cells are undifferentiated cells that retain the ability to proliferate throughout
postnatal life and so provide a source of progenitor cells that can differentiate into
specialized cells in the adult organism. The progenitors can originate from preexisting
stem cells as a result of a differentiation process. Alternatively, they can be a result of
transdetermination or dedifferentiation (Ying et al., 2002). The first process involves a
change of one type of progenitor to another, whereas dedifferentiation refers to a
transition of determined cells into progenitor cells and differentiation to other cells (Fig.
7). Pluripotent stem cells such as adult stem cells are found among differentiated cells in
tissues or organs and can regenerate and differentiate to yield the major specialized cell
types of the tissue or organ (Verfaillie, 2002). In contrast, totipotent stem cells, or
embryonic stem cells, have the capacity to specialize into extra-embryonic membranes
and tissues, and differentiate into every cell type of the embryo, providing a source for
cells to all postembryonic tissues and organs (Dani et al., 1997). The bone marrow is a
well known example of an adult tissue compartment with stem cells. Adult stem cells
present in the bone marrow can be divided into hematopoietic, mesenchymal, and
endothelial stem cells. The first ones are highly active in the generation of erythrocytes
and leukocytes. Mesenchymal stem cells form the stroma of the bone marrow which
contains a mixture of fibroblasts, reticular cells, osteoprogenitor cells, and multipotent
stem cells involved in osteogenesis after bone fractures (Van Damme et al., 2002). A
small fraction of bone marrow stem cells expresses endothelial cell markers such as von
Willebrand factor (vWf) and takes part in angiogenesis. It has been shown that bone
marrow cells can differentiate into SMCs (Galmiche et al., 1993), and endothelial stem
cells expressing CD34 and flk 1 have also been demonstrated to differentiate into SMCs
when exposed to PDGF BB or fibronectin, both in vitro and in vivo (Pittenger et al.,
1999; Yamashita et al., 2000). In fact, the bone marrow seems to be a general source for
progenitor cells. For example, bone marrow cells transplanted to mice with myocardial
infarction were reported to differentiate into cardiomyocytes (Orlic et al., 2001). Other
adult stem cells are mostly found in tissues and organs such as the brain, skin, and
interstitium. Lately, it has been found that stem cells have a greater potency than was
first believed to differentiate into other cell types and even predetermined stem cells
such as neuronal stem cells have the capacity to differentiate into blood cells and
myocytes (Bjornson et al., 1999; Galli et al., 2000).
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Figure 7. Theoretical sources of SMCs in intimal lesions: A) dedifferentiation of SMCs
in the media by phenotypic modulation from a contractile (cSMC) to a synthetic (sSMC)
phenotype, B) differentiation from stem cells (SC) and SMC progenitors (P), C)
transdetermination of other progenitor cells (oP) such as hematopoietic- or endothelial
stem cells to SMC progenitors, D) transformation of other cell types such as
macrophages (M), fibroblasts (F), or endothelial cells (E) to SMCs.

The possibility that adult stem cells from the bone marrow take part in tissue repair after
injury is a new evolving concept in biology and medicine (Wakitani et al., 1994). The
work of Petersen and co-workers has for example shown that bone marrow cells
participate in renewal of hepatocytes (Petersen et al., 1999) and a few years after liver
transplantation, part of the hematopoietic cells have been shown to be of donor origin
(Nierhoff et al., 2000). In addition, hepatocytes and endothelial cells of donor origin
have been found in peripheral blood of liver recipients (Korbling et al., 2002). Bone
marrow cells have also been demonstrated to differentiate into skeletal muscle and heart
muscle cells, and possibly also into neurons (Ferrari et al., 1998; Priller et al., 2001;
Stamm et al., 2003). Most of these experiments have been performed by bone marrow
transplantation, a model which may introduce artifacts by itself because of the irradiation
procedure and the fact that cells spread throughout the body via the circulation
(Janczewska et al., 1999). For example, due to the high polymorphism of transplanted
cells, it is not possible to distinguish which bone marrow cell line that gives growth of
other tissues, or even if it is a natural process since most of the transplanted bone
marrow cells remain in the vasculature. Nevertheless, there are only a few other possible
explanations for the observed phenomenon such as transformation of macrophages into
a specific cell type in the tissue undergoing repair or phagocytosis of inflammatory cells
by tissue cells as suggested to occur during intraperitoneal granuloma formation in
rabbits (Campbell et al., 2000a). Studies of stem cell biology and related processes such
as differentiation, dedifferentiation, or transdifferentiation are strongly dependent on the
methodology used (Liu and Rao, 2003). Most of the time, one of the following three
methods have been used: (1) labeling of cells in a living tissue with molecular markers
and determination of the specialized cell types they generate; (2) removing cells from a
living animal, labeling them in cell culture, and transplanting them back into another
animal to analyze whether they repopulate the tissue of origin; and (3) isolation and
expansion of cells in culture, manipulating them by adding growth factors or introducing
new genes, and investigating what differentiated cells types they can give rise to in vitro
(NIH, 2002). Cellular labeling can be obtained by using chromosome Y as a marker for
cells of male origin, introduction of retroviruses or lipid markers labeled with
fluorochromes, or genetic modification of the cells (Cho et al., 2002; Shimizu et al.,
2001). In this study, I used the SRY gene in chromosome Y of male cells to follow the
infiltration of host cells into the intima of aortic grafts from female rats transplanted into
male rats or into female rats with male bone marrow cells.
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AIMS
The main objective of this thesis was to explore the cellular mechanisms involved in
intimal hyperplasia during transplant arteriosclerosis in the rat aortic allograft
transplantation model, with particular emphasis on the biology and function of SMCs in
this process. The first paper describes the ultrastructural changes of SMCs that take part
in the formation of intimal lesions and the concomitant remodeling of the transplanted
aortas. The second paper describes the dynamics of SMC proliferation and apoptosis in
relationship to the infiltration of inflammatory cells and changes in the structure and
composition of the extracellular matrix in the transplanted vessel. Based on observations
in this work and previous reports (Orosz and Pelletier, 1997; Plissonnier et al., 1995) we
proposed that recruitment of host SMCs participate in the formation of the neointima, a
hypothesis that was further explored in paper 3. The results of the first three papers
indicated a correlation between the degree of inflammation and proliferation, apoptosis
and accumulation of host-derived SMCs in the intimal lesions of allografts. In the last
paper, the mechanisms involved in the accumulation of host SMCs in the lesions were
investigated further. The results of this work suggested that the accumulation of host
SMCs in intimal lesions is dependent on an allogenic immune response.
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MATERIALS AND METHODS
TRANSPLANTATION PROCEDURES OF RAT AORTA
A rat-aorta transplant model was used to perform the study. Briefly, the infrarenal
abdominal aorta was transplanted from rats of the F344.RT1v1 strain to rats of the
Lewis.RT1 strain (Fig. 8A). The animals were anesthetized with Hypnorm/Diazepam
and 1.5-2 cm of the abdominal aorta in F344 rats was removed and washed in 0.9%
NaCl. The abdominal aorta was thereafter transplanted orthotopically into Lewis or
F344 rats, as allografts or isografts, respectively, using a surgical microscope. This
technique was first described as a model of transplant arteriosclerosis (Mennander et al.,
1991). The degree of antigenicity after transplantation is related to the degree of
histoincompatibility between donor and recipient, and the model used here (LEW.RT1
and F344.RT1v1) is characterized by a low level of antigenicity, making
immunosupression unnecessary (el Khatib and Lupinetti, 1990). This model was further
modified in order to examine the origin of SMCs during the development of intimal
hyperplasia. For this purpose, the female aorta from F344 rats was transplanted to male
or female Lewis rats with a bone marrow transplant (see below; Fig. 8B, C).
Immunosuppression with cyclosporin A was used to study the role of the immune
response for the accumulation of host SMCs in the neointima. In addition, isografts were
transplanted after prolonged cold ischemia in order to study intimal hyperplasia in the
absence of an immunological incompatibility (Waltenberger et al., 1996).
BONE MARROW TRANSPLANTATION
Bone marrow was transplanted from male Lewis to female Lewis rats to obtain chimeras,
either by intravenous injection or hind limb transplantation of syngenic bone marrow.
The host rats were first irradiated with 8Gy and later received 6x107 bone marrow cells
in suspension i.v. or vascularized bone marrow by hind limb transplantation. The hind
limb of the donor was amputated at the groin with the femoral and iliac arteries and
veins dissected above this level to obtain long vascular stumps for anastomosis. The host
hind limb was amputated at the mid-thigh level and the aforementioned donor limb was
attached by an intramedullary metallic stent in the femur, and the vessels connected by
end-to-end anastomoses with muscles and skin sutured. The protocol resulted in an
equivalent number of transplanted bone marrow cells (Janczewska et al., 1999). However,
vascularized bone marrow transplantation gave a better repopulation of hemo- and
lymphopoiesis than transplantation of bone marrow by infusion. In addition, 99% of the
transplanted cells remained in the vasculature after bone marrow transplantation, which
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Figure 8. Animal models for transplant arteriosclerosis used in this thesis: A) allograft
transplantation of abdominal aorta from male F344 to male Lewis rats, or from male
F344 to male F344 rats as isograft controls (paper I, II), B) transplantation of abdominal
aorta from female F344 to male Lewis rats, with or without concomitant
immunosuppression by cyclosporine A (CsA; paper III, IV), C) transplantation of
abdominal aorta from female F344 to female chimerical Lewis rats transplanted with
male Lewis bone marrow by infusion or hind limb transplantation after sublethal
irradiation.

