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Abstract

Cell therapy is a promising strategy for treatisghiaemic chronic heart failure.
However, its therapeutic efficacy has not beenyfdstablished. In addition,
arrhythmia occurrence is a concern of this treatmenthis work, therapeutic
benefits, arrhythmogenicity and underlying mechamsis which were
hypothesised to be modulated by cell-delivery routto the heart, were

investigated with the aim of optimising cell theyap

Injection of either skeletal myoblasts or mononacleone marrow cells into the
rat ischaemic chronically failing heastia either direct intramyocardial or
retrograde intracoronary route similarly improvedthb cardiac function and
physical activity over the 84 days analysed. Swalvof the grafted cells in the
myocardium was extremely poor and trans-differéiatiaor fusion of the grafted
cells into cardiomyocytes or vessels were onlylyaigentified via either cell-

delivery route. Therefore, paracrine effects inglgd increased neovascular
formation and attenuated fibrosis in the myocardiuere considered to play an

important role in the therapeutic benefits of tedirapy using either cell-type.

Of note, direct intramyocardial injection of eitheell-type, but not retrograde
intracoronary injection, produced spontaneous varar arrhythmias including

ventricular tachycardia in the early periods foliogv cell injection. Local

heterogeneity in the myocardium induced by clustérgrafted cells, which also
involved inflammatory response, was consideredet@ lzause of the arrhythmias
following intramyocardial cell injection. In consg in the late periods, injection
of skeletal myoblastsia either route, but not mononuclear bone marrowscell
caused latent ventricular tachycardia possuyregression of connexin43 in the

native myocardium.

Efficiency of engraftment of mononuclear bone maricells in the myocardium
following intracoronary injection was very poor the normal heart, but was
enhanced by induction of ischaemia-reperfusionrgaeell injection. Most of the
enhanced cell-engraftment was dependent on P-seteetliated cellular

interaction between donor cells and endothelium.
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CHAPTER 1: BACKGROUND

1.1 Chronic Heart failure

1.1.1 Epidemiology of chronic heart failure (HF)

Chronic heart failure (HF) is a major cause of handsability and death, with
the annual mortality rate of 30-40% in patientsdwahd-stage HF (LIoyd-Jones et
al., 2002; Thom et al., 2006). HF is clinically mefidby its signs (i.e., peripheral
oedema, increased heart sa@ed a third heart sound) and symptoms (i.e.,
shortness of breatfatigue, orthopnea and paroxysmal nocturnal dysgh(gerk

et al., 2007). Chronic HF is progressive in accoogawith the pathological

cellular and molecular alterations within the mymitam (Colucci, 1997).

1.1.2 Aetiology of HF and pathogenesis of post-MI chronic HF

While idiopathic dilated cardiomyopathy, valvuladnt disease and hypertensive
heart disease can cause chronic HF, a common lootarito the development of
chronic HF is currently myocardial infarction (MIfhom et al., 2006). Therefore,

post-MI chronic HF was studied in this thesis.

As a consequence of progressive atherosclerotiogehan coronary arteries and

subsequent MlI, the heart becomes unable to meduticional demands placed
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upon it. Sustained work-overloagentually leads to contractile dysfunction and

HFthrough a variety of mechanisms as follows (Frey @ison, 2003).

1.1.2.1Loss of cardiomyocytes

MI causes a rapid death of cardiomyocytes both necrosis and apoptosis.
Decreased number of functional cardiomyocytes ty@orrelates with reduction

in global contractility of the heart. In additiompoptosis of cardiomyocytes
following MI progressively occurs for a long timellbwing the ischaemic event

and correlates with development of chronic HF (Sarat al., 1999).

1.1.2.2Alterations in cardiomyocytes

Surviving cardiomyocytes following MI alter theirrgperties and functions
adaptively in response to increased workload inirtiteal stage of HF. However,
sustained excessive workload following MI inducesaladaptive cellular
alterations in cardiomyocytes including pathologibgpertrophy. Pathological
hypertrophy of cardiomyocytes, which is a commatdee of failingnyocardium

in the chronic phase, has been shown to correldtecalcium mishandling and

increase in reactive oxygen species (ROS) (Lis.e2003).

It has been shown that (a) reduced sarcoplasaticulum (SR) C&-ATPase

function, (b) increased expression and functiorNaf- C&* exchanger and (c)
enhanced diastolic SR Edeak lead to reduction in &atransient and content in
SR, causing contractile dysfunction (Ai et al., 20Bers et al., 2006). In addition,
increase of ROS in cardiomyocytes and/or endotheéls has been shown to

cause cellular damage (Ferrari et al.,, 2004), thoutgis unclear whether

21



production is increased or degradation is reduBeth calcium mishandling and
increase in ROS eventually lead to cellular dysfimmc and apoptosis of

cardiomyocytes.

Cellular interaction among the cardiomyocytes sakported to be impaired in
chronic HF. It has been suggested that connexid®&xyhich is a major gap-
junction protein of ventricular cardiomyocytes,dswn-regulated in chronic HF
(Teunissen et al., 2004; Severs et al., 2004a)s€mrently, conduction velocity

is reduced and, eventually, global contractile fiorcis deteriorated.

1.1.2.3Change in extracellular matrix

Extracellular matrix (ECM) is an important compohemretain cardiac geometry
and stiffness. Sustained wall stress following Midulates both the synthesis and
degradation of collagens, leading to collagen acdation (fibrosis) in the
extracellular space of the entire ventricular wdlerk et al., 2007). While
transforming growth factor (TGB)is known to be one of the key inducers of
collagen synthesis (Lijnen et al., 2000), degrashatof ECM is regulated by
matrix metalloproteinase (MMP) and its endogenaumsbitor, tissue inhibitor of

matrix metalloproteinase (TIMP) (Creemers et QD).

Balanced expression of these proteins in the nomyalcardium is reported to be
impaired by a variety of factors which are relatedHF, including hypoxia
(Falanga et al., 2002), growth factors and promftaatory cytokines (Bergman et

al., 2003). Fibrosis in the ventricle, in turn, rdigts the coordinatiorof
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myocardial excitation-contraction coupling, consamjly developing contractile

dysfunction of the heart (Severs et al., 2004b).

Furthermore, increased fibrosis in the ventricleates re-entrant circuit and
produces ventricular tachycardia (VT), which is arfethe leading causes of
mortality in post-MI chronic HF (Peters et al., 99 In addition, down-—
regulation of Cx43 in the ventricle was also repdrto be correlated with the risk

of VT (Severs et al., 2004b).

1.1.2.4lmpaired myocardial blood flow

Reduced coronary blood flow due to myocardial ischia is known to cause
hibernating myocardium, which is a state of peesistmyocardial and left
ventricular ischaemia that can be partially or ctatgly restored to normal by

myocardial revascularisation (Rahimtoola, 1993).

Myocardial hibernation by impaired myocardial blofiow has been shown to
impair properties of cardiomyocytes, such as Idssaccomeres, accumulation of
glycogen, adaptations in size and shape of mitadh@reorganisation of nuclear
chromatin and depletion of SR, consequently leadingysfunction of cellular
contractile properties (Ausma et al., 1995; Elsagteal., 1997). While such
alterations in cellular properties might be recedeby increasing blood flow in
the early stage, it has been suggested that pmredbingoernation exacerbates
cellular alterations of cardiomyocytes in the ising& area, leading to permanent

dysfunction of the myocardium (Schwarz et al., 1998
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1.1.3 Current therapy for end-stage HF

Current therapies for HF consist of pharmacologiaatl surgical approaches
(McMurray and Pfeffer, 2005). Although angiotensonverting enzyme (ACE)-
inhibitor (1987; 1991; 1993-blockers (Waagstein et al., 1993; Poole-Wilson et
al., 2003) and digitalis-type compounds (The Digtinvestigation Group, 1997)
are proved to have therapeutic benefits for HF,gdherapy appears to be
insufficient for end-stage HF (Rose et al., 20Qppn which a surgical approach

has been focused on.

Heart transplantation is the most effective thergyend-stage chronic HF, but
the benefits of heart transplantation are limitgcakbmajor global donor shortage,
high-cost and immunosuppression-related complinatiPepper et al., 1995).
Instead, the use of mechanical implantable leftn@arar assist devises (LVAD)
is being explored as a bridge to transplantati@stidation therapy and bridge to
recovery. Rose et al reported therapeutic benefitt VAD implantation as a

destination therapy for end-stage HF, comparedptonal medical management
(Rose et al., 2001). Birks et al recently reportedt LVAD implantation in

combination with a specific pharmacologic regimeaswuseful in sustained

reversal of end-stage HF (Birks et al., 2006).
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1.2 Cell therapy for treating post-MI chronic HF

Cell therapy for heart disease, which is definedelkinjection into the heart, is
an emerging strategy for treating post-MI chroniE Kracoub et al., 2006).
Experimental studies have suggested that cell plyeiraproves cardiac function
not only via direct effects such as trans-differentiation of thgcted cells
(Tomita et al., 1999; Orlic et al., 2001), but alsp secreting proinflammatory
cytokines, angiogenic factors and/or growth fact@amihata et al., 2001;

Murtuza et al., 2004).

This promising experimental evidence has encourathed start of clinical
application of cell therapy for treating both acl# (Assmus et al., 2002a;
Strauer et al., 2002) and post-MI chronic HF (Hamanhal., 2001; Menasche et

al., 2001).

1.2.1 Clinical outcomes of cell therapy for post-MI chronic HF

Phase-I clinical studies of cell therapy for podt-d¥ironic HF have been started
using both autologous skeletal myoblasts (SMB) lamde marrow cells (BMC),
while only one randomised study was carried out@Mast Autologous Grafting
in Ischemic Cardiomyopathy [MAGIC] study; Americhieart Association 2006).
Of note, coronary artery bypass grafting (CABG)LMAD implantation was
concomitantly carried out with cell therapy in obial studies using either SMB
(Menasche et al., 2001; Pagani et al., 2003; Hasret al., 2003; Siminiak et al.,

2004) or BMC (Hamano et al., 2001; Stamm et al03}0
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1.2.1.1 Outcome of clinical trials using SMB for post-MIrchic HF

Most of the phase-I clinical studies of SMB injectifor post-MI chronic HF to
date have shown promising results in cardiac fonctiable 1.1). Whilst the study
by Biagini et al showed no improvement in left wentlar ejection fraction
(LVEF) following the treatment, they described tlsagnificant improvement in
LVEF was observed under dobutamine-induced stseggjesting the therapeutic

benefits of this treatment (Biagini et al., 2006).

However, the therapeutic benefits seen in the adinstudies, most of which
showed less than 10% improvement in LVEF, are sosubstantial as those in
experimental studies which have consistently showedre than 10%

improvement in LVEF (Ghostine et al., 2002). Moregvthe first randomised
placebo-controlled trial (MAGIC study) was stoppatdthe time when the Data
Safety Monitoring Board concluded that it was ualikto show any benefits after
only 97 of the 300 initially planned patients wereated (American Heart

Association 2006) (Jolicoeur et al., 2007).

Of note, occurrence of VT has been repeatedly tegdollowing SMB injection
(Hagege et al., 2006; Biagini et al., 2006; Dilalet 2005b; Siminiak et al., 2005;
Siminiak et al., 2004), while MAGIC trial suggest#tat this risk may not be

troublesome (American Heart Association 2006).

Such inconsistency in the therapeutic outcomesebfticerapy in clinical studies
to date might be due to the inconsistent protoasksd. The protocol for SMB

injection for post-MI chronic HF has not been eBsliled in clinical studies. They
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used a variety of SMB-injection methods includinfjedent cell numbers injected
or cell-delivery routes. In addition, quality ofetidonor cells might be inconsistent
due to a different protocol in collection and cuttwof SMB. Therefore, it is a
requisite to optimise the protocol to obtain cotesis therapeutic benefits of cell

therapy using SMB.
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1.2.1.2  Outcome of clinical trials using BMC for post-Mironic HF

The therapeutic effects of BMC injection for post-thronic HF appeared to be
less than those of SMB injection (table 1.2). Sixdges out of 15 described no
significant improvement in LVEF following BMC injgéon (Hendrikx et al.,
2006; Blatt et al., 2005; Kuethe et al., 2005; ®&i, 2004, Fuchs et al., 2003;

Tse et al., 2003).

The inconsistent therapeutic outcomes following BMfection for post-Ml
chronic HF might also be due to inconsistent proi®ased. The intracoronary
(IC) route was used for cell-delivery in 5 studoeg of 15 and the other 10 studies
injected BMCvia the direct intramyocardial (IM) route, though Ethas been
studied about difference in the therapeutic outwifecell therapy between the
IC and IM injections in post-MI chronic HF. In at¢idn, the cell number injected
is greatly different between the studies. Therefdres required to optimise the

protocol for cell therapy using BMC.
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1.2.2 Clinical outcomes of cell therapy for acute HF

Cell therapy has also been studied for treatingeaddl in experimental and
clinical settings. While the main work of this tieestudied post-MI chronic HF as
a target of cell therapy, evidence from the ce#iréipy research for acute Ml

would provide important implications for cell thpsafor post-MI chronic HF

Experimental research has shown that injectiontbéeSMB (Murry et al., 1996;
Taylor et al., 1998; Scorsin et al., 2000; Suzuldle 2001a) or BMC (Orlic et al.,
2001; Yoon et al., 2005b; Tomita et al., 1999) iayas cardiac function and
perfusion of the heart with acute MI. Phase-I clahistudies of this strategy using
BMC showed promising results in feasibility, safetyd therapeutic efficacy of
the treatment, in which autologous BMC was injectafter successful
recanalisation for acute Ml (Assmus et al., 200R¢4rnandez-Aviles et al., 2004;
Schachinger et al., 2004; Wollert et al., 2004)cdntrast, clinical studies of SMB

injection for acute MI have not been carried oudatbe.

Of note, recent randomised clinical trials of ¢bkrapy treating acute MI did not
show as substantial therapeutic effects as expeetapt for an open labelled
study by Chen et al (Lunde et al., 2006; Schachiegel., 2006; Meyer et al.,
2006; Janssens et al., 2006; Chen et al., 200dle(ia3). Meyer et al suggested
that the therapeutic effects of cell therapy midjet transient, as significant
improvement of LVEF observed at 6 months after tedrapy disappeared at 18

months (Meyer et al., 2006).
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Importantly, cell injection protocol, including ¢¢ype, cell number injected and
cell injection timing was different among thesedsts. Lunde et al injected
68x10 cells, which was only 3% of those Meyer et al ¢tgel and only 0.2% of
those Chen et al injected (Lunde et al., 2006; Meateal., 2006; Chen et al.,
2004). While 4 studies injected non-cultured morodear BMC within 7 days
after successful percutaneous coronary intervenii®R@l) (Lunde et al., 2006;
Schachinger et al., 2006; Meyer et al., 2006; Jrset al.,, 2006), Chen et al
injected cultured mesenchymal BMC 18 days after {&Dien et al., 2004). As a
result, 3 studies out of 5 reported less than 5@ravement in LVEF following

cell therapy (Lunde et al., 2006; Schachinger .e28l06; Janssens et al., 2006).

While the protocol by Chen et al (Chen et al., 20fgpears to be most promising
to date, further studies will be required to verihe therapeutic effects of cell

therapy for treating acute Ml (Nadal-Ginard andteys2007).
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1.2.3 Raised issuesfrom clinical studies

Thus, there are concerns relating to the degrealarability of improved cardiac
function and the incidence of ventricular arrhythsiafter injection of either
SMB or BMC into the myocardium after MI, even thbugost of these clinical
studies showed modest improvement in cardiac fan&nd perfusion (Yacoub et
al., 2006). In addition, there are other issuesciwhneed to be addressed,
including choice of donor cell-type and cell-dehyeoute. All this information is
essential to determine the optimal condition fdt tteerapy which provides the

maximum therapeutic benefits with the least conapians.
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1.3 Choice of donor cell-type

Although experimental research has shown that ietyanf donor cell-types are
able to improve cardiac function of damaged myacand the optimal donor cell

type for cell therapy treating HF is not known.

1.3.1 Embryonic stem (ES) cells

The use of embryonic stem (ES) cell is the mosinsing approach to regenerate
the damaged heart, because of the unique featfitbes®e cells, which include
self-renewal and differentiation to any types ofiscéencluding cardiomyocytes.
ES cells are pluripotent cell lines derived frore thner cell mass and epiblast of
embryos without the use of immortalising or tramsfing agents (Evans and
Kaufman, 1981; Smith, 2001). These cells are mametain an undifferentiated
state in culture whilst retaining their indefinid&ferentiation potential and also

exhibit a stable karyotype (Evans and Kaufman, 1981

It has been reported that cardiomyogenic diffeegiatin of ES cells occun vivo,
which are enhanced by growth factors including B@F fibroblast growth factor
(FGF) (Behfar et al., 2002; Kofidis et al., 2008g et al suggested that human ES
cells can differentiate into multiple types of dardyocytes with atrial-,
ventricular-, and pacemaker-like action potentiasvitro (He et al., 2003).
Moreover, Menard et al reported that injection afdtac-committed ES cells (by

culturing the cells for 36 hours in 7.5% foetal b@m/serum, leukaemia inhibitory
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factor 1,000 U/L, and 2.hg/L bone morphogenetic protein 2) into the infadcte

sheep heart improved systolic cardiac function (Mdret al., 2005).

However, clinical use of ES cells for treating HFseriously hampered by many
hurdles, which include the risk of tumourgenicithe use of xenogenic feeder
cells for many of the currently available cell knand the incomplete knowledge
of the genes and transcriptional factors to regutdifferentiation (Lees et al.,
2007). Thus, grafted ES cells in the myocardium hnhigot consistently
differentiate into mature cardiomyocytes and/or ahdlial cells which have
functional intercellular connections with the nativcardiomyocytes and/or
endothelium, but differentiate into unwanted tissugeor et al., 2007). In
addition, there is a concern about the immunoldgimeompatibility that might
exist between the host and grafted cells (Kell@Q3). Finally, there are ethical
concerns regarding the use of ES cells and othéryayderived cells for both

experimental and clinical studies at the moment.

Therefore, the most practical source is curremtdynf adult progenitor cells which
are autologous and include bone marrow-deriveaulgdting or organ-specific

progenitor cells from skeletal muscle or the haaelf (Dimmeler et al., 2005).

1.3.2 Skeletal myoblasts (SMB)

SMB were the first cell-type used in the clinicaldy of cell therapy (Menasche
et al., 2001). SMB have several advantages as tmordcell-type treating
ischaemic HF in clinical settings. Firstly, SMB cha isolated in an autologous

manner and expanded rapidly to obtain sufficieditragmber injected into the
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heart. Secondly, there is little risk of tumourgéy. Finally, SMB have a high

resistance to ischaemia (Beauchamp et al., 1999b).

However, cardiomyogenic differentiation of the g¢geaf SMB and formation of
intercellular connections between the grafted SMB e native cardiomyocytes
have not been clarified in either experimental (lReke et al., 2002) or clinical
studies, whereas grafted autologous SMB have bbewrsto survive in the
native myocardium in the clinical studies (Scorsiral., 2000; Dib et al., 2002;
Dib et al., 2005a). In addition, paracrine effezttshe grafted SMB have not been
fully studied in post-MI chronic HF, though graft&MB in acute MI-heart were
reported to secrete mediators such as inflammatgigkines, growth factors or
anti-apoptotic factors to modulate the native mydcan (Murtuza et al., 2004;

Suzuki et al., 2001a; Niagara et al., 2007).

In clinical studies, injection of SMB has been shotw provide the therapeutic
benefits in post-MI chronic HF, such as improvementardiac function and
perfusion (Menasche et al., 2003; Pagani et aQ328mits et al., 2003; Herreros
et al., 2003; Zhang et al., 2003; Siminiak et2004; Ince et al., 2004; Chachques
et al.,, 2004; Siminiak et al., 2005), while thesedgs were not randomised,
placebo-controlled or double-blinded. The phaselifical trials named MAGIC
study, which was a multi-centre, placebo-controllédal, has recently
discontinued to include patients due to insuffitidanctional improvement
obtained (American Heart Association, 2006). Initold, the occurrence of VT is
a concern of SMB injection as a serious complicaifdlenasche et al., 2003;

Pagani et al., 2003; Siminiak et al., 2004).
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For the successful application of SMB injection ticgating HF to clinical settings,
it would be essential to clarify the fundamentahdgour of the grafted SMB in
the myocardium and the resulting functional besedihd arrhythmia occurrence,

using a clinically-relevant model.

1.3.3 Mononuclear bone marrow cells (BMC)

Unfractionated mononuclear BMC have been considerdae a promising cell-
type currently in widespread clinical use, partaly for treating acute MI (Meyer
et al.,, 2006; Lunde et al., 2006; Schachinger et 2006). However, the
therapeutic efficacy of this treatment for treatpast-MI chronic HF has not been

fully established in clinical or experimental stesli

Mononuclear BMC contain haematopoietic stem ceflssenchymal stem cells
and endothelial progenitor cells, which are congiddo be able to regenerate the
damaged myocardiunvia differentiation (Orlic et al., 2001). However, i i
unclear whether the grafted BMC could consistedifierentiate into the required
phenotypes such as cardiomyocytes, endothelia aatl vascular smooth muscle
cells (Murry et al., 2004; Balsam et al., 2004)afted BMC in the myocardium
were reported to improve cardiac function and eoiu of acute Ml-hearts by
secreting proinflammatory cytokines, growth fact@asegiogenic factors or anti-
apoptotic factors (Kamihata et al., 2001; Uemuralet 2006; Gnecchi et al.,
2006), while the paracrine effects on the post-ktoaically failing hearts have
not been fully investigated. In addition, littleksown about arrhythmogenicity of

BMC injection into the heart, though bone marrowihderl cells reportedly
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acquire arrhythmogenic potential by co-culture wdardiomyocytesin vitro

(Chang et al., 2006).

1.3.4 Mesenchymal stem cells

Mesenchymal stem cells, which are isolated from BMG@ipose tissue, liver or
skin by the adherence ability, have been shownifferentiate into multiple

mesenchymal lineages, including bone, cartilage mmdcle (Pittenger et al.,
1999). Of note, bone marrow-derived mesenchymat stls were reported to be
able to differentiate into mature functional cardimcytesin vitro (Makino et al.,

1999) and to improve cardiac function of the addteneart (Tomita et al., 1999).
In addition, grafted mesenchymal stem cells in lleart have been shown to
improve cardiac function of the acute MI-heartslg paracrine effects, including
improvement of cardiac perfusion and attenuationapbptosis of the native

cardiomyocytes (Dai et al., 2005; Tang et al., 2005

In phase-I clinical studies, Chen et al and Kasi&t al suggested that injection of
bone marrow-derived mesenchymal stem cells impreaediac function of the
post-MI heart (Chen et al., 2004; Katritsis et 2005). However, little is known
about genes and transcriptional factors to reguldterentiation of mesenchymal
stem cells into cardiomyocyte or vascular cell ghtgpes. Therefore, there is a
concern about differentiation into inappropriateepbtypes in the myocardium,
including cartilage, bone or tumour. In additionym@iversally accepted protocol

for harvesting and culturing mesenchymal stem d¢ellsnot been established.
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1.3.5 Fractionated stem/progenitor cells

1.3.5.1 Multipotent adult stem cells

The use of a purified fraction of BMC, which is sihered to be promising for
the therapeutic benefits, is another approach. iphint adult progenitor cells
(MAPC) is one of the promising fractions of BMC, osfing a variety of
differentiation abilities to visceral mesoderm, remctoderm and endoderm

vitro (Jiang et al., 2002).

Yoon et al also isolated pluripotent adult progenitells from BMC, but by a
different protocol from Jiang et al (Jiang et aD02), and showed differentiation
of these cells into cardiomyocytes, endothelialscahd vascular smooth muscle
cells following injection into the infarcted ratdme (Yoon et al., 2005b). Orlic et

al reported that c-Kitlin" bone marrow-derived cells replaced infarcted mouse
myocardium after injection into the heart by diffietiating into cardiomyocytes,
endothelial cells and vascular smooth muscle ¢éidic et al., 2001), but this
result is unrepeatable by other laboratories (Mwatyal., 2004; Balsam et al.,
2004). Importantly, while both MAPC and c-Kih™ cells were considered to
generate new heart tissues by their differentiatganvival and proliferation of

these cells in the myocardium have not been qadingly evaluated.

1.3.5.2  Endothelial progenitor cells

CD34-positive peripheral blood derived-cells, whitdive been shown to have a
multipotent stem cell character and be enriche@ridothelial progenitor cells
(Asahara et al., 1997), is another possible pramigiell fraction for treating

ischaemic HF. CD34-positive cells grafted in tharhaeportedly differentiate
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into cardiomyocytes, endothelial cells and vascatapoth muscle cells (Yeh et
al., 2003) and improve cardiac function of the addt heart (Ott et al., 2005b;
Iwasaki et al., 2006; Kawamoto et al., 2006). Idliidn, it was suggested that
CD34-positive cells secrete abundant angiogenidofacto enhance neo-
vascularisation (Yoon et al., 2005a). However,ralcanised double-blind clinical
trial of injection of CD34-positive cells for patitss with severe angina only

showed a trend of improvement in symptoms (Losetdal., 2007).

CD133-positive cell has been reported to be a pagulation of endothelial
progenitor cells with high capacity of proliferatigQuirici et al., 2001; Salven et
al., 2003; Peichev et al., 2000) and therefore Hasen considered to be a
promising fraction to improve myocardial blood fldallowing injection into the
ischaemic heart. Clinical studies of this treatnrepiorted preliminary promising
results including improvement in cardiac functiamaymptoms (Stamm et al.,
2007; Klein et al., 2007; Manginas et al., 2007pwdver, it is not well known
that the grafted CD133-positive cells are integtdtethe native vascular network
and to contribute for improvement in myocardial daoflow. Agbulut et al
reported that the grafted human CD133-positivescélisappeared from the

ischaemic nude rat heart within 1 month after itgec(Agbulut et al., 2004).

1.3.6 Cardiac stem cdlls

Loss of cardiomyocytes induced by MI has been clamed not to be replaced by
regeneration, as seen in skin, skeletal muscldiaed However, it has also been

suggested that some dividing cardiomyocytes existl ahe number of
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cardiomyocytes re-entering the cell-cycle increasegghathologic conditions, such
as ischaemia (Anversa and Kajstura, 1998). In exigitmultipotent stem cells
have been recently identified in the myocardiumiclwlwere termed cardiac stem

cells (Beltrami et al., 2003; Messina et al., 2004;et al., 2003b).

It has been suggested that cardiac stem cellsoégda@mbe isolated from the heart,
expandedn vitro and differentiated into cardiomyocytes and vagocadisin vivo.
Beltrami et al isolated cardiac stem cells, whioh self-renewing, clonogenic and
multipotent, from adult rat hearts using an antjpadainst the surface marker c-
kit (Beltrami et al., 2003). When injected into theute-MI heart, c-kit positive
cardiac stem cells formed cardiomyocytes with tharacteristics of young cells
and blood-carrying new vessels. Oh et al isolatadliac stem cells using an
antibody against the surface marker Sca-1 (Oh .et2803a). Sca-1 positive
cardiac stem cells differentiated into cells expigg cardiac specific markers
after the treatment with the cytosine analogue dewizdine. Cardiac side
population cells, which are isolated by their @pito exclude Hoechst 33342 dye,
are reported to differentiate into cells expresstoaydiac-specific genes and
proteins and showing spontaneous beatingstro (Oyama et al., 2007). Another
cardiac progenitor population in the heart wasatsml on the basis of expression
of the transcriptional factor, Islet-1 (Laugwitzadt, 2005). Islet-1 positive cardiac
stems cells were reported to enter fully differat@d cardiac lineage expressing
cardiomyocyte markers and action potentials. M@ssinal reported the isolation
of undifferentiated cells which grew as self-adnérelusters, termed as
cardiospheres, from subcultures of postnatal ataatl ventricular human

specimens (Messina et al.,, 2004). The isolatediasptderes were shown to
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differentiate into cardiomyocytes and vascular ¢helal or smooth muscle cells

in vivo.

While cardiac stem cells represent a potentiallyaetive cell source for cell
therapy treating HF, they are still investigationdlittle knowledge exists
regarding the molecular networks which regulater thmliferation, self-renewal
or lineage differentiation states. In addition, yodimited laboratories have

successfully established the protocol for the tsmteand proliferation to date.

1.3.7 Other cell-type

1.3.7.1 Mature cardiomyocytes

Cardiomyocytes themselves have been considered @dl-aource to recover

damaged myocardium for a long time. It has beenorte@ that isolated foetal or
neonatal cardiomyocytes were able to form inteutall connections with the

native cardiomyocytes following injection into tiheart (Soonpaa et al., 1994;
Koh et al., 1995; Matsushita et al., 1999). In &ddi Li et al reported that

injection of cultured foetal cardiomyocytes intoettheart improves cardiac
function of cryo-injured rat heart (Li et al., 1996lowever, Zhang et al suggested
that most of the grafted cardiomyocytes would Bkedkiby environmental stress
shortly after injection. In addition, there is ancern about immunological

incompatibility and ethical issues.

1.3.7.2  Smooth muscle cells / fibroblasts
Adult smooth muscle cells were reported to improaediac function in a dilated

cardiomyopathy hamster model (Yoo et al.,, 2000) argo-injured rat
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myocardium (Li et al., 1999) following direct IM jettion into the heart.
Hutcheson et al reported that autologous dermabbiiasts improved diastolic,
but not systolic, cardiac function of cryo-injureabbit hearts following direct IM
injection into the heart (Hutcheson et al., 2008)owever, mechanisms
underlying the functional improvement following eation of either smooth

muscle cells or fibroblasts are largely unknown.

1.3.8 Useof SMB and mononuclear BMC in thiswork

Thus, the most practical and promising donor ogletin cell therapy treating
post-MI chronic HF currently appears to be SMB ande marrow-derived cells,
both of which have already shown the feasibilityd aherapeutic benefits in
clinical studies. Among bone marrow-derived cettgnonuclear BMC are likely
to be most promising, because they do not needreuih the laboratory, which
might deteriorate the quality of cells. In additianis still unclear which fraction
of mononuclear BMC is effective in treating post-Nronic HF. Therefore,

SMB and mononuclear BMC were used as donor celtsisnwork.
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1.4 Therapeutic efficacy following cell therapy for chionic HF

Therapeutic efficacy following cell therapy for pddl chronic HF is mainly
assessed by systolic and diastolic cardiac funstionexperimental and clinical
studies (Murry et al., 2006). In addition, clinicalidies have assessed activity and

symptoms following cell therapy as an indicatothsd degree of HF.

1.4.1 Therapeutic efficacy of SMB injection

1.4.1.1 Systolic cardiac function following SMB injection

Systolic cardiac function is commonly evaluated hwitVEF. Experimental
studies have shown a improvement in LVEF (>10%pfing SMB injection for
post-MI chronic HF compared to the control whichrevimjected the vehicle only
(Ghostine et al., 2002; Bonaros et al., 2006; Merabral., 2005b). However,
clinical studies of SMB injection without combinati therapy such as CABG
showed less LVEF improvement (<10%) than experialesttidies. While Ince et
al showed 5-10% LVEF improvement (Ince et al., 20@&4agini et al reported no
improvement in a rest condition (Biagini et al.0B) and Siminiak et al reported

only 2-8% improvement in 6 out of 9 patients stddi®iminiak et al., 2005).

