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Abstract
Background: Cardiac allograft vasculopathy (AV) is a pathological process of vascular remodeling leading to late graft 
loss following cardiac transplantation. While there is consensus that AV is alloimmune mediated, and evidence that the 
most important alloimmune target is medial smooth muscle cells (SMC), the role of the innate immune response in the 
initiation of this disease is still being elucidated. As ischemia reperfusion (IR) injury plays a pivotal role in the initiation of 
AV, we hypothesize that IR enhances the early innate response to cardiac allografts.

Methods: Aortic transplants were performed between fully disparate mouse strains (C3H/HeJ and C57BL/6), in the 
presence of therapeutic levels of Cyclosporine A, as a model for cardiac AV. Neutrophils were depleted from some 
recipients using anti-PMN serum. Grafts were harvested at 1,2,3,5d and 1,2wk post-transplant. Ultrastructural integrity 
was examined by transmission electron microscopy. SMC and neutrophils were quantified from histological sections in 
a blinded manner.

Results: Grafts exposed to cold ischemia, but not transplanted, showed no medial SMC loss and normal ultrastructural 
integrity. In comparison, allografts harvested 1d post-transplant exhibited > 90% loss of SMC (p < 0.0001). SMC partially 
recovered by 5d but a second loss of SMC was observed at 1wk. SMC loss at 1d and 1wk post-transplant correlated 
with neutrophil influx. SMC loss was significantly reduced in neutrophil depleted recipients (p < 0.01).

Conclusions: These novel data show that there is extensive damage to medial SMC at 1d post-transplant. By depleting 
neutrophils from recipients it was demonstrated that a portion of the SMC loss was mediated by neutrophils. These 
results provide evidence that IR activation of early innate events contributes to the etiology of AV.

Background
Cardiac transplantation remains the predominant treat-
ment for patients suffering from end stage heart failure
[1]. Although significant improvements in early survival
post-cardiac transplantation can be attributed to new
developments in immunosuppressive therapies, rates of
late rejection remain unchanged, yielding only 50% graft
survival at 10 years post-transplant [2]. One of the major
contributing factors for late cardiac graft failure is
allograft vasculopathy (AV) [3-5]. AV is a pathological
diagnosis that is characterized by vascular remodelling of
the graft coronary arteries which results in a neointimal
lesion that eventually impairs blood flow to the heart
[6,7]. Although the pathological changes of AV are well
documented, the etiology remains unclear.

There is general consensus that AV is an immune medi-
ated phenomenon [8-10]. Syngeneic transplants and
transplants into immune deficient mice (such as RAG 1-/-

mice) fail to develop AV [11-13]. In rodent models, CD8+
T cells have been shown to be required for AV in the
presence of clinically relevant levels of immunosuppres-
sion and reconstitution of immunodeficient animals with
CD8+ T cells is sufficient to restore the development of
AV [14]. Recent evidence [15,16] indicates that allo-anti-
body may play a contributory role in AV, but is not essen-
tial for its development. While few debate the critical role
that T cells play in acute and chronic rejection of
allografts, only recently have studies begun to acknowl-
edge the extent to which the innate immune system regu-
lates the potency and nature of allograft rejection [17,18].

Although there is consensus that adaptive immunity
plays a pivotal role in AV, there remains controversy over
the target of alloimmune damage. Some [19-21] have pro-
posed that the damage to the endothelium initiates vas-
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culopathy, while we [22] and others [23] have
demonstrated medial damage to be more important.
Reidy and colleagues used a mechanical injury model of
vasculopathy and found that endothelial denudation was
insufficient to induce vasculopathy [23]. However, the
degree of vasculopathy correlated directly to the level of
medial smooth muscle cell (SMC) loss, causing Reidy et
al. to propose a relationship between SMC loss and
neointimal vasculopathy. Nejat et al. [24] provided evi-
dence that the extent of medial SMC loss correlated with
developing lesion formation in a fully mismatched
murine immunosuppressed transplant model. Human
autopsy material from late rejecting hearts is consistent
with the observations from rodents (unpublished).

Ischemia reperfusion (IR) injury is an inevitable and
important insult incurred during transplantation.
Extended cold ischemic times have been shown to exac-
erbate acute and chronic rejection making the clear link
between IR and immune mediated graft damage [12,25].
An important component of IR injury induced damage
occurs in the graft vasculature and may exacerbate innate
immune events which impact downstream adaptive
immune responses and the development of AV. Potent
inflammatory chemokines, such as tumour necrosis fac-
tor (TNF) and interleukin 1 (IL-1), are expressed in syn-
geneic and allogeneic grafts within hours of reperfusion
[26]. These, and other, chemokines promote the recruit-
ment of neutrophils (NФ) [12,26-29]. The functional
activity of these NФ and the implications of this early NФ
influx to later lesion development are unclear.

Methods
Animals
Male, 8-10 week old C3H/HeJ (C3H;H-2K) and C57BL/6J
(B6; H-2b) mice were used as donors to 8-10-week old
male B6 recipients. In one experiment, male 8-9 week old
C57BL/6J-Tg (ACTB-EGFP) 10sb/J (B6-GFP; H-2b) were
used as donors to C3H/HeJ recipients. All mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME) and
maintained in the Carlton Animal Care Facility, Sir
Charles Tupper Medical Building, in a pathogen free
environment. Food and water were given ad libitum. All
animal experimentation was undertaken in compliance
with the guidelines of the Canadian Council on Animal
Care, under an approved animal protocol.