was a disadvantage compared with vascularized bone marrow transplantation
(Lukomska et al., 2000).
RAT CAROTID BALLOON INJURY MODEL
Deendothelialisation of the left common carotid artery of Lewis chimerical rats after
bone marrow transplantation was used to investigate if bone marrow-derived cells
participate in neointima formation after mechanical injury by denudation of the
endothelium using a balloon catheter (Clowes et al., 1983). The animals were
anesthetized with Hypnorm/Diazepam and a Fogarty 2F embolectomy catheter was
introduced into the left common carotid artery through an arteriotomy in the external
carotid artery. The balloon was inflated and passed through the artery three times
followed by ligation of the external carotid artery.
IMMUNOHISTOCHEMISTRY
The principle of immunohistochemistry is to raise an antibody (primary antibody)
against a specific antigen and use it as a tool to search for the antigen in tissue sections.
The antibody can either be directly conjugated to a marker molecule to allow immediate
detection, or it can be detected by another antibody (secondary antibody) which
recognizes the primary antibody. In this study, most primary antibodies were nonconjugated and detected with appropriate pre-conjugated secondary antibodies. In brief,
immunostaining was performed on 4% buffered-formalin-fixed paraffin-embedded
sections. The sections were deparaffinized in xylene, rehydrated in water, soaked in
0.03% H2O2 in 70% methanol (to block the background activity of tissues enzymes) and
incubated with levamisole when double-labeling was performed. Boiling in citrate buffer
was used to unmask hidden epitopes and non-specific and electrostatic interactions were
blocked with serum diluted in phosphate-buffered saline (PBS). The sections were
incubated with primary antibodies overnight followed by washing in PBS and thereafter
incubated with secondary antibodies labeled with biotin or a fluorochrome. Biotinylated
antibodies were visualized with ABC-Elite Vector horseradish peroxidase (HRP) or
ABC-AP Vector alkaline phosphatase (AP) system from Vector Laboratories
(Burlingame, CA), and developed with DAB as substrate for HRP or BCIP/NBT as
substrate for AP. When double-staining was performed, the first staining was developed
with BCIP/NBT followed by incubation with HRP-conjugated anti-SMα-actin
antibodies which were detected with the ABC-Elite Vector/DAB system. After rinsing,
the sections were counterstained with Mayer’s hematoxyline, methyl green, or Vector red.
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DETECTION OF CALCIUM PHOSPHATE
Tissue calcification in the grafts was demonstrated with Von Kossa staining. This
procedure is based on a redox reaction between calcium and silver and detects calcium
phosphate deposits. The rehydrated sections were incubated with 2% aqueous silver
nitrate in Coplins staining jars (Sigma, St. Louis, MO) for 60 minutes under a 60 W bulb.
The specimens were rinsed in water and exposed to 2.5% aqueous sodium thiosulfate for
5 minutes. The sections were then rinsed quickly five times with distilled water,
counterstained with methyl green, and mounted.
LASER CAPTURE MICRODISSECTION
In order to distinguish the origin of cells in aortas transplanted from female to male rats
(male cells originating from the recipient) expressing markers for SMCs, apoptosis or cell
proliferation, cells stained positive for SMα-actin, caspase-3, or cyclin D1 were
microdissected in histological specimens using a laser capture microdissection (LCM)
equipment (LCM, PixCell II System, Arcturus Engineering, Mountain View, CA). The
samples were prepared for immunohistochemistry as described above, dehydrated with
ethanol followed by xylene and then anhydrous CuSO4 in a dessicator. Approximately
200-400 cells were identified and microdissected. The percentage of host-derived cells
among the captured cells was thereafter estimated by RT-PCR for the SRY gene (see
below).
REAL-TIME PCR
Real-time PCR (RT PCR) was used for the quantification of host cells among the cells
isolated from the neointima. RT PCR reflects the initial amount of the template and is
the most specific, sensitive and reproducible methodology available today for detection
and quantification of genetic material. The RT PCR system is based on the detection and
quantification of a fluorescent reporter present on a molecular probe. This signal
increases in a direct proportion to the amount of PCR product in a reaction. By
recording the amount of fluorescence emitted in each cycle it is possible to monitor the
PCR reaction during an exponential phase, where the first significant increase in the
amount of PCR product correlates to the initial amount of target template. Therefore, it
is a true measurement of the amount of the substrate used. PCR was first used for the
detection of microchimerism by (Tashiro et al., 1996) and later by us (Olszewski et al.,
1999). Primers and probes for multiplex RT PCR were designed using Perkin Elmer
software (Foster City, CA). DNA was extracted using a commercial DNA extraction kit
from Perkin Elmer (Foster City, CA). The SRY-specific probe was labeled with FAM
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and the probe for a ’house keeping gene’ (angiotensin II) was VIC-labeled. The reaction
was performed in multiplex using the 7700 Sequence Detection System (Perkin Elmer).
The quantification was performed by experimental determination of the cycle threshold
values defined as the cycle at which the fluorescence exceeded 10 times the standard
deviation of the mean baseline emission for the earlier cycles. Using the baselines
determined for both of the genes, the fraction of the SRY gene with respect to the
‘house keeping gene’ was found.
IN SITU TUNEL
Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) is an
in situ method for detection of the 3'-OH ends of DNA exposed during the
internucleosomal cleavage of DNA that takes place in the process of apoptosis.
Incorporation of labeled dUTP allows detection by immunohistochemical procedures
and the labeled apoptotic cells may be visualized by light or fluorescence microscopy.
Paraffin embedded sections were rehydrated and digested with proteinase K for 30
minutes at room temperature in order to unmask the DNA. The specimens were then
incubated with td-transferase and dUTP mixture labeled with biotin (Boehringer
Mannheim, Mannheim, Germany) for 0.5-1 hour at 37°C and then washed. The
incorporation of biotinylated dUTP was visualized with avidin-HRP (Vector
Laboratories, Burlingame, CA) using light microscopy or with Cy2-streptavidin (KPL,
Gaithersburg, MD) using fluorescence microscopy. Staining for light microscopy was
detected with DAB and the specimens counterstained with methyl green, whereas
sections for fluorescence microscopy were double-labeled by incubation with
anti-SMα-actin, followed by detection with Cy-2 labeled streptavidin and Cy-5 labeled
anti-mouse IgG. Propidium iodide was used for nuclear counterstaining.
IN SITU DETECTION OF CHROMOSOME Y
Detection of the SRY gene in chromosome Y was used for in situ visualization of hostor BM-derived cells. The technique was based on fluorescent in situ hybridization (FISH)
and primed in situ labelling (PRINS). FISH was described for the localization of nucleic
acids in tissues by (Pardue and Gall, 1969). This method involves three steps: fixation of
the specimen, hybridization of labelled probe to homologous fragments of genomic
DNA, and fluorescent detection of the labelled probe. Here, FISH was performed using
DNA Detector (KPL, Gaithersburg, MD) with the probe prepared using PCR DNA
biotinylation kit (KPL, Gaithersburg, MD). Cy2-streptavidin and propidium iodide were
used for staining of probe and nuclei. PRINS is an alternative method where biotin-
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labeled nucleotides are incorporated into a SRY-specific primer in situ. The sections
were prepared for immunohistochemistry with SMC-specific markers, fixed in 2%
formaldehyde, and PRINS was catalyzed with Gold ampliTaq enzyme in a thermal cycler
(In Situ System 1000; Perkin Elmer). Immunostaining was detected with Cy5-labeled
secondary antibody. SRY staining was performed with Cy2-streptavidin, and nuclei
counterstained with propidium iodide. The sections were examined in a Zeiss LSM 510
laser scanning confocal microscope. Male aortas were used as positive controls, whereas
female aortas without primers or exclusion of the hybridization step were used as
negative controls. The in situ techniques of chromosome Y detection cannot be used for
quantitative analysis of cellular origin because of difficulties to estimate sensitivity.
CONFOCAL MICROSCOPY
Laser scanning confocal microscopy (LSCM) is based on point scanning principles. A
laser light beam is expanded to make optimal use of the optics in the objective and
focused to a small spot by the objective lens onto a fluorescent specimen. The reflected
light is deviated by a diachronic mirror while the emitted fluorescent light from samples
is passed through to the photodetector. A confocal aperture is placed in front of the
photodetector to obstruct fluorescent light from points on the specimen that are not
within the focal plane. These points are largely obstructed by the pinhole, whereas the
focused object enters the center of the pinhole. Here, LSCM was used to obtain high
resolution fluorescence images of specimens for chromosome Y detection and TUNEL