End-systolic left ventricular (LV) volume is alsmdwn to be an indicator of
systolic cardiac function. Memon et al reportedignificant reduction of end-
systolic LV volume following SMB injection into theost-MI chronically failing

canine heart (Memon et al., 2005b).
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1.4.1.2 Diastolic cardiac function following SMB injection

Diastolic cardiac function is assessed by peak déastolic/atrial (E/A) mitral
flow or tissue Doppler indices, such as the rafi@arly tolate annular diastolic
peak velocity, using echocardiography (Kasner et 2007). Ghostine et al
reported a significant increase in diastolic mydarvelocity gradient following
SMB injection into the post-MI chronically failingheep heart, using tissue
Doppler imaging (Ghostine et al., 2002). In addifiend-diastolic LV volume,
which is also reported to be an indicator of dikstoardiac function (Gaasch and
Little, 2007), was reduced following SMB injectidn experimental studies

(Bonaros et al., 2006; Memon et al., 2005b).

1.4.1.3 Activity and symptoms following SMB injection

Activity and symptoms are the most conventionaldatbr of the degree of post-
MI chronic HF, frequently expressed as New York Heessociation (NYHA)
functional class in the clinical arena. Clinicaldies have reported improvement
in NHYA functional class following SMB injection fopost-MI chronic HF
(Hagege et al., 2006; Biagini et al., 2006; Sinknéd al., 2005; Ince et al., 2004;
Chachques et al., 2004). However, there is no @xpetal report which

examined benefits in physical activity or symptdislifowing SMB injection.

1.4.2 Therapeutic efficacy of mononuclear BMC injection

1.4.2.1 Change in systolic function following mononucled® injection
Experimental studies provided an inconsistent im@noent in systolic cardiac

function following BMC injection for post-MI chroniHF. Whereas improvement
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in LVEF by more than 10% was obtained by Memonl éemon et al., 2005b)
and Thompson et al (Thompson et al., 2005), Wakseta reported no LVEF
improvement following this treatment in a swine rab@/Vaksman et al., 2004).
Reduction in end-systolic volume following BMC injfeon was reported by the

study using a canine HF model (Memon et al., 2005b)

Phase-I| clinical studies of this treatment witheombination therapy such as
CABG also reported inconsistent improvement in LVEFile improvement in
LVEF (<10%) was reported by some studies (de lanteuet al., 2007; Assmus et
al., 2006; Beeres et al., 2006b; Strauer et ab520he other studies did not show
significant LVEF improvement following this treatmtgBlatt et al., 2005; Kuethe
et al., 2005; Perin E., 2004; Tse et al., 2003)nfiicant reduction in end-systolic
LV volume was reported only by Beeres et al (Beezesal., 2006a), while

Assmus (Assmus et al., 2006) reported no changadrsystolic LV volume.

1.4.2.2 Change in diastolic function following mononucl&WC injection
There were no experimental studies which showegrafisant reduction in LV
diastolic volume following mononuclear BMC injeatiointo the post-Ml
chronically failing heart (Memon et al., 2005a; Tiqson et al., 2005; Waksman
et al., 2004). Clinical studies also reported rgnificant change in end-diastolic
LV volume following this treatment (de la Fuenteadt, 2007; Assmus et al.,

2006; Beeres et al., 2006a; Kuethe et al., 2005).
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1.4.2.3 Change in physical activity following mononucleav® injection

Perin et al reported a significant improvementha NYHA functional class at 6
and 12 months follow-up after mononuclear BMC itit for post-MI chronic
HF (Perin et al., 2004). In contrast, de la Fuegiteal reported no significant
change in exercise tolerance following BMC injenti@e la Fuente et al., 2007),
while Kuethe et al reported no significant changepeak oxygen uptake or
oxygen uptake at the anaerobic threshold (Kuetrad. e2005). In contrast, there
is no experimental report which examined benefiis physical activity or

symptoms following BMC injection.

1.4.3 Necessity of experimental study for clarifying therapeutic efficacy

In summary, SMB injection for post-MI chronic HFshbeen shown to provide a
significant improvement in systolic and diastoliargiac functions in the
experimental studies, while clinical studies hauggested that the therapeutic
effects of this treatment may not be as substaatighe experimental studies. In
contrast, the therapeutic efficacy of mononucle®@for post-MI chronic HF
has not been fully studied in experimental studidgreas phase-I clinical studies

of this treatment have provided inconsistent fuoral improvement.

It is likely that the reasons for the inconsisténictional results are due to the
heterogeneous nature of patients assigned to tity,sthe small numbers of
patients studied, the variable quality of donoriscaind the different injection

protocols including the site for injection and ttedl number injected. In addition,
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proper controls and long-term follow-up are reqaite determine the therapeutic

efficacy following cell therapy.

The degree of improvement in systolic and diastadicdiac functions appears to
be greater following SMB injection than mononucl&\C injection in treating
post-MI chronic HF in both experimental and clidicgtudies. In addition,
physical activity following cell therapy has notdmeexamined in experimental
studies, though activity is one of the most impatrtandicators of therapeutic
effects of cell therapy. As sufficient evidencenfr@xperimental studies has not
been provided to date, further investigations usamgappropriate model with
serial assessment of cardiac function and physicality would be useful in
determining if injection of either SMB or BMC is lalxo lead to a significant and

consistent improvement in cardiac function of pdstehronic HF.
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1.5 Mechanism of improvement in cardiac function followng

cell therapy

Although investigating the mechanisms of functiomalprovement after cell
therapy is crucial in understanding the treatmert anhancing the therapeutic
efficacy, neither fundamental behaviour of the w@f cell in the native
myocardium or associated changes in the myocardinich are essential to

understand the mechanisms, are fully understood.

151 Engraftment, survival and proliferation of grafted cells

No matter what the mechanisms of the therapeutiefiis are, the number of
grafted cells present in the native myocardiumyisurg and/or proliferating) is
an important issue (Pouzet et al., 2001; Suzukilet2004a; Poh et al., 2007;
Meluzin et al., 2006; Yau et al., 2005c; McConrgdllal., 2005; Iwasaki et al.,
2006). The graft size in the myocardium following)lcherapy is determined by
the initial engraftment and subsequent survival praliferation of the grafted
cells. However, factors affecting the engraftmesirvival or proliferation have

not been fully identified.

1.5.1.1 Initial engraftment in the myocardium

The majority of the injected donor cells is knowm lie lost from the heart
immediately after injection without being engrafiadhe myocardial interstitium,
regardless of donor cell-type (Suzuki et al., 2004lnller-Ehmsen et al., 2006;

Hou et al.,, 2005). Cells injectedia the IM route were suggested to be
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immediately escape into the cardiac veins/lympkaditd the outside of the heart
from the injection site (Yasuda et al., 2005; Hduak, 2005), while the cells
injected via the IC route are reported to be flushed out ifte systemic
circulation without trans-endothelial migration onthe myocardial interstitium

(Hou et al., 2005).

1.5.1.2 Death of engrafted cells in the myocardium

Following engraftment into the myocardium, the nemiof grafted cells is
reported to be largely decreased within 7 daysymably due to death of grafted
cells (necrosis and/or apoptosis) (Muller-Ehmseal.e2006; Yasuda et al., 2005).
My laboratory reported that the grafted cell daatthe early stage after direct IM
injection of SMB occursvia two pathways: free-radical generation in the
myocardium surrounding the grafted cells and sulsetinterleukin (IL)-B

associated inflammatory response (Suzuki et al4B0Suzuki et al., 2004a).

1.5.1.3 Proliferation of grafted cells

Proliferation of the grafted cells in a cardiac ieonment is not fully understood,
regardless of cell-type. My laboratory showed tpatfited SMB proliferate in the
acute MI-heart by labelling the SMB with both Laa#d [“C]thymidine prior to
injection (Suzuki et al., 2004b). However, such w@wamitative analysis for
proliferation of the grafted cells in the myocamilnas not been reported in case
of BMC injection. In addition, little is known abbthe rate of proliferation of the
donor cells in the post-MI chronically failing hgawhich is likely to have a

different influence on the grafted cells from tloeii@ MI-heart.
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1.5.2 Generation of new myocardium via differentiation

It used to be viewed that the central nervous aysiad heart are static tissues
which are unable to repair or regenerate themseluego terminal differentiation
and an apparent absence of tissue-specific stelsinethe adult, unlike blood,
skin or gut. However, it has been recently suggestieat injection of
stem/progenitor cells into the heart could genersg® cardiomyocytes and/or
new vessels. For direct contribution for globaldtac function, these newly
generated tissues need to form appropriate intalaelconnections with the
native myocardium, including gap and adherence tjons with the native

cardiomyocytes and/or incorporation into the natigecular network.

1.5.2.1 Differentiation of SMB in a cardiac environment

It is still unclear whether SMB differentiate indocardiomyogenic phenotype in a
cardiac environment. lijma et al reported thatetéghtiated SMB, which express
cardiac specific proteins such as cardiac tropdnand atrial natriuretic peptide,

possess contractile properties and adequate ebdatonnections with an adjacent
cardiomyocytesn vitro (lijima et al., 2003) In contrast, Reinecke et al reported
that both undifferentiated SMB and differentiategotubes are able to form

functional Cx43-gap junctions with adjacent cardyoeytes without trans-

differentiationin vitro (Reinecke et al., 2000).

Suzuki et al reported that grafted SMB in the mydean formed Cx43-gap
junctions with the native cardiomyocyt@s vivo (Suzuki et al., 2000a), while
Reinecke et al or Leobon et al reported that eitb@diomyogenic trans-

differentiation of the grafted SMB or electro-mexital coupling between the
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grafted SMB and the native cardiomyocytes did rauo in the myocardiunm
vivo (Reinecke et al., 2002; Leobon et al., 2003). €hesonsistent results in the
in vivo studies might be due to the different cell-dejvegutes and cell-type used.
Suzuki et al injected SMB derived from cell-linea the IC route, which
disseminates donor cells widely into the myocardi(Buzuki et al., 2000a),
whereas Reinecke et al and Leobon et al injectedapy SMBvia the IM route,
which forms islet-like cell-clusters which are igtdd from the native myocardium

(Reinecke et al., 2002; Leobon et al., 2003).

1.5.2.2 Differentiation of BMC into cardiomyocytes/enddidlecells
Mononuclear BMC were reported to be able to difiéiege into cardiomyocyte-
like and/or endothelial cell-like phenotypi@svitro. It was reported that a specific
population of BMC treated by 5-azacytidine is alite differentiate into
cardiomyocyte-like cells, which show spontaneous synchronous beating with
each other, express cardiac markers such as myenf@ncer factor (MEF)-2A
and MEF-2D (Makino et al.,, 1999) and express fumal adrenergic and
muscarinic receptors (Hakuno et al., 200RVitro. Fukuhara et al and Xu et al
showed that cardiomyogenic differentiation of benarrow cell-derived cells is
able to be induced by direct interaction with adjgccardiomyocytes (Fukuhara

et al., 2003; Xu et al., 2004).

Orlic et al and Kajstura et al showed that grattddt’lin” BMC into the acute MI-
heart generate new myocardium by differentiatingo incardiomyocytes,
endothelial cells and vascular smooth muscle @ild improve global cardiac

function and perfusion (Orlic et al., 2001; Kajstwet al., 2005). However, it is
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unclear whether differentiation of the grafted BM®o the required phenotypes
could consistently occur in the myocardium (Murtyag, 2004; Balsam et al.,
2004) and that these cells, if any, could form fiomal intercellular connections

with the native cardiomyocytes or vascular endatinel

1.5.3 Fusion of the donor-derived cells with native myocardial cells

It was reported that fusion of SMB with cardiomytesy could occur at a low
frequencyin vitro (Reinecke et al., 2004a) amdvivo (Rubart et al., 2004). BMC
could also reportedly fuse with cardiomyocytes atow frequencyin vitro
(Garbade et al., 2005). In addition, it has alsenbguggested that injected BMC
into the heart acquire a cardiomyogenic phenotiipeugh cell fusion with native
cardiomyocytes, but not through cardiomyogenicdrdifferentiation (Nygren et
al., 2004; Ishikawa et al., 2006). Therefore, iseeculated that cell fusion might
play a role in acquiring a phenotype of cardiomyesyand/or vascular cells,
which was originally considered to be through trdifferentiation. However,
little is known about the effects of fusion betwebka grafted cells and the native

cells on the global cardiac function or perfusion.

1.5.4 Paracrine effects on the native myocardium

Paracrine effects of the grafted cells on the eatiwocardium have also been
considered to be an important mechanism of funatiamprovement following
cell therapy. Both grafted SMB and BMC are reportecbe able to improve

cardiac function by secreting a variety of medistoncluding proinflammatory
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cytokines, angiogenic factors, growth factors ati-apoptotic factors (Kamihata

et al., 2001; Gnecchi et al., 2006; Uemura eR&l06; Murtuza et al., 2004).

1.5.4.1 Extracellular matrix change

Accumulation of collagen in the extracellular spatéhe myocardium is known
to be related to post-MI ventricular remodellingidadiastolic LV dysfunction
(Pfeffer and Braunwald, 1991). Collagen accumuiatio the post-MI heart is
known to be induced by an imbalance between syistlaesl degradation of ECM,
which is regulated by several proinflammatory cytels, MMPs, TIMPs and
growth factors (Spinale, 2002). Experimental andicl studies have shown that
cell therapy decrease extracellular collagen déposand improves diastolic LV
function of the acute-MI heart (Jain et al., 200Lrtuza et al., 2004; Taylor et al.,
1998). In addition, cell therapy is reported toeatfexpression of growth factors
or proinflammatory cytokines in the myocardium (Kbata et al., 2001).
Murtuza et al suggested that IL-1 and its endogenahibitor, IL-1 receptor
antagonist, play an important role in LV remodgliprocess following injection

of SMB into the acute-MI heart (Murtuza et al., 200

1.5.4.2 Vascular formation

Increase in myocardial blood flow and capillary sign which are independent of
newly formed vessels by graft differentiation, hasen reported following
injection of either SMB or BMC into the acute Mldrein experimental studies
(lwasaki et al., 2006; Niagara et al., 2007). Idliidn, it was also reported that
perfusion and capillary density of post-MI chronigdailing hearts was increased

following injection of either SMB or BMC in experental (Tran et al., 2007;
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Bonaros et al., 2006; Tse et al., 2007; Li et2007) and clinical (Stamm et al.,

2007) studies.

These angiogenic effects of cell therapy on thezeahyocardium are likely to be
associated with upregulated angiogenic factors he hative myocardium
(Kobayashi et al., 2000; Kamihata et al., 2001)e Flcreted angiogenic factors
from the grafted SMB or BMC, such as vascular eneledl growth factor
(VEGF), FGF, TGR3, platelet-derived growth factor (PDGF), hepatoaytewth
factor (HGF), hypoxia inducible factor (HIF)-or angiopoietins as shovim vitro
(Suzuki et al.,, 2001a; Takahashi et al., 2006),/Icc@nhance the neovascular
formation in the native myocardium (Matsunaga et 2000; Tomanek et al.,
2004). In addition, upregulated proinflammatoryakyhes such as interleukin
(IL)-1B and tumour necrosis factor (TNFfollowing cell injection (Kamihata et
al., 2001) might enhance angiogenesis in the mgaoar by further upregulating
VEGF (Maruyama et al., 1999) or by other angiogeutvities (Giulian et al.,

1988).

1.5.4.3 Alternations of native cardiomyocytes

Pathological hypertrophy and associated reduction dontractility of
cardiomyocytes are known to occur during post-Mitveular remodelling and
be one of the most important features of chronic M&rtuza et al suggested that
SMB injection into the acute MI-heart suppressedgpession of pathological

hypertrophy of the native cardiomyocytes (Murtuzale 2004).
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Progressive loss of cardiomyocytes by apoptodisdsvn to occur in the post-Ml
chronically failing heart and to be one of the @susf progressive deterioration of
the cardiac function (Narula et al., 2006). Bonabal suggested that cell therapy
attenuates apoptosis of the native cardiomyocyyesnhancing neoangiogenesis
and increasing blood supply to the native myocandiu a rat post-MI chronic HF
model (Bonaros et al., 2006). In addition, Gnecehial and Uemura et al
suggested that growth factors released from theroells, such as VEFG, FGF,
HGF or insulin-like growth factor (IGF)-1, mighthibit cardiomyocyte apoptosis

in the post-MI heart (Gnecchi et al., 2006; Uemetral., 2006).

1.5.4.4 Harnessing endogenous stem cells for myocardiameration

Although it used to be considered that adult cangiocytes are terminally
differentiated cells and have no resource for regaion, Quaini et al identified
new mature cardiomyocytes of recipient origin ine tiyender-mismatched
transplanted human myocardium (Quaini et al., 208&)gesting that endogenous
stem cells might be able to be recruited to theoddweart and differentiate into
mature cardiomyocytes. This evidence encouragecerampntal and clinical
studies for cytokine administration, such as graoyte-colony stimulating factor
(G-CSF) or stem cell factor (SCF), to increase Bafdhced circulating stem cells,
consequently enhance recruitment of the stem cdtisthe heart and regenerate
the damaged myocardium. However, data from the rexpatal studies are
inconsistent (Dawn et al., 2006; Fukuhara et @042 and clinical studies showed
no effects of G-CSF/SCF therapy on global cardiaxction following acute Ml

(Engelmann et al., 2006; Zohlnhofer et al., 2006).
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Hou et al suggested that cell injection into the heart upregulated stem cell
derived factor (SDF)-1 in the myocardium (Hou et 2007), which was reported
to enhance homing of circulating stem cells inte tissue (Askari et al., 2003;
Abbott et al., 2004) and, consequently, regenetla¢e damaged myocardium.
Moreover, Beltrami et al and Oh et al reported phesence of residential stem
cells in the adult myocardium, which are capabldiffierentiating into mature

cardiomyocytes botm vitro andin vivo (Beltrami et al., 2003; Oh et al., 2003a).
However, little is known about effects of cell thpy on recruitment of these

endogenous stem cells into the heart.
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1.6 Arrhythmogenicity after cell therapy

Arrhythmia occurrence is a serious complicatioeradell therapy for treating HF.
Occurrence of VT was repeatedly reported in clinisaudies of direct IM

injection of SMB into the post-MI chronically failg heart (Hagege et al., 2006;
Dib et al., 2005b; Siminiak et al., 2005; Siminigikal., 2004; Smits et al., 2003).
However, the degree, time-course and mechanismarrbfjthmia occurrence
following this treatment are not fully understodeurthermore, while occurrence
of ventricular arrhythmia has been rarely reporiectlinical studies of BMC

injection into either the acute or chronic MI-hedtiese studies administered
drugs with anti-arrhythmic effects, such Rblockers, which would mask the

arrhythmogenicity.

1.6.1 Occurrence of ventricular arrhythmia following SMB injection

Preliminary clinical studies of IM injection of SMir treating post-MI chronic
HF reported frequent occurrence of VT following threatment (table 1.4)
(Hagege et al., 2006; Dib et al., 2005b; Siminiakale, 2005; Siminiak et al.,
2004; Smits et al., 2003). Hagege et al reportatl T occur either in the early-
phase or late-phase following injection of SMB dinatt these two time-dependent
VT were not necessarily observed in the same patigtagege et al., 2006).
Importantly, SMB injection was carried out the IM route in all clinical studies
to date, as antegrade IC injection of SMB, whicheha larger cell size than BMC,

has been shown to carry a risk of coronary embo{iSazuki et al., 2000a).
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1.6.1.1 Early-phase arrhythmia in clinical studies

Dib et al suggested that the early-phase VT wasenikely to be seen in the
patients who received injection of the higher nun{béx1&) of SMB (Dib et al.,
2005b). Siminiak et al suggested that prophylasse of amiodarone is very
effective in occurrence of the early-phase VT, apadients who were not
administered amiodarone presented VT in the eaglyog after cell injection,
while the rest of 17 patients with prophylactic adarone administration did not
present VT (Siminiak et al., 2005; Siminiak et @004). In addition, the use of
corticosteroids in the first 2 days following SMBjection also appeared to be
effective in attenuating the early-phase VT (Mehaset al., 2003). These reports
have encouraged the routine prophylactic use ofodanone in other clinical
studies of SMB injection into the heart, which hana# shown occurrence of VT

following the treatment to date (Chachques e804; Siminiak et al., 2005).

1.6.1.2 Late-phase arrhythmia in clinical studies

Most of these early-phase ventricular arrhythmissgpeared spontaneously or
by medical treatment within 1 month after cell oijen. However, there were
patients who persistently presented sustained \éh ewmder full-medication and
required automatic cardiac defibrillators (ACD) (Meche et al., 2003; Smits et

al., 2003; Dib et al., 2005D).

1.6.1.3 Evidence in experimental model in arrhythmogenicft$§MB injection
Arrhythmogenicity of SMB into the heart is not fullunderstood to date.
Fernandes et al (Fernandes et al., 2006) and Millal (Mills et al., 2007)

suggested that SMB injection into the post-MI h&aduces arrhythmogeniciin
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vivo, while Fouts et al reported no arrhythmogenicibgserved following SMB

injection into the infarct canine heart (Foutslet2006).

1.6.2 Possible arrhythmogenicity after BMC injection

In the case of BMC injection, occurrence of ventidae arrhythmias has been
rarely reported in either experimental or clinisaldies. Furthermore, Katritsis et
al reported that antegrade IC injection of boneravarderived cells into the post-
MI chronically failing heart does not induce artdmytogenicity in patients studied
by electrophysiological testing (Katritsis et &Q07). However, all the patients
enrolled in clinical studies were medically treatedh drugs having an anti-
arrhythmic effect, such as3-blockers, which would have masked the
arrhythmogenicity. There is still a lack of expeeimtal evidence for

arrhythmogenicity following BMC injection.

1.6.3 Possible mechanism of arrhythmogenicity following cell therapy

Possible mechanism of arrhythmogenicity followingll dherapy includes the
direct adverse effect of the grafted cells whiclquae both arrhythmogenic
potential and intercellular connections with sundung native cardiomyocytes
(Zzhang et al., 2002). Abraham et al reported th&IBScould acquire
arrhythmogenic potentiah vitro (Abraham et al., 2005). In addition, Chang et al
reported proarrhythmic potential of bone marrowhdst cellsin vitro (Chang et
al., 2006). However, it is still unclear that eitrgrafted SMB or BMC in the

myocardium acquire arrhythmogenic potentralvivo or that they, if any, form
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intercellular electrical connection with the natieardiomyocytes to induce
ventricular arrhythmias. An appropriate experimendaug-free model with
continuous monitoring of electrocardiogram (ECG)uldoenable to clarify the
severity, time-course and mechanisms of arrhythoceurrence following cell

therapy.
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1.7 Cell-delivery route into the heart

1.7.1 Possibleroutesfor cell-delivery into the heart

The cell-delivery route has been considered tachatfee fundamental behaviour of
the grafted cells and the resulting therapeuticames (Robinson et al., 1996;
Suzuki et al., 2000a). Therefore, selection ofrtinge for cell-delivery is vital to

determine the optimal protocol for cell therapy ti@ating post-MI chronic HF.

Possible routes for cell-delivery into the heaxtlude direct IM route, IC route
and systemic intravenous (IV) route (Robinson gt1#196; Hayashi et al., 2004).
Unlike the IM and IC route which enables local dety into the heart, systemic
routevia either peripheral vein or right/left atrium is hlyg likely to largely limit
efficiency in delivering donor cells into the heas cells injectedia peripheral
vein or right atrium might be entrapped in othegasrs before reaching the heart.
Therefore, the IM and IC routes have been considerebe more effective in
delivering the donor cells into the heart than $getemic route and have been

tested in clinical settings.

1.7.2 Direct IM routefor cell-delivery

The direct IM route has been frequently used ftnezi SMB or BMC injection
into the heart in both clinical and experimentailds¢s of cell therapy. Direct IM
cell injection enables selective cell-delivery irttee infarct and/or peri-infarct
myocardium (Murry et al., 1996; Taylor et al., 199®on et al., 2005b; Orlic et

al., 2001). There are several technical approafdredirect IM injection. Syringe-
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needle injection from the epicardial side is thestmmommon approach in both
clinical and experimental studies. However, strasd systemic inflammatory
response associated with general anaesthesia aadadtomy is inevitable in this

method, while special equipment or techniques ateequired.

For the patients who need surgical treatment suclfCABG, direct IM cell
injection is able to be carried outa epicardial approach with little additional
stress. In contrast, direct IM cell injection frothe endocardial side can be
performed by electromechanical LV mapping and NO@®#fection catheter,
which does not require general anaesthesia oriwerasirgical procedure (Fuchs
et al., 2003; Perin E., 2004). In addition, Simkné al (Siminiak et al., 2003) and
Brasselet et al (Brasselet et al., 2005) suggebtddirect IM cell injectiorvia
the coronary venous approach, which is also be tablee carried out without
general anaesthesia or thoracotomy, is feasiblesafel in clinical arena. They
inserted a catheter into the cardiac vein draitiregLVV and penetrated the venous

wall to inject the cells directly into the LV myackum.

Direct IM cell injection, regardless of the apprbacauses mechanical injury and
inflammation, which accelerate early graft deathd adtamage to the native
myocardium (Suzuki et al., 2004a; Suzuki et alQ4) Murtuza et al., 2004).
Furthermore, the grafted celga this route were reported to form isolated islet-
like cell-clusters which do not have direct corgaaith the native myocardium
(Reinecke et al., 2002; Leobon et al., 2003). Thesyly-formed cardiomyocytes,
endothelial cells or vascular smooth muscle cefldifferentiation of grafted cells,

if any, are unlikely to form functional connectiomsth the native tissues. In
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addition, such heterogeneity in the myocardiunofeihg IM cell injection could

affect myocardial geometry/consistency and causéricelar arrhythmia.

1.7.3 Intracoronary routesfor cell-delivery

In contrast, IC injection disseminates cells in @ewidespread manner with less
mechanical damage and less inflammation than tieetdiM injection (Robinson
et al.,, 1996; Suzuki et al., 2000a; Suzuki et 2001b; Suzuki et al., 2004d;
Suzuki et al., 2004c). My laboratory suggested tedis injectedvia the IC route
are more likely to have direct contacts with thévweacardiomyocytes than those
via the IM route (Suzuki et al., 2004c). The direcinoounication between these
two cells, in turn, could enhance cardiomyogenangrdifferentiation of the
grafted cells (Suzuki et al., 2000a; Fukuhara et 2003). Moreover, widely
distributed grafted cellsia the IC route might be more likely to survive ireth
myocardium than thoseia the IM route, which are involved in a severe
inflammatory response of the native myocardium (&uet al., 2004a). There are
two options for the IC route; antegrade IC (injentinto coronary arteries) and

retrograde IC (injection into cardiac veins) routes

1.7.3.1 Antegrade IC route

The antegrade IC route (injection into the coronargries) is widely used for
BMC injection in clinical studies (Schachinger ét 2004; Meyer et al., 2006;
Hirsch et al., 2006), as this route is easily aseddy the same approach as the
routine coronary angiography or PCI. While the akantegrade IC route appears

to be promising, there are several limitations $mg this route for cell therapy
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treating post-MI chronic HF. Firstly, the efficignof engraftment of injected
BMC via the antegrade IC route in the myocardium is regbtd be extremely
poor (Hofmann et al., 2005; Hou et al., 2005). ®€lty injection of either SMB
(Suzuki et al., 2000a) or BMC (Vulliet et al., 2Q04a this route reportedly carry
a risk of coronary embolism, which will be partiatly critical when treating
post-MI chronic HF where coronary arteries ofteowhdiffuse narrowing at a
number of sites with jeopardized collateral arwrid=inally, there is no

reproducible model for antegrade IC cell injectiorsmall animals.

1.7.3.2 Retrograde IC route

In contrast, my laboratory demonstrated that re&rdg IC injection (injection into
the cardiac veins) achieves a wide donor-cell dmgsation with little risk of

coronary embolism, into the normal and acute MirtseéSuzuki et al., 2004d;
Suzuki et al., 2004c). Retrograde IC injection his tmodel has been shown to
perfuse the entire LV free wall (LVFW) of the acli heart generated by left

coronary artery (LCA) ligation (figure 1.1).
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LVFW

Adapted from Suzuki and Fukushima et al (2004)

Figure 1.1: Perfusion area of retrograde IC route LCA-ligated rat. (A) IV injection of
Evans blue dye into rats, of which the LCA had been ligated. The dye stained right
ventricular free wall (RVFW) and interventricular septum (IVS) in blue, whereas a wide
area of LVFW was not stained (shown in red) and thus not perfused. (B) Retrograde IC
injection of Evans blue dye into the LCA-ligated hearts. The dye positively stained (blue
colour) a wide area of LVFW. RVFW or IVS was not stained (shown in red). Arrowheads
show the LCA ligation site. Comparison between (A) and (B) indicates that the perfusion
area by retrograde IC injection encompasses the infarct/ischaemic and the border zones

induced by LCA ligation. Arrowheads show the LCA ligation site.
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Retrograde IC cell injection has theoretical adagats over the antegrade IC cell
injection. Firstly, retrograde IC injection couldlcav a longer time for injected
cells to interact with myocardial vasculature bglading the stem of cardiac vein,
compared to antegrade IC injection in which ocaigdihe coronary arteries may
induce myocardial ischaemia. Secondly, the celsctedvia the retrograde IC
route are directly delivered to post-capillary viesy where migration of
inflammatory cells is known to take place. Cellulateraction with the native
endothelium in this unique part of vessel for ataiartime period following
retrograde IC injection could enhance cell-migmatimto the myocardial
interstitium, resulting in enhanced graft survieald therapeutic effects. Thirdly,
the use of the retrograde IC route delivers calig ischaemic and infarcted areas
where antegrade IC cell-delivery has a limited cegficy without reperfusion
(Suzuki et al., 2004d; Suzuki et al., 2004c). RineMB, which have a high risk
of coronary embolism due to large cell size whgrdtedvia the antegrade IC
route (Suzuki et al., 2000a), might be able to &felg injected into the post-Mi

heartvia the retrograde IC route.

1.7.4 Céll engraftment following I C injection

For successful cell-engraftment following IC inject, injected cells are required
to adhere to the endothelium, subsequently, cn@ss-ndothelial barrier and
migrate into the myocardial interstitium. While ta#iciency of cell-engraftment
following IC injection was reported to be poor (Heual., 2005), little is known

about mechanisms of cell-engraftment following hj&ction.
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1.7.4.1 Efficiency of donor cell engraftment following Iigedction

Hou et al reported that only less than 5% of igdchuman peripheral blood-
derived mononuclear cells were engrafted in theeghaecute-MI heart at 1 hour
after I1C injection (Hou et al., 2005), suggestimgppefficiency in adherence to
the endothelium and/or trans-endothelial migratbthe injected cells following

IC cell injection.

1.7.4.2 Possible interactions between BMC and endothelium

While the underlying mechanism of cell-engraftméaibowing IC cell injection
have not been fully studied, it has been suggest@dBMC injectedvia the IC
route could be engrafted through adhesion moleaddiated cellular interaction.
Wu et al and Yoon et al recently reported that mmof endothelial progenitor
cells to ischaemic muscle requires interaction betw intercellular adhesion
molecule (ICAM)-1 and CD18 (Wu et al., 2006; Yodnaé, 2006). In addition,
Segers et al suggested that T&Fand IL-13 may play an important role in
cellular interaction between mesenchymal stem eglts cardiac endothelial cells

(Segers et al., 2006).