Aortic Interposition Graft
Abdominal aortic segments were transplanted as we have
previously described [30]. Briefly, a section of abdominal
aorta approximately 1 mm in length was harvested from
the donor mouse and flushed with saline solution and
maintained for 20 min in cold saline before transfer into
the recipient. The recipient infrarenal abdominal aorta

was isolated. After proximal and distal clamping, the
recipient aorta was transected and the donor aorta was
interposed with proximal and distal end-to-end anasto-
moses using interrupted 11-0 nylon suture. The clamps
were removed and blood flow was confirmed by direct
inspection.

Immunosuppression
Cyclosporine (CyA; Sandimmune iv™) was purchased
from QEII Pharmacy, Halifax, NS. Aortic allograft recipi-
ent mice were treated subcutaneously with CyA 50 mg/
kg/d in sterile saline for the duration of the experiment.

Neutrophil depletion
In some experiments neutropenia was induced in B6
recipients as described [31]. Briefly 500 uL rabbit-anti-
mouse PMN serum (1:10 in saline; Cedarlane; Burlington,
ON) was injected intraperitoneally (IP) for three consec-
utive days before surgery and every day afterwards. Com-
pared to a control experiment, this treatment resulted in
> 80% depletion of thioglycollate elicited peritoneal neu-
trophils assessed by Geimsa stained cytospins.

Histology
Aortas were harvested at 1d, 2d, 3d, 5d, 1wk and 2wk
post-transplantation. Aortic grafts were flushed with
heparinised saline and fixed in 10% formalin at 4°C for 16
h. Grafts were subsequently transferred to cold (4°C)
phosphate buffered saline (PBS) for 1-2 h and then trans-
ferred into 70% ethanol until processing. Samples were
embedded in paraffin and 5 μm cross sections were sec-
tioned with a microtome. Sections were stained with
Harris' Haematoxylin and 0.5% Eosin (H&E) for general
histology. SMC were enumerated based on nuclear mor-
phology, in a blinded fashion, after the staff were trained
by an anatomical pathologist.

GFP aortas were harvested at 5d and 2wk post-trans-
plant and fixed overnight in 4% paraformaldehyde in
phosphate buffer followed by overnight incubation in
30% sucrose. Aortas were embedded in 10% gelatin and
fixed overnight in 4% paraformalyde followed by 30%
sucrose. Gelatin blocks were frozen and sectioned at 10
μm using a Leica Cryostat (Wetzlar, Germany). Sections
were visualized by fluorescence microscopy on a Zeiss
Fluorescent microscope using a wavelength of 450-490
nm. All images were captured with a Zeiss AxioCam
camera (Carl Zeiss; Thornwood, NJ).

Transmission Electron Microscopy (TEM)
Aortic segments were fixed with 2.5% gluteraldehyde in
0.1 M sodium cacodylate buffer and post-fixed with 1%
osmium tetroxide. After washing, the segments were
incubated in 0.25-0.5% uranyl acetate, rinsed and dehy-
drated through acetone. Segments were embedded in
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epon-araldite resin and sectioned using a Reichert Jung
Ultracut E ultramicrotome with a diamond knife. The
sections were stained with lead citrate and uranyl acetate
before examination on a JOEL 1230 transmission elec-
tron microscope at an accelerating voltage of 80 kV. Digi-
tal images were captured using a CCD digital camera.

Immunohistochemistry
Paraffin sections were deparaffinised in xylene, hydrated
through an ethanol series, washed in PBS and antigen
retrieval was performed. Endogenous peroxidase was
quenched with a 15 min incubation in 3% hydrogen per-
oxide. Non-specific blocking was performed with serum
specific to the secondary antibody used. The primary
antibodies used were rat anti-mouse neutrophil (1:1500;
Cedarlane; Burlington, ON), rat anti-mouse Ki-67
(1:1500; Dako; Mississagua, ON), and mouse anti-mouse
α-actin (1:1500; Sigma; Saint Louis, MO). Primary anti-
body was detected with the appropriate biotinylated sec-
ondary antibody. Sections were then incubated with a
peroxidase avidin/biotin complex kit (Vector Labs Inc;
Burlingame, CA). One drop of prepared 3,3'-diaminoben-
zidine (DAB; Dako; Mississauga, ON) in 1 ml of substrate
buffer was used as the chromogen. Sections were coun-
terstained with Mayer's Haematoxylin. All enumerations
were performed in a blinded fashion.

Statistics
Data are presented as mean ± SEM for each experimental
group. All statistics were performed using GraphPad
Prism® (GraphPad software Version 4; San Diego CA,
USA). Results were analyzed by unpaired t-tests using the
Welch's correction. Values of p < 0.05 were considered
significant.

Results
Medial SMC are lost immediately post-transplantation
To examine pathological events occurring immediately
post-transplantation, aortic allografts were transplanted
between fully disparate strain combinations (C3H to B6)
with calcineurin inhibitor (CNI) immunosuppression.
This model most closely mimics the clinical situation of
immunologically disparate grafts and CNI immunosup-
pression.