assay. This technique allowed qualitative visualization of male cells in the allografts and
permitted localization of the host-derived cells in the grafts. Images were taken using the
Zeiss 510 LSM system fitted with argon/xenon and hell/neon lasers. Pictures were
scanned with at least 512x512 pixels resolution, using a 20, 40, or 63x objective and 3
separate tracks for each fluorochrome (Cy2, Cy5, and propidium iodide). Zeiss Vision
software was used to optimize the images.
ELECTRON MICROSCOPY
Electron microscopy was used to analyze the ultrastructure of the transplanted vessels
with respect to cellular composition, topography and morphology. These studies allowed
estimation of the phenotypic modulation of SMCs in the graft media that occured early
during the development of transplant arteriosclerosis and processes such as apoptosis,
lipid deposition, and calcification. Tissue preparation for electron microscopy involves
fixation, dehydration and embedding in low-viscosity epoxy resins that polymerize to
give a material suitable for the preparation of ultrathin sections. The main goal of this
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process is to stabilize and preserve the fine structural details of the fixed cells as close to
that of cells in the living tissues. Glutaraldehyde and and osmium tetroxide (OsO4) were
employed as the most effective fixatives for electron microscopy. Glutaraldehyde
stabilizes tissues by cross-linking proteins. Osmium tetroxide reacts with lipids and
certain proteins but also provides electron density to the tissue. Block staining with
uranyl acetate was used to further enhance the electron density of the material. Thin
sections were cut with diamond knives on an ultramicrotome. SMCs were analyzed and
classified as contractile or synthetic in phenotype according to standards described by
(Thyberg et al., 1983). During the phenotypic modulation process, contractile SMCs lose
contractile myofilaments whereas the amount of endoplasmatic reticulum and Golgi
apparatus (synthetic organelles) increases. The density of different organelles and
extracellular structures were determined by point counting morphometry. Cells with
condensed nuclei, destroyed organelles and cytoskeleton were classified as apoptotic.
STATISTICS
The percentage of cells among total number of intimal/medial cells was determined by
manual counting of cells positive for specific marker as was described in papers II-IV.
The neointimal and medial areas were measured with Easy Image Analysis (Bergstrom
Instrument, Solna, Sweden). Data were evaluated by analysis of variance (ANOVA) for
multiple comparisons among the means. If the ANOVA indicated a significant
difference, the individual groups were analyzed by Neuman-Keuls post-hoc test. A
significant difference was considered to exist with p-values lower than 0.05.
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RESULTS
GENERAL DESCRIPTION
Chronic transplant dysfunction is the single most significant obstacle to long term organ
allograft survival. This process manifests itself in a similar manner in all vascularized
solid organ allografts as graft vascular disease, obliterative arteriopathy together with
interstitial fibrosis and atrophy of parenchymal elements that eventually result in allograft
failure. The obliterative arteriopathy leads to vascular narrowing, disturbance in blood
flow, ischemia and deterioration of transplanted organs over time (Libby and Pober,
2001). A transplantation model of rat aorta, previously described by (el Khatib and
Lupinetti, 1990; Mennander et al., 1991) was used to study this disease process. Briefly,
the abdominal aorta was transplanted from F344 rats to Lewis rats. Aortic isografts
between F344 rats were used as controls. The grafts were analyzed by light, electron, and
confocal microscopy and transplant arteriosclerosis was found to be fully developed in
the allografts after 12 weeks of observation and all stages of the disease were found. The
investigation was done in order to explain the dynamics and cellular mechanisms behind
the progression of the disease.
The study identified four stages of transplant vascular disease, leading to a complete
vascular remodeling as typically observed in allografts and previously reviewed in the
literature (Labarrere et al., 2001). Early after the transplantation loss of endothelial cells
at the luminal surface of the graft was observed. This was followed by activation and
proliferation of medial SMCs, leading to the development of intimal lesions. Progression
of transplant arteriosclerosis was found to include vessel remodeling with destruction of
medial SMCs, deterioration of vessel wall structure with fibrosis and calcification of the
media, but also with signs of vessel wall repair by newly recruited SMCs and endothelial
cells. The description of the results and the discussion of them are presented in four
sections that are related to the chronological stages of disease development and based on
papers I-IV.
EARLY CHANGES IN THE STRUCTURE OF AORTIC ALLOGRAFTS
ENDOTHELIAL DAMAGE
The early changes in transplant vascular disease included endothelial damage and
activation of medial SMCs. The endothelium covers the internal wall of vessels and
regulates vasoconstriction, vasodilatation, hemostasis, and homeostasis of SMCs (Becker
et al., 2000). As was observed by electron microscopy and staining for vWF, endothelial
damage occurred both in allografts and isografts, but the damage of allografts was more
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prominent and included endothelial cell necrosis with organelle damage and degenerative
changes (paper I, II). Since the changes were observed both in allografts and controls,
they could have been due to factors related to the surgical procedure, for example
ischemia. Previously, ischemia has been shown to lead to neutrophil recruitment in
cardiac transplants and increased endothelial permeability, a process in which
reperfusion may also be involved (Ali et al., 1998; Pinsky et al., 1996). However, regular
surgical procedures have not been shown to induce graft disease (Furukawa et al., 2002),
whereas prolonged ischemia, even in isografts, causes tissue damage and intimal
hyperplasia (Waltenberger et al., 1996); paper IV). Even if the surgical procedure may
lead to endothelial injury, immunological factors are necessary for the progression of
transplant arteriosclerosis (Stoica et al., 2002). For example, the work by (Rose, 1998)
demonstrated that T allo-lymphocytes can be activated by endothelial cells, which thus
might be involved in antigen presentation and induction of an allogenic response. In our
experiments, a progressive loss of endothelial cells was observed until 4 weeks after the
transplantation. Later, a reendothelialisation took place and after 8 weeks, the lumen of
the grafts was again covered by endothelial cells (paper I, II). Since the endothelium can
both stimulate and inhibit SMC function by factors such as nitric oxide, endothelins,
PDGF-BB, FGF or TGFβ (Chabrier, 1996), it is possible that the loss and recovery of
endothelial cells also took part in the regulation of intimal lesion development.
Previously, eendothelialisation has also been shown to inhibit intimal hyperplasia after
vascular injury (Luscher and Tanner, 1993; Powell et al., 1996).
ACTIVATION OF SMCS
Analysis by electron microscopy revealed signs of SMC activation in the media early after
transplantation (paper I). SMCs in the inner part of the media changed from a contractile
to a synthetic phenotype with reorganization and loss of myofilaments and a progressive
expansion of the endoplasmic reticulum and the Golgi complex in a similar manner as
previously observed in balloon-injured rat carotid arteries (Thyberg et al., 1997). At the
same time, an increased number of SMα-actin positive cells were found in the adventitia
adjacent to the outer part of the media, as shown by electron microscopy and
immunohistochemistry, suggesting formation of myofibroblasts. Occasional SMCs were
also observed in the state of penetrating the internal elastic lamina, indicating SMC
migration into the intima. Previously, similar observations have been made after
transplantation of the carotid artery (Hamano et al., 1998). (Schwartz et al., 1995)
described three phases in the development of intimal hyperplasia after vascular injury:
activation of medial SMCs, migration of SMCs into the intima, and formation of intimal
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lesions. The activation of SMCs included a shift from a contractile to a synthetic
phenotype and cellular proliferation (Nagai et al., 2001). Here, we confirmed SMC
activation and phenotypic modulation by electron microscopy and demonstrated a
decreased immunostaining for SMα-actin and an increased staining for cellular retinol
binding protein-1 (CRBP-1) in SMα-actin-positive cells 2 weeks after transplantation (Fig.
9; (Neuville et al., 1997) have shown that certain clones of medial SMCs express CRBP-1
and believed that these clones might be derived from cells that migrated into the intima
and proliferated in connection with vascular damage. In contrast, results by (Roy, 2001)
indicated that increased expression of CRBP-1 occurred in cells cultured on fibronectin,
a plasma protein that might invade the wall of the aorta after grafting and endothelial
damage. These results rather suggest that expression of CRBP-1 is coupled to SMC
activation.