1.7.4.3 Adhesion molecules-related cellular interaction
Adhesion molecules such as P-selectin and ICAM4 latown to regulate
cellular interaction between the leukocytes and caydial endothelium during

the course of acute inflammation (Kokura et al9%%rangogiannis et al., 2002).

Myocardial ischaemia-reperfusion increases ROShéneandothelial cells, which

stimulate P-selectin, which is stored in the Weibalade bodies of the
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endothelial cell, to be rapidly expressed on tHesteface (Briaud et al., 2001).
Upregulated P-selectin on the endothelial cellsnbbmolecular links with P-

selectin glycoprotein ligand (PSGL)-1, which is sbitutively expressed on the
surface of circulating leukocytes. Interaction betw PSGL-1 and P-selectin
initiates rolling of leukocytes on the endothelglrface, particularly at post-
capillary venules. Rolling leukocytes, in turn,heit redistribute (Bruehl et al.,
1997; Lorant et al., 1995) or proteolytically shé¢@ardiner et al., 2001;
Davenpeck et al., 2000) PSGL-1 from their surfacerder to form stable, firm
adhesion to the endothelium, which is mediated@®4&N-1/lymphocyte function

antigen (LFA)-1 (CD11a/CD18&y, 3,) interaction.

ICAM-1 is constitutively expressed at low levelstbe endothelial cell surface
and is markedly upregulated psoinflammatorycytokine stimulation, such as IL-
6 or IL-8, produced by ischaemic cardiomyocytes éGmenberger et al., 1999;
DiVietro et al., 2001). Messenger ribonucleic agiRNA) of ICAM-1 is induced

within thefirst hour of reperfusion followed by protein exgseéon with a peak at
6 hours after reperfusion (Kukielka et al., 1993@AM-1 is known to be most
upregulated at post-capillary venules where adlvereand trans-endothelial

migration of leukocytes take place (Briaud et 2001).

LFA-1, which is also constitutively expressed ore thurface of circulating
leukocytes, is activated by either chemokines ssldaby endothelial cells
(Laudanna et al., 2002), direct signalling of PSGIAtarashi et al., 2005) or
other selectin family members such as L-selectwdi et al., 1996). Activated

LFA-1, in turn, interacts with ICAM-1 on the endetlal cell surface to form firm
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adhesion between the leukocytes and endotheliunki¢ka et al., 1993b).
Subsequently, trans-endothelial migration into thgocardial interstitium is

facilitated.

It is hypothesised that engraftment of BMC into thgocardium following IC
injection might take place through a similar mecatianto leukocyte-endothelial

interaction.

72



1.8 Feasibility and safety of retrograde IC route

A variety of experimental and clinical studies f@trograde IC injection have
been carried out for a different purpose from tedrapy. My laboratory carried
out two sets of experimental studies to show wtitif retrograde IC route for
drug-administration for myocardial ischaemia-repsidn injury before this work
(Fukushima et al., 2006a; Fukushima et al., 2006bgse studies suggested the
feasibility and safety of retrograde IC route fagllctherapy treating post-Ml

chronic HF.

1.8.1 Current useof theretrograde I C routein clinical settings

The retrograde IC route has been widely used adivgedy route for cardioplegic

solution for cardioprotection under cardiac arrdsring open-heart surgery.
Cardioplegic solution administereth this route is known to be widely delivered
into both non-ischaemic and ischaemic myocardiurerertthe antegrade IC route
has a limited efficacy (Ruengsakulrach and Bux&Q)1). This specific property

of the retrograde IC route is useful in protectthg ischaemic myocardium. In
addition, it was reported that perfusion of the wamlium with oxygenated blood
via the retrograde IC route was safely carried outabyercutaneous approach

during recanalisation for acute M| (Boekstegeral £t1998).
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1.8.2 Drug-administration against ischaemia-reperfusion injury

My laboratory has reported that the retrogradede is a promising route for
drug-administration against myocardial ischaempertision injury (Fukushima

et al., 2006a; Fukushima et al., 2006b).

1.8.2.1 Myocardial ischaemia-reperfusion injury

While early reperfusion is the only established waysave the ischaemic
myocardium, it is inevitably associated with repsidn injury, which remains

one of the major issues in clinical settings suslp@mary angioplasty for acute
MI, heart transplantation and heart surgery usiagliac arrest (Grines et al.,
1993). Ischaemia-reperfusion injury involves ROBtex cellular damage and
subsequent acute inflammatory response (Frangagiagtnal., 2002). While

experimental studies have shown that a number afnpéicological treatments,
including administration of superoxide-dismutaseO3 or antibodies for

adhesion molecules, are effective in attenuating rfoyocardial ischaemia-

reperfusion injury, the therapeutic effects of thdseatments have not been

established in clinical studies (Moukarbel et2004).

1.8.2.2 Enhanced SOD-mediated cardioprotection by retrogrid injection
Although SOD is a promising reagent to treat fradigals-associated reperfusion
injury (Wang et al.,, 1998; Suzuki et al., 1999)iniclal trials of systemic
administration of SOD following recanalisation facute MI failed to show
significant therapeutic benefits (Murohara et 8091; Flaherty et al., 1994). The

failure of the clinical trials might be due to iriscient delivery of SOD into the
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ischaemic myocardium where free radicals are gésdravithin seconds after

reperfusion (Becker, 2004).

In contrast, retrograde IC injection of SOD shovwmedrked therapeutic benefits
compared to systemic IV injection in a rat myocardschaemia-reperfusion
injury model (Fukushima et al., 2006a). In thisdstueither SOD or phosphate
buffered saline (PBS) only was administerdd either the retrograde IC or
systemic IV route just before reperfusion followir8) minutes myocardial
ischaemia by LCA ligation. The dosage of SOD imgdcivas 1,500 U/Kg weight
for retrograde IC injection and 15,000 U/Kg weidbt systemic IV injection.
LVEF, evaluated at 24 hours after reperfusion, agely improved by
retrograde IC injection of SOD (71.3+1.7%), complate systemic IV injection
of SOD (60.8+2.3%), retrograde IC injection of PER.4+2.3%) and systemic
IV injection of PBS (54.7£2.9%). The functional ingpement following
retrograde IC injection of SOD was associated waitheduction in infarct size
(figure 1.2), increased regional myocardial blodowf and reduction of the

inflammatory response.

These therapeutic benefits observed following ggade IC injection of SOD
were considered to result from the specific propeiftthe retrograde IC route;
pre-treatment by efficient incubation with the S@ID the ischaemic myocardium

before reperfusion.
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Figure 1.2: Infarct size after SOD-treatment for myocardial ischaemia-reperfusion
injury. Either SOD or PBS was administered via either the systemic IV or retrograde IC
route just before reperfusion following 30 minutes myocardial ischaemia by LCA ligation
in rat. The infarct area and the area at risk of infarction at 24 hours after reperfusion were
evaluated with Evans blue and triphenyltetrazolium chloride (TTC) staining. The area not
stained with Evans blue was defined as the area at risk of infarction. TTC staining
separated the infarct area (non-stained white area) from the viable area (red-stained
area). Retrograde IC injection of SOD (the R-SOD group) showed the smallest size of
infarct among all the groups, which was calculated as the percentage to the area at risk
of infarction. In contrast, systemic IV injection of SOD did not show significant difference
compared to systemic IV injection of PBS. V-PBS; systemic intravenous injection of PBS,
R-PBS; retrograde IC injection of PBS, V-SOD; systemic intravenous injection of SOD
(15,000 U/Kg weight), R-SOD; retrograde IC injection of SOD (1,500 U/Kg weight). n=6
in each group. *p<0.01 vs. the V-PBS group, the R-PBS group and the V-PBS group.
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1.8.2.3 Adhesion molecule-induced acute inflammation

Systemic IV administration of antibodies againshesion molecules has been
shown to be a promising treatment for ischaemianfepion myocardial injury in
experimental studies (Ma et al., 1992; Weyrich let 2993; Yamazaki et al.,
1993; Hartman et al., 1995; Lefer et al., 1996)wieer, clinical trials failed to
show significant therapeutic benefits of this tneant following recanalisation for

acute Ml (Baran et al., 2001; Rusnak et al., 2@@ikon et al., 2002).

My laboratory reported that retrograde IC route veas effective route for
administration of antibodies against P-selectin #DdM-1 to treat ischaemia-
reperfusion myocardial injury (Fukushima et al.,0@0). In this study, either
monoclonal anti-P-selectin antibody (1#§/Kg weight), monoclonal anti-ICAM-
1 antibody (20Qug/Kg weight), both antibodies or control IgG werbranistered
via the retrograde IC route just before reperfusiotiofang 30 minutes
myocardial ischaemia by LCA ligation in rat. At Bdurs after reperfusion, co-
inhibition of both molecules showed a greater improent in LVEF (68.4£2.0%)
than inhibition of P-selectin (60.1+2.2%) and intidn of ICAM-1 (65.1+1.3%),
which showed a significant LVEF improvement complar® the control
(52.3+2.0%). The functional improvement followinghibition of P-selectin
and/or ICAM-1 was associated with reduction of iofesize, increased regional
myocardial blood flow and reduction in accumulatioh polymorphonuclear

leukocytes (PMNL) (figure 1.3).

As the retrograde IC route has a direct accessetpost-capillary venules where

the target antigens are upregulated, the antibodjestedvia the retrograde IC
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route were efficiently delivered to this specifegion, and consequently produce

the marked therapeutic benefits.
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Adapted from Fukushima et al (2004)
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Figure 1.3: PMNL infiltration into ischaemia-reperfused myocardium after antibody
therapy. Either anti-P-selectin antibody, anti-ICAM-1 antibody, both antibodies or control
IgG was administered via the retrograde IC route just before reperfusion following 30
minutes ischaemia by LCA ligation in rat. At 24 hours after reperfusion, myocardial
damage and PMNL infiltration, which were typically seen after the control IgG injection,
appeared to be attenuated by antibody administration, most clearly following
administration of both antibodies. The number of PMNL infiltrating into the area at risk of
infarction was significantly less after administration of both antibodies than single
antibody administration, which also showed significantly less accumulation of PMNL
compared to the control IgG injection. Control; control IgG injection, P-selectin; injection
of monoclonal antibody for P-selectin, ICAM-1; injection of monoclonal antibody for
ICAM-1, Co-inhibition; injection of both antibodies. Scale bar = 100 um. n=5 in each
group. *p<0.05 vs. the Control group, *p=0.024 vs. the P-selectin group, *p=0.021 vs. the
ICAM-1 group.
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1.9 Experimental models to study cell therapy for HF

Previous experimental and clinical studies haveyestgd the necessity of further
experiments in order to optimise cell therapy faating post-MI chronic HF
(enhancing the therapeutic effects and reducingymmogenicity). Firstly, the
degree and durability of the therapeutic benefiid thhe incidence of ventricular
arrhythmias following injection of either SMB or BMhave to be clarified.
Secondly, the optimal cell-type and cell-delivegute should be determined.
Finally, underlying mechanisms need to be idertifi€or comprehensively
clarifying these issues, a rodent model mimickilgical settings is thought to be

most suitable, as a large number of samples witelyaired.

1.9.1 Post-MI chronic HF model

Experimental HF model in small animals has beeneggad by a variety of
methods, such as LCA ligation, cryo-injury (Murry &., 1996), doxorubicin

administration (Siveski-lliskovic et al., 1995),taummune myocarditis (Taylor et
al., 2004) and rapid-pacing (Hata et al., 2006).0Amthem, the most common
method to generate post-MI chronic HF model is entty to occlude coronary

arteries (DeFelice et al., 1989; Litwin et al., 4R9

Permanent ligation of LCA through thoracotomy inaimnimals has been shown
to consistently deteriorate both systolic and diastardiac functions and induce
progressive LV cavity dilatation. These physiol@ichanges are associated with

pathological hypertrophy of the surviving myocardiLitwin et al., 1994). All
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of these changes in the heart following LCA ligatare seen in clinical settings
of post-MI chronic HF. Small animal models of pdait-chronic HF generated by
LCA ligation has been used for investigations, pg#énesis (Anversa et al., 1986;

Pfeffer, 1991; Yue et al., 1998) and treatmentedBret al., 2005) of post-MI HF.

1.9.2 Cadl injection models

A variety of cell injection model have been repdri@ small animals, using
different routes of cell-delivery, different cellumber injected and different

protocols for donor cell preparation.

1.9.2.1 Models of direct IM cell injection

Direct IM cell injection from the epicardial appetais a common method for
cell-delivery into the heart in clinical and expeental studies. However, the
injection site, the number of injection site or thanber of donor cells injected in
each site have not been optimised in either cliroca@xperimental studies. Most
of the studies injected cells into the peri-infamtgocardium, where the injected
cells are more likely to survive and communicatehwiative cardiomyocytes than
infarct myocardium (Ghostine et al., 2002; Suzulale 2004a). Therefore, either
SMB or BMC were injected into two sites of the pafarct rat myocardium in

the work presented in this thesis.

1.9.2.2 Models of antegrade IC cell injection
Antegrade IC cell injection is a promising cellistety method for cell therapy
treating HF. Experimental models of antegrade IICicgction have been carried

out by a catheter approach in large animals (Hoal.e2005; Thompson et al.,
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2005). However, there is no reproducible modelntegrade IC cell injection into
the heart of rodents. While Qian et al injectedureld bone marrow-derived cells
into the coronary arteries of rat by temporary osin of the ascending aorta
during cell-injection into the LV cavity (Qian eL,a2007), it is unlikely that this
method enables to consistently deliver donor delis the coronary circulation.

Therefore, antegrade IC route could not be stuidi¢hlis thesis.

1.9.2.3 Models of retrograde IC cell injection

My laboratory has recently established a reprodecitiodel of retrograde IC cell
injection in rat, which has been shown to consittedeliver donor cells into
LVFW (Suzuki et al., 2004d; Suzuki et al., 2004n)addition, retrograde IC cell
injection was successfully carried oud percutaneous catheter approach in large
animals (Hou et al., 2005). As retrograde IC agkdtion is technically unable to
be performed in mouse due to small size of thethtesr work in this thesis used a

rat model.

1.9.2.4 Cell number injected

The cell number injected into the post-MI failingdnt was widely various in
experimental and clinical settings. It has beergssted that a larger cell-number
injected produces greater therapeutic benefitsoth ISMB (Pouzet et al., 2001)
and BMC (lwasaki et al., 2006). As the most comroelrnumber injected in rat
is 1-5x16 in SMB (Ghostine et al., 2002; Suzuki et al., 200and 1-10x10in
mononuclear BMC (Memon et al., 2005b; Muller-Ehmsnal., 2006), either
5x10 of SMB or 10x180f mononuclear BMC injected into the rat hearthe t

work presented in this thesis.
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1.9.2.5 Preparation method of primary SMB for cell therdpy HF

Quality of SMB is reported to be an important fadto determine the therapeutic
effects and arrhythmogenicity following cell theyapiutcheson et al., 2000). The
cells obtained from mince of muscle were reporteéhtlude 20-30% of CD56,
skeletal myoblast marker, negative cells (Vazqueal.e 2005), which are less
likely to improve cardiac function of damaged hehen pure SMB (Hutcheson et
al., 2000). With this traditional method for SMBlation, the myogenic cells are
usually inundated by such nonmyogenic cells ang tditional procedures are
needed to enrich the myogenic cell fraction, suxlpraplating (Rando and Blau,
1994), differential centrifugation (Allen et al991) or sedimentation in a Percoll
density gradient (Feldman and Stockdale, 1991). éd&w these procedures only
marginally increase purity, often at the expensa stibstantial loss of myogenic

cells.

In contrast, single fibore method, which was essdigdd in a rodent model, has
been shown to provide virtually 100% pure primaME that are able to be
maintained in an undifferentiated state with kegpimyogenic ability for 2 weeks
(Rosenblatt et al., 1995). While there is a condbat repeated passaging of
primary SMB in vitro might cause possible detrimental effects on ingurt
cellular properties such as fusion or differentiat{Rosenblatt et al., 1995), SMB
obtained from the single fibre method have beeressgfully passaged and grown
in vitro to obtain a sufficient number of cells for injectiinto the heart (Suzuki et
al., 2001a). Therefore, the single fibre method used for preparation of SMB in

the work of this thesis.
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1.9.2.6 Preparation of mononuclear BMC for cell therapy FéiF

Isolation of mononuclear BMC has been consisterdlyied out using a gradient
centrifugation in both experimental (Kamihata et, @2001) and clinical
(Schachinger et al., 2006) studies. Thereforegthdient centrifugation was used

for preparation of mononuclear BMC in the work désed in this thesis.

1.9.3 Evaluation of outcomes of cell therapy for HF

1.9.3.1 Cardiac function and dimensions

One of the primary end points of cell therapy f@ating HF is improvement of
cardiac function in most of the clinical studiesuivy et al., 2006). Cardiac
function of rat is assessed by echocardiographyzu@uet al., 2004c) or
intraventricular pressure measurement by catheteivo (Tambara et al., 2003)
or ex vivo(Ogino et al., 1996). While magnetic resonancegin@ (MRI) and
positron emission tomography (PET) are also usgfals to evaluate cardiac
function and dimension of rat (Higuchi et al., 2)0these highly-specialised
equipments can be used in limited laboratories.eéisocardiography enables a
sufficient range of measurements of cardiac pararsed evaluate the effects of
cell therapy treating HF in rodent (Murtuza et 2D04), the work of thesis used

echocardiography to assess cardiac function andrdiions.

In echocardiography, LVEF can be measured as algystardiac function by
both 2-dimensional tracing and M-mode. As M-modeild@rovide less accurate

measurements of LVEF due to asymmetrical movemiebVavall following Ml,
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compared to 2-dimensional tracing (Cury et al.,30QVEF was assessed by 2-

dimensional tracing in the work reported in thiedis.

1.9.3.2 Physical activity

Symptoms and quality of life are also important eothts of cell therapy for HF.

Most of the clinical studies of cell therapy hawesessed symptoms, physical
activity and quality of life by using Canadian Ciandascular Society (CCS) class
or NHYA functional class (Jolicoeur et al., 200Although no experimental

study has assessed this aspect following cell plyeta date, the work in this

thesis used a telemetry system to serially evalyditgsical activity of rat

following cell therapy for post-MI chronic HF (Hovih et al., 2006).

1.9.3.3 Spontaneous occurrence of arrhythmia

Spontaneous occurrence of arrhythmias, which isappmcomplication of cell
therapy for HF, can also be assessed in rat usiagdiemetry system, which
enables continuous monitoring of ECG in the abse&ianaesthesia (Fernandes
et al., 2006). The work in this thesis continuousignitored ECG and assessed

spontaneous occurrence of arrhythmias followingtberapy using the telemetry.

1.9.3.4 Evaluation of latent arrhythmogenicity

Latent arrhythmogenicity has been assessed by aevathods in a rat model,
including isoproterenol administration (MacDonredllal., 2005) and programmed
electrical stimulation (PES) (Fernandes et al.,6308s latent arrhythmogenicity

Is also a possible important complication of ck#rapy for post-MI chronic HF,
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the work in this thesis induced arrhythmias by adstiating isoproterenol into

the heart following cell therapy under isolatedrhearfusion.

1.9.4 Methodsto track donor-derived cellsin the native myocardium

Donor cell identification is essential in cell thpy research to investigate the
fundamental behaviour of grafted cells in the reatmyocardium. Several cell-

tracking systems have been used for this purpodatt

1.9.4.1 Green fluorescent protein (GFP)

Among all the cell-tracking methods, the use of egeally modified green
fluorescent protein (GFP)-expressing donor celigehbeen most common. As
GFP is stably expressed, donor cells are able tddyified reproducibly in the
wild-type myocardium by their GFP-expression (Oeical., 2001). Asn vitro
viral transfection of GFP prior to injection intbet heart is reported to impair
cellular properties (Agbulut et al., 2007), the o$&FP-expressing cells derived
from GFP-transgenic animals was considered toetable cell-tracking method

for the work in this thesis.

However, there were issues to be addressed be$img SMB or BMC derived
from GFP-transgenic rat in the main work in thiedis. Firstly, it was unclear that
donor cells derived from GFP-transgenic rat have same properties as those
from wild-type rat. Secondly, visualisation methaafsthe grafted cells derived
from GFP-transgenic rat in the wild-type rat myaitam have not been
established. Endogenous GFP expression only wasteepto be insufficient due

to the weak GFP signal-strength (Mothe et al., 2006erefore, both SMB and

85



BMC derived from GFP-transgenic rat were charaséeriin vitro and
immunolabelling for GFP to amplify the endogenousPGsignal was tested to
visualise GFP-expressing cells in the wild-type oardium before the main work

in this thesis.

1.9.4.2 [galactocidase

Donor cells expressin§-galactocidase have also been frequently usedhior t
cell-tracking method (Suzuki et al., 2000a; Murtietaal., 2004). Donor cells
expressing-galactocidase are able to be identified3byalactocidase staining. In
addition, this method enables quantitative assesisaialonor cells by measuring

-galactocidase activity (Suzuki et al., 2000a).

1.9.43 Y-chromosome

Identification of male cells in the female heartaishieved by polymerase chain
reactions (PCR) an-situ hybridisation for Y-chromosome specific gene (Mul
Ehmsen et al., 2002; Murtuza et al., 2004; Quatirale 2002). While there is a
concern of accuracy in quantitative analysis byveotional PCR orin-situ
hybridisation, real-time PCR for Y-chromosome sfiecgene, Sry, has been
shown to be a reliable, reproducible method to ttaively assess the presence
of male donor-derived cells in the female myocardi(Muller-Ehmsen et al.,

2002; Hayashi et al., 2004; Yasuda et al., 2005).

1.9.4.4 Radio-labelling
Radiolabelling of donor cells with [meth{fC]thymidine prior to injection into

the heart is used to assess the surviving, bupmdferating, donor cell number
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(Beauchamp et al., 1999a; Suzuki et al., 2004b; étal., 2005). The distribution
of the injected radio-labelled cells in the liviagimal or human could be assessed

by using PET (Oku et al., 1994).

1.9.45 Magnetic-labelling

Magnetic-labelling of donor cells with iron oxidamoparticles prior to injection

into the heart is also reported to enable to as$esslistribution of the injected

cells in the living animal or human by using MRIhigh provides a more spatial
resolution than PET (Riviere et al., 2005). Howevkere is a concern about the
toxicity of iron oxide nanoparticles, efficiency imagnetic-labelling and

sensitivity in detecting the labelled cells (Riaeat al., 2005).

1.9.4.6 Dye-labelling

Labelling donor cells with dye, such as BrdU, 4djamidino-2-phehylindone
(DAPI) or PKH26, prior to injection has been useddentify the grafted cells in
histological studies. However, the cells labelled this method may provide
insufficient signal strength, compared to the cekpressing GFP particularly in
a long-term study (Fukuhara et al., 2002). In addjtthere is a risk that the dye
released from the dead donor cells could be takebyuthe adjacent surviving

native cells and consequently lead to false pastiv

1.9.4.7 Use of dual cell-tracking markers in this work
The use of GFP-expressing donor cells derived fi@fP-transgenic rat is
thought to be most reliable to visualise the dagells in the myocardium in both

histological and living-cell analysis. In additiothe use of the male cells which
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are injected into the female heart appears to bst mediable to quantitatively
assess the presence of donor-derived cells in dhieenmyocardium. Therefore,
dual cell-tracking markers, GFP and Y-chromosomerewised for identification

of donor-derived cells in the native myocardiunhia work of this thesis.

195 Possible immuneresponse

The main work in this thesis was determined to theemodel, in which either
male SMB or BMC derived from GFP-transgenic ratevajected into the female
post-MI chronically failing rat heart. As GFP-trgesic inbred rat has not been

established, GFP-transgenic Sprague Dawley (SDhyaatused.

A possible limitation in this model included immuresponse against allogenicity,
Y-chromosome or GFP. SD rat is not an inbred stiraia strict definition, but is
very close to inbred. Actually, it has been sucitdlysused for an organ or cell
transplantation model for heart disease (Suzuéll.ei997; Miyahara et al., 2006).
These reports have described little immune respoelaged inflammation,
vasculopathy or organ dysfunction. In addition, GFIhsgenic animals have
been frequently used for a variety of cell therapgdels (Orlic et al., 2001),
which did not show any evidence of host-immune oasp against the GFP.
Moreover, gender mismatched-cell therapy or orgamsplantation has been
carried out with few findings of the immune rejecti (Muller-Ehmsen et al.,

2002; Orofino et al., 2006).

All these data strongly suggest that the experiaienbdel in which donor cells

derived from male GFP-transgenic SD rats are iageatto female wild-type SD
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rats is highly unlikely to induce considerable immauesponse. However, a set of
experiments was carried out before the main warlgrder to firmly exclude the
host-immune response, which could affect the behavof grafted cells and

resulting therapeutic outcomes.

89



1.10 Hypotheses and aims of this work

Cell therapy using either SMB or BMC is a promisstgategy for treating post-
MI chronic HF. However, the therapeutic efficacys et been fully established.

In addition, occurrence of ventricular arrhythrmsaaiconcern of this treatment.

This study aims to optimise cell therapy by invgating the therapeutic benefits,
arrhythmogenicity and underlying mechanisms follagvcell therapy for post-Mi
chronic HF, in comparison between the cell-typed hetween the cell-delivery
routes using a reliable experimental model. Theifipgoals were to;

1) establish a rat model of cell therapy treating fMkthronic HF.

2) determine the therapeutic efficacy following célétapy for post-MI chronic
HF and clarify the underlying mechanisms, in corgmar between the direct
IM and retrograde IC routes.

3) define arrhythmogenicity following cell therapy fpost-MI chronic HF and
clarify the underlying mechanisms, in comparisotwieen the direct IM and
retrograde IC routes.

4) clarify the efficiency and mechanism of engraftmehtmononuclear BMC

into the myocardium following IC injection.

The hypotheses of this work included:

1) Either SMB or BMC injection into the heart improveardiac function of
post-MI chronically failing heartia either differentiation into cardiomyocytes
and/or vascular cells or paracrine effects on #teze myocardium.

2) Either SMB or BMC injection into the heart leaddocurrence of ventricular
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arrhythmia.

3) Cell-delivery route affects the fundamental behawiof the grafted cells,
including survival, distribution, differentiationnd intercellular connection
with the native cardiomyocytes, and resulting tpetdic benefits and
arrhythmogenicity.

4) BMC injected from the coronary arteries are engdhfh the myocardiuraia

adhesion molecule-mediated cellular interactiortd wie endothelium.

The outline of the work described in this thesiasgollows.

Establishing experimental model of cell therapydbronic HF (Chapter 3)
Experimental model of cell therapy for ischaemicocic HF was designed to use
male GFP-transgenic SD rats as donor cell supgyfemale wild-type SD rats as
recipient. In order to verify the suitability ofishmodel, several experiments were
carried out prior to the main work, as follows. gy, the post-MI chronic HF
model generated by LCA ligation in female SD ratssvexamined in terms of
cardiac parameters, physical activity, ECG, collagkeposition and capillary
density. Secondly, SMB and mononuclear BMC derifesin male GFP-
transgenic rats were characterised. Thirdly, metihoddentify donor cells in the
myocardium, such as real-time PCR for Y-chromos@pecific geneSry, and
immunolabelling for GFP, were established. Finablypossible host immune

response in this model was investigated.

Therapeutic efficacy of cell therapy and underlymgchanisms (Chapter 4)

Using the experimental model established in thekvadwove, therapeutic efficacy
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and underlying mechanisms following cell therapyevimvestigated. Changes in
cardiac parameters and physical activity were Bgrexamined in comparison
between the direct IM and retrograde IC injectiohgither SMB or mononuclear
BMC. In addition, survival/distribution/phenotyplicate of the grafted cells and
changes in collagen contents/capillary densithermyocardium were assessed to

explore the mechanisms of the therapeutic benafitell therapy.

Arrhythmogenicity following cell therapy (Chapter 5

In order to clarify arrhythmogenicity following detherapy, the occurrence of
spontaneous and induced arrhythmias was assessetparison between direct
IM and retrograde IC injections of either SMB or BMIn addition, heterogeneity
and inflammatory response in the myocardium, iridutar connections between
the grafted cells and native cardiomyocytes andribigion of Cx43-gap
junctions in the native myocardium were investigaas possible mechanisms of

arrhythmogenicity.

Engraftment of mononuclear BMC following IC injecti(Chapter 6)

The work described in Chapter 4 and 5 suggestédélzengraftment (adherence
and subsequent trans-endothelial migration) mightldimiting factor for graft
survival following IC cell injection. In order taxplore a strategy to improve cell-
engraftment following IC cell injection, the effesicy and mechanisms of the
engraftment of mononuclear BMC were investigatadgian experimental model,
in which mononuclear BMC derived from GFP-transgemiouse were injected

into the coronary arteries under isolated perfusitie wild-type mouse heart.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Animal species and strains

All studies using animals were performed with tippraval of the institutional
ethics committee for animal research at The Hdcetteart Science Centre and
the Home Office in accordance with the Animals €Btfic Procedures) Act 1986

(PIL 70/18397 and PPL 70/5313, 70/6441).

2.1.1 Sprague Dawley (SD) rats

SD rats (Hsd:Sprague DawféySD®™": Harlan UK), originally derived from
Wistar stock, were used as a recipient animal. Dedwing an outbred strain,
they have been used for models of organ transpiantancluding heart
transplantation and cell therapy for heart dis€8seuki et al., 1997; Miyahara et
al., 2006). In addition, they have been shown tosiiently develop ischaemic

HF after coronary artery ligation (DeFelice et 4B89).

2.1.2 GFP-transgenic SD rats

GFP-transgenic SD rats (SD-Tg [GFP] Bal; Rat Rete&rResource Center, US)
were used for the supply of donor cells. They wgeeerated using lentiviral-
based vectors engineered to carry the cytomega®W€MV) enhancer and

human ubiquitin-C promoter driving GFP expressitnig et al., 2002). They
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have been shown to express GFP in spinal cordharetiortex, cerebellum,
brainstem, kidney, testis, lung, spleen and nest@i cells, while there were
variations within GFP fluorescendetensity in the same tissue derived from
different animalgMothe et al., 2005). As homozygous GFP-transg8ilaat has

not been established, heterozygous rats were ndeé work in this thesis.

2.1.3 Nuderats

Athymic T lymphocyte deficient rats (Hsd:RFbxn1™) (Hougen, 1991) were
purchased from Harlan UK and used as a recipientntestigate immune

response after allogeneic cell therapy by compauwitig SD rats.

2.1.4 C57BL/6J mice

C57BL/6J mice (C57BL/6NHsd; Harlan UK), which isetimost widely used
inbred mouse strain, were used as a recipientutdydtansendothelial migration

of BMC following antegrade IC injection.