Figure 1 shows native aorta with substantial numbers of
SMC in the media by H&E and TEM (Fig 1a,b). To exam-
ine the effect of cold ischemia on SMC we examined
grafts after 20 min cold ischemia histologically and at the
ultrastructural level using TEM (Fig 1c,d). Native grafts
that were not exposed to cold ischemia and grafts
exposed to 20 min cold ischemia (but examined pre-
transplantation) had normal ultrastructural integrity. We
observed well-preserved endothelium, healthy media
with numerous viable SMC and normal nuclear morphol-

ogy with peripheral chromatin and an intact nuclear
envelope. Mitochondria showed no evidence of damage
to the outer membrane and normal cristae morphology
(data not shown). In stark contrast, at 1d post-transplant,
endothelial cells and medial SMC were absent from the
intima and media respectively (Fig 1e,f). Nuclei observed
at this time point were lacking peripheral chromatin and
showed extensive nuclear blebbing. These observations
indicate that by 1d post-transplant, marked damage to
the medial SMC had occurred. Enumeration of SMC on
histological sections from native aorta, native aorta after
20 min cold ischemia (pre-transplant) and allogeneic
grafts harvested at 1d post-transplant (20 min cold isch-
emia) demonstrated that there is no SMC loss in the
grafts after 20 min cold ischemia and profound medial
SMC loss (> 90% vs native aorta) at 1d post-transplant
(Fig 2a). To eliminate the involvement of the adaptive
immune response, we enumerated SMC on histological
sections from syngeneic grafts (Fig 2b) which showed
similar profound SMC loss at 1d post-transplant.

Medial SMC repopulation of aortic grafts
Having established marked medial SMC loss immediately
(1d) following transplantation, we next examined
whether this damage was permanent or if SMC repopu-
lated the medial compartment. This is of significant
interest because we have previously shown [24] in this
model that medial SMC numbers are present at relatively
normal levels at 4wk post-transplant. To elucidate the
progression of SMC loss and repopulation, we enumer-
ated SMC in the grafts at 1d, 2d, 3d, 5d, 1wk and 2wk
post-transplant (Fig 3). SMC numbers began to recover
by 5d post-transplant until they unexpectedly declined
again at 1wk post-transplant (Fig 3). Another period of
SMC recovery was observed at 2wk post-transplant (Fig
3).

To examine the mechanisms by which SMC repopu-
lated the medial compartment serial sections from both
recovery periods (5d and 2wk) were stained with H&E,
Ki-67 and α-actin. At 5d post-transplant SMC had repop-
ulated the media (Fig 4a) and Ki-67 positive cells were
observed (Fig 4b). Regions of proliferation stained posi-
tive for α-actin (Fig 4c). Results were similar for the sec-
ond recovery at 2wk post-transplant (Fig 4d,e,f). These
findings demonstrate the entirely novel and surprising
finding of a biphasic loss and repopulation by prolifera-
tion of medial SMC immediately after transplant.

Recovering SMC are donor in origin
As SMC exhibited a biphasic recovery at 5d and 2wk
post-transplant, we next investigated whether the SMC
that repopulated the medial compartment were donor or
recipient in origin. The origin of recovering SMC is an
important consideration as it has been reported that late
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Figure 1 Dramatic SMC loss occurs by 1d post transplant. (a) and (b) native C3H aorta; (c) and (d) native C3H aorta after 20 min cold storage (pre-
transplant); (e) and (f) C3H allograft transplanted into B6 recipient harvested at 1d post-transplant. Arrow heads demarcate the media. Red arrows in-
dicate medial SMC. IEL = internal elastic lamina. SMC = smooth muscle cell. EC = endothelial cell. NФ = neutrophil.
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SMC loss is mediated by adaptive immunity [24]. If this is
the case, then the early recovered medial SMC must be of
donor origin to provide the necessary alloimmune target.
To examine the origin of recovering SMC, GFP-B6 aortas
were transplanted into C3H recipients in the presence of
50 mg/kg/d CyA and harvested at 5d and 2wk post-trans-
plant. Examination of native GFP aorta (Fig 5a), allografts
harvested at 5d (Fig 5b) or 2wk post-transplant (Fig 5c)
showed GFP-positive cells in the media. These results
confirm that the early recovering SMC are donor in ori-
gin.

Neutrophils infiltrate the media of allografts
NФ are commonly associated with ischemia reperfusion
injury and their ability to cause damage and death to
nearby cells is well-documented [27,32]. To investigate
their role in the early events following transplantation,
grafts were stained for the presence of NФ using immu-
nohistochemistry (Fig 6a). We observed NФ infiltration
in all vessel layers. NФ were enumerated in the media at
1d, 2d, 3d, 5d, 1wk and 2wk post-transplant (Fig 6b).
These results demonstrate that the first peak of NФ
influx into the media occurred at 1d post-transplant.

Figure 2 SMC numbers are preserved following cold storage but dramatically lost at 1d post transplant. (a) SMC counts per aortic cross sec-
tion (mean ± SEM) in native C3H aorta, native C3H aorta after 20 min cold ischemia (pre-transplant) and C3H allograft transplanted into a B6 recipient 
at 1d post-transplant; (b) SMC counts per aortic cross section (mean ± SEM) in native C3H aorta and B6 syngeneic graft at 1d post-transplant. n = 4-6 
per time point.
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After 1d post-transplant, there was a drop in NФ num-
bers followed by a second peak at 1wk. When the number
of NФ infiltrating the media over time was compared to
the level of SMC destruction, a clear inverse relationship
was observed (Fig 6b). This data suggests a causative link
between NФ infiltration and SMC loss in the media.