Figure 9. Immunohistochemical double-staining of allografts for SMα-actin (brown) and
CRBP1 (dark blue/black) in A) 1- and B) 8-week-old rat aortic allografts (I=intima;
M=media; A=adventitia). Positively stained cells are marked by arrowhead.

Proliferation is another marker of SMC activation, and can be verified by
immunostaining for cyclinD1 and PCNA as described by (Roy et al., 2002). The cells in
the media started to proliferate at week 1-2 (paper I, IV). Contractile SMCs reside in the
G0 phase of the cell cycle and need to change phenotype to be able to proliferate and
migrate (Roy et al., 2002). As shown by double staining for SMα-actin on one hand and
PCNA, cyclin D1, and CRBP-1 on the other hand, activation and proliferation of medial
cells was specific for SMCs and was found in the same area of the vessel where signs of
SMC activation and phenotypic modulation was observed by electron microscopy (paper
I, IV). Even though signs of an intensive proliferation of medial SMCs were observed in
our studies, it did not result in an increased medial thickness. On the other hand, a small
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expansion of the tunica media was found 4 weeks after the transplantation, probably due
to immigration of myofibroblasts from the adventitia. Conceivably, migration of SMCs
to the forming neointima as well as apoptosis of SMCs in the media restricted the
increase in cell number in the media. Another possibility is that some SMCs duplicate
their DNA in the media without cell division, as was shown in studies of arteries from
animals with hypertension (Gordon and Schwartz, 1987). In addition, (Hixon et al., 2000)
have indicated that polyploidy commonly develops in proliferating populations of SMCs.
It is difficult to directly observe the migration of SMCs to the forming neointima, but
recent work by (Hasenstab et al., 2000) showed that labeled SMCs injected into the
adventitia can later be found in the neointima of ballon-injured vessels. Moreover, both
in vivo and in vitro, SMCs express αVβ1, αVβ3 and α1β5 integrins. These matrix
receptors have been proposed to be important for cell migration from the media to the
neointima (Ikari et al., 2000; Yee et al., 1998). SMC activation, as indicated by phenotypic
modulation and proliferation, was in our studies observed before leukocytes infiltrated
the graft. This indicated that the early activation of SMCs was related to noninflammatory processes, such as a loss of the endothelium. This is in agreement with the
notion that endothelial denudation and platelet aggregation are involved in SMC
activation after vessel injury (Jawien et al., 1992). Factors that might mediate this
response include growth factors (Sjolund et al., 1990), cytokines (Shi et al., 1996), matrix
degrading proteases (Galis et al., 1994; Hultgardh-Nilsson et al., 1997), and proteins such
as fibronectin penetrating into the vessel wall (Hedin et al., 1988; Thyberg et al., 1997).
For example, PDGF-BB released from adhering platelets can be a strong stimulator of
SMC migration and proliferation (Jawien et al., 1992). However, using electron
microscopy and immunostaining we found few platelets on the luminal surface of the
allografts early after transplantation. Proteins in the extracellular matrix, such as
fibronectin, might also be involved in SMC activation (Roy, 2001; Thyberg et al., 1997),
and here we found subendothelial deposition of fibronectin in the allografts (paper II).
Recently, (Coito et al., 2001) likewise reported that expression of fibronectin was related
to the migration of leukocytes and a progression of transplant arteriosclerosis. We
further observed deposition of osteopontin in the allografts, a protein which previously
was shown to be involved in SMC migration both in vitro and in vivo (Baron et al.,
2000).
FORMATION OF NEOINTIMA
The first neointimal SMCs were observed by electron and light microscopy 1-2 weeks
after the transplantation (paper I, II, IV). They were found to be in a synthetic