2.1.5 GFP-transgenic C57BL/6J mice

Homozygous GFP-transgenic C57BL/6J mice (C57BL/@JBE-GFP]30Scha/J;

Jackson Laboratories) were used for the supplyoabdcells. They express GFP
under the human ubiquitin C promoter. These miocee lBeen shown to express
GFP in all tissues examined, with high levels ofRG&xpression observed in

haematopoietic cells (Schaefer et al., 2001).
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2.2 Genotyping of GFP-transgenic SD rats

2.2.1 Isolation and preparation of genomic DNA from tail biopsies

Tail tips of a rat were collected and dipped intanL tail buffer (100 mM
disodium ethylenediaminetetra-acetic acid [EDTA] pB, 0.5% sodium dodecyl
acid [SDS], 0.05 mM Tris-HCI pH 7.5) containing A0 of 100 ug proteinase K
(Sigma; cat# P2308) and allowed to digest overnigtit gentle shaking at 3C.
Each sample was collected (the tailbone discardgs)tly mixed with the half
volume of saturated NaCl solution and centrifuged 3000 g for 20 minutes.
The top aqueous layer containing genomic deoxyubtmic acid (DNA) was
collected, gently mixed with twice the volume 0020 ethanol and centrifuged at
12,000 g for 1 minute. The supernatant was discandhout disturbing the pellet
containing DNA. After washing in 70% ethanol twid@NA was air-dried and

resuspended in 1Q4L of H,O. All DNA samples were stored at -°Z0)

2.2.2 PCR for genotyping

All the GFP-transgenic SD rats were genotyped ttifly whether they were
heterozygous or homozygous at tBEP locus. PCR assays were performed in a
final volume of 25uL reaction buffer (1.5 mM MgGJ] 50 mM KCI, 10 mM Tris-
HCIl pH8.3, 0.01% gelatine, 300 nM each primer, 00 of each dATP, dCTP,
dGTP, dTTP, 50 ng sample DNA and 0.2 U Taq polyserfRoche; cat#
11647679001]) with the PCR conditions as followsniiutes at 924C, followed

by 40 cycles of (30 seconds at’@4 30 seconds at 58, 1 minute 15 seconds at
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72°C) and 1 cycle of 7 minutes at°f2 PCR products were then stored &€ 4

until gel electrophoresis. (See {Chapter 2.7.3}tfte primers used.)

2.2.3 Agarose gel electrophoresisand analysis

PCR products from tail biopsies were sized by detteophoresis using 1%
agarose (VWR; cat# 443663U) gels and 1 Kb DNA Laddevitrogen; cat#
15615-016). Gels, which contained L/mL ethidium bromide (Sigma; cat#
E8751), were run in TAE buffer (40 mM Tris-acetatemM disodium EDTA
pH8.0) at 200 volts (BioRad). Samples were mixedhwi/6" final volume
loading buffer (0.25 mg/mL Orange G [Sigma; cat#76& in 30% [v/v]
glycerol) and were visualised on an ultraviolet (UMransilluminator
(CHEMIGENIUS2, Syngene), and recorded using an @ppate software

(GeneSnap, Syngene).
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2.3 Donor cell isolation, culture and characterisation

2.3.1 Singlefibre method for isolating primary skeletal myoblasts

Primary SMB were isolated from male GFP-transg&ticrats (200-2509) by the
single fibre method, which provides pure SMB (Rddett et al., 1995; Suzuki et
al., 2001a). After cervical dislocation, the extmndigitorum longus (EDL) was
completely removed from tendon to tendon and degestith 5 mL 0.2% type |
collagenase (Sigma; cat# C0130) in Dulbecco’s MediEagle Media (DMEM,

Invitrogen; cat# 41966) in a shaking water batB5C for 60 minutes.

The digested muscle was then transferred to a saisen (HS, Invitrogen; cat#
26050)-coated 35 mm Petri dish (VWR; cat# 391-08&#jtaining 8 mL DMEM
at 37C, where single muscle fibres were liberated bytlgdituration using heat-
polished Pasteur pipettes. The individual, viablggct muscle fibres were placed
onto a 1% Martrigel (Marathon Laboratory Suppliest# 354234)-coated culture
plate containing 10% v/v HS and 0.5% v/v chick eyobextract (CEE, Sera
Laboratories International; cat# CE-650-T) in DMEMNth 100 IU/mL penicillin
and 100ug/mL streptomycin (Sigma; cat# P0781) at@G/where primary SMB

dissociated and migrated within 24 hours (figur®.2.
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Figure 2.1: Single fibre method for isolating SMB. (A) Observation by phase contrast
microscopy. (B) Observation by fluorescence microscopy. Single fibre (arrow) was
isolated by enzymatic digestion from EDL of GFP-transgenic SD rat. Primary SMB (arrow

heads) were dissociated and migrated form the single fibre. Scale bar = 100 um.

2.3.2 Culture of skeletal myoblasts and characterisation

The myofibres were removed at 24 hours after gatidissociated and migrated
SMB were placed in proliferation medium containig@% v/v foetal bovine
serum (FBS, Invitrogen; cat# 10500), 10% v/v HS ar&$6 v/iv CEE in DMEM
with 100 IU/mL penicillin, 200ug/mL streptomycin, 2 mM L-glutamine (Sigma,;
cat# G7513) and 5 ng/mL recombinant human basic FK@Wtrogen; cat#
PHGO0021). The SMB were passaged every 2 days WsRE6 w/v trypsin in
EDTA (Sigma; cat# T3924) before reaching 50% cailte to maintain an
undifferentiated state. The cell number was counteder haemacytometer

(Improved Neubauer type, VWR; cat# 720-0585) orhgmssage.
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GFP expression of the SMB derived from GFP-transgeats was assessed by
fluorescence microscopy (TS100F, Nikon) and floweoyetry (FACSaria, BD
Biosciences). Proliferation of the SMB derived fragFP-transgenic rats was

quantitatively evaluated by calculating doublingei using the formula.

Doubling time betweer™and 2° passage (hour) = 48 [hour] x

Log(2) / Log(total cell number af%passage / total cell number &t passage)

The myogenic differentiation of the SMB was confunby culturing with low-
serum medium (2% HS in DMEM with 100 IU/mL penicill 100 pg/mL

streptomycin) at a sub-confluent state (Suzukl.e@01a).

2.3.3 Isolation of mononuclear BMC and characterisation

Mononuclear BMC were isolated from male GFP-trangg&D rats (200-250 g)
and male GFP-transgenic C57BL/6J mice (15-20 g)erAfervical dislocation,
whole BMC were collected from both the femurs abehs, suspended in Hank’s
balanced salt solution (HBSS, Sigma; cat# H438%h WwD% v/v FBS and 100
IU/mL penicillin, 100 pg/mL streptomycin at 4C. After 5 minutes incubation
with red blood cell lysis buffer (Sigma; cat# R7yY%t 20C, cell suspensions
were loaded on discontinuous PerBblgradient (55% and 70%, GE Healthcare;
cat# 17-0891) and centrifuged at 1,600 g for 30uteis (Kamihata et al., 2001).
The interlayer containing mononuclear BMC was aiéld, diluted with 10x
volume of HBSS with 10% FBS and centrifuged at $0€r 5 minutes. Cell
suspensions were washed twice with HBSS with 10% BBd resuspended in

HBSS with 10% FBS and 1% penicillin/streptomycinioa until required. GFP
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expression of the mononuclear BMC derived from GfaiRsgenic rats and mice

was assessed by fluorescence microscopy and fltovaeyry.
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2.4  Surgical procedures

2.4.1 Surgical anaesthesia and mechanical ventilation

SD rats were endotracheally intubated with blunt d#&uge catheter (3S
Healthcare; cat# BT381157) through the mouth und®alation of 5% isoflurane

(Isobd™, Schering-Plough Animal Healthjia nose cone (Harvard Apparatus).
They were then mechanically ventilated at a rat6.2% breaths/minute/g weight
and a tidal volume of 1HL/g weight using a small animal, volume-controlled
ventilator (Model 683, Harvard Apparatus). Anaesthevas maintained during

the mechanical ventilation by 1.5% isoflurane iaiah.

2.4.2 Generation of arat ischaemic chronic HF modd

All the surgical procedures were carried out itesilssed condition. Female wild-
type SD rats (150-200 g) underwent left thoracotanyhe ' intercostal space
under volume-controlled mechanical ventilation. i€®dium was incised to
visualise the LCA, which was permanently occludathva 6-0 polypropylene
suture with a 8 mm curved-needle (BearMedic, Japat#t WVT8FO6N) at the
level of the bottom edge of the left atrial (LA) pgmdage (Liu et al., 1997).
Myocardial ischaemia was confirmed by colour chaage dyskinesis of the
anterolateral LVFW (figure 2.2). The chest wall welssed by a continuous
suture using a 4-0 polypropylene suture (BearMedat# SVT17F04N) after
removal of the air from the left thoracic cavityulisequently, the skin was closed

with a continuous suture using a 3-0 silk suturegi®edic; cat# SVT17V0O3H-
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75). The ventilation was then continued withouflisane until the rats recover
consciousness. After extubation, the rats werametlito cages in a temperature,

humidity and light-controlled animal holding room.

Body temperature was controlled between 35 to 38%ihg the procedure, using
a thermometer and heating pad (Harvard ApparaBig)renorphine (2Qug/Kg
weight, Vetergesic, Alstoe Animal Health) was givarbcutaneously every day

until 7 days after the procedure.

LCA ligation

Figure 2.2: LCA ligation in rat. LCA of SD rat was permanently occluded by 6-0
polypropylene suture at the bottom level of LA through left thoracotomy under mechanical
ventilation with 1.5% isoflurane inhalation. Occlusion of LCA was confirmed by colour

change and dyskinesis of antero-lateral LVFW.
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2.4.3 Direct IM céll injection into a rat ischaemic chronic HF model

Direct IM cell injection was carried out for SD sadt 21 days after LCA ligation.
Following endotracheal intubation, the left thocagpace was re-opened by
incising the & intercostal space under 1.5% isoflurane inhalatiod volume-

controlled mechanical ventilation. Adhesion aroutid heart was carefully
dissected without damaging the heart, left phrer@ose or lung to expose the

post-Ml heart.

Total volume of 10QL of appropriate solution (cells suspended with RBEBS

only) at 37°C was injected using a 30 gauge negyliege (3S Healthcare; cat#
B3320935) into 2 sites of the peri-infarct myocardi(figure 2.3) (Suzuki et al.,
2004a; Suzuki et al., 2004b). Visual leakage frtwn ihjection site was not seen.
The rats were returned to cages for recovery aftsing the chest wall with a 4-0
polypropylene continuous suture and the skin witB-@ silk continuous suture
followed by extubation. Buprenorphine (3#/Kg weight, Vetergesic, Alstoe
Animal Health) was given subcutaneously every dayil v days after the

procedure.
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Figure 2.3: Direct IM injection into the post-MI heart. Figures show direct IM cell

injection into the post-MI chronically failing heart (A) and its schema (B). Donor cells
suspended in 100 pL of PBS were injected directly into 2 sites (black arrows) at the peri-
infarct area (black dot lines), anterolateral and inferoposterior LV walls through left

thoracotomy using 30 gauge needle-syringe.

244 Retrograde|C injection into arat ischaemic chronic HF model

Exposure of the post-MI heart for retrograde IGatijon was carried out in the
same manner as that for direct IM injection. Thieeparin (100 IU/Kg weight,
Sigma; cat# H-3393) suspended with 500 of PBS was systemically infused
using a 30 gauge syringe needle through a pursey Stuture placed on the left
superior vena cava (LSVC) using a 7-0 polypropylsoaire (BearMedic; cat#
WVT8FO7N). A 6-0 polypropylene suture was then pthon the stem of left

cardiac vein (LCV) for snaring the vein during thgection.

Subsequently, a 24 gauge catheter (3S Healthcat;BT381212) was inserted

into the LCV through the purse string suture plasedhe LSVC (figure 2.4). The
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stem of the LCV was snared to prevent flush ouhefinjected solution into the
coronary sinus using the suture placed on the steo@V. Through the catheter,
total volume of 50QuL of the appropriate solution (cells suspended WBS or
PBS only) was gently injected over a period of &8asmds. Then, the catheter was
removed. The snare was released at 15 secondstledteand of injection. The
suture for the snare was removed and the pursgstture was tied to prevent
the bleeding from the catheter-injection site. Qtesof chest and skin, extubation,

analgesia and recovery were carried out in the saareer as that for the direct

IM injection.

¥ =55 | A purse string
VELV ¢ LGV ?’i ; -.SUture

\ | suture for snaring

"'\-\._\_'.__ h-.!‘}.
Infarciion  [he stem of LGV

Figure 2.4: Retrograde IC injection into the post-MI heart. Figures show retrograde IC
cell injection into the post-MI chronically failing heart (A) and its schema (B). Donor cells
suspended in 500 pL of PBS were injected via the catheter inserted into the LCV (white
arrow) through left thoracotomy over 15 seconds. The stem of LCV was snared using the
suture placed on it during retrograde IC injection. The suture was released in 15 seconds

after the end of injection.
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2.5 Physiological evaluations

2.5.1 Echocardiography assessing function and structure of the heart

Cardiac function and dimensions of rats were evatlawith percutaneous
transthoracic echocardiography using 15-MHz proBeq(oia 512, Acuson)
under 1.5% isoflurane inhalationa nose cone (Yang et al., 1998pages for
LVEF and LV dimensions were takennaid-papillary level. LVEF was assessed
with 2-dimensional mode. Diastolic (LVDd) and systdLVDs) dimensions of
LV were measured with M-mode. Heart rate (HR) wk® assessed with M-
mode. Transmitral E/A flow ratio was assessed bpper traces (Kovacs et al.,
1997). Data was calculated as an average value mke&surements for each

parameter.

2.5.2 Telemetry for monitoring arrhythmia and physical activity

Occurrence of spontaneous arrhythmia (Fernandea.,e006) and physical
activity (Howarth et al., 2006) were quantitativehssessed by continuous
monitoring of the ECG and signal strength usingekerbetry system (Data
Sciences International, US). Under 1.5% isoflurarmalationvia nose cone, the
biocompatible transmitter (PhysioTel Implant TA10ER0, Data Science
International) was fixed to the left peritoneal Wwaing 4-0 polypropylene suture
through the median laparotomy. The electrodes \irgesl in the right shoulder
and the left axilla using 4-0 silk suture througibsutaneous tunnels. Each rat

was then returned to the individual cage (42 cremgth, 25 cm in width and 20

106



cm in height) in a temperature, humidity and ligbtitrolled animal holding room.
ECG and signal strength of the rats were continyaesorded to the computer

(Data Acquisition, Data Science International).

The ECG waves, such as RR interval, P wave leifginterval, QRS complex
duration and QT interval, were analysed by an EQ@lysis software (DSI
Dataquest A.R.T. ™ Analysis, Data Science Inteamat). Data for each wave
and the hourly number of ventricular premature @mtions (VPC) were
calculated as an average of 24-hour recording.yDadcurrence of multiform

VPC and VT was also counted.

The signal strength, which is changed by physicavement of the rat, was
monitored at 64 Hz as an indicator of physicahigtiHowarth et al., 2006). The
average of 24 hours recording was calculated uaisgftware (DSI Dataquest
A.R.T. ™ Analysis, Data Science International). Loaunts of change in signal

strength indicate reduced physical activity.
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2.6 Isolated heart perfusion

2.6.1 Isolated rat heart perfusion and ECG monitoring

Hearts of wild-type SD rat were excised after Iyeation of heparin (100 1U/Kg
weight) via the left femoral vein using 30 gauge syringe neeadahder 1.5%
isoflurane inhalation. A blunt 14 gauge metal cdan(8S Healthcare; cat#
BT381267) was inserted into the ascending aortecerand 4-0 silk suture was

tied at the aortic root.

The isolated rat heart was then perfuseal @anstant arterial pressure of 100 cm
H,O with modified Krebs-Henseleit buffer (144@M Na', 126.3 mM Cl, 4.9
mM K*, 25.0 mM HCQ, 1.2 mMSQOy, 1.2 mM Md¢*, 1.25 mM C4&', 1.2 mM
PO, and 10.0 mMglucose; gassed with 95%, @ 5% CQ at 37°C) using a
modified Langendorff apparatus (Suzuki et al., 2000Coronary flow was
assessed by collecting and weighing the effluerdéryevminute during the

perfusion. Heart temperature was controlled to 3USig a heating jacket.

Isoproterenol was administered under Langendorfup®n to induce arrhythmia.
After 20-minute stabilisation, 1xTOM isoproterenol (Sigma; cat# 15627) was
administered continuouslyia the perfusate for 10 minutes (MacDonnell et al.,
2005). One electrode was attached to the LVFW, terfrom the infarct and the
other two electrodes were fixed at the aortic cémnThe ECG was then
continuously monitored using MP35 and Biopac SystenfLinton

Instrumentation) during the perfusion.
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2.6.2 Isolated mouse heart perfusion and BMC injection

Hearts of wild-type C57BL/6J mice were excised rafi¢ injection of heparin
(100 IU/Kg weight)via the inferior vena cava using 30 gauge syringe leeed
through the median laparotomy under 1.5% isoflurart@lation. A blunt 24
gauge metal cannula (3S Healthcare; cat# BT381®i#y inserted into the

ascending aorta on ice and 6-0 silk suture wasdtig¢lkle aortic root.

The isolated heart was then perfused ebnstant arterial pressure of 100 cp®OH
with modified Krebs-Henseleit buffer (120@M NaCl, 4.5 mM KCI, 20.0 mM
NaHCG;, 1.2 MMKHPO,, 1.2 mM MgCh, 1.25 mM CaCGl, and 10.0 mM
glucose; gassed with 95%,Mlus 5% CQ at 37°C) using d.angendorff
apparatus (Xi et al., 1998). Coronary flow was sssd by collecting and
weighing the effluent every minute during the psibm. Heart temperature was

controlled to 37°C using a heating jacket.

Mononuclear BMC were injecteda the side port of the aortic cannula (figure
2.5). The space between the cell-injection site thedaorta of the perfused heart
was minimised to avoid possible loss of injectedBlefore reaching the heart.
The GFP-positive cell number was counted in themrary effluent, which was
collected every 1 minute for a total of 30 minuggter BMC injection, using a

haemacytometer under fluorescence microscopy.
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Figure 2.5: BMC injection into coronary arteries under isolated heart perfusion. (A)
An isolated mouse heart (white arrow) was perfused under Langendorff apparatus. (B) A
schematic figure shows Langendorff perfusion of isolated mouse heart and injection of

mononuclear BMC via the aortic cannula under the perfusion.
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2.7

2.7.1 Primary antibodies

Materials used for analysis of tissue

Target

antigen Clone Species Source Cat# Dilution Conjugate
mouse CD18 M18/2 Rat eBioscience 13-0181 1/200 Biotin
TSE%"’A%[_}?; MEC133  Rat BD Pharmingen 553370  1/500 _
rat CD34 ICO115 Mouse Santa-Cruz sc-7324 1/200 -
mouse CD34  RAM34 Rat eBioscience 56-0341 1100 APC
rat CD45 OX-1 Mouse BD Pharmingen 554875 1/500 -
mouse CD45  30-F11 Rat eBioscience 13-0451 1100 Biotin
mc(’lL{‘:Sf‘MC_?f“ YN1/174  Rat eBioscience  16-0541  1/200 .
mouse CD62P poyn34  Rat  BDPharmingen 553741 1/200 _
(P-selectin)
"‘0”?5_&?1 LLY: Rat eBioscience  17-1171  1/200 APC
"“;‘I;SSGGET}GQ 4RA10 Rat  BD Pharmingen 557787  1/200 APC
rat Connexind3  RN26 Mouse Chemicon MAB3068  1/500 -
GFP Rabbit  Molecular Probes  A6455 1/1000 -
mouse Sca-1 D7 Rat eBioscience 25-5981 11100 PE-CyT7
human vWF Rabbit DAKO N1505 1/200 -
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2.7.2 Secondary antibodies

Target

antigen Species Source Cat# Dilution Conjugate
Mouse IgGs  Donkey Molecular Probes  A21203 1/500  Alexa Fluor 594

Rat IgGs Goat Molecular Probes  A11007 1/500  Alexa Fluor 594
Rabbit 1gGs Goat Molecular Probes A11034 1/500  Alexa Fluor 488
Rabbit 1gGs Goat Molecular Probes A11037 1/500  Alexa Fluor 594
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2.7.3 PCR oligonucleotides

Assay GFP

R52int 1F 5 AGC AAT GAATAGCCTCTCTCC T3
R52int 1R 5 CCC ATATGT GCC AAG CACTTT ACC ¥
U3r0 5" TGA AGG GAT GGT TGT AGC TGT 3

Forward/Reverse/U3r-0 (nM)  375/375/375

Primer location: R52 int 1 F and R on either side of insertion on rat chromosome 14q21
Primer location: U3r-0 in GFP/lentiviral transgene

Assay Sry

Forward Primer 5 GCG GAG AGA GGC ACAAGT TG 3

TagMan Probe 5 TCA ACA GAA TCC CAG CAT GCAGAATTICA TS
Reverese Primer 5 TCCCAGCTGCTT GCT GATCT ¥

Forward/Probe/Reverse (nM)  900/200/900

Assay Qesteopontin

Forward Primer 5" CCAATC GCCCCCACAGT ¥
TagMan Probe 5 TGTCCC TGACGG CCGAGG TGA ¥
Reverese Primer 5 CCT CAG TCC GTA AGC CAAGCT 3

Forward/Probe/Reverse (nM)  900/200/900

Assay Cx43
Applied Biosystem's Assay-on-Demand
Assay ID Rn01433957_m1
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2.8 Analysis of DNA, RNA and protein from heart tissue

For analysis of DNA, ribonucleic acid (RNA) and f@ion of heart tissues, the
heart was excised after neck dislocation under<$fturane inhalation at selected
time-points for each experiment. Both atria and R¥Wwere removed on ice and
LV (LVFW and IVS) were snap-frozen and crashed iptovder using a pestle

and mortar under liquid nitrogen, and stored atE80ntil analysis.

2.8.1 Genomic DNA extraction from the heart

Genomic DNA of the LV was extracted from frozen piened tissue samples (25
mg each) using a kit (DNeasy Kit, Qiagen; cat# @95This kit allows collection
of DNA using silica-membranes without alcohol pp#gtion. The concentration
and purity of DNA samples were determined by meaguhe OD at 260 nm in a
spectrophotometer (UV-1601, Shimadzu). Concentmatiwas calculated by
correcting for the dilution ratio and by assumirgtt 50 ug/mL of double-
stranded DNA has an QRnm= 1. Sample DNAs whose QR 2goratio was 1.6 -
1.8 were used for the assay. Sample DNAs wereedilutith TE buffer (10 mM
Tris-HCI, 1mM disodium EDTA pH8)3o a concentration of 50 ngd/ and stored

at -20C until assays.

2.8.2 Real-time PCR for Sry and Oesteopontin

DNA extracted from female LV, which had been ingettwith male cells, was

used for real-time PCR to test #B8ry andOesteopontinFollowing quantification
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of DNA using the spectrophotometer again, fluoreseebased real-time PCR
assay was carried out (ABI PRISM 7700, Applied Bgitems). The reaction
solution for PCR assay for each sample includeslpR. 10xPCR buffer, 2.5uL
deoxyribonucleoside triphosphates (ANTPs [dATP. ECATTP, dTTP], 10 mM
each, Roche), 2.aL primer forward (9uM), 2.5 pL primer reverse (fM), 2.5

uL primer probe (JuM), 0.5 uL Taq polymerase (Roche), 100 ng sample DNA
and HO with a total volume of 2HL. The PCR cycling conditions were 50°C for
10 minutes and 95°C for 5 minutes, followed by #6les of 95°C for 15 seconds

and 60°C for 1 minute.

Data obtained were analysed with the comparativdecthreshold (Ct) method
using Sequence Detection System 1.7 (Applied Btesys). Signals obtained by
PCR assay for th8ry was normalised with those for the autosomal sigiey

geneOesteopontin

2.8.3 RNA extraction and purification

Total RNA was extracted from frozen powdered saspising TRIzol reagent
(Invitrogen; cat# 15596). Samples (80 mg each) hiclv1 mL of TRIzol was

added were homogenised using a tissue homogeRisbitron). The homogenate
was then placed on ice for 5 minutes to permit ¢beplete dissociation of
nucleoprotein complexes. Chloroform (0.2 mL) wadeat] mixed thoroughly for
15 seconds and then allowed to stand on ice fourtndr 15 minutes. The
homogenate was then centrifuged at 1,200 g at 4iC16 minutes. After

centrifugation, the aqueous phase containing mucketids was carefully
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transferred to a fresh tube and an equal volumisagropanol was added. The
samples were allowed to stand on ice for 10 minates$ then centrifuged at
12,000 g at 4°C for 10 minutes. The supernatant caasfully removed and the
RNA pellet washed twice with 1 mL of 75% ethanartexed and centrifuged for
5 minutes at 7,500 g at 4°C. The pellet was briafiydried for 5-10 minutes and
resuspended in 50-10QL of diethyl pyrocarbonate (DEPC) treated water

(Invitrogen,; cat# 750024).

Subsequently, total RNA isolated by the TRIzol noetlvas purified (RNeasy Kit,
Qiagen; cat# 74104) and treated with DNase (RNase-PNase set, Qiagen
cat#; 79254) to increase the purity of mMRNA. Theamtration and purity of
RNA samples were determined by measuring the OD26@ nm in the
spectrophotometer. Concentration was calculateadryecting for the dilution
ratio and by assuming that 4@/mL RNA has an ORonm = 1. Sample RNAs
whose ODgp2g0 ratio was more than 2 were used for the assaypBaRNAS
were diluted with RNase free,8 to a concentration of 50 nd/ and stored at -

80°C until use.

2.8.4 Reversetranscription reaction and real-time PCR

Following quantification of RNA again using spe@hotometer, 100 ng sample
RNA was used in a reverse transcription reactiai wandom priming (Applied
Biosystems; cat# N8080234). Reaction solution smhesample included; 1L
10xRT buffer, 2.2uL MgCl, (50 mM), 2.0uL dNTPs (10mM each), 0.fL

Random Hexamers, 0}, RNase inhibitor, 0.62pL Multiscribe enzyme, 100
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ng sample RNA and 10 with a total volume of 1QuiL. The cycling conditions
were 25°C for 10 minutes, 48°C for 30 minutes, &WC for 5 minutes.

Synthesised complimentary DNA (cDNA) was stored°& until the PCR assay.

cDNA (20 pg) was used for real-time PCR. PCR primers and Tayldrobes
were purchased from Applied Biosystems. Levels &b fibosomal RNA were
simultaneously measured using a preoptimised kpp(i&d Biosystems; cat#
4310893E) to normalise for variations in RNA loaglitetween reactions.
Reaction solution for each sample included; 10 2xTagMan universal PCR
master mix (Applied Biosystems; cat# 4304437), 0 20xROD, 1.0puL

20x18S primer, 2.Q.L cDNA (20 pg) and 7.0uL H,O with a total volume of 20
uL. The PCR cycling conditions were 50°C for 10 ntew and 95°C for 5
minutes, followed by 40 cycles of 95°C for 15 set®m@and 60°C for 1 minute.
Data obtained were analysed with the Ct methodguSequence Detection

System 1.7 (Applied Biosystems).

2.8.5 Protein extraction and estimation

Powdered frozen samples (100 mg) were solubilisesB20 (20% SDS and 0.15
mol/L Tris, pH 6.8). An aliquot for each sample was uB®dprotein estimation
and 2-mercaptoethanol (Sigma; cat# M3148) was atiddte remainddp a final

concentration of 2.5%.

The protein concentration was measured using tadfBrd protein assay method

(Dc Kit, Bio-Rad; cat# 500-0111) as follows. Soliggd samples (1QuL) for
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protein estimation were diluted with,8 (90 uL) to make 1/10 dilution in 2%
SDS. A half of diluted sample (50L) was further diluted with 2% SDS (50.)

to make 1/20 dilution in 2% SDS. ForpyL of standard bovine IgG solution
(2.5mg/ml) were diluted with 1QL 20 % SDS, 50uL H,O to make 10QuL
1mg/mL solution in 2% SDS. Serial dilutions of thiandard (5QL standard +
50 uL 2% SDS) were then carried out to make the foltapconcentrations; 1, 0.5,

0.25, 0.125, 0.0625, 0.03125 and 0 mg/mL.

Sample or standard (38.), reagent A’ (125uL) and reagent B (1,000L) were
mixed and incubated at room temperature for 30 tas)dollowed by absorbance
being read in a spectrophotometer at 750 nm. Vdhresamples were calculated
using the standard curve generated by plottingdstalsvs. absorbance. Values
for the samples of either 1/10 dilution or 1/20utdn, which were within the
range of the standard curve, were used to deterthiaeprotein concentration

(mg/mL)

2.8.6 Western blotting

2.8.6.1Material and solutions for western blotting

12.5% SDS-polyacrylamidgels; 30% acrilamide; 4.2 mL, Tris pH 8.8; 2.5 mL,
H.O; 3.1 mL, 10% SDS; 0.1 mL, 10% ammonium persukpl{aPS); 0.05 mL,
10% TEMED,; 0.05 mL

Running buffer; 192 mM Glysine, 25 mM Tris, 0.1% SD

Transfer buffer; 192 mM Glysine, 25 mM Tris, 10%thenol, 0.01% SDS

Washing buffer; Tris buffered saline (TBS)/0.1% Bre20
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Blocking buffer; TBS/0.1% Tween 20, 5% dried mildvpder.

2.8.6.2Procedures

Ten micrograms of total protein per lane were rarl@d.5% SDS-polyacrylamide
gels at 100 volts under the running buffer and thlestrophoretically transferred

to polyvinylidene fluoridg(PVDF) membrane at 30 volts overnight using the
transfer buffer. Transfer wassessed by Ponceau S staining and the membrane

was blockedvith the blocking buffer.

The membranwas then incubated with the appropriate primarybadly (diluted

in TBS/0.1% Tween/1%bovine serum albumin [BSA]) for 1 hour at room
temperature, washed with TBS/Tween for 15 minutesiacubated witllkaline
phosphatase—conjugated secondary antibody (dilnté®S/0.1% Tween20 and
10% normal goat serum) for 1 hour with shaking. Thembranevas washed
with the washing buffer for 15 minutes and the eneyactivity was revealed
using a freshlprepared NBT/BCIP substrate solution (Pierce andriver Ltd).
Reaction was stopped by washing withCH Membranes were placed between
filter-papers to dry. Protein expression was seuargitatively analysed using

National Institute of Health (NIH) image-analysisgftware (ImageJ 1.38X).
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2.9 Histological analysis of heart tissue

2.9.1 Fixation and cryosection

For histological analysis, rat hearts were excisiéelr neck dislocation under 5%
isoflurane inhalation and perfused with 10 mL 6€4°BS, followed by 5 mL of
4°C, 4% paraformaldehyde (Sigma; cat# P6148), throaigtlB gauge cannula
inserted into the ascending aorta. After 30-minutemersion fixation in 4%
paraformaldehyde on ice, the hearts were thorougbdghed with PBS and
incubated with PBS containing 30% sucrose (w/vi°&@& overnight. The fixed
hearts were then cut transversely into 2 pieceheaimiddle level between the
LCA ligation site and the apex. Each segment walsegitled in OCT compound
(VWR; cat# 361603E) using a polyethylene mouldzé&mw in liquid nitrogen-

cooled isopentane and stored at°@0

In the case of mouse hearts, all the histologiaaies were prepared following
Langendorff perfusion. One mL of°@, 4% paraformaldehyde was infused
through the aortic cannula, followed by 30-minubesnersion fixation in 4%
paraformaldehyde on ice. The hearts were then tightg washed with PBS and
incubated with PBS containing 30% sucrose (w/vi°&@& overnight. The fixed
hearts were then transversely cut, embedded in @@ipound, frozen in liquid
nitrogen-cooled isopentane and stored afC8QCryosections (15-25m) were
cut from each segment using a rotary cryotome @)ejalaced on polysine-coated

glass slides (VWR; cat# 631-0107) and stored étG80
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2.9.2 Fluorescent immunolabelling

Cryosections stored at -8D were washed with PBS once and immersed in a
blocking solution containing 1% BSA (Sigma; cat#9@8) and 0.5% rat serum
(RS) in PBS for 60 minutes at room temperature. Fketions were then
incubated with primary antibodies {Chapter 2.7.1hieh were diluted in an
appropriate volume of the blocking solution for IBihutes at room temperature.
After washing with PBS for more than 5x5 minutd® tections were incubated
with secondary antibodies {Chapter 2.7.2} dilutedaippropriate volume of the
blocking solution for 60 minutes at room temperatukfter washing with PBS
for more than 5x5 minutes, the sections were furitheubated with Jug/mL of
DAPI (Molecular Probes; cat# D21490) diluted witBSfor 3 minutes, washed
with PBS for 15 minutes and then mounted usingréacent mounting medium
(DAKO; cat# S3023) and cover glass (VWR; cat# 626). The sections were

stored in a light proof box at 4°C.