Neutrophil depletion ameliorates SMC loss
Our observation of significant medial NФ influx coupled
with the fact that they could be linked to medial SMC loss
led us to hypothesize that NФ depletion would prevent
SMC loss. B6 recipients were depleted of NФ for 3 con-
secutive days before surgery and daily until harvest at 1d
or 1wk post-transplant. In allograft controls harvested 1d
post-transplant the media was nearly devoid of SMC (Fig
7a). When recipients were depleted of NФ, there were
significantly more medial SMC compared to control (Fig
7b). Similarly, at 1wk post-transplant, at the time of the
second wave of SMC loss in controls (Fig 7c), NФ deple-
tion of recipients ameliorated this SMC loss significantly
(Fig 7d). SMC enumeration at 1d and 1wk post-transplant
(Fig 7e) with or without prior NФ depletion of recipients
confirms the results shown in the representative histolog-
ical images. These data provide strong evidence to sup-

port the hypothesis that NФ contribute significantly to
early medial SMC loss.

Discussion
It is generally accepted that IR injury is a significant event
in the initiation of solid organ transplant rejection
[9,12,25,33]. IR injury induces a robust inflammatory
response [27,34-36] which signals danger and leads to
effective adaptive immune responses [27,34,36]. Necrotic
injury due to ischemic damage also provides a pool of
alloantigen for dendritic cell uptake and presentation to
alloreactive T cells [37]. Prolonged ischemia results in
more robust acute cellular rejection events in experimen-
tal models and clinical studies. Early acute cellular rejec-
tion events have been shown in a variety of studies to be
an independent risk factor for the development of AV
[38-42]. Likewise, studies have demonstrated that
enhanced IR damage results in exacerbated late graft
rejection [12,25,43]. The mechanism(s) by which IR
aggravates AV may be upregulated innate immune
response to the IR-injured graft, direct effects of IR on
acute rejection, direct effects of IR-injury on late adaptive
immune events, or a combination thereof.

Figure 3 Medial SMC numbers follow a biphasic pattern of loss and recovery. SMC counts (mean ± SEM) per aortic cross section at 1d, 2d, 3d, 
5d, 1wk and 2wk post-transplant. n = 4-6 per time point.
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Our results demonstrate the novel finding that there
was a remarkable (> 90%) loss of medial SMC within 1d of
transplantation. This SMC loss did not occur only during
organ storage as evidenced by TEM studies which
revealed preserved medial SMC in aortic grafts prior to
transplantation but after exposure to cold ischemia.

Surprisingly, our study revealed that a second wave of
SMC loss occurred at the 1wk time point. The second
wave of medial SMC loss cannot be directly attributed to
IR injury because the grafts were not subjected to any

additional ischemic insult post-transplantation. Addi-
tionally, this second loss is unlikely to be mediated by T
cells, as we have demonstrated that in the presence of
CNI immunosuppression, T cells first infiltrate the graft
at 4-5wk post-transplant [44]. There was a similar signifi-
cant loss of SMC at 1d post-transplant in syngeneic trans-
plants which highlights the role of innate immunity in
this observed SMC loss. Coincident with SMC loss at 1d
and 1wk post-transplant there were two waves of NФ
influx into the media of allografts. NФ are the ubiquitous

Figure 4 The medial compartment is repopulated with proliferating SMC. Serial sections of C3H allograft transplanted into B6 recipient harvest-
ed at 5d post-transplant (a) H&E; (b) immunohistochemistry for Ki-67; (c) immunohistochemistry for α-actin. Serial sections of C3H allograft transplant-
ed into B6 recipient harvested at 2wk post-transplant (d) H&E; (e) immunohistochemistry for Ki-67; (f) immunohistochemistry for α-actin. Arrow heads 
demarcate the media. Arrows indicate medial SMC.
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Figure 5 The recovering SMC are donor in origin. (a) native B6-GFP aorta showing fluorescing medial SMC; (b) B6-GFP allograft transplanted into 
C3H recipient at 5d post-transplant showing scattered, fluorescing SMC within the media indicating their donor origin; (c) B6-GFP allograft transplant-
ed into C3H recipient at 2wk post-transplant showing well organized, fluorescing SMC within the media. Arrow heads demarcate the media. n = 3-4 
per time point.
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first responders to ischemic injury in either a syngeneic
or an allogeneic milieu. NФ are recruited to transplants
through chemokines secreted by the graft vasculature
[26,28,29]. NФ granules contain numerous proteases and
are capable of generating a variety of reactive oxygen spe-
cies, thus they have been implicated as mediators of dam-
age in models of myocardial infarction and
transplantation [27,45-49] and are potentially responsible
for some of the SMC damage early post transplantation.
When transplant recipients were depleted of NФ, medial
SMC were preserved, suggesting that NФ are responsible
for some of the profound SMC loss we witnessed early
after transplantation.