41

phenotype with a prominent endoplasmic reticulum and Golgi complex, and stained
positively for CRBP-1 and weakly for SMα-actin (paper II, IV). The neointima had a
loose structure with local thrombi and an increasing number of leukocytes over time,
mostly ED1-positive macrophages but also some CD8- and CD4-positive lymphocytes.
The intimal lesions further contained fibronectin, osteopontin, and IgM and IgG1
immunoglobulins, as well as some cells positive for MHC I and II (paper II, IV).
PROLIFERATION OF SMCS IN THE NEOITNIMA
As was shown by double staining for SMα-actin and cyclinD1 or PCNA, proliferating
SMCs were present in the intimal lesions. The rate of proliferation was quite high and
the number of dividing SMCs progressed from 1-2% up to 10% 1-4 weeks after the
transplantation (paper IV). The role of SMC proliferation in the intima seems to be
related to lesion expansion, since the frequency of cellular divisions paralleled the growth
in size of the neointima. The dynamics and the level of proliferation in the allografts
were similar to what has been found in balloon-injured rat carotid arteries (Wei et al.,
1997), even though lower proliferation rates have been described in human cardiac
allografts (Salom et al., 1994). This difference could be due to the fact that a more
intense tissue remodeling occurred in our model. In vitro and in vivo studies of SMCs in
atherosclerotic plaques have also demonstrated very low levels of proliferation (Gordon
and Schwartz, 1987). However, it would be very difficult to explain an increased intimal
mass unless SMC proliferation occurred. It is also possible that the process of SMC
replication is limited in time during a long-term process such as atherogenesis and
therefore difficult to detect. Factors that could be responsible for the proliferation of
SMCs in the intima were most likely the inflammatory reaction and the infiltration of
macrophages (Gordon et al., 1990), a possible source of mitogens such as PDGF-BB
(Kaiser et al., 1998).
DIVERSITY OF SMCS
Observations both in atherosclerosis, in balloon-injured rat arteries, and in vitro have
previously demonstrated that intimal and medial SMCs are different (Halayko and
Solway, 2001). Variations have been found both in morphology, biochemical markers
and reactivity to mitogens and chemotactic agents (Bochaton-Piallat et al., 1996;
Holifield et al., 1996). Neointimal SMCs have a synthetic phenotype during development
of this layer, with a low number of contractile myofilaments and an extensive
endoplasmic reticulum and Golgi complex. Moreover, both groups of cells are unique in
the expression of at least 80 genes including cytoskeletal proteins, growth factors and
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adhesive receptors (Schwartz et al., 2000). However, a small fraction of medial SMCs (up
to 10%) have been reported to lack contractile proteins and to show an increased
reactivity to growth factors (Frid et al., 1997). SMCs from different parts of the vascular
system have also been shown to vary with respect to synthesis of ECM proteins and
tissue inhibitors of metalloproteinases (Shi et al., 1999).
The diversity of SMCs can be explained by several theories. The most accepted and well
proven of these is that the different properties of medial and intimal SMCs are a result of
adaptative changes in SMC phenotype. The theory of phenotypic modulation was
formed by Chamley-Cambell and coworkers and describes the ability of SMCs to shift
between a contractile and synthetic state both in vivo and in vitro (Campbell and
Chamley-Campbell, 1981). Based on the observation of a frequent monoclonality of
SMCs in atherosclerotic plaques, (Benditt and Benditt, 1973) put forward another theory
suggesting that intimal SMCs are derived from a very small number of precursors in the
media. Many studies have further demonstrated a sequential appearance of cellular
markers in the adventitia, the media and the neointima. In view of these findings, it was
suggested that adventitial fibroblasts may also be a source of cells participating in the
formation of neointimal lesions (Zalewski and Shi, 1997). A later study by (Li et al., 2000)
using a lac-Z labeling system of adventitial fibroblasts seems to confirm this theory.
However, reports using antibodies against smoothelin, a newly identified cytoskeletal
SMC protein, do not provide support for this notion (Christen et al., 2001). A final and
even more intriguing hypothesis proposes that intimal cells can originate from circulating
progenitor cells, by transdifferentiation of flk1/CD31 positive endothelial cells
(Yamashita et al., 2000) or macrophages to SMCs (Campbell et al., 2000a). Transplant
arteriosclerosis is a unique process that offers multiple opportunities to study the role of
both donor cells (resident cells in the graft) and recipient cells in the formation of intimal
lesions. (Plissonnier et al., 1995) found an incongruity between the number of leukocytes
and host-derived cells in the neointima using a rat aortic transplant model. To further
explore the possibility that SMCs in the lesions were of host origin, we used a rat malefemale aortic allotransplantation model. The donor rats were female and the recipient
animals were male. This made it possible to use the SRY gene present on chromosome Y
(male) in combination with immunostaining for conventional SMC markers to detect
host-derived SMCs. The neointima from the grafts was harvested after different time
points and the number of leukocytes and host-derived cells were estimated by
immunohistochemistry and RT-PCR. The findings indicated that the progression of
intimal lesion development was related to an increased number of host-derived cells
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from 20% after 1 week to 70% after 4 weeks, and was paralleled by an increased
infiltration of CD45-positive leukocytes into the intima (paper III). At later periods, up
to 8 weeks, the number of host cells remained almost constant whereas the number of
leukocytes decreased to 11% at week 8. Further analysis by LCM of cells positive for
SMα-actin and subsequent RT-PCR for the SRY gene demonstrated that the intimal
lesions were mostly composed of graft-derived SMCs early after transplantation. At later
times, host-derived SMCs made up most cells in the neointima (paper III, IV).
Additional studies of the grafts by FISH and immunohistochemistry followed by PRINS
was performed in order to establish: (1) when host cells started to infiltrate the allograft
and (2) if these cells expressed SMCs markers such as SMα-actin and SM myosin heavy
chains. FISH showed that the appearance of host cells corresponded to infiltration of
leukocytes, but part of the SRY-signal was localized in nuclei of SMα-actin and SM
myosin-positive cells (Fig. 10). Results indicating an involvement of host-derived cells in
the formation of intimal lesions have also been obtained from other transplantation
models using lacZ transgenic animals, in situ hybridization for chromosome Y,
immunohistochemistry for MHC, and PCR for SRY (Campbell et al., 2000b; Hillebrands
et al., 2001; Li et al., 2001; Sata et al., 2002; Shimizu et al., 2001).
Figure 10. Detection of the SRY
gene in chromosome Y in a female
rat aorta transplanted to a male
recipient by Fluorescent in Situ
Hybridization
I=intima;

(FISH;

arrowhead

M=media;
marks

the

positive staining in white).