2.9.3 Confocal microscopy

Immunolabelled fluorescent sections were examined bonfocal laser scanning
microscopy using a Zeiss LSM510 system, which waspped with an argon,
kryptonand Ti:Sapphire (Chameleon ultra, Coherent, USr&aand fitted with
the appropriate filters (Cy5, FITC and DAPI) foritetection of fluorescence.
The images recorded weether single images or projections of five consiseu
single optical sections takah 0.44um intervals. For the double-immunolabelled

sectionssequential dual scanning was performed.
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2.9.4 Non-fluorescent immunolabelling and visualisation

Non-fluorescent immunohistochemistry was carried asing a horseradish
peroxidise (HRP)-based kit (EnVision Kit, DAKO; #aK4065). Cryosections
stored at -80C were washed with PBS once and immersed in 0.3@% ESigma,
cat# H1009) diluted with PBS to inactivate endogenperoxidise activity for 15
minutes. After washing with PBS twice, the sectiomsre incubated with the
blocking solution containing 1% BSA and 0.5% RSPBS for 60 minutes at
room temperature. The sections were then incubaiéid primary antibodies
{Chapter 2.7.1}, which were diluted in an appropgiarolume of the blocking
solution for 120 minutes at room temperature, fedd by washing with PBS for
more than 5x5 minutes. Subsequently, the sectioase vincubated with a
biotinylated secondary antibody (included in the/sion Kit) for 60 minutes at
room temperature, followed by washing with PBS rieore than 5x5 minutes.
Then, the sections were visualised by HRP-basediraiiotin complex (ABC)
method, followed by washing with ;8 for 15 minutes. Subsequently,
counterstaining was carried out by incubating Wigyer's haematoxylin solution
for 2 minutes, rinsed with tap water for 3 timdsert mounted using aqueous

mounting medium (DAKO; cat# S3025) and cover glass.

Each labelled section was assessed under a mip@eoXIOSKOP, Zeiss).
Images were recorded using a digital camera andooten software (LUCIA,

Laboratory Imaging Ltd).
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2.9.5 Picrosirusred staining and assessment of collagen volume

Cryosections stored at -8D were washed with PBS once and dried at room
temperature overnight. The sections were then irsetein fast blue (0.15% Fast
Blue in magnesium borate buffer [0.17 g MgS040H).38 g NaB@4H,0; 100

mL H,0]) for 10 minutes at room temperature, rinsed p®OHand stained with
0.1% picrosirus red F3B (0.1 g Sirus red in 100 saturated aqueous picric acid)
for 10 minutes at room temperature. The sectiong wased 5 times in #0 and
then rinsed for 1 minute in picric alcohol (20 mhsalute alcohol; 70 mL }O;

10 mL saturated aqueous picric acid). They wera tiehydrated through a

methanol series and mounted in DPX (VWR; cat# 38629

The collagen volume fraction was semi-quantitayivessessed using picrosirus
red-stained sections. Images of high-power fieldO® were recorded and

analysed using NIH image-analysing software, Imhge
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2.10 Analysis of isolated living cells from heart

2.10.1 Isolation of living single cell from the heart for flow cytometry

Non-cardiomyocyte cardiac cell suspensions werpgsesl from the mouse heart
for flow cytometry (Montanaro et al., 2004). Afteangendorff perfusion, hearts
of wild-type C57BL/6J mouse were minced and digksteh 1.2 U/mL neutral
protease (Worthington Biochemical Corporation; cai802100), 5 mg/mL
collagenase IV (Worthington Biochemical Corporafi@at# LS004188) and 5
mM CacC} diluted with PBS for 45 minutes at 87 with shaking. The minced
tissue weight in grams was multiplied by 4 andrihenber obtained was used as
the volume in mL for each enzyme solution to beealdd he digested suspension
was filtered through a 100m and then a 4@um cell strainer (BD Biosciences)
and fractionated by layering onto a 55/70% Permgatient with centrifugation at
1,600g for 20 minutes at Z5. Cells at the interface layer were collected, veash
and re-suspended with Phenol Red-free HBSS (Irgetmpcat# 14025) containing

2% FBS on ice.

2.10.2 Immunolabelling of isolated living cells and flow-cytometry

Suspended living cells were incubated with eithierorbchrome or biotin-
conjugated monoclonal primary antibodies dilutedsthpulL of HBSS with 2%

FBS for 15 minutes on ice, followed by washing WwitBSS with 2% FBS twice.
Cell suspensions labelled with biotin-conjugateningry antibodies were further

incubated with Alexa Fuor 405-conjugated streptavi(? mg/mL, Molecular
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Probes; cat# S32351) for 15 minutes on ice, foltblwe washing with HBSS with
2% FBS twice. Subsequently, 1QL of 7-amino-actinomycin D (AAD,
eBiosciences; cat# 00-6993) diluted with 500 of HBSS with 2% FBS were

added to the cell suspension in order to deteat debs.

The labelled cell suspensions were placed on icki@mmediately analysed by
using flow-cytometryand CellQuest software (BD Biosciences) (Wang et al
2006). Debris and dead cells were excluded by fahgaatter (FCS), side scatter

(SSC) and 7-AAD gating.
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2.11 Statistical analysis

All values are expressed as meanstSEM. The diffeein data between two
groups were determined using the Student’s t-teshbsquare test. Comparison
between multiple groups with one variable was peréd by one-way ANOVA
followed by Bonferroni’'s pot-hoc test for individuaignificant difference.
Comparison between multiple groups with two vaesblvas performed by two-
way ANOVA followed by Bonferroni’s pot-hoc test fandividual significant

difference p<0.05 was regarded as a significant difference.
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CHAPTER 3: ESTABLISHIING EXPERIMENTAL

MODEL OF CELL THERAPY FOR ISCHAEMIC

CHRONIC HEART FAILURE

3.1 Introduction and Aim

It was required to establish experimental modetadf therapy for treating post-
MI chronic HF prior to the main work, as the expgital model in which either
SMB or BMC derived from male GFP-transgenic SD ae¢ injected into the

female post-MI SD rat heart had not been frequargbd previously.

3.1.1 Rat post-MI chronic HF model

Although LCA ligation is a common method to genergbst-MI chronic HF
model in male rat (DeFelice et al., 1989), the degnd time-course of change in
cardiac parameters following LCA ligation have theien fully evaluated in the
female SD rat. In addition, it would be essentiateview other typical features
of post-MI chronic HF, such as changes in physaglvity and ECG waves,
occurrence of spontaneous arrhythmia, myocardmabs$is and capillary density,

in order to evaluate the therapeutic effects dftbelrapy.
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3.1.2 Useof donor cells derived from GFP-transgenic SD rat

An SD rat model was used since only transgenic &B expressing GFP were
available. As the GFP-transgenic SD rat had not ieléy studied for cell therapy
research, it was required to characterise SMB avi€ Blerived from male GFP-
transgenic rats and evaluate its suitability asod@ells injected into the post-Ml
hearts. In addition, establishing the methods émtifly male GFP-transgenic rat-
derived donor cells in the female wild-type rat mgalium, including real-time

PCR forSryand immunolabelling for GFP, is important priotthe main work.

3.1.3 Useof allogeneic model

The model in which either SMB or BMC derived fronalen GFP-transgenic SD
rat are injected into the female SD rat heart igkaly to induce immune response
against allogenicity, Y-chromosome or GFP basednuip@ previous research
data (Suzuki et al., 1997; Miyahara et al., 200®wever, in order to firmly

verify the suitability of this model as an autologomodel, a set of experiments
using female athymic nude rats as a recipient \aased out and the results were

compared with that using female wild-type SD rasaecipient.

3.1.4 Aim of Chapter 3

This chapter sets out the verification and esthbimnt of the experimental cell
therapy model in which either SMB or BMC derivedrfr male GFP-transgenic
SD rat were injected into the female wild-type 3D meart with post-MI chronic

HF generated by LCA ligation.
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3.2 Results

3.2.1 Evaluation of a post-MI chronic HF model in the femalerat

The post-MI chronic HF model was generated by L@atlon in female SD rats.
The LCA was permanently ligated at the bottom lesethe LA appendage in
female wild-type SD ratsn€355) {Chapter 2.4.2}. Five rats (1.4%) were
excluded due to a technical difficulty in ligatinlge LCA. Cardiac parameters,
physical activity, extracellular collagen volumepdlary density, ECG waves and
spontaneous occurrence of arrhythmia following Ligyation were compared to

those of normal rat$€10).

3.2.1.1Procedural mortality and morbidity

Among 350 rats in which the LCA was ligated, 15 r@.3%) were unable to be
extubated due to acute LV dysfunction. Forty-siis rél3.1%) died within 48

hours after extubation, presumably due to acuteAllRhe rats surviving for 48

hours after LCA ligation survived over the expenma period (from 21 to 105

days after LCA ligation).

Morbidities were found as follows; severe thorawsall infection (2 rats, 0.6%),
pathologically increased ascites (1 rat, 0.3%)emtuced activity with elevated
breathing rate (3 rats, 0.9%). These rats wereuderd from the study and
sacrificed. Post-mortum study of the rats with #oic wall infection showed a

necrotic rib bone with intense adhesion to thellefg and the epicardium. Post-
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mortum study of the rats with severe ascites ouged activity revealed severe

pulmonary oedema and enlarged LV cavity, presumaisyto LV dysfunction.

3.2.1.2Infarct area at 21 days after LCA ligation

Hearts were removed to confirm the area and sizefafct at 21 days after LCA
ligation (n=3). All the rat hearts showed a thin-white fibrqusfarct) region at
antero-lateral LV free wall in the distal regiontb&é LCA ligation site (figure 3.1).
Adhesion between the heart and thoracic wall drligig was easily dissected

without damaging the heart or lung.
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Figure 3.1: Infarct area following LCA ligation. Representative pictures of the heart

MNormal heart

L

Heart at 21 days
after LCA Igiation

(transversely cut) at 21 days after LCA ligation (lower slices) show a thinner antero-lateral
LV wall (arrow heads) and enlarged LV cavity, compared to the same level of the normal

heart (upper slices). Black arrow indicates the site of LCA ligation.
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3.2.1.3Deteriorated cardiac function after LCA ligation

Echocardiography was serially carried out beford after LCA ligation under

isoflurane inhalation over 105 days to assess dwang cardiac parameters
(n=10) {Chapter 2.5.1}. Following LCA ligation, all he rats showed

asymmetrical LV dilatation associated with akinetitero-lateral LV wall motion

and enlarged atrial peak flow through the mitrdveay 21 days, compared to

the normal rat hearts (figure 3.2).
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Figure 3.2: Echocardiography before and after LCA ligation. Representative 2-
dimensional tracing shows LV cavity (surrounded by white dot line) and LV wall
(surrounded by yellow line) in diastolic phase of the normal heart (A) and the heart at 21
days after LCA ligation (B). A larger LV cavity and asymmetrical thin LV wall are
observed in the post-MI heart. Representative M-mode of the same heart shows akinetic
anterior wall and enlarged LV diastolic (white arrow) / systolic (yellow arrow) dimensions
in the post-MI heart (D) compared to the normal heart (C). Representative trans-mitral
spectral Doppler of the same hearts show a smaller ratio in diastolic (yellow arrows) /

atrial (white arrows) waves in the post-MI heart (F) compared to the normal heart (E).
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Serial measurement of LVEF by 2-dimensional trasirgshowed a marked
decrease at 7 days after LCA ligation (42.8+0.82®mpared to before LCA
ligation (71.3£0.3%,p<0.001, figure 3.3). Further reduction in LVEF was
observed until 21 days (34.6+0.5%). LVEF betweera@d 105 days after LCA
ligation were not significantly different (34.4+0tbat 28 days, 32.4+0.7% at 49

days and 31.2+0.6% at 105 days).

&0

LVEF

20
0 7 14 21 28 49 105

Days after LCA ligation

Figure 3.3: Serial change in LVEF following LCA ligation. Two-dimensional mode
echocardiography revealed that LVEF was markedly decreased by 7 days followed by a
gradual, but continuous decrease until 21 days after LCA ligation. LVEF was then not
significantly changed until 105 days. 0 indicates the day of LCA ligation (data was taken
just before LCA ligation). n=10 at each time point. *p<0.0001 vs. 0 day; *p<0.05 vs. 7
days; ¥p<0.05 vs. 14 days.
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HR did not significantly change during the expenta period analysed, whereas
LV dimensions were enlarged and peak E/A flow wegaicantly reduced by 21
days after LCA ligation (table 3.1). LVDd was fuethenlarged by 105 days and

peak E/A flow was further reduced until 105 days.

Days after LCA ligation
21 49 105

HR (bpm) 376+13 37319 360£12 3837

Normal

LVDd (mm) 6.4+0.2 8.6+0.2* 9.2+0.4* 944027
LVDs (mm) 3.9+0.2 7.240.2* 7.610.1* T7.7:0.1*
Peak EJA flow 161£0.09 1.11+0.07* 0.87+0.03*7 0.80+0.02*

Table 3.1: Change in cardiac parameters following LCA ligation. Data of normal
hearts were taken just before LCA ligation. n=10 at each time point. *p<0.05 vs. the

normal hearts; 'p<0.05 vs. 21 days.
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3.2.1.4Reduced physical activity after LCA ligation

Physical activity of the rats following LCA ligatiowas assessed by telemetry
{Chapter 2.5.2} as an indicator of the degree of HRd symptoms. The
biocompatible transducers for telemetry were imigdnn 8 female wild-type SD
rats. Among them, 4 rats underwent LCA ligationotigh left thoracotomy
immediately after the transducer implantation (Rgilgroup). In the other 4 rats,
only left thoracotomy was carried out (Normal grpupignal strength of these
rats was continuously recorded for 24 hours at 11,aBd 49 days after the

procedurer{=4 in each group at each time point).

Mortality or morbidity relating to the transducenplantation, such as ileus,
peritonitis or peritoneal bleeding, was not obsdrviéhe transducer was explanted

after sacrifice of the rats.

Activities of all the rats were low (1.3+0.3 counth in the Normal group;
0.8%0.2 count/min in the Failing group) at 1 dayggumably due to surgical stress
(figure 3.4). At 21 days, physical activity wasrsfgcantly different between the
two groups (7.4+£1.2 count/min in the Normal gro@p7+0.5 count/min in the
Failing group,p<0.05). The significant difference continued ud8l days. Either

group showed no significant change in activity bedw 21 and 49 days.
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Figure 3.4: Physical activity following LCA ligation. Continuous monitoring of physical
activity, assessed by radio-telemetry, revealed a significant difference between the
Normal and Failing groups at 21 and 49 days after LCA ligation. n=4 at each group at

each time point. *p<0.05 vs. the Failing group.
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3.2.1.5Increased extracellular collagen volume after L@ation

Fibrosis of the hearts after LCA ligation was assédswith picrosirus red staining
as an indicator of the degree of chronic HF andispmantitatively compared with
that of the normal heart:i£4 in each group) {Chapter 2.9.5}. Ten individual
high-power (400x) fields of each peri-infarct anufarct-remote areas were

analysed per one heart.

Collagen was markedly accumulated in the extraleglispace of the peri-infarct
area of the hearts at 21 and 49 days after LCAitigg22.0+1.7% and 23.4+1.3%
of collagen volume fraction, respectively) compatedhe LV free wall of the
normal hearts (7.0£1.0%p<0.05; figure 3.5). The infarct-remote area or
interventricular septum (IVS) also showed accumartabf collagen in the hearts
at 21 and 49 days (15.3£1.7% and 14.7+1.5%, reispégt compared to the IVS
of the normal hearts (6.7+1.2%6<0.05). Collagen was less accumulated in the
infarct-remote area than in the peri-infarct areathe failing hearts. Collagen
volume of either peri-infarct or infarct-remote angere not significantly different

between the hearts at 21 and 49 days.
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Figure 3.5: Fibrosis in the post-MI chronic HF model. Representative picrosirus red
staining in the peri-infarct area of the hearts at 21 and 49 days after LCA ligation (B, C, E
and F) show a marked extracellular collagen accumulation (red colour), compared to the
LVFW of the normal heart (A and D). Collagen is also markedly accumulated in the
infarct-remote area of the failing heart (H and I) compared to the IVS in the normal heart
(G). Collagen volume fraction was significantly larger in both the peri-infarct and infarct-
remote areas of the failing hearts than the normal hearts (J). Collagen volume fraction
was not significantly different between the hearts at 21 and 49 days after LCA ligation.
Scale bar = 500 ym (50x%); 100 pm (400x). n=4 in each group. *p<0.05 vs. peri-infarct
area (LVFW) of the normal hearts; *p<0.05 vs. infarct-remote area (IVS) of the normal

hearts.

3.2.1.6Angiogenesis in the peri-infarct area after LCAalign

As an indicator of the degree of HF, capillary dgnis the peri-infarct area of the
normal hearts and the hearts at 21 and 49 dayslL&Fi& ligation was assessed by
immunofluorescent labelling for von Willebrand fact(vWF) using confocal
microscopy {Chapter 2.9.2}{Chapter 2.9.34%4 in each group). Ten individual
high-power (400x) fields of the peri-infarct areare recorded as projections and

analysed per one heart.

Endothelium of capillaries, venules and arteriol=e successfully labelled in
the myocardium (figure 3.6). The capillary densitief the hearts at 21 days
(657+45 /mm) and 49 days (668+63 /nfjnwere significantly smaller than that in
LVFW of the normal hearts (1,007+105 /rirp<0.05). There was no significant
difference in capillary density between the heatt®1 days and 49 days after

LCA ligation.
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Figure 3.6: Vascular formation in post-MIl chronic HF model. Capillary density was
assessed in LVFW of the normal hearts and peri-infarct area of the hearts at 21 and 49
days after LCA ligation by immunolabelling for vWF. Representative pictures at high-
power (400x) show that there was no non-specific signal by the secondary antibody (A)
and that the capillary number was greater in the normal heart (B) than in the failing hearts
(C and D). Capillary density of the normal hearts was significantly larger than in the
hearts at both 21 and 49 days after LCA ligation (E). Scale bar = 20 ym. n=4 in each
group. *p<0.05 vs. the normal heart.
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3.2.1.7ECG waves and arrhythmia occurrence in post-MI dicdiF model

The ECG was continuously monitored using radioateley {Chapter 2.5.2} in
rats following LCA ligation. The transducer was iamted in the peritoneal
cavity and the two electrodes were fixed at thétrghoulder and the left axilla.
Four rats underwent LCA ligation through the Iléfbtacotomy immediately after
the transducer implantation (Failing group) and olieer 4 rats underwent only
left thoracotomy without LCA ligation (Normal group Continuous ECG

monitoring was carried out for 24 hours at 21 af@didys after the procedure.

The ECG waves showed a difference between the tanopg at 21 days (figure
3.7). All the rats after LCA ligation showed a tgai ECG pattern in transmural
MI including negative Q and inverted T waves, whilee rats without LCA

ligation showed a normal ECG.

The ECG waves were analysed and the data was erpdras an average of the
24-hour recording (table 3.2). The rats at 21 af@dddys after LCA ligation
showed a significantly larger duration in P wave RS complex, compared to
the rats without LCA ligation. RR, PR or QT intelvavere not significantly

different between the two groups.

The frequency of VPC was less than one per houooth groups at 21 and 49

days after the procedure. Neither multiform VPG/@rwere found in any rats.
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Figure 3.7: Change in ECG waves in post-Ml chronic HF model. The ECG was

continuously monitored using the telemetry in

rats with or without LCA ligation.

Representative ECG waves show a normal wave pattern in a rat from the Normal group

(A) and a typical ECG pattern in transmural Ml in a rat from the Failing group (B) at 21

days after the procedure.

21 days after the procedure

49 days after the procedure

RR P PR QRS QTt RR P PR QaRrs aTt

(msec} (msec) (msec) (msec) (msec) (msec) (msec) (msec) (msec) (msec)
Normal 1355+51 103204 525227 154+05 605220 139+4 8 11509 530419 147409 579+34
Failing 1279+73 149+£18° 544226 221+12° 6332389 1285:68 16.2+1.1% 47.9+1.8 227+21* 672235

Table 3.2: Change in ECG measurements following LCA ligation. n=4 in each group

at each time point. *p<0.05 vs. the Normal group.
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3.2.2 Maintenance of GFP-transgenic rat

GFP-transgenic SD rats were originally purchasechfRat Research & Resource
Centre and maintained in my laboratory. The appearand activity of The GFP-
transgenic rat were not different form those ofdviifpe SD rats. Genotyping for
GFP locus was carried out by PCR using genomic DNAaetéd from the tail at
3 weeks of age {Chapter 2.2}. The samples showwwliands (at 799 and 1050
base pairs [bps]) were regarded as being deriveth fheterozygous GFP-
transgenic SD rats, while the samples showing amel lat 799 bps were regarded
as being derived from wild-type rats and one bantio&0 bps were regarded as

homozygous GFP-transgenic SD rats (figure 3.1)jkevial., 2002).

1198 bps =
500 bps =—s

Figure 3.8: Genotyping of GFP-transgenic SD rat. A representative gel picture for PCR
products of genotyping for GFP-transgenic SD rat is shown. Samples which have two
bands at 799 bps and 1,050 bps (lane 2, 3, 5, 6, 8 and 9) on 1% agarose gels were
regarded as a heterozygous GFP-transgenic rat. The samples with one band at 799 bps

were regarded as wild-type rats (lane 1, 4 and 7). Marker = 1 Kb ladder (1 pg)
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Breeding of wild-type SD rats, heterozygote GFRdggenic rats and homozygote
GFP-transgenic rats was started at 10 weeks ofrefein each). Fertility was not
different among wild-type rats (10.8+£0.9 pups).enetygote GFP-transgenic rats
(11.0+£1.2 pups) and homozygote GFP-transgenic rd8.2+1.4 pups).

Heterozygote GFP-transgenic SD rats were useceiwtik in this thesis.
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3.2.3 Characterisation of GFP-transgenic SD rat-derived cells

3.2.3.1GFP expression in myofibres and SMB from GFP-trensggrat

Expression of GFP in myofibres, which were enzyoadly dissociated from the

EDL of a GFP-transgenic rat, was assessed by eu/ditiorescence microscopy
in each donor {Chapter 2.3.18%£17). All of the living myofibres expressed GFP
throughout their entire length (figure 3.2A and BFP expression in cultured
SMB, which migrated from the myofibres and prolfesd {Chapter 2.3.2}, was

also assessed by the fluorescence microscope. GBP expressed in

approximately 70% of the SMB (figure 3.2C and D).

Figure 3.9: GFP-expression in myofibres and SMB derived from GFP-transgenic rat.
Myofibres expressed GFP along their entire length (phase contrast; A and fluorescence;
B). Approximately 70% of the undifferentiated SMB also expressed GFP (phase contrast;
C and fluorescence; D). Scale bar = 50 uym.
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GFP-positivity in cultured SMB derived from GFPssgenic SD rats was
quantitatively assessed by flow-cytometry {Chap2et0.2} (=4). Within the
total cell suspensions from the cultured SMB loadethe flow cytometry, cell
population was identified by FSC/SSC gating andlyseal by GFP signal
strength, showing that 72.3+4.5% of cells from GFdsgenic rat expressed GFP

(figure 3.10).
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Figure 3.10: GFP-positivity in SMB derived from GFP-transgenic rat. GFP positivity
in SMB from GFP-transgenic rat was analysed, using SMB from wild-type rat as the
control. Representative pictures show identification of cell population from the whole
suspensions of cultured SMB derived from wild-type rat (squared area in A) and from
GFP-transgenic rat (squared area in C) by using SSC and FSC gating. Analysis of GFP
signal strength was then carried out for the cell population (B and D, respectively).

Among total cells from GFP-transgenic rat, 70.5% expressed GFP (D).
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3.2.3.2Proliferation/differentiation capacity of SMB fro@FP-transgenic rat
Primary SMB were extracted from the EDL of male datype and GFP-
transgenic SD rats by the single fibore method {G&a@.3.1} and cultured in the
proliferation medium and passaged every 48 hourke&p an undifferentiated
state at less than 50% confluenay=§ each). Doubling times of the cells,
calculated at each passage, was neither differetwielen the passages for each

species or between the two species at each padgage 3.11).

40
—— wild-type

GFP-transgenic

N /\1
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Figure 3.11: Doubling time of primary SMB. Doubling time was not different between

the passage numbers or between the two rat species.

The myogenic differentiation capacity of the prim&MB derived from GFP-
transgenic rats was confirmed by switching theuralimedium to the low-serum
medium at a sub-confluent state {Chapter 2.3r23). Fusion and formation of
GFP-expressing myotubes was observed at 48 hotes thie change of the

medium (figure 3.12).
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Figure 3.12: Myogenic differentiation of SMB derived from GFP-transgenic rat.
Myotubes, differentiated in vitro, expressed GFP (phase contrast; A and fluorescence; B).

Scale bar =100 um.

3.2.3.3Characterisation of BMC derived from GFP-transge8iD rat

Mononuclear BMC were extracted from the femur abthtof GFP-transgenic
SD rats and the GFP-expression in BMC was assebsedluorescence
microscopy {Chapter 2.3.3}. GFP-expression in BMG@swclearly identified
(figure 3.13A and B). Quantitative assessment ofP@Bsitivity by flow
cytometry revealed that GFP was expressed in 66%t0f BMC from GFP-

transgenic SD rang4).

Expression of CD34 and CD45 in BMC from GFP-tramsgeats, analysed using
flow cytometry {Chapter 2.10.2}, showed a similatoportion to that in BMC
from wild-type SD ratsr=4 each). BMC from GFP-transgenic rats expressed
CD34 in 4.5+1.7% and CD45 in 75.5+4.3% (figure &)3while BMC from

wild-type rats expressed CD34 in 5.2+2.3% and CID488.9+3.8%.
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Figure 3.13: Characterisation of BMC derived from GFP-transgenic rat.
Representative pictures of mononuclear BMC extracted from GFP-transgenic rats (phase
contrast; A and fluorescence; B) show expression of GFP in BMC. Representative flow-
cytometry analysis for CD34 and CD45 expression in BMC from GFP-transgenic rat
shows that 4.6% were positive for CD34 and 75.5% were positive for CD45 (C). GFP-
positive cells were 62.5% (green dots) of total mononuclear BMC, while GFP-negative
cells were 37.5% (yellow dots). Scale bar = 20 ym.
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3.2.4 Quantitative assessment of male cellsin female heart

The presence of male donor-derived cells in theafenhV was quantitatively
assessed using real-time TagMan PCR for the Y-chsome specificSry gene
{Chapter 2.8.2}. Serial dilution series (1, 1/3914/27, 1/81 and 1/243) of the
DNA extracted from a mixture of either male SMB (8% or BMC (1x10) and
female entire LV walls at 21 days after LCA wersteel for theSry detection in
order to examine the sensitivity of the PGR3 each). Three female LVs at 21
days after LCA ligation without mixture of male lselvere used for the control.
Each sample was triplicated and the PCR assay wwadtaneously performed.

Data were analysed using the Ct method.

All the samples without male cells showed Ct vddeang more than 38. Standard
curves generated by tiszy levels of each serial dilution series showeti>R.99

in both SMB and BMC, suggesting ttaty signal was stably detected up to 1/243
(0.41%) of 5x18 of male SMB and 1x1(f male BMC in the female failing LV

(figure 3.14).
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Figure 3.14: Standard curves for Sry detection. Standard curves were generated by
real-time PCR for Sry in serial dilution series of the DNA extracted from a mixture of
5x10° male SMB (A) or 1x10’ male BMC (B) with a female failing LV. Both curves (up to
1/243 dilution) showed R > 0.99. n=3 in each.
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3.25 Visualisation of grafted cellsin the native myocardium

In order to establish the histological method teniify donor cells derived from
GFP-transgenic rat in the native myocardium, eithet® of SMB or 1x10 of

BMC, derived from male GFP-transgenic SD rat, wiejected into the female
wild-type SD rat heart at 21 days after LCA ligatia the IM route =3 each).

At 3 days after cell injection, the hearts were oged, perfused with 4%
paraformaldehyde, cut transversely and frozen {@hap.9.1}. Cryosections (20
um) of these hearts were labelled with polyclondii-&%P primary antibody
followed by either fluorescent {Chapter 2.9.2} amfluorescent {Chapter 2.9.4}

visualisation for the grafted cells in the myocardi

The sections without GFP-labelling showed that gedous GFP expression was
insufficient to identify either the GFP-positive 8Vvbr BMC in the wild-type
myocardium which had a slight green auto-fluoreseeffigure 3.15A and C),
while GFP-labelling of the adjacent sections showethrgely amplified GFP
signal in both SMB and BMC (figure 3.15B and D).r\fluorescent HRP-based
visualisation also clearly identified both the SNMBd BMC in the myocardium
(figure 3.15F and H). The secondary control of dagacent sections confirmed
the specificity of the secondary antibody used wiita endogenous peroxidise

activity being efficiently quenched by,8, treatment (figure 3.15E and G).
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Figure 3.15: Visualisation of GFP-positive cells in the myocardium of wild-type rat.
Representative confocal micrographs of direct fluorescent imaging of GFP-expressing
SMB (A) and BMC (C) show that endogenous GFP-expression is insufficient for clear
graft-identification in the myocardium, while GFP-immunolabelling in the adjacent
sections clearly identified GFP-positive cells (B; SMB, D; BMC). Representative pictures
of non-fluorescent HRP-based visualisation following GFP-immunolabelling with
haematoxylin counterstaining show clear identification of the grafted GFP-expressing
SMB (F) and BMC (H). The secondary control of the adjacent sections did not show non-

specific labellings (E and G). Scale bar = 100 pm.
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3.2.6 Judtification of use of SD rat for cell therapy model

As there is a concern that SMB or BMC derived fnrmale GFP-transgenic SD rat
could be impaired by host immune response followingction into the heart of
female wild-type SD rat, a set of experiments wasied out to verify suitability

of this model by using female nude rats as a hastal.

Either SMB (5x16, n=6) or BMC (10x18, n=3) were injected into the hearts of
female nude rats (10 weeks of age, 125-175 g) ata®% after LCA ligatiorvia
the IM route {Chapter 2.4.3} (Nude-SMB and Nude-BMfbup, respectively).
Cardiac function and graft survival after cell ictjen were compared to the
groups in which the same number of SMB&) or BMC f=8) were injected into
the hearts of female wild-type SD rats (10 weeksgd, 200-250 gyia the IM
route (WT-SMB and WT-BMC groups, respectively). dddition, female wild-
type SD rats (10 weeks of age, 200-250 g) weretieePBS onlyr{=8) via the

IM route for the control.