We have shown that SMC numbers recover with a
biphasic profile, similar to the two waves of SMC loss, at
5d and 2wk post-transplant. In theory SMC recovery
could be due to recipient precursor cells being recruited
to fill the medial compartment. However, given that
medial SMC numbers are at near normal levels by 4wk
post-transplant [24] after which time they fall precipi-
tously as a result of alloreactive CD8+ T cell mediated
killing [50], it seemed more plausible that the early recov-
ering SMC were donor in origin. By using GFP donor
grafts, we established that the recovering SMC were GFP
positive, indicating that they are donor in origin. Addi-
tionally, at the peak times of SMC recovery (5d and 2wk)
α-actin, Ki-67 positive SMC were present in the media,
further confirming that donor SMC which had been

spared in the media were repopulating by proliferation. It
is interesting to note that the SMC recovery in the medial
compartment is donor in origin. This is in stark contrast
to the neointimal lesion which we [51] and others [52]
have shown to be recipient in origin.

Previous studies have implicated ischemic damage to
endothelial cells as a potential initial insult in the devel-
opment of AV [19,20,33,53]. Many of the murine studies
have been viewed in the context of a paradigm where
endothelial events were thought to lead to medial SMC
de-differentiation and migration into the intimal com-
partment to induce the characteristic neointimal lesion of
AV [8,53-55]. Newer evidence has demonstrated two
important elements of this pathological process which
challenge the established paradigm of the primacy of
endothelial-based events in the development of AV. First,
in murine models, the neointimal lesion is predominantly
of recipient, not donor origin [51,52,56-59]. Second, in
murine models, damage to the media appears to be more
important that the endothelium in the induction of the
neointimal lesion in AV [22].

The role of early SMC loss in the eventual development
of AV is unclear. Our data, however, suggest that the
development of AV is considerably more complex than a
simple reaction to SMC loss. For instance, while there is a
direct link between late medial SMC loss (5-8wk) post-
transplant and neointimal lesion formation [24], there is
no neointimal lesion formation after early SMC loss (1d

Figure 6 Neutrophil infiltration is evident in the media of allografts immediately post transplant and inversely correlates with SMC loss. (a) 
C3H allograft transplanted into a B6 recipient harvested at 1d post-transplant showing NФ (indicated by arrows) within the media (demarcated by 
arrowheads); (b) mean medial SMC (red squares) and NФ (black circle) per aortic cross-section were enumerated between 1d and 2wk post-transplant. 
n = 4-6 per time point.

a

b

a

a



King et al. Journal of Cardiothoracic Surgery 2010, 5:52
http://www.cardiothoracicsurgery.org/content/5/1/52

Page 9 of 11
or 1wk) post-transplant. Moreover, depletion of medial
SMC by adaptive immunity late post-transplant (5-8wk)
does not result in medial SMC repopulation. In contrast,
there is proliferation and repopulation of donor SMC in
the media which occurs early post-transplant (1d and
1wk).

These experiments were performed using CNI inhibi-
tion, the mainstay of immunosuppressive therapy post-
cardiac transplant. In the clinical situation patients

receive combination therapy. The impact of these addi-
tional therapies, particularly anti-proliferative therapies
on SMC recovery is unknown, but of significant clinical
relevance.

Conclusion
While there is no debate that the endothelium is injured
by IR and plays a role in the development of AV, emerging
evidence also suggests a significant role for the medial

Figure 7 Neutrophils mediate SMC loss. (a) C3H allograft transplanted into a B6 recipient harvested at 1d post-transplant with dramatic loss of SMC; 
(b) C3H allograft transplanted into NФ depleted B6 recipient at 1d post-transplant showing partial preservation of medial SMC; (c) C3H allograft trans-
planted into B6 recipient at 1wk post-transplant exhibits significant SMC loss; (d) C3H allograft transplanted into NФ depleted B6 recipient at 1wk post-
transplant with SMC present in the media; (e) mean ± SEM medial SMC counts for untreated control and NФ depleted recipients at 1d and 1wk post-
transplant. Arrow heads demarcate the media. Arrows indicate medial SMC. n = 3-6 per time point.
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SMC in this pathophysiology. We have shown, for the
first time, early devastation of the medial compartment as
a result of IR and subsequent transplantation. We have
also shown that the innate immune system (NФ) is par-
tially responsible for the early medial SMC loss in our
allograft model. The interaction of the innate immune
system and subsequent adaptive immune systems in the
development of AV remains to be elucidated.

List of abbreviations
AV: allograft vasculopathy; CNI: calcineurin inhibition;
CyA: Cyclosporine A; IL: interleukin; IR: ischemia reper-
fusion; NФ: neutrophil; SMC: smooth muscle cell; TEM:
transmission electron microscopy; TNF: tumour necrosis
factor.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
CK carried out all experimental procedures with the exception of the trans-
plants, participated in research design and helped to draft the manuscript. JD
participated in the design of the study, performed all allograft harvests and
helped draft the manuscript. TL and CHF conceived of the study, participated
in its design and helped draft the manuscript. All authors have read and
approved the final manuscript.

Acknowledgements
The authors would like to thank Brenda Ross for diligently performing all of the 
intricate aortic interposition transplants.
This work was funded by Dalhousie University's Clinical Scholar Award. The 
funding body had no role in the design, collection, analysis or writing of this 
manuscript.