DIVERSE ORIGIN OF SMCS IN FORMATION OF INTIMAL LESIONS
A number of possible sources of host intimal SMCs exist. They could originate from the
media or from the adventitia of the adjacent recipient artery wall which migrate into the
graft intima.
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The host-derived SMCs in the allografts could also represent undifferentiated progenitor
cells of bone marrow or tissue origin which are recruited into the graft. It has previously
been shown that bone marrow cells can differentiate into SMCs in a mouse myocardial
infarction model (Orlic et al., 2001). Moreover, both hematopoietic and mesenchymal
stem cells have been shown to differentiate into SMC in vitro (Yamashita et al., 2000). To
test this possibility, chimerical rats were prepared by transplantation of bone marrow
from male Lewis to female Lewis rats after sublethal irradiation (Janczewska et al., 1999).
Since this procedure in itself may generate many artifacts, two different transplantation
methods were used; bone morrow transplantation by intravenous injection of purified
bone marrow cells and hind limb transplantation which gives a vascularized bone
marrow. The last model gives a better bone marrow repopulation after irradiation and
does not spread bone marrow cells over the body (Janczewska et al., 1999). Two weeks
were allowed for repopulation of recipient bone marrow and recovery of hemopoiesis
and lymphopoiesis before allogenic transplantation of female F344 aorta was done. Four
weeks later the allografts were collected and the total number of host cells and
lymphocytes in the neointima was determined. The structure of the allografts was similar
to that in the previously described experiments. However, a variation in the level of
tissue destruction was evident and more leukocytes, especially macrophages, were found
in allografts from the hindlimb transplantation model, probably due to a better
repopulation of the bone marrow and the lymphatic system. Moreover, we found that
the total number of host cells in the neointima was higher than the number of leukocytes.
For comparative studies, intimal hyperplasia was also analyzed after injury of the carotid
arteries and aortas with a Fogarty 2F balloon catheter in the same bone marrow
transplanted animals (paper III). In carotids, this procedure resulted in endothelial
denudation and medial destruction, and after approximately 2 weeks a prominent
neointima was formed, almost exclusively populated by SMCs and with few, if any,
inflammatory cells (Clowes et al., 1983). After balloon injury to the aorta, there were few
signs of medial destruction and a less prominent neointima was developed (Gabeler et al.,
2002). The structure of the neointima after vessel injury in bone marrow transplanted
animals was slightly different than what is generally observed in normal animals with
more signs of an inflammatory reaction and more necrosis in the media. Possibly, these
differences could have been provoked by the irradiation and bone marrow
transplantation procedures and a more generalized inflammatory reaction in peripheral
tissues (Janczewska et al., 1999). Calculation of host cells by RT PCR indicated that there
were up to 10% more host less in the lesions than the number of leukocytes as estimated
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by immunohistochemistry. Double staining for chromosome Y/SRY by PRINS
combined with immunostaining for SMα-actin or SM myosin also demonstrated
neointimal cells that were positive for both of these markers, indicating the presence of
SMCs from the host also in the neointima formed after vessel injury (paper III).
Previously, it has likewise been reported that bone marrow-derived cells could
differentiate into neointimal SMCs in transplant arteriosclerosis or atherosclerosis in
transgenic lacZ mice (Shimizu et al., 2001) (Sata et al., 2002). In contrast, studies of
transgenic mice with the lacZ-labeled promotor for SM22α did not support this
conclusion (Hu et al., 2002a). However, other results from the same group and with the
same techniques were somewhat questionable since no activation of the promoter for
SM22α was found in SMCs from veins (Hu et al., 2002b). In support of this theory,
isolation of cells from human blood and subsequent culture in endothelial cell growth
medium supplemented with PDGF BB have also demonstrated the presence of SMC
progenitors in the circulation (Simper et al., 2002). There are a few other possible
explanations for these findings such as transdifferentiation, transdetermination, and
fusion of transplanted bone marrow cells (Terada et al., 2002; Ying et al., 2002). The
issue is under discussion and of significant interest both for vascular biology and clinical
medicine since the identification of novel sources of neointimal cells may generate new
strategies for the prevention of intimal hyperplasia. Recently, endothelial and
hemopoietic progenitor cells present in peripheral blood have been termed vascular
progenitor cells (Heissig et al., 2002; Hirschi and Goodell, 2002).
Our study provides further support for a possible participation of bone marrow-derived
SMC progenitors in neointimal development. However, additional studies are necessary
in order to evaluate if this is a normal pathologic process or a phenomenon related to the
particular animal model used.
MEDIAL DESTRUCTION AND APOPTOSIS
Apoptosis in aortic allografts was analyzed by electron microscopy, immunostaining for
Fas/CD95, caspase-3, and TUNEL assay. The last two analyses were combined with
double staining for SMα-actin. Death of endothelial cells was observed shortly after the
transplantation both in the isografts and the allografts, but most prominent in the last
group. As judged by Fas/CD95 staining and electron microscopy, apoptosis started in
the media 1-2 weeks after the transplantation. Some cells were found with condensed
nuclei, organelle destruction, formation of apoptotic bodies, and a positive TUNEL
staining. There was a discrepancy between Fas/CD95 staining and other apoptosis
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markers early after transplantation, possibly due to the fact that separate stages of
apoptosis were detected by the used markers (Zavazava and Kabelitz, 2000). However, it
has previously been suggested that the Fas pathway of SMC death in atherosclerotic
lesions is related to deendothelialisation and induced by Fas ligand derived from
monocytes/macrophages (Imanishi et al., 2002). It was recently reported that activated
macrophages can rapidly release soluble Fas ligand as an active cytokine, raising the
possibility that activated monocytes/macrophages might be able to induce apoptosis in
SMCs, even when the two cell populations are located at some distance from each other
(Kiener et al., 1997a; Kiener et al., 1997b). Apoptosis might also be enhanced by T
lymphocytes and TNFα (Zavazava and Kabelitz, 2000). It has been suggested that
apoptosis in transplant arteriosclerosis is the result of a specific immunological targeting of
allografts (Lee et al., 2001; Plissonnier et al., 2000), but other factors such as CMV
infection and hypercholesterolemia could also be involved (Miller et al., 2001). The
maximal apoptosis among SMCs, as judged by caspase-3 and TUNEL staining, was
observed 3-4 weeks after the transplantation (paper II, IV). The degenerating SMCs were
visible with nuclear condensation and formation of apoptotic bodies, leading to a
decreased staining for SMα-actin (paper I, II). In parallel, parts of the media were replaced
by fibrosis and formation of foam cells (paper I).
The degenerative changes in the allografts were related to a prominent infiltration of the
media and neointima by leukocytes, deposition of immunoglobulins of the IgG1 and IgM
classes, and expression of MHC class I and II antigens by many cells. Inhibition of the
allogenic immune response with cyclosporin A prevented medial destruction, but did not
affect the development of intimal lesions. In support of the finding that apoptosis of
SMCs and degeneration of the media was dependent on an immunological reaction,
induction of intimal development in isografts by prolonged ischemia, which takes place in
the absence of an allogenic immune response, also resulted in intimal lesion development
but without medial destruction.
At week 8-12, the final stages of fibrosis in the media, electron and light microscopy
together with vonKossa staining demonstrated decreased cellularity, increased amounts
of extracellular matrix with collagen fibers, appearance of foam cells, and signs of
calcification. Foam cells in apoptotic areas of transplanted vessels have previously been
identified as SMCs and macrophages that accumulate cholesterol, possibly derived from
apoptotic cells (Granville et al., 1998). Interestingly, apoptosis might even be induced by
oxidized derivatives of cholesterol (Haunstetter and Izumo, 1998). Calcification was
observed at the border between the media and the neointima and by immunostaining
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was found to be related to the depostion of osteopontin. This finding was not surprising
since osteopontin has specific functions in tissue calcification (Giachelli and Steitz, 2000),
even in atherosclerosis where fibrosis and calcification of the necrotic core represent an
end-stage of the disease (Watson and Demer, 1996; Yankah and Wottge, 1997).
Although these processes are frequently observed in various animal models of transplant
arteriosclerosis, they are rare in human allografts (Young, 2000).
IS

THE ACCUMULATION OF HOST-DERIVED

SMCS

THE RESULT OF AN ALLOGENIC

IMMUNE RESPONSE?