3.2.6.1Cardiac function

As a result, an almost identical degree and timesm of LVEF improvement
were observed after injection of either SMB or Bl either nude or wild-type
rats (figure 3.16). LVEF in these 4 groups was ificamtly greater than the

control at 7 and 28 days after injectiqx(.05).

Other cardiac parameters such as HR and peak ByAflllowing cell injection
also showed no significant difference between theéenand wild-type rats (table

3.3), though diastolic/ systolic LV dimensions bétnude rat hearts were smaller
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than those of wild-type rat hearts before cellatifm, probably due to a smaller

body size in nude rats.

&0 —i— WT-PBS
—— WT-SMB
55 Nude-SMB
—8— WT-BMC
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Figure 3.16: Comparison of LVEF after cell therapy between nude and wild-type
rats. LVEF, assessed by echocardiography, in the WT-SMB (n=8) group, the Nude-SMB
group (n=6), the WT-BMC group (n=8) and the Nude-BMC group (n=3) was similarly
greater than the WT-PBS group (n=8) at day 7 and 28. *p<0.05 vs. the WT-PBS group, -1

indicates one day before cell injection.
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Before Day 28

HR LvDd LVDs Peak HR LvDd LVDs Peak
(bpm) (mm) (mm) E/A {(bpm) (mm) {mm) E/A

WT-PES  373:20 88:02 7302 1302 406+12 10.0£0.2 8.7+0.2 0.7+01
WT-SMB  370+10 90:01 75201 1.3+01 354+9* 99+02 8.0x0.2* 1.8+0.1*
Nude-SMB 371+10 8.2+0.3* 68+02* 1202 367+8* 9.3x02* 7.5x0.3" 1.4+0.1*
WT-BMC  357+7 9101 7601 11201 35010 96101 8.1x0.1* 1.3z20.2*
Nude-BMC 37548 B81+03* 67+03* 11403 377 9103 7402 1.1:0.2*

Table 3.3: Cardiac parameters before and after cell therapy in the nude and wild-
type rats. n=8 in the WT-PBS group, the WT-SMB group and the WT-BMC group, n=3 in
the Nude-SMB group and the Nude-BMC group. *p<0.05 vs. the WT-PBS group.

3.2.6.2Graft survival

Real-time PCR for the Y-chromosome specificy gene was performed to
quantitatively examine survival of the grafted sefl the LV {Chapter 2.8.2]Sry
levels were normalised to DNA amount using the san@al single copy gene
oesteopontinThe number of surviving cells was estimated byrexting relative

Sryexpression by using the standard curves (figuré)3.

There was no significant difference in graft sualiof either SMB or BMC in the
hearts of wild-type and nude rats (figure 3.17)teAfSMB injection, theSry
positive cell number at day 7 was 1.9+0.4%(®8% of total injected cells) in the
wild-type rat heart, which was comparable to 2.6%Q0 (5.2% of total injected)

in the nude rat heart. Therypositive cell number in both the WT-SMB and
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Nude-SMB groups was decreased by day 28. In additib day 28 after BMC
injection, the number ofSry-positive cell detected in the wild-type rat LV
(0.6+0.5x108, 0.6% of total injected) and the nude rat LV (@310, 0.3% of

total injected) was not significantly different.

A. B.

350,000 120,000

Elwr-smB ] wT-BMC

300,000 | [-] Nude-SMB T [ Nude-BMC
o T [ % 100,000
3 (5}
© 250,000 o
2 S 80,000
= 7]
§ 200,000 -4
3 55” 60,000
7 _

150,000 -
5 5
5 2 40,000
£ 100,000 | =
E S
3 =
= 20,000

50,000 | !

U._ﬁ-ﬁﬁ-.‘,-.",:' , . 0
7 28 28
Days after cell injection Days after cell injection

Figure 3.17: Graft survival following cell therapy in the nude and wild-type rat
hearts. Either SMB (5><106) or BMC (1><107) derived from male GFP-transgenic SD rat
was injected into the female wild-type or nude rat heart 21 days after LCA ligation.
Survival of male GFP-transgenic donor-derived cells in the female failing LV was
quantitatively analysed by real-time PCR for Sry. (A) The number of donor-derived cells
in the WT-SMB group (n=6 at each time point) and the Nude-SMB group (n=3 at each
time point) was not significantly different at day 7 or 28. (B) Number of donor-derived
cells in the WT-BMC group (n=6) and the Nude-BMC group (n=3) was not significantly
different at day 28.
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3.3 Discussion

This Chapter covered work validating the post-Mtachc HF model in female
SD rats, generated by LCA ligation. In addition, BNMnd BMC derived from

male GFP-transgenic SD rat were characterigeditro and were successfully
identified following injection into the post-MI haaof female SD rats by means
of both real-time PCR for the Y-chromosome specifiene, Sry, and

immunolabelling for GFP. Therapeutic effects andftgsurvival following direct

IM injection of either SMB or BMC derived from mafg@FP-transgenic rat into
the post-MI heart of the wild-type SD rats were ddterent from those of the
nude rats, suggesting that the host immune respayaast allogenicity, GFP or
Y-chromosome do not affect the efficacy of cellrdpy in the model using SD

rats.

3.3.1 Rat post-MI chronic HF model

3.3.1.1Evaluation of post-MI chronic HF in female SD rat

Both systolic and diastolic cardiac functions aihtde SD rats were consistently
deteriorated following LCA ligation. Furthermorehysical activity was reduced
following LCA ligation in this model. Importantlythese haemodynamic and
physiological changes were associated with incrkasallagen content and
reduced capillary density in the myocardium, whiate typical features of

ischaemic chronic HF in clinical settings (Anversial., 1986; Waller et al.,

2001). In addition, all the rats at 21 days aft€@ALligation showed typical

features of ECG waves in transmural Ml, such asimeg) Q wave and inverted T
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wave. Longer durations in P wave and QRS compldkenpost-MlI rats than the
normal rats might suggest reduced conduction vigloand deteriorated LV

function caused by LCA ligation.

3.3.1.2Time-course of change in the heart following LGyation

There was no significant difference in LVEF betw@dnand 105 days after LCA
ligation in female rats, while LVEF at 14 days vegnificantly greater than that
at 21 days. However, LVDd was enlarged and peakflet& was reduced at 105
days, compared to those at 21 days. These findnggest that systolic LV
dysfunction might be established in 21 days aft€ALigation, while diastolic

LV dysfunction could be progressive over time iméde SD rats.

DeFelice et al reported that LV end-diastolic puessand LV dP/dtmax were
deteriorated within 4 weeks after LCA ligation iral@ SD rats and did not further
deviate up to 35 weeks, while cardiac output indes gradually deteriorated
from 4 to 35 weeks after LCA ligation (DeFeliceadt, 1989). The findings by
DeFelice et al were similar to the data reportedhis work. In addition, work
reported in this Chapter demonstrated that physacéiivity, collagen content,
capillary density and ECG waves were not diffetegtiveen 21 and 49 days after

LCA ligation in female SD rat.

Thus, it would be reasonable to suggest that pdstivbnic HF is established in
21 days following LCA ligation in female SD ratshd@refore, female SD rats 21
days following LCA ligation were selected as a pds$tchronic HF model in the

main work.
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3.3.1.3Possible limitations of the rat post-MI chronic Hkodel

One could speculate that the nature and progres$idf in a rat post-MlI chronic
HF model generated by LCA ligation are differendnfr the clinical settings.
Firstly, there are differences in cellular, molecudnd genetic properties between
rat and human myocardium (Doggrell and Brown, 19%&condly, in a rat post-
MI chronic HF model, the coronary arteries are meolved in long-standing
hypertension and associated atherosclerotic chamgeh is frequently seen in
post-MI chronic HF in human (Dei Cas et al., 200@)irdly, different heart rate
between rat and human could affect arrhythmogenidtinally, most of the
patients with post-MI chronic HF have a number ofaict regions in the
myocardium, which was generated by a series ofamtic events and/or
reperfusion (treated or spontaneous) (Phillipsl.et2@07), whereas the rat post-
MI chronic HF model has just one large infarct oegiby one event without

reperfusion.

However, the studies reported here showed thgbaseMI chronic HF model in

female SD rats had typical important features chagmic cardiomyopathy in
human, including deteriorated cardiac function g@hgsical activity associated
with accumulated extracellular collagen contents mduced capillary density. In
addition, the rat post-MI chronic HF model has b&equently used for several
purposes including pharmacological therapies for(Afeed et al., 2005). These
findings propose the utility of the rat post-MI ohic HF model for cell therapy

research mimicking clinical settings.
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3.3.2 Character of SMB and BMC derived from GFP-transgenic rat

Heterozygous GFP-transgenic SD rats were succhsdfudintained in the
laboratory with a similar fertility to wild-type Skats. Primary SMB, collected
from male GFP-transgenic SD rats using the sindlee fmethod, showed a
similar proliferation capacity to those from theldviype rats. In addition,
cultured SMB from GFP-transgenic rats had a simifgrogenic differentiation
ability in vitro, as seen in primary SMB from wild-type rats (Suztkal., 2001a).
Mononuclear BMC, collected from male GFP-transge8iD rats by Percoll
gradient centrifugation, expressed similar surfaeéers such as CD34 and CDA45,
as seen in mononuclear BMC reported in clinicadigs (Schachinger et al.,
2006). These findings might support adequate ptiggeof GFP-transgenic rat

derived-SMB and BMC for cell therapy research.

While GFP was not expressed in approximately 309%MB or 35% of BMC
derived from GFP-transgenic SD rat, real-time PGRY-chromosome specific
gene would enable quantitative assessment of presehmale donor-derived

cells in the female myocardium.

3.3.3 Identification of grafted cellsin the myocardium

Identification and quantitative assessment of [8MB and BMC derived from a
male donor in the female LV following LCA ligatiowas reliably (R>0.995)
carried out by real-time PCR for the Y-chromosoipecsfic geneSry. The PCR

assay suggested tHaty signal of at least either 2.0616f SMB or 5.12x16 of
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mononuclear BMC present within the infarcted mydaan can be reproducibly

detected.

Moreover, visualisation of the grafted SMB or BM@rided from the GFP-
transgenic donor rat was successfully carried qubdth fluorescent and non-
fluorescent techniques. Fluorescent observatiamgusbnfocal microscopy would
be useful in assessing differentiation and intéutaal connections with the native
cardiomyocytes using multicolour labelling, whilemfluorescent HRP-based
visualisation would be useful in assessing distrdsuof the grafted cells in the

myocardium in low-power fields with haematoxylinuzderstaining.

3.34 Possible immuneresponsein the experimental model

The degree of LVEF improvement following injectiofh either SMB or BMC
derived from male GFP-transgenic SD rats into tid-type SD rat post-MI heart
was similar to that seen after injection of the samamber of cells into the nude
rat post-MI heart. Changes in other cardiac pararséncluding HR, LVDd/Ds or
peak E/A were also not significantly different beem the nude and wild-type rat
hearts which were injected with male GFP-transgeéii rat-derived cells. In
addition, real-time PCR for Y-chromosome specifeng,Sry, showed that graft
survival in both the early (day 7) and late (day @Bases were similar between
the nude and wild-type female rat hearts which wenected male GFP-
transgenic SD rat-derived cells. These findingsgested that the host immune
response against allogenicity, GFP or Y-chromosamoes not impair the

fundamental behaviour of the grafted cells and equent therapeutic outcomes.
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3.3.5 Summary of Chapter 3

At 21 days after LCA ligation in the female SD rbfpical features in post-Ml
chronic HF were observed, including deterioratestdic and diastolic cardiac
functions, enlarged LV cavity, reduced physicalnaidés, negative Q and

inverted T waves in ECG, increased fibrosis andeised capillary density.

Both SMB and mononuclear BMC, collected from maleP&ransgenic SD rats,
were characterised vitro. Both SMB and mononuclear BMC derived from male
GFP-transgenic SD rats were reproducibly identifiedhe female rat post-Mi
heart by both real-time PCR f&ry and immunolabelling for GFP (fluorescent

and no-fluorescent imaging).

Cardiac parameters and graft survival were sinbltiveen the nude and wild-
type female rat hearts which were injected the sanmaber of SMB or BMC

derived from male GFP-transgenic SD rat.

Therefore, it would be reasonable to conclude tiatxperimental model of cell
therapy in which male GFP-transgenic SD rat-deri&dB or BMC were
injected into the female wild-type SD rat heartdzlys after LCA ligation can be

used as a model mimicking clinical cell therapy.
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CHAPTER 4: THERAPEUTIC EFFICACY OF CELL

THERAPY AND UNDERLYING MECHANISMS

4.1 Introduction and Aim

4.1.1 Therapeutic efficacy of cell therapy for post-MI chronic HF

Clinical studies have suggested that the therapeftfiects of direct IM injection
of SMB in treating post-MI chronic HF may not besatbstantial as expected (Dib
et al., 2005b; Siminiak et al., 2004; Jolicoeuraét 2007). In addition, the
therapeutic efficacy of injection of BMC for trea@i post-MI chronic HF is
inconsistent (Perin et al., 2003; Beeres et aD6B0 Strauer et al., 2005; Fuchs et
al., 2003; Kuethe et al., 2005; Tse et al., 2003ftRet al., 2005). Therefore, it is
essential to determine if cell therapy is able tovye therapeutic benefits in

treating post-MI chronic HF using a reliable, reguwoible model.

4.1.2 Possible mechanisms of functional change

Although identification of the mechanisms respolesior the therapeutic effects
is crucial in understanding the treatment and ecihgnthe therapeutic efficacy,
the fundamental behaviour of the grafted cells asdociated changes in the

native myocardium are not fully understood.
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4.1.2.1 Direct mechanical contribution of grafted cells

A possible mechanism is the generation of new oargocytes and/or new
vessels derived from the grafted cells, which fofamctional intercellular
connections with the native cardiomyocytes andostimg vessels to improve
global cardiac function and/or to increase myoeardiood flow. However, it is
controversial whether differentiation of the grdfieells into expected phenotypes
could consistently occur in the native myocardiund/ar contribute to the

functional improvement.

4.1.2.2 Paracrine effects on native myocardium

Grafted SMB and BMC are reported to be able to awprcardiac function and
perfusion of acute Ml in a paracrine manner, incihinediators secreted by the
grafted cells improve functions of native cardiommytes, enhance angiogenesis
and modulate extracellular collagen contents, aunsetly improving global
function and perfusion of the heart (Suzuki et 2001a; Niagara et al., 2007,
Murtuza et al., 2004; Kamihata et al., 2001; Takahat al., 2006). However,

these effects have not been fully studied in poktiMonic HF.

4.1.3 Theuseof retrograde | C route for cell-delivery

Whereas direct IM injection has been frequentlyduder cell therapy in
experimental and clinical studies to date, this hoétwas reported to have
disadvantages including formation of islet-like ladlisters and induction of
myocardial damage in normal and acute MI-heartsn@ke et al., 2002; Suzuki

et al., 2004b; Suzuki et al., 2004a).
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Unlike IM injection, IC injection is reported to ssieminate donor cells widely
with less myocardial damage (Saito et al., 2003u8uet al., 2004d)Thus,
donor cells graftedia the IC route might show a different behaviourhie hative
myocardium from those grafteda the direct IM route, consequently affecting the
therapeutic benefits in post-MI chronic HF. In doid, retrograde IC injection
(injection into the cardiac veins) might have étttisk of coronary embolism,
which is a concern of antegrade IC injection ofi@itSMB (Suzuki et al., 2000a)
or BMC (Vulliet et al., 2004). Therefore, both ditelM and retrograde IC

injections were tested and compared in this work.

4.1.4 Aim of Chapter 4

The aim of this Chapter is to report on the comensive investigations into the
pattern and mechanism of the therapeutic effedlswimg either SMB or BMC
injection for treating post-MI chronic HF and tongpare these effects between

the direct IM and retrograde IC injections.

For this purpose, the experimental model, in wiiiohor cells derived from GFP-
transgenic SD male rats are injected into the ptsthronically failing heart of

wild-type female SD rats, was used, as its suitglas verified in the Chapter 3.
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4.2 Results

Injection of donor cells from male GFP-transgen@ fats into the heart was
carried out at 21 days after LCA ligation in fematéd-type SD rats {Chapter
2.4.3, 2.4.4} (=260). The rats with LVEE40% (insufficient LV dysfunction),
assessed by 2-dimensional mode echocardiographigtme cell injection, were
excluded from the study. By injecting either SMBVIB or PBS onlyvia either

the IM or retrograde IC route, 6 experimental gwgre generated.

PBS-IM group (n=42): IM injection of 10QuL of PBS only.
PBS-IC group (n=43): IC injection of 50QL of PBS only.
SMB-IM group (n=44): IM injection of 5x18 SMB in 100uL of PBS.
SMB-IC group (n=44): IC injection of 5x1®SMB in 500pL of PBS.
BMC-IM group (n=43): IM injection of 1x16 BMC in 100pL of PBS.

BMC-IC group (n=44): IC injection of 1x10BMC in 500pL of PBS.

Ten rats in each group were sacrificed for histigi@gand biochemical analysis at
day 3 after cell injection. Five rats in each graugre sacrificed for biochemical
analysis at day 7. Ten rats in each group were s$herificed for histological and
biochemical analysis at day 28 after cell injectibimally, 5 rats in each group

were sacrificed for biochemical analysis at day 84.

Data for the controls, including normal rats (hegeny) and sham-operated rats

(LCA ligation and no injection), are described e tCChapter 3.
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4.2.1 Procedural mortality and morbidity

Procedural mortality following cell injection wasnslar in all groups; 4.8%
(2/42) for the PBS-IM group, 7.0% (3/43) for the *BC group, 9.1% (4/44) for
the SMB-IM group, 9.1% (4/44) for the SMB-IC group,0% (3/43) for the
BMC-IM group and 9.1% (4/44) for the BMC-IC groupll the mortalities after
cell injection occurred during or immediately aftee procedure, presumably due
to surgical stresses such as bleeding. No severbiditg such as thoracic wall

infection, ascites or extraordinarily low activityas observed after cell injection.

4.2.2 Improved cardiac function after cell therapy

Cardiac function, dimensions and HR were seriallyalgated with
echocardiographyn€10 in each group at each time point) {Chapter12.3.VEF

was assessed with 2-dimensional mode. LVDd/Ds aRdwdre measured with
M-mode. Peak transmitral E/A flow were assessedDwmppler traces. All

assessments were carried out by a single ultrasaplogr (myself).

4.2.2.1 LVEF after cell therapy

LVEF one day before cell injection was not sigrafitly different between any
groups (36.5+0.4% in the PBS-IM group, 35.2+1.0%tle PBS-IC group,
33.4£0.6% in the SMB-IM group, 34.5+0.6% in the SMBgroup, 33.7£0.5% in

the BMC-IM group and 33.1+£0.6% in the BMC-IC grotigure 4.1).

LVEF after PBS injectionvia either route was not significantly changed

throughout the experimental period analysed. LV&¥owing injection of either
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SMB or BMC via either route was significantly greater than thallofving

corresponding PBS injections at day 7, 28 ando80.001), but not at day 3.

Following injection of SMBvia either route, LVEF was improved by day 7
(41.4+1.6% in the SMB-IM group and 43.9+0.7% in t&MB-IC group)
compared to before injectiop<0.05, respectively), but not by day 3 (36.1+1.2%
and 37.4+1.3%, respectively). The LVEF improvemarthe SMB-IM group and
the SMB-IC group continued until day 84 (37.6+1.1&md 39.4+1.2%,

respectively).

BMC injectionvia either route resulted in a similar trend in LVEFpimvement
to SMB injection. LVEF was improved by day 7 in ti&MC-IM group

(42.4+1.2%) and the BMC-IC group (46.4+0.7%) coneplato before injection
(p<0.05, respectively). The LVEF improvement lastediluday 84 (41.8+1.5%

and 40.1+1.8%, respectively).

169



—A— PBS-IM
---f---PBSIC
—m— SMB-IM
.0+ SMB-C
— e BMC-IM
.~-0-+-BMC-IC

1,3 7 28 84

| Days after cell injection
21 days after

LCA ligation

Figure 4.1: Change in LVEF after cell therapy. Serial analysis of 2-D mode
echocardiography showed a significantly greater LVEF in all the cell injected groups than
the PBS-IM group and the PBS-IC group at day 7, 28 and 84. -1; one day before cell
injection. n=10 in each group at each time point. *p<0.05 vs. the PBS-IM group; Tp<0.05
vs. the PBS-IC group at each time point.

170



4.2.2.2 HR after cell therapy

HR after injection of either SMB or BMC into the sieMI chronically failing
heartvia either route was significantly lower than thattle¢ corresponding PBS
injections at day 28pk0.05), but not at day 84 (table 4.1). While PBfgdtion
via either route increased HR by day 28 compared tordenjection p<0.05),
the hearts after injection of either SMB or BMA& either route did not develop

HR increase.

4.2.2.3 LV dimensions after cell therapy

LVDs after injection of either SMB or BM®@ia either route was significantly
smaller than that after PBS injectigia either route at day 2§<£0.05), but not at
day 84 (table 4.1). LVDd was not significantly eiffént between any groups at
day 28 or 84. Although LVDs was enlarged by daya®@r PBS injectiornvia
either route compared to before injectige@.05), such enlargement was not
observed at day 28 after injection of either SMBBMC via either route. In
contrast, LVDd was enlarged by day 28 in all theugis compared to before

injection (<0.05).

4.2.2.4 Peak E/A flow ratio after cell therapy

Peak E/A after injection of either SMB or BM@a either route was significantly
larger than that after PBS injectiora either route at day 2§<0.05), while peak
E/A at day 84 was not significantly different beemeany groups. Although peak
E/A was reduced at day 28 after PBS injectianeither route compared to before
injection (<0.05), such reduction was not observed at dayf8 &jection of

either SMB or BMCvia either route.
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4.2.3 Improved physical activity after cell therapy

Physical activity after cell therapy was assesssdgutelemetry {Chapter 2.5.2}.
Twenty-four hours continuous monitoring of the sigstrength was carried out at
day 1, 7, 14, 28, 56 and 84= in the PBS-IM group, the PBS-IC group, the
BMC-IM group and the BMC-IC groum=8 in the SMB-IM group and the SMB-

IC group, at each time point).

All the groups showed an improvement in physicaivag by day 7, though this
was not statistically significant, presumably doerécovery from the surgical
stress. Whereas physical activity did not increafter PBS injectiorvia either
route, injection of either SMB or BM@a either route improved physical activity
by day 28 (figure 4.2). Improved activity after Icljection continued until day

84.
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Figure 4.2: Change in physical activity after cell therapy. The daily average of
physical activity, analysed by 24 hours continuous monitoring using the telemetry, was
greater in the SMB-IM, SMB-IC, BMC-IM and BMC-IC groups compared to the PBS-IM
and PBS-IC groups at day 28, 56 and 84. n=7 in the PBS-IM group, the PBS-IC group,
the BMC-IM group and the BMC-IC group; n=8 in the SMB-IM group and the SMB-IC
group at each time point. *p<0.05 vs. the PBS-IM group and Tp<0.05 vs. the PBS group at

each time point.
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4.2.4 Poor graft survival in the native myocardium

The presence of male donor-derived cells in theaferhearts was quantitatively
assessed using real-time TagMan PCR for the Y-chsome specifiSrygene at
day 3, 7, 28 and 84 {Chapter 2.8.2%5 in each group at each time poirfyy
levels were normalised for the DNA amount by theéosomal single copy gene
oesteopontinThe number of surviving grafted cells was esteddby correcting
relative Sry expression using the standard curves generatetieinChapter 3

{Chapter 3.2.4}.

4.2.4.1 Graft survival after SMB injection

At day 3 after 5x1DSMB injectionvia the IM and IC route, th8ry-positive cell
number present in the LV walls was only 67.2+22@x(1.3.5+4.6% of the total
cell number injected) and 51.7+26.6%1(10.3+5.3% of the total cell number
injected), respectively (figure 4.3A). The grafteell number decreased to
18.9+3.7x10 (3.8+0.8%) and 19.8+9.6x1(04.0+0.9%) by day 7 and further
decreased by day 28 (1.6+0.8%18nd 1.4+1.0x1Y) respectively). A small
number of Sry-positive cells were still detected in the nativ®¥/ lat day 84

(1.4+0.7x18 and 2.5+1.7x10) respectively).

4.2.4.2 Graft survival after BMC injection

At day 3 after IM and IC injection of 1x1BMC, only 14.5+2.7x19 cells
(1.4+0.3% of the total cell number injected) and4#2.7x10 cells (1.8+0.3% of
the total cell number injected) were still deteciedhe LV, respectively (figure
4.3B). TheSry-positive cell number present in the native LV vdgesreased by

day 7 (0.7+0.2xIband 0.8+0.2x1bcells, respectively). A small number $fy-
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positive cells were detected in the native LV aty &8 (6.0+4.8x10 and
0.740.0x10, respectively) and day 84 (0.3+0.2%10and 0.3+0.2x19

respectively).
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Figure 4.3: Graft survival in the myocardium after cell therapy. Quantity and time-
course of male donor-derived cells present in the female LV were analysed by real-time
PCR for the Y-chromosome specific Sry gene. (A) The survival in the SMB-IM group and
the SMB-IC group at day 3 was only 13.5+4.6% and 10.3+5.3% of total injected cells,
respectively. This was further decreased by day 28. (B) The survival in the BMC-IM group
and the BMC-IC group at day 3 was only 1.4+0.3% and 1.8+0.3% of total injected cells,
respectively. This was decreased by day 7. The surviving cell number in the BMC-IM
group and the BMC-IC group was smaller than that in the SMB-IM and SMB-IC group at

day 3 and 7. n=5 in each group at each time point.
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4.2.5 Distribution of grafted cellsin the myocardium

Grafted cells in the native myocardium were vissedi by their GFP expression at
day 3 and 28n=5 in each group at each time point). EndogenouB &gnals
were amplified by immunolabelling using the GFP cfie primary antibody.
Morphology and distribution of the grafted cellstire native myocardium were
assessed by non-fluorescent imaging with haematogglunterstaining {Chapter

2.9.4}. Sections at 10 different levels of the heare examined per one heart.

4.2.5.1 Graft distribution after SMB injection

At day 3 after direct IM injection of SMB, all theearts showed localised cell-
clusters containing brown-stained GFP-positivesceith disruption of the native
myocardium in the peri-infarct area (figure 4.4Ahese cell-clusters consisted of
GFP-positive grafted cells and also accumulatedvenafGFP-negative) cells
(figure 4.4B). GFP-positive grafted cells, whichosled a spindle-shape, were
identified in only 3 hearts out of 5 at day 28 afid injection of SMB (figure
4.4C). The grafted cell-clusters, whose size washhamaller than those at day 3,

appeared to be isolated from the native myocarditiday 28.

In contrast, all the hearts at day 3 after retrdgréC injection of SMB showed
widely distributed GFP-positive grafted cells (figu4.4D) in the infarct (figure
4.4E) and peri-infarct (figure 4.4F) areas withsl@®lammation than those at day
3 after direct IM injection. The grafted cells inet peri-infarct area appeared to
have direct contacts with the native cardiomyocyfegire 4.4F). There was no
finding indicating coronary embolism after retrogeaC injection of SMB in any

hearts. At day 28 after retrograde IC injectiorSMB, GFP-positive grafted cells,
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which showed a spindle-shape or myotube-like mdagaho(figure 4.4G), were

identified in only 3 hearts out of 5.

178



Figure 4.4: Graft distribution and morphology after SMB injection. Grafted SMB

were visualised by HRP-based immunohistochemistry for GFP counterstained with
haematoxylin. Representative picture at day 3 after IM injection shows formation of
brown-stained GFP-positive cell-clusters (arrow heads) with disrupting native myocardium
in the peri-infarct area (A). In higher magnification (400x) of the outlined area in A, the
cell-clusters were found to consist of GFP-positive cells and accumulated GFP-negative
cells (B). At day 28 after IM injection, a smaller size of GFP-positive cell-clusters than day
3 was detected in the native myocardium (C). Representative picture at day 3 after
retrograde IC injection of SMB shows no disruption of the myocardial structure by the
grafted cells (D). Higher magnification (400x) of the outlined areas in D shows GFP-
positive cells in infarct (E) and peri-infarct (F) areas with less inflammation than IM-
injected heart. At day 28 after retrograde IC injection of SMB, myotube-like shaped GFP-
positive cells were detected (G). Scale bar = 300 ym in A and D; 50 ym in B, C, E, F and
G.
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4.2.5.2 Graft distribution after BMC injection

BMC injection via the direct IM or retrograde IC route demonstrasedimilar
graft distribution to SMB injectionn all the heartsn=5 in each group at each
time point). At day 3 after direct IM injection, ltelusters containing GFP-
positive grafted cells were present with disruptioh the native myocardial
structure in the peri-infarct area (figure 4.5A)heBe grafted cell-clusters
consisted of the grafted GFP-positive cells anduaedated native cells (figure
4.5B). A small number of GFP-positive grafted cellere detected in the peri-

infarct area in 3 hearts out of 5 at day 28 aftéirjection of BMC (figure 4.5C).

In contrast, retrograde IC injection of BMC disseated the cells widely with
less inflammation than direct IM injection at dayn3all the hearts (figure 4.5D
and E). A small number of GFP-positive grafted <allere still detected in 2

hearts out of 5 at day 28 after retrograde IC impacof BMC (figure 4.5F).
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Figure 4.5: Graft distribution and morphology after BMC injection. Grafted BMC

were visualised by HRP-based immunohistochemistry for GFP counterstained with
haematoxylin. A representative picture at day 3 after IM injection of BMC shows formation
of brown-stained GFP-positive cell-clusters (arrow heads) with disruption of the native
myocardium in the peri-infarct area (A). Higher magnification (400x) of the outlined area
of A shows that GFP-positive cells were surrounded by numerous native GFP-negative
cells (B). At day 28 after IM injection, a small number of GFP-positive cells were detected
(C). A representative picture at day 3 after IC injection shows no disruption of the native
myocardial structure by the grafted cells (D). Higher magnification (400x) of the outlined
area of D shows disseminated GFP-positive cells with less inflammation than IM-injected
heart (E). At day 28 after IC injection, a small number of GFP-positive cells were detected
(F). Scale bar =300 pm in Aand D, 50 um in B, C, E and F.
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4.2.6 Behaviour of the grafted cellsin the myocardium

The behaviour of the grafted cells at day 28 wasssed by immunolabelling for
GFP and either Cx43 for SMB-injected hearts or CEBgt5BMC-injected hearts
(n=5 in each group). Cryosections, cut consecutivatih a thickness of 2@um,
were labelled every 25-30 sections from the apdxdA ligation site. As a result,
20-30 sections were labelled and examined per eaet Isample. Each labelled
section was assessed by confocal microscopy. Gaydigenic differentiation
and/or fusion with a native cardiomyocytes wereedained by a GFP-positive
cardiomyocyte-like morphology with formation of C3«fap junctions with
adjacent cardiomyocytes. Vascular differentiatiard/ar fusion with existing
vessels were determined by integration of GFP-pesfD45-negative cells into

vessel walls.