Author Details
1Department of Pathology, 5850 College St, Dalhousie University, Halifax, NS, 
B3H 1X5, Canada, 2Department of Microbiology & Immunology, 5850 College 
St, Dalhousie University, Halifax, NS, B3H 1X5, Canada and 3Department of 
Surgery, 5850 College St, Dalhousie University, Halifax, NS, B3H 1X5, Canada

References
1. Koerner MM, Durand JB, Lafuente JA, Noon GP, Torre-Amione G: Cardiac 

transplantation: the final therapeutic option for the treatment of heart 
failure.  Current Opinion in Cardiology 2000, 15:178-182.

2. Hertz MI, Aurora P, Christie JD, Dobbels F, Edwards LB, Kirk R, et al.: 
Registry of the international society for heart and lung transplantation: 
A quarter century of thoracic transplantation.  Journal of Heart and Lung 
Transplantation 2008, 27:937-942.

3. Hertz MI, Taylor DO, Trulock EP, Boucek MM, Mohacsi PJ, Edwards LB, et al.: 
The registry of the International Society for Heart and Lung 
Transplantation: Nineteenth official report-2002.  Journal of Heart and 
Lung Transplantation 2002, 21:950-970.

4. Hosenpud JD, Bennett LE, Keck BM, Boucek MM, Novick RJ: The Registry 
of the International Society for Heart and Lung Transplantation: 
Eighteenth official report-2001.  Journal of Heart and Lung 
Transplantation 2001, 20:805-815.

5. Taylor DO, Stehlik J, Edwards LB, Aurora P, Christie JD, Dobbels F, et al.: 
Registry of the International Society for Heart and Lung 
Transplantation: Twenty-sixth Official Adult Heart Transplant Report-
2009.  Journal of Heart and Lung Transplantation 2009, 28:1007-1022.

6. Segovia J, Gomez-Bueno M, Alonso-Pulpon L: Treatment of allograft 
vasculopathy in heart transplantation.  Expert Opinion in 
Pharmacotherapeutics 2006, 7:2369-2383.

7. Taylor D, Edwards L, Boucek M, Trulock E, Deng M, Keck B, et al.: Registry of 
the International Soceity for heart and lung transplantation: Twenty-
second official adult heart transplant report-2005.  Journal of Heart and 
Lung Transplantation 2005, 24:945-955.

8. Mitchell R, Libby P: Vascular remodeling in transplant vasculopathy.  
Circulation Research 2007, 100:967-978.

9. Libby P, Pober JS: Chronic rejection.  Immunity 2001, 14:387-397.
10. Schmauss D, Weis M: Cardiac allograft vasculopathy: recent 

developments.  Circulation 2008, 117:2131-2141.
11. Wanders A, Akyurek ML, Waltenberger J, Ren ZP, Stafberg C, Funa K, et al.: 

Ischemia-Induced Transplant Arteriosclerosis in the Rat.  Arteriosclerosis 
Thrombosis and Vascular Biology 1995, 15:145-155.

12. Tanaka M, Mokhtari G, Terry R, Gunawan F, Baslsam L, Hoyt G, et al.: 
Prolonged cold ischemia in rat cardiac allografts promotes ischemia-
reperfusion injury and the development of graft coronary artery 
disease in a linear fashion.  Journal of Heart and Lung Transplantation 
2005, 24:1906-1914.

13. Masetti P, DiSesa V, Schoen F: Ischemic injury before transplantation 
does not cause coronary angiopathy in experimental isografts.  Journal 
of Heart and Lung Transplantation 1991, 10:597.

14. Vessie EL, Hirsch GM, Lee TDG: Aortic allograft vasculopathy is mediated 
by CD8(+) T cells in Cyclosporin A immunosuppressed mice.  Transplant 
Immunology 2005, 15:35-44.

15. Russell PS, Chase CM, Colvin RB: Alloantibody- and T cell-mediated 
immunity in the pathogenesis of transplant arteriosclerosis - Lack of 
progression to sclerotic lesions in B cell-deficient mice.  Transplantation 
1997, 64:1531-1536.

16. Gareau A, Hirsch GM, Lee TD, Nashan B: Contribution of B cells and 
antibody to cardiac allograft vasculopathy.  Transplantation 2009, 
88:470-477.

17. Walker WE, Goldstein DR: Toll-like receptor pathways and innate 
responses to allografts.  Current Opinion in Organ Transplantation 2007, 
12:5-9.

18. Millington TM, Madsen JC: Innate immunity in heart transplantation.  
Current Opinion in Organ Transplantation 2009, 14:571-576.

19. Krupnick AS, Kreisel D, Popma SH, Balsara KR, Szeto WY, Krasinskas AM, et 
al.: Mechanism of T cell-mediated endothelial apoptosis.  
Transplantation 2002, 74:871-876.

20. Choy JC, Cruz RP, Kerjner A, Geisbrecht J, Sawchuk T, Fraser SA, et al.: 
Granzyme B induces endothelial cell apoptosis and contributes to the 
development of transplant vascular disease.  American Journal of 
Transplantation 2005, 5:494-499.

21. Rahamani M, Cruz R, Granvile D, McManus B: Allograft vasculopathy 
versus atherosclerosis.  Circulation Research 2006, 99:801-815.

22. Currie M, Zaki AM, Nejat S, Hirsch GM, Lee TD: Immunologic targets in 
the etiology of allograft vasculopathy: endothelium versus media.  
Transplant Immunology 2008, 19:120-126.