The dynamics of accumulation of host-derived SMCs in the neointima indicated that this is
a constantantly ongoing process related to the level of medial destruction. The
examination of balloon-injured carotid arteries indicated that host-derived SMCs also
participate in the formation of intimal lesions after vessel injury, but not to the same
degree as in allografts (paper III). The accumulation of host SMCs in the intima could be
explained by a constant infiltration of host cells or a faster proliferation of host cells in the
allograft intima. Because the first explanation is difficult to study, the latter idea was
investigated in the male/female transplantation model. Intimal cells positive for cyclinD1
or caspase-3 were dissected with LCM and their origin was studied by RT PCR for the
SRY gene. The results showed that early after transplantation, most proliferating cells were
of graft origin, whereas host-derived cells over time made up the major part of the pool of
proliferating cells in the intima (paper IV). A similar analysis of apoptotic cells was more
difficult to validate since most apoptotic cells were of host origin over the entire 1-8 week
period. As mentioned, the level of infiltration of host SMCs as well as inflammatory cells
into the intima was more pronounced in allografts than in balloon-injured vessels. In
addition, allografts demonstrated multiple signs of an ongoing allogenic immune response
with deposition of IgG and IgM, expression of MHC antigens, as well as infiltration of
CD4- and CD8-positive lymphocytes (paper IV). These observations suggested to us that
the recruitment of host SMCs was related to the level of inflammation and possibly the
result of an allogenic immune reaction in the grafts. In order to test this hypothesis,
additional experiments were performed in which female F344 aorta was transplanted to
male Lewis rats immunosuppressed with cyclosporin A. In parallel, intimal development
without concomitant inflammation was analyzed in aortic isografts exposed to prolonged
ischemia. The allografts were found to develop a neointima with a similar structure and
not significantly different in lesion size from the control allografts, but with less
disorganization of the media. In addition, also aortic isografts exposed to prolonged
ischemia were observed to develop intimal lesions without medial destruction. Moreover,
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the neointima both in isografts and in allografts from immunosuppressed animals had less
SMCs of host origin than in allograft controls. Taken together, these findings indicated
that an allogenic immune response is involved in the accumulation of host-derived SMCs
in intimal lesions during transplant arteriosclerosis. This observation provides new data for
the understanding of the development of transplant arteriosclerosis. The concept of
removal of graft cells by an immunologically induced process of apoptosis and their
subsequent replacement by host-derived cells has not been presented in detail before. The
early studies by (Plissonnier et al., 1995) indicated that rat aortic allografts were targeted by
an inflammatory response and suggested that part of the SMCs could be of host origin.
Later studies by (Geraghty et al., 1996) described the formation of the neointima as a result
of phenotypic modulation. Studies by others have further confirmed that the allogenic
response is a key factor for development of transplant vasculopathy (Lee et al., 2001;
Plissonnier et al., 2000).
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GENERAL DISCUSSION AND CONCLUCIONS
The formation of intimal hyperplasia is a significant part of vascular remodeling in
transplant arteriosclerosis, atherosclerosis and restenosis following surgical procedures.
Animal models of transplant arteriosclerosis offer unique possibilities to examine the
formation of intimal hyperplasia in transplanted vessels and to make comparisons with
atherosclerosis and restenosis as presented in earlier parts of this summary. Briefly, the
intimal lesions in transplant arteriosclerosis have morphological similarities to
atherosclerosis, especially with respect to the cell types involved, but the process affects
all arteries and lipid cores are not formed (Young, 2000). In addition, the structure of
intimal lesions and the following narrowing of the vessel lumen in transplant
arteriosclerosis shares feature with restenosis. However, restenosis does not involve
medial destruction and the involvement of the immunological system is limited (paper I).
It is believed that the mechanisms responsible for the initiation of these disease
processes are also different. Transplant arteriosclerosis is mostly related to vascular
injury by an allogenic inflammatory response, but other factors that may injure the vessel
such as the surgical procedure, hypercholesterolemia and other atherogenic stimuli are
also involved (Waaga et al., 2000). In more simplified terms, the complex process of
vascular remodeling in transplant arteriosclerosis can be described as an inflammatory
reaction in the vessel wall with tissue destruction and repair (Mennander et al., 1993).
THE GENERAL FEATURES OF TRANSPLANT ARTERIOSCLEROSIS
Transplant arteriosclerosis begins with a discrete injury to vessels in the transplanted
organ early after the procedure. In this study, the first changes were observed in the
endothelial cell layer by electron microscopy and immunohistochemistry for vWF. Since
endothelial disintegrity can be found both in allografts and isografts it is likely that these
changes are, at least in part, related to the surgical procedure (Lupinetti et al., 1993;
Pascual et al., 2002). The following progression of vessel destruction was paralleled by
inflammation in the vessel wall with an infiltration by macrophages and lymphocytes,
most of all in the adventitia and intima. Later, deterioration of the tunica media with
apoptosis of SMCs, reorganization of elastic lamellae, and fibrosis with formation of a
collagen-rich extracellular matrix was observed by electron microscopy. Finally,
calcification and the appearance of foam cells were found at the border between the
media and the neointima. As a tissue reaction, these findings share similarities with the
healing of an atheromatous plaque. However, all described components of this process
are rarely observed simultaneously in human allografts (Young, 2000).
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The study indicated that transplant arteriosclerosis in this model is related to an allogenic
immune response against the allograft, which could be modified by immunosuppression.
Our results confirm previous observations in the rat aortic transplantation model that
cyclosporin A can inhibit aneurysmal dilation of the allograft along with preservation of
medial SMCs, delay cellular infiltration, and postpone but not prevent intimal thickening
in the graft (Schmitz-Rixen et al., 1988). In addition, previous studies with cyclosporin A
have demonstrated that the degree of immunosuppression is related to the level of tissue
destruction in transplanted organs (Bigaud et al., 1999). However, since changes were
also found in the media of arteries exposed to prolonged ischemia and in balloon-injured
carotid arteries in lethally irradiated rats transplanted with bone marrow, medial
destruction may not be exclusively dependent on immunological factors (Han et al., 2001;
Waltenberger et al., 1996). Taken together, these observations indicate that the extent of
medial destruction is dependent on the severity of the injury but not necessarily the type
of injury. Both cellular and humoral allogenic responses have been shown to mediate cell
death by apoptosis in transplanted organs (Holzknecht et al., 2002). However, apart
from immunological factors related to MHC mismatch and imunosuppression, other
factors have also been suggested to influence this process such as hyperlipidemia,
hypertension, CMV infection, and pre-existing atherosclerosis in the transplanted organ
(Radovancevic et al., 1990). The observation that alloserum may induce apoptosis in rat
cardiomyocytes indicates that tissue destruction is a specific target for the allogenic
immune response (Plissonnier et al., 2000). In addition, it has been shown that indirect
recognition of MHC promotes transplant vasculopathy in cardiac allografts in inbred
miniature swine (Lee et al., 2001). Taken together, these observations suggest that the
allogenic immune response specifically targets the donor cells in the graft, leading to
apoptosis of resident SMCs and deterioration of media structure. The healing process in
the graft on the other hand, includes fibrosis and calcification in the media, and the
formation of intimal hyperplasia.
Formation of a neointima started early after the transplantation in allografts. By electron
microscopy, SMCs in a synthetic phenotype were observed both in the inner part of the
media and later in the intima 1-2 weeks after the transplantation. In isografts on the
other hand, no invasion of SMCs into the intima was observed despite the fact that also
these grafts showed signs of deendothelialisation. In contrast, prolonged cold ischemia in
isografts resulted in the formation of a neointima. These observations indicate that a
permanent deendothelisation with concomitant injury of SMCs in the media, but not
necessarily with any involvement of the immune system, leads to the development of
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intimal lesions in transplanted vessels, in a similar fashion as during intimal hyperplasia
after mechanical injury (Clowes et al., 1983). Intimal lesion expansion was thereafter