4.2.6.1 Fate of grafted SMB

After direct IM injection of SMB, all the GFP-posi¢ cells detected were present
in the peri-infarct area without having cardiomyoigemorphology (table 4.2 and
figure 4.6A). These cells did not have direct cotdgawith the native
cardiomyocytes. In contrast, the GFP-positive cétiBowing retrograde IC
injection of SMB were present in both the peri-nefaand infarct areas (figure
4.6B and C). While most of the cells showed an gdved myotube-like
appearance, one GFP-positive cell in total 2447 -Gédttive cells detected
(0.04%) had a cardiomyocyte-like morphology formidg43-gap junctions with

native cardiomyocytes (figure 4.6G).
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4.2.6.2 Fate of grafted BMC

After direct IM injection of BMC, all the GFP-posit cells detected were present
in the peri-infarct area (table 4.2). Although mokthe cells showed an elongated
morphology in the fibrous tissue with or withoutpeassing CD45 (figure 4.6D), a
small number of cells (0.35%) were integrated inessel walls without
expressing CD45 (figure 4.6H). On the other harte GFP-positive cells
following IC injection of BMC were present in bothe peri-infarct and infarct
areas (figure 4.6E and F) with a small number d8d@.77%) being integrated

into vessel walls.

Peri-infarct area Infarct area Infarct-remote area

Differentiated/  GFP-positive Differentiated/  GFP-positive Differentiated/  GFP-positive
fused cell number cell number fused cell number _cell number fused cell number _cell number

SMB-IM 0 296196 0 0 0 0
SMB-IC 0.240.2 10346 0 3871122 0 0
BMC-IM 06406 169+82 0 0 0 0
BMC-IC 0.6+0.4 5021 1.2+0.6 183463 0 0

Table 4.2: Differentiation/fusion of GFP-positive cells in the myocardium. n=5 in
each group. Differentiation/fusion means either GFP-positive cardiomyocyte-like
morphology with formation Cx43-gap junctions with adjacent cardiomyocyte or GFP-

positive CD45-negative cells integrating into vessel walls.
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Figure 4.6: Behaviour of the grafted cells at day 28. Morphology and function of the

grafted cells at day 28 were assessed by immunolabelling for GFP (green) and either
Cx43 (red) or CDA45 (red). Nuclei were stained with DAPI (blue). Following SMB injection,
a small number of GFP-positive cells were found in the peri-infarct area of the IM-injected
heart (A) and in the peri-infarct (B) and the infarct (C) areas of the IC-injected heart.
Following BMC injection, a small number of GFP-positive cells were also found in the
peri-infarct area of the IM-injected heart (D) and in the peri-infarct (E) and the infarct (F)
areas of the IC-injected heart. Whereas most of the GFP-positive cells at day 28 did not
show differentiation into cardiomyocyte or endothelial-like phenotype, an extremely small
number of GFP-positive cells showed a cardiomyocyte-like morphology with Cx43-gap
junctions with native cardiomyocytes (G) or were integrated into vessel walls (H). The
secondary control for either Cx43 or CD45 did not show non-specific labelling (I). Scale

bar =50 um.
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4.2.7 Attenuated fibrosis after SMB injection

As a target of cell therapy-induced paracrine é$fecollagen deposition of the
native myocardium was assessed by picrosirus eadirs) {Chapter 2.9.5} at day
28 after cell injectionr=5 in each group). Five individual fields of boterp

infarct and infarct-remote areas at two differeuels of the LV (apex and base

side) were analysed per one heart (total 20 diftelields per one heart).

4.2.7.1 Collagen deposition at peri-infarct area
The collagen-rich red-stained infarct area wasrbteseparated from the orange-
coloured non-infarct areas (figure 4.7). A diffezenin collagen accumulation

between the IM and IC-injected hearts was not seen.

Higher magnification (400x) revealed less extradaettcollagen accumulation in
the peri-infarct area at day 28 after SMB injectioa either route compared to
that after injection of PBS or BM@ia either route (figure 4.8). Collagen volume
fraction in the peri-infarct area, semi-quantitativ assessed by NIH image-
analysis software (10 individual fields per one rhea=5 in each group), was
significantly smaller after SMB injectiowvia the direct IM (15.6+£0.6%) or

retrograde I1C (14.1+0.5%) route compared to thesrotjroups, while collagen
volume after BMC injectiorvia either the IM (21.8+0.6%) or IC (22.5+1.0%)
route was not significantly different from that&ftPBS injectiorvia either the

IM (24.3+0.9%) or IC (23.0+1.0%) route (figure 4.8)

185



Figure 4.7: Changes in fibrosis after cell therapy for post-MI chronic HF.

Representative pictures of picrosirus red staining at day 28 clearly show collagen-rich
infarct area (red colour) and peri-infarct area (orange colour) in the SMB-IM group (B)
and the SMB-IC group (E), compared to the PBS-IM group (A), the PBS-IC group (D), the
BMC-IM group (C) and the BMC-IC group (F). Scale bar = 500 ym.
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Figure 4.8: Changes in fibrosis in the peri-infarct area after cell therapy.
Representative pictures of picrosirus red staining in the peri-infarct area (400x) at day 28
showed less accumulation of collagen in the extracellular space of the SMB-IM group (B)
and the SMB-IC group (E) compared to the PBS-IM group (A), the PBS-IC group (D), the
BMC-IM group (C) and the BMC-IC group (F). Scale bar = 100 ym. Semi-quantitative
evaluation by image-analysing software showed a significantly less collagen volume
fraction in the SMB-IM and SMB-IC groups compared to the corresponding PBS and
BMC groups (G). n=5 in each group. *p<0.05 vs. the PBS-IM group and the BMC-IM
group; 'p<0.05 vs. the PBS-IC group and the BMC-IC group.
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4.2.7.2 Collagen deposition at infarct-remote area

Extracellular collagen accumulation in the infaretaote area, assessed by
picrosirus red staining, was smaller than thathie peri-infarct area in all the
groups (figure 4.9). The hearts at day 28 after SiMjBction via either route
showed less collagen accumulation than those efteesponding PBS or BMC

injectionsvia either route.

Collagen volume fraction in the infarct-remote avess assessed by NIH image-
analysis software (10 individual fields per onerhea=5 in each group). SMB
injection via the direct IM (12.7+0.4%) or retrograde IC (11.3%b) route
resulted in a reduced collagen volume in the infeemote area, compared to PBS
injection via either route (15.8+0.5% and 15.0+0.8%, respectjveir BMC
injection via either route (15.6x0.8% and 14.5+0.7%, respedctjvelAny
differences in collagen deposition in the infamtrote area were not seen

between the IM and IC-injected hearts.

188



PBS SMB BMC

IM

(%]
[ ]

]
o

]
=]

—T—

e
=

o

Collage Volume Fraction (%)
o

=]

FBS-IM PBS-IC SMB-IM SMB-1C BMC-IM BMC-IC

Figure 4.9: Changes in fibrosis in the infarct-remote area after cell therapy.
Representative pictures of picrosirus red staining in the infarct-remote area (400x) at day
28 show less extracellular collagen accumulation in the SMB-IM group (B) and the SMB-
IC group (E) than the PBS-IM (A) group, the PBS-IC (D) group, the BMC-IM (C) group
and the BMC-IC group (F). Scale bar = 100 ym. Collagen volume fraction in the infarct-
remote area was significantly less in the SMB-IM group and the SMB-IC group than the
corresponding PBS and BMC groups (G). n=5 in each group. *p<0.05 vs. the PBS-IM
group and the BMC-IM group; 'p<0.05 vs. the PBS-IC group and the BMC-IC group.
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4.2.8 Enhanced capillary density after BMC injection

As a target of cell therapy-induced paracrine éffegascularity of the native
myocardium following cell injection was assessedransverse sections of the
heart by immunolabelling for von Willebrand factmWF) at day 28 {Chapter
2.9.2} (n=5 in each group). Five individual high-power figl(#00x) of the peri-
infarct area at two different levels of the LV wearalysed per one heart using

confocal microscopy {Chapter 2.9.3}.

Capillary vessels which consist of only one or twodothelial cells were
identified between native cardiomyocytes which hadslight green auto-
fluorescence (figure 4.10). The number of capilarmppeared to be greater in the
hearts after BMC injectionia either route than that in the corresponding SMB
and PBS injection groups, while the hearts afteBSkjection via either route

showed a similar capillary density to those aftBERnjectionvia either route.

Capillary number in the peri-infarct area was cednn the recorded pictures (10
individual pictures per one heart) and the capilldensity, expressed as the
number per mM was analysed among the groups in each group). Capillary
density was significantly greater in the hearteraBMC injectionvia either the
direct IM (978+79/mrf) or retrograde IC (877+39/nfinroute, compared to those
after PBS injectiovia the IM (685+24/mrf) or IC (660+36/mrf) route and SMB

injectionvia the IM (711+13/mrf) or IC (711+13/mr) route (figure 4.10).
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Figure 4.10: Changes in myocardial capillary density after cell therapy. Capillary
vessels in the peri-infarct myocardium at day 28 after cell injection were assessed by
immunolabelling for VWF. Representative confocal micrographs (red for vWF, blue for
nuclei, green for cardiomyocytes) showed a greater number of capillary vessels in the
BMC-IM group (C) and the BMC-IC group (F), compared to the PBS-IM group (A), the
PBS-IC group (D), the SMB-IM group (B) and the SMB-IC group (E). Scale bar = 50 ym.
Semi-quantitative evaluation shows significantly greater capillary density in the BMC-IM
group and the BMC-IC group than the corresponding PBS and SMB groups. n=5 in each
group (G). *p<0.05 vs. the PBS-IM group and the SMB-IM group; 'p<0.05 vs. the PBS-IC
group and the SMB-IC group.
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4.3 Discussion

This Chapter demonstrates that both direct IM agtdograde IC injection of
either SMB or BMC consistently improve cardiac ftioi of post-MI chronic HF
over 84 days analysed. Furthermore, it was for fird time shown that
improvement in cardiac function following cell ioj@on was associated with
improved physical activity using a rat post-MI chimHF model. The therapeutic
benefits from the retrograde IC injection were asslthan those from the direct
IM injection of the same number of either SMB or BMCell-distribution was
markedly different between the two delivery routas, overall graft survival was

not significantly different.

Regardless of the route of injection, SMB injectidecreased extracellular
collagen deposition in both peri-infarct and infaremote areas, but did not affect
vascular formation. In contrast, BMC injectivia either route increased capillary
density in the peri-infarct area, but did not afffecllagen deposition in either the
peri-infarct or infarct-remote areas. Cardiomyogemans-differentiation of the
grafted cells or fusion of the grafted cells witle tnative cardiomyocytes was
only rarely found and only a small number of thafggd BMC formed vessel
walls. These findings suggest an important rolepafacrine effects in the

observed therapeutic benefits from cell injection.
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4.3.1 Improved cardiac function and physical activity after cell therapy

Both systolic (i.e. LVEF) and diastolic (i.e. peBKA flow) cardiac functions of
post-MI chronic HF were improved following eitheM8 or BMC injectionvia
either the direct IM or retrograde IC routes inemtablished rat model. As cell
injection, regardless of the cell-type or cell-dety route, failed to suppress
progression of LV dilatation (i.e. LVDd), improvemtein systolic LV function
after cell injection appeared to be largely depenhde reduced LVDs. In addition,
reduced HR at 28 days after injection of either SMBEBBMC, compared to that
after PBS injection, may be relevant to improveddiz function after cell

therapy.

Moreover, data presented here showed that phyawtality, which is another
important indicator of HF (Reid et al., 2006), wsagnificantly improved after
injection of either SMB or BM@ia either route, while change in physical activity
following cell therapy have not been evaluated gigrperimental model to date.
These findings indicate that injection of either BMr BMC via either route is

able to consistently improve cardiac function ol chronic HF.

However, LVEF tended to be reduced from day 28 adwalthough not

significantly) regardless of the cell-type or oadlivery route, whereas
improvement in physical activity following cell mgtion did not show any
downward trend over the 84 days analysed. In additt day 84, HR and LVDs
after cell injection were not significantly smalléran those after PBS injection.
Peak E/A flow was not significantly different amoadi the groups at day 84.

These findings suggest that the therapeutic effeftsell therapy could be
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transient regardless of the cell-type or cell-d=iwroute, as suggested in clinical
studies of cell therapy using SMB (Hagege et &0& and BMC (Meyer et al.,
2006). Further long-term study is required to deiee the durability of the

benefits of cell therapy for post-MI chronic HF.

4.3.2 Efficiency of retrograde | C cell injection for post-MI chronic HF

The degree of improvement in cardiac function ahgsgal activity in post-Ml
chronic HF was, contrary to the expectation, nghisicantly greater in retrograde
IC cell injection than direct IM cell injection. &lough retrograde IC injection
achieved a wide dissemination of the grafted ogith less myocardial damage,
survival of the grafted cells was similarly poor tteat after direct IM injection
which formed islet-like clusters of the graftedlsedccompanied by an intense

inflammatory response.

As regards to retrograde IC cell injection, initehgraftment of donor cells,
including adherence to endothelium and subsequans-endothelial donor cell-
migration into the myocardial interstitium, may belimiting process for the
number of donor cells present in the native myacand(Hou et al., 2005).
However, this limiting process (initial cell-engiakent), which is not relevant to
IM injection, could be improved by increasing ifjea pressure or extending
incubation time, resulting in enhancement of ovegaift size and consequent

therapeutic effects.

Direct cellular contacts between the grafted cafid the native cardiomyocytes

appeared to be greater in the hearts followingogetde IC cell injection than
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direct IM cell injection. However, trans-differeation of the grafted SMB or
BMC was only rarely identified in either the IC-@ated or IM-injected hearts.
Direct intercellular contacts, which reportedly anbe cardiomyogenic trans-
differentiationin vitro (lijima et al., 2003; Fukuhara et al., 2003), ntigiot be
sufficient to induce differentiation of the grafteBMB or BMC into a
cardiomyogenic phenotypén vivo. In addition, paracrine effects, such as
attenuation in collagen deposition and increasedpillary density, were not

different between the IC-injected and IM-injecteshits.

4.3.3 Mechanisms of functional improvement

4.3.3.1 Low frequency of trans-differentiation or fusion

It was reported that trans-differentiation of thervsving grafted cells into

cardiomyogenic and/or vascular phenotypes in the@cargium is one of the

important possible mechanisms of functional improgat after cell therapy

(lijima et al., 2003; Kajstura et al., 2005; Kocletral., 2001). However, in this
work, both the grafted SMB and BM@@a either route poorly survived in the
myocardium at 28 days after injection (only lessntl100,000 cells per one heart
which has more than 20,000,000 cardiomyocytes éliet al., 1990)) using an
established quantitative cell-tracking method (MuEhmsen et al., 2002; Yasuda
et al., 2005; Hayashi et al., 2004). Furthermorely ca low frequency of

cardiomyogenic trans-differentiation (less than d¥%surviving donor-derived

cells) was found. Such a poor graft survival andow frequency in trans-

differentiation (and/or fusion), which are consmtewith previous reports

(Hayashi et al., 2004; Huwer et al., 2003; Reineekal., 2002; Murry et al.,
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2004; Balsam et al., 2004; Nygren et al., 2004; &ubt al., 2004), are highly
unlikely to modulate global cardiac functiaa a direct mechanical/functional

contribution.

Only one cell was detected, which was positiveG&PP (donor-derived) and have
a cardiomyocyte-like morphology forming gap junoso with native
cardiomyocytes at 28 days after retrograde IC tigacof SMB. However, it is
difficult to determine the origin of this cell; ddomyogenic trans-differentiation
of a grafted cell or fusion of a grafted cell wahnative cardiomyocyte, as both
GFP and Y-chromosome would be expressed in thetlmedlgh either event.
Injection of GFP-positive female donor cells inkee tmale wild-type heart might
identify the origin by means of immunolabelling l86FP andn situ hybridisation
for Y-chromosome. The cell which is positive forlyp&GFP and negative for Y-
chromosome would be derived through cardiomyoggmaigs-differentiation and
the cell which is positive for both GFP and Y-chasome would be derived
through fusion with a native cardiomyocyte. Howewveo matter which event
(trans-differentiation or fusion) occurred in the/anardium, such an extremely

low-frequency events would not be an importantdatdr global cardiac function.

In addition, only an extremely small number of Gbditive cells (only 3.5% of
total GFP-positive cells detected) were integrated vessel walls, while grafted
cells in the ischaemic/infarct myocardium were ssgjgd to differentiate into
vascular cells and consequently improve regionabaagdial perfusion (lwasaki
et al., 2006; Kawamoto et al., 2006). However, ¢érgsdies did not quantitatively

analyse differentiation of the grafted cells in@segular cells integration into the
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native vascular network. Low-frequency events inscudar differentiation,
observed in this study, would not be sufficientmodulate global myocardial

blood flow and function.

Therefore, trans-differentiation and/or fusion bé tgrafted cells may not be an
important mechanism for functional improvement raftarrently-used protocol
for cell therapy using either SMB or BMC. Use oétbell-type which is more
likely to differentiate into a cardiomyogenic phé&ye such as ES cells could
enhance cardiomyogenic differentiation and/or fas@nd contribute for the

functional benefits.

4.3.3.2 Paracrine effects of the grafted cells on the mydicen

Paracrine effects were suggested to be an imponteahanism of functional
improvement obtained in the work covered in thisaptbr. There was a
significant reduction of pathological collagen dsition not only in the peri-
infarct but also in the infarct-remote myocardiufteaSMB injectionvia either
route. Interestingly, unlike acute MI (Suzuki et, &001a; Niagara et al., 2007;
Jiang et al., 2006), neovascularisation was noaecdd by SMB injection in this
study targeting post-MI chronic HF. In contrast, BNhjectionvia either route
increased capillary density in the peri-infarct mgalium, but failed to attenuate
extracellular collagen deposition in the post-Milifg hearts, while BMC were
reported to be able to both increase myocardidup®en and reduce collagen
content in acute MI-hearts (Kobayashi et al., 20D@nita et al., 2002; Duan et
al., 2003; Takahashi et al., 2006). These findimgicate that paracrine effects

may be affected by the condition of the native naydwm. Differently-diseased

197



myocardium could respond differently to the pamerstimuli or might modulate

the secretion from the grafted SMB or BMC.

My laboratory examined possible mediators for a#la deposition and
angiogenesis, such as MMPs, TIMPs, VEGF, FGF, PCx@agiotrophin or HIF1-

a by real-time PCR and western blotting, using tseeggnerated in this work,
suggesting that no single factor but a balancedresspn of factors could
contribute to the reduced fibrosis following SMBection and increased capillary

density following BMC injection.

In addition, my collaborators investigated changas electrophysiological
properties of the native cardiomyocytes followirgjl dherapy, using the same
experimental model as described in this work (datt published). Individual
cardiomyocytes were isolated by enzymatic dissmriaat day 28 r{=6 in the
normal female SD rat$)=5 in the PBS-IM group, the SMB-IM group and the
BMC-IM group) (Hering et al., 1983). After perfusiowith collagenase (1.3
mg/mL, Worthington Biochemical) and hyaluronida®e6(mg/mL, Sigma), the
LV tissue was cut into small pieces and furthesalsated with the enzymes to
yield a single-cell suspension. Only GFP-negativendér fluorescence
microscopy) rod-shape viable cardiomyocytes wetelistl. The projected 2-
dimensional area for each cell was measured by iN&be-analysis software.
The total cell number examined was 221 in the nbtmearts, 225 in the PBS-IM

group, 328 in the SMB-IM group and 259 in the BM@-group.

Cardiomyocytes from the PBS-IM group were signifity larger in size than

those from normal rats (4,143+68n° vs. 3,074+61um? p<0.05, figure 4.11).
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This hypertrophy showed a significant, but not ctetgy regression in both the
SMB-IM group (3,657+53im?) and the BMC-IM group (3,732+6¥m?) (p<0.05).
Electrophysiological properties of these nativedganyocytes are now under

investigation by my collaborators.
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Figure 4.11: Cell area of the cardiomyocytes following cell therapy for post-Ml
chronic HF in rat. The size of the native cardiomyocytes was assessed by enzymatic cell
isolation at day 28. The PBS-IM group showed a significantly larger cardiomyocyte-size
than the normal hearts. Cardiomyocytes in the SMB-IM group and the BMC-IM group
were significantly smaller than those in the PBS-IM group, but still larger than those from
the normal hearts. n=6 in the normal group; n=5 in the PBS-IM group, the SMB-IM group
and the BMC-IM group. *p<0.05 vs. the normal group; Tp<0.05 vs. the PBS-IM group.
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In addition, it was reported that progressive plttical hypertrophy of the native
cardiomyocytes following acute Ml was attenuatedSB injection (Murtuza et
al., 2004). While the mechanism of the positiveeetl§ of cell therapy on the
native cardiomyocytes is still unclear, proinflanorg cytokines such as ILBlor
TNFa, which are reported to independently modulate utl functions of
cardiomyocytevia Toll-like receptors (McTiernan et al., 1997; Kumetr al.,

1996; Rozanski and Witt, 1994), might play a ratetlnis effect.

There may be other paracrine effects of the graftelts on the myocardium.
Cytoprotective factors, such as endothelial nibsicde synthase (eNOS), secreted
by the grafted cells were reported to attenuateptmses of the native
cardiomyocytes following acute MI, consequentleattating the infarct size and
enhancing the functional recovery (Gnecchi et2lQ6; Uemura et al., 2006). In
addition, injection of SMB, which secrete SDF-1 {@ezak et al., 2003), into the
MI heart was reported to enhance recruitment ofogadous circulating stem
cells, such as c-kit, Sca-1 or CD34 positive cadisd consequently regenerate
damaged myocardium (Memon et al., 2005a). As mbdhese studies were
carried out using an acute Ml model, it might bierasting to further examine the

paracrine effects using a post-MI chronic HF model.

4.3.4 Summary of Chapter 4

Retrograde IC injection of either SMB or BMC wadeatn consistently provide
similar, or possibly greater, therapeutic benetfitsluding improvement in cardiac

function and physical activity, in ischaemic cardimpathy, compared to direct
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IM injection. This finding demonstrates the promgsiutility of the retrograde IC
route for either SMB or BMC-delivery to treat pddt- chronic HF. Further
research, including comparison with antegrade IICiggection, will be useful in

enhancing the therapeutic effects following retenigr IC cell injection.

Survival of the grafted cells was extremely low d@rmhs-differentiation of the
grafted cells into cardiomyocyte or vascular-likeepotypes was only rarely
observed in the myocardium following either SMB BKMC injection via the

direct IM or retrograde IC routes. Instead, parserffects including attenuation
of collagen deposition, increase in capillary dgnsr reduction in pathological
hypertrophy of native cardiomyocytes, were congdeo play an important role

in the therapeutic benefits of cell therapy fortgds$ chronic HF.

201



CHAPTER 5: ARRHYTHMOGENICITY FOLLOWING

CELL THERAPY

5.1 Introduction and Aim

5.1.1 Occurrence of ventricular arrhythmia after cell therapy

Although clinical studies showed that direct IMeajion of SMB into the post-Ml
heart induces serious ventricular arrhythmias iiclg sustained VT (Menasche
et al., 2003; Dib et al., 2005b; Siminiak et abD02), the pattern and time-course
of the arrhythmias are not fully understood. Readinical research has reported
that such a risk may not be troublesome (Hagegd.eP006). However, they

administered anti-arrhythmia drugs which could maskythmogenicity.

In addition, occurrence of arrhythmia has not baely studied in the case of

BMC injection into the heart. Although previousnitial studies rarely observed
arrhythmia occurrence after either direct IM (Pestral., 2003; Tse et al., 2003;
Beeres et al., 2006b) or antegrade IC (Fuchs,e2@03; Kuethe et al., 2005; Blatt
et al., 2005; Strauer et al., 2005) injection of BMatients in these studies were
also prescribed with anti-arrhythmia drugs, whiclild mask arrhythmogenicity.

Furthermore, arrhythmia occurrence in these paiemight not be adequately
examined by appropriate continuous monitoring (Keett al., 2005; Perin et al.,

2003; Tse et al., 2003; Beeres et al., 2006b; Btadt., 2005; Strauer et al., 2005).
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Therefore, it is important to determine the truehwhmogenicity following
injection of either SMB or BMC in reproducible expeental models in the

absence of anti-arrhythmia drugs.

5.1.2 Possible mechanisms of arrhythmia occurrence

5.1.2.1 Direct effects of grafted cells

Possible mechanisms of arrhythmogenicity followoedl therapy include direct
adverse effects of the grafted cells which acgboth arrhythmogenic potential
and intercellular connections with surrounding vetcardiomyocytes (Zhang et
al., 2002). Both SMB and BMC have been shown tousegarrhythmogenic
potentialin vitro (Abraham et al., 2005; Chang et al., 2006). Howethex work
described in the Chapter 4 showed that graft sahitv the myocardium was
extremely poor following injection of either SMB ®MC, suggesting that
ectopic stimuli derived from such a small numbeswaiviving cells, if any, might
be diluted by much larger number of surroundinglicenyocytes and would not

lead to ventricular arrhythmias.

My previous studies (Chapter 4) suggested integgesgation of undifferentiated
SMB in the peri-infarct myocardium in the early ipelr after direct IM injection.
As undifferentiated SMB are known to be electrigalbnnected each othera
Cx43-gap junctions (Stagg et al., 2006; Formiglalet 2005), direct IM injection
could generate a large electrical network congistiithe grafted undifferentiated
SMB. While grafted SMB in the myocardium were répdrto be unable to form

gap-junction with the native cardiomyocyt@s vivo (Leobon et al., 2003;
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Reinecke et al., 2004b), electrical communicatietwieen the exogenous network
by aggregated undifferentiated SMB and the myooandif any, might modulate

electrical conductance, leading to the occurreric@tricular arrhythmia.

5.1.2.2 Heterogeneity and inflammation in the myocardium

In addition, the results reported in Chapter 4 d<ubwthe generation of
heterogeneity and damage in the peri-infarct mytiaar in the early period after
direct IM cell injection regardless of the cell-eymjected. This may be a cause of
arrhythmia occurrence. Associated inflammation, clvhis known to lead to
fluctuations in membrane potential of the cardiooyes (Klein et al., 2000),

might also cause ventricular arrhythmia.

5.1.2.3 Paracrine effects

Earlier data (Chapter 4) suggested that propediesardiomyocytes might be
modulated by mediators secreted by the grafted.cElfpression of Cx43 in the
native cardiomyocytes, which is the major gap jiomctprotein of ventricular

cardiomyocytes, could also be modulated by paracseffects following cell

therapy, leading to the occurrence of ventricutanyghmias.

5.1.3 Aim of Chapter 5

The aim of this Chapter is to define arrhythmogiyiafter injection of either
SMB or BMC into the post-MI chronically failing heawhilst comparing
between the direct IM and retrograde IC routesc@kdelivery, in the absence of

anti-arrhythmic drugs with continuous ECG monitgrin
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5.2 Results

The transducer for the telemetry system was impthirt the peritoneal cavity of
female wild-type SD rats at 20 day after LCA ligati{Chapter 2.5.2} ri=44).
One day after transducer implantation, either SMB1(f), BMC (1x10),
collected from male GFP-transgenic SD rats, or BBI$ were injected into the
heartvia either the IM or IC routenE7 in the PBS-IM group, the PBS-IC group,
the BMC-IM group and the BMC-IC group=8 in the SMB-IM group and the

SMB-IC group).

The ECG was continuously monitored from 1 day befmll injection until day 7
after cell injection. Then, 24-hour continuous relogs were carried out at day
14, 28, 42, 56 and 84. All the rats with the trartsat were fed individually and

the ECG monitored.

Among the samples obtained previously (Chapterhitological analysis was
carried out using the rats sacrificed at day35(in each group), day €4 in
each group) and day 2&=5 in each group). Five rats in each group were
sacrificed for biochemical analysis at day 3, 7,a2®l 84. In additionex-vivo
heart perfusion was carried out at day 84 to exanmtent arrhythmogenicity
(n=3 in the PBS-IM group and the PBS-IC group6 in the SMB-IM group and
the SMB-IC group,n=5 in the BMC-IM group and the BMC-IC group). Data
from the controls, including normal rats and shgmerated rats, was reported in

Chapter 3.
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5.2.1 Widened QRS interval after SMB injection into the failing heart

All the rats examined showed typical ECG wavesastfMI chronic HF, such as

negative Q wave and inverted T wave, at all timegscanalysed (figure 5.1).

Figure 5.1: ECG waves after cell therapy for post-Ml chronic HF. Representative

traces of ECG, recorded by telemetry, show negative Q wave and inverted T wave in all

the groups at day 28. Scale bar = 500 msec.
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The daily average of ECG measurements in each gragpanalysed at day 3, 7,
28 and 84 using ECG analysis softwane? in the PBS-IM group, the PBS-IC
group, the BMS-IM group and the BMC-IC group8 in the SMB-IM group and

the SMB-IC group at each time point, table 5.2).

The RR interval, P wave duration, PR interval or €bmplex duration were not
significantly different among the groups at anytlod time points analysed. The
QRS complex duration at day 28 after SMB injectaa either route was
significantly longer than that after PBS inject@nBMC injectionvia either route
(p<0.05). The QRS complex duration at day 7 and 8 &MB injection tended

to be longer than the other groups, though it wessignificant.
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Day 3 Day 7
RR P PR QRS QTr RR P PR QRS QT
(ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms)
PBS-IM 1272+31 155+1.3 522+19 228+1.1 698+1.1 1348+33 17115 51529 229+11 738+14
PBS-IC 1291+18 164207 536+12 235:05 73.8£24 1431279 16212 534222 23411 746+42
SMB-IM 133.1+47 172206 544+18 236+1.3 76.9+23 1358244 16.0:09 530209 241x12 773+25
SMB-IC 135547 16.3+07 55911 234+12 767+18 135044 160+04 569+19 234+10 752+22
BMC-IM 128.8.+4.4 16.7+09 549+20 225+12 762+21 139.7#4.7 17411 552+16 222+11 76.0x20
BMC-IC 1332433 166+12 543423 213209 778+17 1368+50 17209 56.7+19 214+11 78025
Day 28 Day 84
RR P PR QRS QT RR P PR QRS QT
(ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms)
PBS-IM 1250+32 15.0+12 50811 225+12 72114 1356493 158+14 472+27 20010 732+44
PBS-IC 130.0+32 14.9+08 514+16 21105 74.8£21 1253223 147+09 505226 223x14 733+19
SMB-IM 1317+22 154+11 583+14 278+18" 77323 1245+30 157+06 494+19 253+15 76027
SMB-IC 134652 153+07 533224 256+087 78.0+19 135121 169405 523+12 224+15 T780+24
BMC-IM 130.9+1.7 16.1206 552+16 21712 750426 134885 16.1+14 542+28 213:01 746+14
BMC-IC 133.0+4.0 17.4+04 567+19 209+09 774+23 1323+38 164204 50.1+50 218+05 784+2.1

Table 5.1: ECG measurements after cell therapy for post-MI chronic HF. n=7 in the
PBS-IM group, the PBS-IC group, the BMC-IM group and the BMC-IC group; n=8 in the
SMB-IM group and the SMB-IC group. *p<0.05 vs. the PBS-IM group and the BMC-IM

group; Tp<0.05 vs. the PBS-IC group and the BMC-IC group.
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5.2.2 Spontaneous occurrence of ventricular arrhythmia after cell therapy

Occurrence of spontaneous arrhythmia following cgkction was assessed by
continuous monitoring of ECG using telemetry {Clea®.5.2} =7 in the PBS-
IM group, the PBS-IC group, the BMS-IM group aneé 8MC-IC group,n=8 in
the SMB-IM group and the SMB-IC group at each tipant). The hourly
number of VPC was calculated as an average of 4hleoRr recordings. After
PBS injectionvia either route, spontaneous VPC were rarely obsatwedighout

the experimental period analysed (figure 5.2 aBjlL 5.