23. Reidy M: Factors controlling smooth-muscle cell proliferation.  Archives 
of Pathology and Laboratory Medicine 1992, 116:1276-1280.

24. Nejat S, Zaki A, Hirsch G, Lee T: CD8+ T cells mediate aortic allograft 
vasculopathy under conditions of calcineurin immunosuppression: 
Role of IFN-gamma and CTL mediators.  Transplant Imunology 2008, 
19:103-11.

25. Gaudin PB, Rayburn BK, Hutchins GM, Kasper EK, Baughman KL, Goodman 
SN, et al.: Peritransplant injury to the myocardium associated with the 
development of accelerated arteriosclerosis in heart transplant 
recipients.  American Journal of Surgical Pathology 1994, 18:338-346.

26. El-Sawy T, Fahmy NM, Fairchild RL: Chemokines: directing leukocyte 
infiltration into allografts.  Current Opinion in Immunology 2002, 
14:562-568.

27. El-Sawy T, Miura M, Fairchild R: Early T cell response to allografts 
occuring prior to alloantigen priming up-regulates innate-mediated 
inflammation and graft necrosis.  American Journal of Pathology 2004, 
165:147-157.

28. Morita K, Miura M, Paolone DR, Engeman TM, Kapoor A, Remick DG, et al.: 
Early chemokine cascades in murine cardiac grafts regulate T cell 
recruitment and progression of acute allograft rejection.  Journal of 
Immunology 2001, 167:2979-2984.

29. Araki M, Fahmy N, Zhou LM, Kumon H, Krishnamurthi V, Goldfarb D, et al.: 
Expression of IL-8 during reperfusion of renal allografts is dependent 
on ischemic time.  Transplantation 2006, 81:783-788.

Received: 26 March 2010 Accepted: 22 June 2010 
Published: 22 June 2010
This article is available from: http://www.cardiothoracicsurgery.org/content/5/1/52© 2010 King et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Journal of Cardiothoracic Surgery 2010, 5:52

http://www.cardiothoracicsurgery.org/content/5/1/52
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10952425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17431198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11336684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18427143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16223671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9415552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19696629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19542889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12364869
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15707403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17038650
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18503887
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8141428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12183154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15215170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16534483


King et al. Journal of Cardiothoracic Surgery 2010, 5:52
http://www.cardiothoracicsurgery.org/content/5/1/52

Page 11 of 11
30. Koulack J, Mcalister VC, Giacomantonio CA, Bittersuermann H, Macdonald 
AS, Lee TDG: Development of A Mouse Aortic Transplant Model of 
Chronic Rejection.  Microsurgery 1995, 16:110-113.

31. Gao XP, Liu QH, Broman M, Predescu D, Frey RS, Malik AB: Inactivation of 
CD11b in a mouse transgenic model protects against sepsis-induced 
lung PMN infiltration and vascular injury.  Physiological Genomics 2005, 
21:230-242.

32. Jaeschke H, Smith CW: Mechanisms of neutrophil-induced 
parenchymal cell injury.  Journal of Leukocyte Biology 1997, 61:647-653.

33. Rahmani M, Cruz RP, Granville DJ, McManus BM: Allograft vasculopathy 
versus atherosclerosis.  Circulation Research 2006, 99:801-815.

34. Boros P, Bromberg JS: New cellular and molecular immune pathways in 
ischemia/reperfusion injury.  American Journal of Transplantation 2006, 
6:652-658.

35. Linfert D, Chowdrym T, Rabbm H: Lymphocytes and ischemia-
reperfusion injury.  Transplantation Reviews 2009, 23:1-10.

36. Huang Y, Rabb H, Womer KL: Ischemia-reperfusion and immediate T cell 
responses.  Cellular Immunology 2007, 248:4-11.

37. Larsen C, Morris P, Austyn J: Migration of Dendritic leukocytes from 
cardiac allografts into host spleens.  Journal of Experimental Medicine 
1990, 171:307-314.

38. Raichlin E, Bae JH, Kushwaha SS, Lennon RJ, Prasad A, Rihal CS, et al.: 
Inflammatory burden of cardiac allograft coronary atherosclerotic 
plaque is associated with early recurrent cellular rejection and predicts 
a higher risk of vasculopathy progression.  Journal of the American 
College of Cardiology 2009, 53:1279-1286.

39. Caforio AL, Tona F, Fortina AB, Angelini A, Piaserico S, Gambino A, et al.: 
Immune and nonimmune predictors of cardiac allograft vasculopathy 
onset and severity: multivariate risk factor analysis and role of 
immunosuppression.  American Journal of Transplantation 2004, 
4:962-970.

40. Raichlin E, Edwards BS, Kremers WK, Clavell AL, Rodeheffer RJ, Frantz RP, et 
al.: Acute cellular rejection and the subsequent development of 
allograft vasculopathy after cardiac transplantation.  Journal of Heart 
and Lung Transplantation 2009, 28:320-327.

41. Stoica SC, Cafferty F, Pauriah M, Taylor CJ, Sharples LD, Wallwork J, et al.: 
The cumulative effect of acute rejection on development of cardiac 
allograft vasculopathy.  Journal of Heart and Lung Transplantation 2006, 
25:420-425.