observed to include accumulation of leukocytes, formation of a loosely structured
extracellular matrix. Later, further growth of the neointima was accomplished by the
proliferation of SMCs and more deposition of extracellular matrix in a similar manner as
previously described (Hancock et al., 1995).
To summarize, transplant arteriosclerosis can roughly be divided into two major phases
of vascular remodeling; destruction and healing of the allograft (Plissonnier et al., 1995).
Possibly, even a third process related to vessel function should be mentioned since a loss
of vasomotor function has been reported to take place in transplanted rat arteries before
any morphological changes was observed (Bigaud et al., 1999). In the following, the
biological processes involved in the healing phase of transplant arteriosclerosis, the
formation of intimal hyperplasia is discussed in more detail.
DEVELOPMENT OF INTIMAL HYPERPLASIA AND THE BIOLOGY OF SMCS
Formation of intimal lesions is a general phenomenon in vascular biology and in vascular
disease processes which is almost exclusively dependent on the participation of SMCs.
Classically, it is believed that the engagement of SMCs in this process is due to a
phenotypic modulation, migration, and proliferation of medial cells (Thyberg, 1998).
Later studies have also revealed that activation and phenotypic modulation of SMCs is
associated with expression of CRBP1, cyclin D1 and cell cycle entry (Roy, 2001; Roy et
al., 2002; Thyberg, 1996). Here, these proteins were found in medial SMCs early after the
transplantation and later in the neointima by immunohistochemistry. Similar expression
patterns have been described in intimal lesion formation after balloon injury of rat
carotid arteries (Neuville et al., 1997; Roy, 2001). Together with the observations we
made by electron microscopy, these findings indicated that the process of phenotypic
modulation of medial SMCs, with a subsequent migration and proliferation of SMCs was
involved in formation of intimal lesion, at least in the early phase of this process.
Apart from the involvement of resident SMCs in the graft media of the donor vessel,
previous studies have indicated that also other cells from the adventitia or from the
circulation can participate in the generation of intimal lesions in transplanted vessels
(Hruban et al., 1993; Plissonnier et al., 1995). In order to study the subject, rat female
F344 aortas were transplated to male Lewis rats and the samples harvested after different
time points. The presence of host derived SMCs was determined by RT PCR for SRY
gene. Our study confirmed that SMCs of recipient animals participate in intimal
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hyperlasia and also indicated that the accumulation of host SMCs was related to
progressive tissue destruction, especially in the media. The origin, or source, of hostderived SMCs is a remaining question. SMCs may migrate into the graft from adjacent
vessels, or they may originate from circulating endothelial- or fibroblast-like cells
(Asahara et al., 1997; Bucala et al., 1994). In order to find out if the bone marrow was a
source of SMCs, we prepared chimerical female rats with male bone marrow
transplanted by infusion or through hind limb transplantation (Janczewska et al., 2000;
Lukomska et al., 2000). Later the animals obtained aortic allografts or were exposed to
balloon catheter injury of the carotid artery. After both procedures, a neointima
containing bone-marrow-derived SM-like cells was formed as determined by
immunohistochemistry for SMα-actin and SM myosin combined with RT PCR detection
of chromosome Y. This finding is supported by previous observations of SMCs of bone
marrow origin both in transplant arteriosclerosis and in atherosclerosis (Sata et al., 2002;
Shimizu et al., 2001). In support of this theory, isolation of cells from human blood and
subsequent culture in endothelial cell growth medium supplemented with PDGF BB have
demonstrated the presence of SMC progenitors in the circulation (Simper et al., 2002).
The issue is under discussion and of significant interest both for vascular biology and
clinical medicine since the identification of sources of neointimal cells may generate new
strategies for the prevention of intimal hyperplasia. Recently, endothelial and
hematopoietic progenitor cells present in peripheral blood have been termed vascular
progenitor cells (Heissig et al., 2002; Hirschi and Goodell, 2002).
BIPHASIC EVOLUTION OF TRANSPLANT ARTERIOSCLEROSIS
The results presented in paper III indicated that the increased accumulation of hostderived SMCs in the intima corresponded to the level of media destruction which in turn
was dependent on an immunological targeting of the transplant (paper I and II). In order
to study if an allogenic immune reaction against the allograft participated in the process
by removing resident cells from the allograft and/or stimulated the recruitment of hostderived SMCs, immunosuppressive treatment was used. In parallel, apoptosis and
proliferation of SMCs as related to their origin (donor or host) was analyzed in female
allografts transplanted to male rats. The results indicated that early after the
transplantation, the formation of intimal lesions was mainly dependent on SMCs derived
from the graft media, in a process resembling intimal hyperplasia after vascular injury.
Later, as the destruction of the media progressed, host SMCs infiltrated the neointima
and made up the dominating pool of proliferating neointimal cells. A corresponding
depletion of resident SMCs by apoptosis was not observed and most apoptotic SMCs in
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the neointima were in fact found to be of host origin throughout the time period studied.
In support of our initial hypothesis that the accumulation of host SMCs in the allograft
depended on the allogenic immune response, both immunosuppression with cyclosporin
A and neointima development induced in isografts exposed to prolonged ischemia
involved a reduction in the number of host SMCs in the intima. In support of our
findings, statins have recently been shown to enhance the release of endothelial
progenitor cells from the bone marrow and promote healing of deendothelialised arteries
suggesting that the recruitment of vascular progenitor cells into the vessel wall is indeed
a process that can be manipulated (Walter et al., 2002). Based on these observations, a
novel theory for the development of intimal hyperplasia in transplant arteriosclerosis can
be proposed. It suggests that the formation of intimal lesions is biphasic with respect to
the removal of resident SMCs from the graft and the recruitment of host SMCs (Fig. 11).
This can explain the previously reported early loss and later reappearance of
physiological function in aortic allografts (Bigaud et al., 1999). That there are at least two
phases in this disease process is also supported by the observations that early
inflammatory changes in allografts can be reversed after retransplantation of the graft to
the donor stock of animal, whereas the structural changes are not reversible if the
retransplantation is performed at a later time (Izutani et al., 1995; Schmid et al., 1996).
It is also important to remember that even if the rat model used in this study shares
many features with transplant arteriosclerosis in humans, severe destruction of the media
with fibrosis and calcification is rarely observed in human kidney and heart transplants
(Libby and Pober, 2001; Young, 2000). The development of transplant arteriosclerosis in
this model is based on alloimmunity alone and non-immunological factors previously
determined to influence this disease process in clinical transplantology were not
considered. Nevertheless, the identification of a possible mechanism responsible for the
accumulation of host-derived SMCs in transplant arteriosclerosis may provide a basis for
the development of new interventional strategies.
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Figure 11. Evolution of transplant arteriosclerosis according to the major findings in this
thesis: A) normal artery (E=endothelial cells; cSMC=contractile SMCs; AF=adventitial
fibroblasts), B) endothelial damage and the initial formation of a neointima by activation of
SMCs in the graft media and infiltration of the graft by inflammatory cells indicating an
allogenic immune response (sSMC=synthetic SMC; M=monocyte/macrophage;
L=lymphocyte), C), this immunological reaction promotes apoptosis of resident SMCs in
the graft media (aSMC) and progressive infiltration of the neointima by host-derived SMC
progenitors (hP), D) further accumulation of host-derived SMCs (hSMC) in the neointima,
reappearance of endothelial cells at the graft luminal surface, and fibrosis (F) in the media.

FUTURE DIRECTIONS
The concept that host-derived SMCs participate in intimal hyperplasia in transplant
arteriosclerosis appears to be well established. However, the number of possible sources
of these cells is still large and needs to be further explored. In addition, a better
characterization of the diversity of SMCs and the specific properties of these cells not
only in transplant arteriosclerosis but also in intimal lesions in general require additional
investigations. Much more research also remains in order to learn about the mechanisms
involved in the accumulation of host SMCs and what factors influence the proliferation
and apoptosis of these cells. The research in this field can generate strategies to inhibit
intimal hyperplasia after surgical procedures, in transplant arteriosclerosis, and may also
lead to possibilities to monitor the stability of atherosclerotic plaques.
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