42. Mehra MR, Ventura HO, Chambers R, Collins TJ, Ramee SR, Kates MA, et al.: 
Predictive model to assess risk for cardiac allograft vasculopathy: an 
intravascular ultrasound study.  Journal of the American College of 
Cardiology 1995, 26:1537-1544.

43. Knight R, Dikman S, Liu H, Martinelli G: Cold ischemic injury accelerates 
the progression to chronic rejection in a rat cardiac allograft model.  
Transplantation 1997, 64:1102-1107.

44. Hart-Matyas M, Nejat S, Jordan JL, Hirsch GM, Lee TDG: IFN-gamma and 
Fas/FasL pathways cooperate to induce medial cell loss and neointimal 
lesion formation in allograft vasculopathy.  Transplant Immunology 
2010, 22:157-164.

45. Jordan JE, Zhao ZQ, Vinten-Johansen J: The role of neutrophils in 
myocardial ischemia-reperfusion injury.  Cardiovascular Research 1999, 
43:860-878.

46. El-Sawy T, Belperio JA, Strieter RM, Remick DG, Fairchild RL: Inhibition of 
polymorphonuclear leukocyte-mediated graft damage synergizes 
with short-term costimulatory blockade to prevent cardiac allograft 
rejection.  Circulation 2005, 112:320-331.

47. Miura M, El-Sawy T, Fairchild RL: Neutrophils mediate parenchymal 
tissue necrosis and accelerate the rejection of complete major 
histocompatibility complex-disparate cardiac allografts in the absence 
of interferon-gamma.  American Journal of Pathology 2003, 162:509-519.

48. Jaeschke H, Smith CW: Mechanisms of neutrophil-induced 
parenchymal cell injury.  Journal of Leukocyte Biology 1997, 61:647-653.

49. Jaeschke H, Farhood A, Smith CW: Neutrophils contribute to ischemia/
reperfusion injury in rat liver in vivo.  The FASEB journal: official 
publication of the Federation of American Societies for Experimental Biology 
1990, 4:3355-3359.

50. Legare JF, Issekutz T, Lee TD, Hirsch G: CD8+ T lymphocytes mediate 
destruction of the vascular media in a model of chronic rejection.  
American Journal of Pathology 2000, 157:859-865.

51. Zaki AM, Hirsch GM, Lee TD: Contribution of pre-existing vascular 
disease to allograft vasculopathy in a murine model.  Transpl Immunol 
2009, 22:93-98.

52. Shimizu K, Sugiyama S, Aikawa M, Fukumoto Y, Rabkin E, Libby P, et al.: 
Host bone-marrow cells are a source of donor intimal smooth-muscle-
like cells in murine aortic transplant arteriopathy.  Nature Medicine 2001, 
7:738-741.

53. Skaro A, Liwski R, Johnson P, Legare J, Lee T, Hirsch G: Donor versus 
Recipient: Neointimal Cell Origin in Allograft Vascular Disease.  Graft 
2002, 5:390-398.

54. Ramzy D, Rao V, Brahm J, Miriuka S, Delgado D, Ross H: Cardiac allograft 
vasculopathy: a review.  Canadian Journal of Surgery 2005, 48:319-327.

55. Mitchell RN: Allograft arteriopathy: pathogenesis update.  
Cardiovascular Pathology 2004, 13:33-40.

56. Saiura A, Sata M, Hirata Y, Nagai R, Makuuchi M: Circulating smooth 
muscle progenitor cells contribute to atherosclerosis.  Nature Medicine 
2001, 7:382-383.

57. Hillebrands JL, van den Hurk BMH, Klatter FA, Popa ER, Nieuwenhuis P, 
Rozing J: Recipient origin of neointimal vascular smooth muscle cells in 
cardiac allografts with transplant arteriosclerosis.  Journal of Heart and 
Lung Transplantation 2000, 19:1183-1192.

58. Li J, Han XZ, Jiang JF, Zhong R, Williams GM, Pickering JG, et al.: Vascular 
smooth muscle cells of recipient origin mediate intimal expansion 
after aortic allotransplantation in mice.  American Journal of Pathology 
2001, 158:1943-1947.

59. Johnson P, Carpenter M, Hirsch G, Lee T: Recipient cells form the intimal 
proliferative lesion in the rat aortic model of allograft arteriosclerosis.  
American Journal of Transplantation 2002, 2:207-214.

doi: 10.1186/1749-8090-5-52
Cite this article as: King et al., Neutrophil mediated smooth muscle cell loss 
precedes allograft vasculopathy Journal of Cardiothoracic Surgery 2010, 5:52

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7783601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9201255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17038650
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16539620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19027612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17942086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2404081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19358941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15147431
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7594082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9355823
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19895889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10615413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15998678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12547709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9201255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2253850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10980125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19632325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11385513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14761783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11283635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11395369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12096782

	Abstract
	Background:
	Methods:
	Results:
	Conclusions:

	Background
	Methods
	Animals
	Aortic Interposition Graft
	Immunosuppression
	Neutrophil depletion
	Histology
	Transmission Electron Microscopy (TEM)
	Immunohistochemistry
	Statistics

	Results
	Medial SMC are lost immediately post-transplantation
	Medial SMC repopulation of aortic grafts
	Recovering SMC are donor in origin
	Neutrophils infiltrate the media of allografts
	Neutrophil depletion ameliorates SMC loss

	Discussion
	Conclusion
	List of abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	Author Details
	References