5.2.2.1 Spontaneous VPC following SMB injection

Direct IM injection of SMB caused frequent VPE40/hour) within 24 hours

after injection, which lasted until day 14 with egk at day 3 (124+75/hour, figure
5.2). Then, the number of VPC gradually decreabatia small number of VPC
(>5/hour) persistently remained until day 84. The WR@nber at day 1, 3, 7, 14,
28, 42, 56 and 84 after IM injection of SMB wasnsfigantly larger than IM

injection of PBS [§<0.05).

In contrast, after retrograde IC injection of SMB?C rarely occurred until day 7
(<5/hour).The VPC number at day 1, 3, 7 and 14 after retagt& injection of
SMB was significantly less than that after IM irjea of SMB {<0.05).
However, from day 14 onward, a small number of VRE€re persistently
observed following retrograde IC injection (5-204npo The VPC number at 28,
42, 56 and 84 days after retrograde IC injectio®iIiB was significantly greater

than that after IC injection of PB$<0.05).
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Figure 5.2: Number of spontaneous VPC following SMB injection for post-Ml
chronic HF. The hourly number of spontaneous VPC was calculated as an average of
VPC number detected in the 24-hour ECG recordings using telemetry. The SMB-IM
group showed frequent VPC with a peak at day 3, which was decreased by day 42. In
contrast, the SMB-IC group rarely showed VPC until day 7, while VPC number in this
group gradually increased with a peak at day 28. A small number of VPC (<10/hour) were
persistently observed between day 42 and 84 in the SMB-IM group and the SMB-IC
group. The PBS-IM group and the PBS-IC group rarely showed VPC throughout the
experimental period analysed. n=7 in the PBS-IM group and the PBS-IC group; n=8 in the
SMB-IM group and the SMB-IC group. *p<0.05 vs. the PBS-IM group; Tp<0.05 vs. the
SMB-IC group; ¥p<0.05 vs. the PBS-IC group.
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5.2.2.2 Spontaneous VPC following BMC injection

Direct IM injection of BMC also produced VPC as lgaas day 1 (15+5/hour),
which lasted until day 14 with a peak at day 7 @@8hour, figure 5.3). However,
unlike direct IM injection of SMB, the frequent VRA@&rgely disappeared by day
28 after IM injection of BMC, and persistent VPCreeot observed. Retrograde

IC injection of BMC rarely produced VPC throughdbe experimental period

analysed.
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Figure 5.3: Number of spontaneous VPC following BMC injection for post-Ml
chronic HF. The hourly number of spontaneous VPC was calculated as an average of
VPC number detected in the 24-hour ECG recordings using telemetry. The PBS-IM group
and the PBS-IC group rarely showed VPC throughout the experimental period analysed.
The BMC-IM group showed frequent VPC until day 14 with a peak at day 7. VPC number
then largely decreased by day 28. The BMC-IC group showed rare VPC throughout the
experimental period analysed. n=7 in each group at each time point. *p<0.05 vs. the
PBS-IM group.
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5.2.2.3 Occurrence of multiform VPC and VT following cektapy

The frequency of spontaneously occurring multifolRC and VT, which are
severe types of ventricular arrhythmias, was asmted following cell injection
with the recorded ECG data acquired by telemetmyltifdrm VPC (figure 5.3A)
were frequently observed in the early period (dawr@®l 7) after direct IM

injection of either SMB or BMC (table 5.2).

Of note, approximately half rats at day 3 and @érafiirect IM injection of either
SMB or BMC showed spontaneous occurrence of VTuf(gégs.3B and C). One
rat after retrograde IC injection of BMC showed VAlhile no rats showed VT in
the other groups. No spontaneous VT was observethyt28 or 84 in other

groups.
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Figure 5.4: Multiform VPC and VT after direct IM cell injection. Representative traces
of spontaneous arrhythmia, recorded by telemetry, show multiform VPC at day 3 after
direct IM injection of BMC (A), VT at day 7 after direct IM injection of BMC (B) and VT at
day 3 after direct IM injection of SMB (C). Scale bar = 500 msec.
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Day 3 Day 7 Day 28 Day 84
Multi VT Multi VT Multi VT Multi VT

PES-IM 143% 0.0% 143%  0.0% 14.3% 0.0% 0.0% 0.0%
PBS-IC  00% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
SMB-IM  75%*  50%" 50.0%  50%* 3r.5% 0.0% 0.0% 0.0%
SMB-IC  0.0% 0.0% 10.0%  0.0% 375% 0.0% 0.0% 0.0%
BMC-AIM 71.4%* 57.1%" 714%* 429% 423% 0.0% 0.0% 0.0%

BMC-IC 0.0% 14.3% 143% 14.3% 286% 0.0% 250% 0.0%

Table 5.2: Frequency of spontaneous multiform VPC and VT. n=7 in the PBS-IM
group, the PBS-IC group, the BMC-IM group and the BMC-IC group; n=8 in the SMB-IM
group and the SMB-IC group at each time point. *p<0.05 vs. the PBS-IM group and
Tp<0.05 vs. the PBS-IC group at each time point. Multi; multiform VPC.
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5.2.3 Induced ventricular arrhythmia by isoproterenol administration

Isoproterenol was administered to the post-MI cloalty failing heart following
cell therapy undeex-vivoperfusion in order to examine latent arrhythmogini
{Chapter 2.6.1} (=3 in the PBS-IM group and the PBS-IC gromgf6 in the
SMB-IM group and the SMB-IC groups=5 in the BMC-IM group and the BMC-
IC group). The hearts were removed at day 84 anfdiger]l using &angendorff
apparatus. After a 20-minute stabilisation periad10’ M isoproterenol was
administered continuouslyia the perfusate for 10 minutes and the ECG
monitored. Normal female rat hearts were perfusadeuthe same conditions as

the control (=3).

Isoproterenol administration increased coronaryflate and HR in all groups
(p<0.05, table 5.3, figure 5.5). The normal heart$ mot show any ventricular
arrhythmias during the perfusion. Although VPC weobserved during
isoproterenol administration in all the post-MI Heaonly the hearts after SMB
injection via either route showed a significant increase iINR& number after
isoproterenol administration from the baselinen®te, VT was induced in 83.3%
hearts after SMB injectionia either route (figure 5.5), while one heart after IM

injection of BMC showed VT. No VT was induced iretbther groups.
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Coronary flow (mL/min) HR (bpm) Number of VPC (/hour) Samples showing VT

Baseline Isopreterenol Baseline Isopreterenol Baseline Isopreterenocl Baseline Isopreterenol

Normal 15305 19.8+0.6* 192+14 37347 0+0 0+0 0.0% 0.0%
PBS-IM 12904 14.3+1.4% 260+20 375417 2+2 4+2 0.0% 0.0%
PBS-IC  11.9+26 14.8+1.3* 260+11 353+18* 0+0 16+£13 0.0% 0.0%
SMB-IM 146206 19.8+1.7% 2638 380421 2849 87+43" 0.0% 83.3%"
SMB-IC 10409 16.5¢2.1% 2244278 367124 442 69+23" 0.0% 83.3%*F
BMC-IM 12309 15.1+0.8* 216+19 344421 0+0 5+3 20.0% 20.0%
BMC-IC 12.7+08 17.1£1.1% 216+12 32444* 12412 25+7 0.0% 0.0%

Table 5.3: Induced arrhythmia following cell therapy. “Baseline” means the data
during stabilisation (without isoproterenol); “Isoproterenol” means the data during
continuous isoproterenol administration for 10 minutes (1><10'7 M). n=3 in the normal
hearts, the PBS-IM group and the PBC-IC group; n=6 in the SMB-IM group and the SMB-
IC group; n=5 in the BMC-IM group and the BMC-IC group. *p<0.05 vs. baseline values;
"0<0.05 vs. the PBS-IM group and the BMC-IM group; *p<0.05 vs. the PBS-IC group and
the BMC-IC group.
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Figure 5.5: Occurrence of VT by isoproterenol administration. Representative traces
of ECGs, acquired under Langendorff perfusion, show increased HR on isoproterenol
administration (1x10” M) in all the groups, compared to the baseline. VT was observed
by isoproterenol administration in the SMB-IM group and the SMB-IC group. Scale bar =
500 msec. n=3 in the normal hearts, the PBS-IM group and the PBC-IC group; n=6 in the
SMB-IM group and the SMB-IC group; n=5 in the BMC-IM group and the BMC-IC group.
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5.24 Heterogeneity and inflammation following cell therapy

Non-fluorescent imaging for the grafted cells ie trative myocardium, described
in Chapter 4, showed the generation of severe dgeeity following direct IM
cell injection, but not following retrograde IC taijection, regardless of the cell-
type injected. In order to further examine the twgeneity as a possible
mechanism of occurrence of ventricular arrhythmdistribution of the grafted
cells and associated inflammatory response in thecardium was assessed by

fluorescent immunolabelling for GFP and CD45.

Cryosections, cut consecutively with a thicknes20fum, were labelled with
polyclonal anti-GFP and monoclonal anti-CD45 ardibs in every 50 - 60
sections from the apex to the LCA ligation sitehwarts from day 3, 7 and 28
(n=5 in each group at day 3 and 284 in each group at day 7) {Chapter 2.9.2}.
As a result, 10 — 15 sections were labelled anagnen&d per one heart sample.

Each labelled section was assessed by confocabsaiapy.

Distinct heterogeneity was generated in the pdarat myocardium of all the rats
at day 3 after direct IM injection of either SMB 8MC (figure 5.6). Native
myocardial structure was disrupted and the formaiocell-clusters consisting of
the GFP-positive grafted cells and accumulated Gédgative CD45-positive cells
was observed in the peri-infarct myocardium follogvidirect IM cell injection,
regardless of the cell-type injected. FollowingedirIM injection of BMC, some

GFP-positive grafted cells expressed CD45 (figué&p
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In contrast, such heterogeneity was not generatady hearts at day 3 following
retrograde IC injection of either SMB or BMC. GFBsjiive cells following
retrograde IC injection were widely distributedtive peri-infarct and infarct areas.
The number of GFP-negative CD45-positive cell veas lin the retrograde IC cell
injected hearts than in the direct IM cell injecteghrts, following either SMB or
BMC injection. However, the number of GFP-negat@®45-positive cells
following retrograde IC injection of either SMB &MC appeared to be higher

than that following PBS injection.
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Figure 5.6: Heterogeneity and inflammation at day 3 after cell therapy.
Representative confocal micrographs (red for CD45, green for GFP, blue for nuclei) at
day 3 show heterogeneity in the peri-infarct myocardium following direct IM injection of
SMB (B) and BMC (C). The cell-clusters formed among the native myocardium consisted
of GFP-positive cells and GFP-negative CD45-positive cells (E and F). GFP-positive cells
following retrograde IC injection of SMB (H and K) and BMC (I and L) were widely
distributed in the peri-infarct myocardium. The IC-injected hearts showed less
accumulation of CD45-positive cells than the IM-injected hearts. Cells expressing both
GFP and CD45 appear to be yellow (probably injected BMC, F and L). Scale bar = 250
pgm (100x); 50 ym (400x).
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At day 7 after cell injection, distinct heterogdgeivas still present in the peri-
infarct area of the IM cell injected hearts (figuse/B and C). However, the
number of GFP-positive cells appeared to be deedgcashile the surrounding
GFP-negative CD45-positive cell number appearetetancreased. In contrast,
GFP-positive cells in the retrograde IC cell inggthearts were still widely
distributed in the peri-infarct and infarct areigure 5.7H and I). Accumulation
of CD45-positive cells following retrograde IC célijection was similar to that

following IC injection of PBS.

At day 28, the size of cell-clusters, consistingz#iP-positive and negative cells,
after IM cell injection was greatly decreased (f®yb.8). The clusters were
isolated from the native cardiomyocytes. Followrsgyograde IC cell injection, a

small number of GFP-positive cells were presenh@peri-infarct myocardium.
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Figure 5.7: Heterogeneity and inflammation at day 7 after cell therapy.
Representative confocal micrographs (red for CD45, green for GFP, blue for nuclei) at
day 7 show heterogeneity in the peri-infarct myocardium following direct IM injection of
SMB (B) and BMC (C). The cell-clusters consisted of GFP-positive cells and a large
number of surrounding GFP-negative CD45-positive cells (E and F). GFP-positive cells
following retrograde IC injection of SMB (H and K) and BMC (I and L) were widely
distributed in the peri-infarct myocardium. The IC-injected hearts showed less
accumulation of CD45-positive cells than the IM-injected hearts. Cells expressing both
GFP and CDA45 (probably injected BMC) appear to be yellow (F). Scale bar = 250 ym
(100x); 50 um (400x).
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Figure 5.8: Heterogeneity and inflammation at day 28 after cell therapy.
Representative confocal micrographs (red for CD45, green for GFP, blue for nuclei) at
day 28 show small cell-clusters in the peri-infarct myocardium following direct IM injection
of SMB (B) and BMC (C). The cell-clusters consisted of GFP-positive cells and
surrounding GFP-negative CD45 positive/negative cells (E and F). A small number of
GFP-positive cells were present in the peri-infarct myocardium without forming cell
clusters following retrograde IC injection of SMB (H and K) and BMC (I and L). Scale bar
=250 ym (100x%); 50 pym (400x).
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5.2.5 Intercellular connections between grafts and native myocardium

As a possible cause of arrhythmia occurrence fofigveell therapy, intercellular
connections between grafted SMB and the surroundatiye cardiomyocytes at
day 28 were assessed by immunolabelling for GFP @Gxf3 using confocal

microscopy (=5 in each group at day 3 and 284 in each group at day 7).

Following direct IM injection of SMB, the GFP-pasg grafted cells were
aligned along the native myocardial structure ie theri-infarct myocardium
(figure 5.9). At day 3, Cx43 expression was obsgivethe GFP-positive grafted
cells and among the adjacent native cardiomyodytgsre 5.9D). However, no
convincing evidence of Cx43-gap junction formatiogtween the GFP-positive
grafted cells and the surrounding native cardiongies was obtained. At day 7
after direct IM injection, the GFP-positive cellachnot direct contacts with the
native cardiomyocytes and no cellular contact wWaseoved between the GFP-
positive cells and cardiomyocytes (figure 5.9E).e TGFP-positive cells were
further isolated from the native cardiomyocyteslay 28, with a large number of
GFP-negative, Cx43-negative cells (presumably miftetory cells or fibroblasts)

being present between the grafted cells and naéixdiomyocytes (figure 5.9F).

In contrast, widely distributed GFP-positive celisllowing retrograde IC
injection of SMB appeared to have direct contadth the native cardiomyocytes
in the peri-infarct myocardium at day 3, 7 and Zgufe 5.11J, K and L,
respectively). However, clear evidence of the fdramaof Cx43-gap junction was
not obtained at any time points; except for onlg case described in the Chapter

4 (figure 4.6G).
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Figure 5.9: Formation of gap junctions between grafted cells and cardiomyocytes.
Representative confocal micrographs (red for Cx43, green for GFP, blue for nuclei) show
the GFP-positive grafts aligned with the native myocardial structure at day 3 and 7 after
direct IM injection of SMB (A and B). However, there was no clear Cx43-gap junction
between the grafted cells and native cardiomyocytes at any time point (D, E and F).
Widely distributed GFP-positive cells following retrograde IC injection of SMB appeared
to have direct contacts with the native cardiomyocytes (J, K and L), but clear Cx43-gap

junctions were not seen. Scale bar = 250 ym (100x); 50 um (400x).
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5.2.6 Cx43-gap junction in the native cardiomyocytes

As a possible cause of arrhythmogenicity followasjl therapy, the quantity and
distribution of Cx43 in the LV were assessed by umoconfocal microscopy,

real-time PCR and western blotting.

5.2.6.1 Distribution of gap junction protein

The quantity and distribution of Cx43 in the natimgocardium at day 28 after

cell therapy was assessed in transverse heartosgctvhich were immuno-

labelled for Cx43 {Chapter 2.9.2}n£5 in each group). Single images of high-
power field (200x) of the peri-infarct and infaretimote areas in two different
levels of the LV were analysed per one heart usimeg confocal microscopy.

Normal female SD rat hearts were used for the ob(r=3).

The secondary control did not show non-specificellaty (figure 5.10A).

Immunolabelling for GFP in normal hearts showeggacial expression pattern in
IVS and LVFW (figure 5.10B and C, respectively).eTexpression of Cx43 was
clearly reduced in the peri-infarct area of therteafter either direct IM or
retrograde IC injection of SMB (figure 5.10E and, ldpmpared to the normal
heart, PBS injectionia either route (figure 5.10D and G) and BMC injentioa

either route (figure 5.10F and I). There was ndedi&nce in Cx43 expression
between the IM and IC-injected hearts. The quaraitg distribution of Cx43 in
the infarct-remote area showed a similar pattertha&b in the peri-infarct area in

any group (figure 5.10J-0).
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Figure 5.11: Distribution of Cx43 in the myocardium after cell therapy.
Representative confocal micrographs (red for Cx43) in the peri-infarct area of the hearts
after cell injection show less Cx43 expression in the hearts of the SMB-IM group (D) and
the SMB-IC group (G), compared to the normal heart (B), the PBS-IM group (C), the
PBS-IC group (F), the BMC-IM group (E) and the BMC-IC group (H). Cx43 expression
was also less in the infarct-remote area of the hearts of the SMB-IM group (K) and the
SMB-IC group (N), compared to the normal heart (C), the PBS-IM group (J), the PBS-IC
group (M), the BMC-IM group (L) and the BMC-IC group (O). The secondary control did

not show non-specific labelling (A). Scale bar = 100 uym.

5.2.6.2 Expression of Cx43 mRNA in the myocardium

Expression of mMRNA of Cx43 in the entire LV at d28 following cell injection
was quantitatively assessed using real-time PCRap@hr 2.8.4} (=5 in each
group). Each sample was duplicated for the PCRyaasd the mean value was
taken as the value of each sample and expressetetive expression of mMRNA

to normal LV (=2).

The Cx43 mRNA level after injection of PB&a either route was slightly smaller
than that in the normal hearts (though not sigaiftcfigure 5.11). The hearts after
injection of SMByvia either route showed a significantly smaller expmesof
Cx43 than those after injections of the correspogpd?BS or BMC at day 28,
when spontaneous arrhythmia was persistently obdervthe hearts after SMB

injectionvia either route, but not after BMC or PBS injection.
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Figure 5.11: Expression of Cx43 in the myocardium at day 28 after cell therapy.
Cx43 mRNA level in the LV, analysed by real-time PCR, was significantly lower in the
SMB-IM group and the SMB-IC group compared to the PBS-IM and BMC-IM groups and
the PBS-IC and BMC-IC groups, respectively. n=5 in each group. *p<0.05 vs. the PBS-IM
group and the BMC-IM group; *p<0.05 vs. the PBS-IC group and the BMC-IC group.

5.2.6.3 Amount of Cx43 in the native myocardium

Protein level of Cx43 in the myocardium at day &8recell therapy was assessed
by Western blotting =5 in each group) {Chapter 2.8.6}. The Cx43 signal
strength of each sample, quantified by NIH-imagealgsing software, was
normalised to that of sarcomeric actin (figure BLZI'he corrected signal of each

sample was expressed as a relative amount to tBellBjroup.

Amount of Cx43 in the LV was consistently and sigaintly reduced in each
sample following SMB injection at day 28, compatedhat following injection
of either PBS or BMC (figure 5.12). There was nffedence in Cx43 expression

between the PBS and BMC-injected hearts.
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Figure 5.12: Quantity of Cx43 in the myocardium following cell therapy. Western
blotting was carried out to assess expression of Cx43 in the LV at day 28. Expression of
sarcomeric actin was used as the internal control. The signal for Cx43 was consistently
less in the SMB-IM group than the PBS-IM group and the BMC-IM group (A). Semi-
quantitative analysis of the signal showed a significantly reduced Cx43 expression in the
SMB-IM group, compared to the PBS-IM group and the BMC-IM group (B). n=5 in each
group. *p<0.05 vs. the PBS-IM group and the BMC-IM group.
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5.3 Discussion

The studies reported in this Chapter demonstraeotiturrence of spontaneous
ventricular tachy-arrhythmias including VT follovgncell therapy, using a rat
post-MI chronic HF model in the absence of antigihvmia-drug. In addition, the
studies provide important information that the gatt of the occurrence of
ventricular arrhythmias is different between the BBléind BMC injections and
that there are significant differences in the omeoece of arrhythmia between the

direct IM and retrograde IC route for cell-delivery

In the early period, direct IM cell injection, rediess of cell-type, produced
frequent VPC including spontaneous VT. Immunolabglldemonstrated that
direct IM cell injection created heterogeneity asated with intense

accumulation of inflammatory cells in the peri-ildamyocardium. In contrast,
retrograde IC injections rarely produced arrhythsmia association with widely
disseminated donor cells and less inflammatiorcantrast, in the later period, a
small number of spontaneous VPC were persisteritbeived after injection of
SMB, but not injection of BMC, regardless of cedligdery route. Isoproterenol
administration evoked frequent VT only after SMBettion in the late period.

Expression of Cx43 in the myocardium was reducedonty in the peri-infarct

but also infarct-remote areas following SMB injeatvia either route, compared

to injection of either BMC or PBS.
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5.3.1 Occurrence of ventricular arrhythmia following cell therapy

5.3.1.1  Arrhythmia occurrence following SMB injection

The results described in this Chapter showed the diferent patterns of
spontaneous arrhythmia occurrence following ditgtinjection of SMB into the
post-MI heart; a large number of VPC including spoeous VT in the early-
phase and less frequent but persistent VPC in dteephase. In the previous
clinical studies, it also appears that there are drferent types of arrhythmias
following direct IM injection of SMB into the iscleanic cardiomyopathy (Hagege
et al.,, 2006; Dib et al.,, 2005b; Siminiak et alQ02). Firstly, ventricular
arrhythmias including VT frequently occurred in tearly-phase, while these
arrhythmias were successfully treated by use ofodarbne or corticosteroid.

Then, sustained VT persistently occurred in a smathber of patients.

The peak of arrhythmia occurrence after IM injectiof SMB reported in this
work was at day 3, when the most frequent VPC (i@4, classified into Lown
2) were observed with multiform/consecutive VPCWino3/4a) in 75% of treated
rats and VT (Lown 4b) in 50%. In contrast, retragadC injection of SMB,
which has not been applied to clinical arena tedptoduced fewer arrhythmias
in the early period after injection compared tceedirIM injection, indicating that
retrograde IC injection is a wuseful method for mtging early-phase

arrhythmogenicity following SMB injection into thpost-MI heart.

The work described here also showed latent arrhytjfemicity only after SMB
injection regardless of cell-delivery route. Altlgtuthe frequency of spontaneous

VPC in the late-phase was less significant thant tina the early-phase,
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spontaneous VPC persisted for a long time. Moreowdmmulation by
isoproterenol administration uncovered a high n§R/T occurrence after SMB
injection regardless of cell-delivery route. Intnegly, the latent
arrhythmogenicity was observed following not onlgedt IM but also retrograde
IC injection of SMB, and not observed following BM@ectionvia either route,
suggesting that a cell-specific mechanism might ediel the late-phase

arrhythmogenicity.

Mills et al also reported arrhythmogenicity in thete-phase following IM
injection of SMB into the acute-MI heart, compatedhose without cell injection
using an optical electrical mapping technique in(kélls et al., 2007), suggesting
that injection of SMB into the heart, regardlesstleé timing of cell injection,

could produce latent arrhythmogenicity.

5.3.1.2  Arrhythmia occurrence following BMC injection

The occurrence of spontaneous VT following BMC atign into the post-Ml
heart shown in the work covered in this Chapteriginal evidence, which would
be important information to establish the clinigabtocol. Arrhythmogenicity
following BMC injection has not been extensivelysalissed to date, probably
because previous clinical trials have rarely regmbthe occurrence of ventricular
arrhythmias after this treatment (Perin et al.,200se et al., 2003; Beeres et al.,
2006b). However, the patients studied in theséstriare medically treated with
drugs having an anti-arrhythmic effect, such palslocker, which would have
masked the arrhythmogenicity. In addition, for détey arrhythmias, these

studies monitored for only less than 2 days aftdl injection (Beeres et al.,

232



2006b) and/or at 1 month or later (Perin et alQ30r'se et al., 2003). However,
these protocols for monitoring ECG might not be rappate. The studies
described in this Chapter demonstrates that thk pearrhythmia occurrence is
at day 7 after direct IM injection of BMC, when thmost frequent VPC
(108/hour; classified into Lown 2) were observedhwmultiform/consecutive
VPC (Lown 3/4a) in 71% of treated rats as well as (llown 4b) in 43%. This
finding suggests that around day 7 after the treatns extremely important in

monitoring or treating the arrhythmogenicity of BMigection.

Unlike SMB injection, BMC injectionvia either route rarely produced
spontaneous ventricular arrhythmia and did not shetent arrhythmogenicity

from day 28 onwards.

5.3.2 Possible mechanisms of arrhythmia occurrence following cell therapy

5.3.2.1 Heterogeneity involving inflammation

One of the causes of the early-phase arrhythmiasreed following direct IM
cell injection regardless of cell-type might be dbteterogeneity, geographical
and/or biological, generated in the post-MI failimyocardium, which is likely to
be sensitive to exogenous stimuli (Peters et &97)L After direct IM cell
injection, the grafted cells formed isolated, idik¢ clusters in the peri-infarct
myocardium, which would cause serious disorder ld tocal myocardial
structure and electrical conductance. In additiba,cell-clusters were associated
with intense accumulation of inflammatory cells rigaularly following SMB

injection) up to 7 days after injection, which cduhmplify the disorder of

233



myocardial organisation and might also affect icgélular communication and/or
electrical stability of the surrounding native dardyocytes. These pathological
events could lead to generation of ventricular whmias. Moreover, the early-
phase arrhythmias largely disappeared by 28 daysnwieterogeneity and
inflammation had also largely disappeared, sugggstiat heterogeneity in the
peri-infarct myocardium and associated intenseamfhatory response might be
an important cause of the early-phase arrhythmadiewing direct IM cell

injection. In contrast, retrograde IC injection siminated either SMB or BMC
widely (without forming localised cell-clusters)daicaused much less ventricular

arrhythmias in the early phase, compared to thextiM injection.

The peak of arrhythmia occurrence following IM cetiection was slightly
different between the SMB and BMC-injected heafbile IM injection of SMB
produced most frequent VPC at day 3, IM injectiérBMC produced a peak at
day 7. Frequency in occurrence of multiform VPC and was not different
between day 3 and 7 in either SMB or BMC-injecte@rts. The precise reason
for the difference in the peak of arrhythmia ocenne between SMB and BMC-
injected hearts is unclear. However, as the siziaefgraft, mechanical damage,
degree of inflammation, and secretion from the daatls are different between
SMB and BMC (Kamihata et al., 2001; Gnecchi et2006; Suzuki et al., 2001a),
the electrical response of the myocardium followiogll therapy might be

different between the cell-type injected.
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5.3.2.2  Cell-cell connections between SMB and cardiomyascyte

While cell-cell connections between the graftedifieckntiated SMB and native
cardiomyocytesvia Cx43-gap junctions could be a cause of early-phase
arrhythmia occurrence (Abraham et al., 2005; Staggal., 2006), such
intercellular connections were not identified déspihe thorough histological
examinations at day 3 or 7. In addition, the stsidiave showed that cellular
contacts between the grafted cells and native aaryticytes were physically
disturbed by a number of accumulated Cx43-negatiflammatory cells in the
IM-injected hearts at day 3. This disturbance wather exacerbated by 7 days
after cell injection, when frequent VPC with spargaus VT were still present.
Moreover, at 7 days, the grafted SMB appeared toedse the Cx43-expression
and to be physically separated each other by thenaglated GFP-negative Cx43-
negative cells. Therefore, it would be reasonablesuggest that intercellular
connections between undifferentiated SMB and natargiomyocytevia Cx43-
gap junction are not a cause of the early-phasgtiimias following IM injection

of SMB.

It has been suggested that SMB and BMC which hafferehtiated into a
cardiomyogenic phenotype could acquire arrhythmmgepotential and
electrically communicate with the adjacent natie@deoomyocytes, consequently
causing ventricular arrhythmias (Abraham et al.020Chang et al.,, 2006).
However, it is highly unlikely that the main causkthe arrhythmias following
cell injection is the cardiomyogenic differentiatiof the grafted cells, as the
grafted cells which showed a cardiomyocyte-like pmaiogy were rarely

detected throughout the experimental period andlyse
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5.3.2.3 Paracrine effects to induce arrhythmogenicity

Another possible mechanism of the arrhythmia oenge is the alteration of the
cellular properties of the native failing cardionsytes following cell therapy,
which may include inappropriate gap junction dsition and unsuitable

excitation-contraction coupling.

The work described in this Chapter shows that tlgacof SMB, but not injection
of PBS or BMC, regressed the expression of both AMRNd protein of Cx43 in
the LV at day 28, when a small number of spontasediaC were persistently
observed in the hearts following SMB injectioia either route. In addition, the
hearts following SMB injection showed the latentcacence of VT by
isoproterenol administration, regardless of thé-aelivery route. In contrast, the
hearts at day 28 after injection of BMC or PBS sbdva similar level of Cx43

expression and rarely developed VPC.

Importantly, it has been suggested that regressio@x43 in the ventricular
cardiomyocytes is capable of inducing VT (Petersalet 1997; Severs et al.,
2004a). These findings suggest that regressiox48@h the LV might be a cause

of the latent arrhythmogenicity in the late phad®fving SMB injection.

5.3.3 Treatment for arrhythmogenicity following cell therapy

While the studies reported in this Chapter uncavexghythmogenicity of cell
therapy for post-MI chronic HF, there are possitseatments. Clinical studies
have shown that prophylactic use of amiodarone hvistabilises electrical

conductance, and corticosteroid which inhibits awglation of inflammatory
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cells are effective in reducing the early-phasdndhmia following direct IM

injection of SMB in post-MI chronic HF (Siminiak ei., 2004; Hagege et al.,
2006). This information suggests that treatment &miodarone and/or
corticosteroid might also be effective in attenogtarrhythmogenicity following
direct IM injection of BMC, as the early-phase sthmia is considered to be
induced by heterogeneity and associated inflammaegsponse in the peri-infarct

myocardium, regardless of the cell-type injected.

Modification of the protocol including the numbef eells injected, number of
injection sites/volume and use of human serum MB&ulture (Ott et al., 2005a;
Chachqgues et al., 2004) could reduce heterogeardyassociated inflammation,
and consequently be effective in attenuating amngigenicity following direct

IM cell injection. In further clinical applicatioaf the direct IM route for injection

of either SMB or BMC, however, careful monitoringdaappropriate treatment
for the early-phase arrhythmia would be requiradaddition, the clinical studies
have suggested that ACD implantation was usefulecovering from the late-

phase sustained VT following cell therapy (Hagetg®.¢ 2006; Dib et al., 2005b).

5.3.4 Summary of Chapter 5

The studies described in this Chapter demonstretedell therapy for post-Mi
chronic HF induces arrhythmogenicity. Ventricularhgthmias including VT
were frequently observed in the early-phase aftkeinjection of either SMB or
BMC, associated with heterogeneity and an inflanomyatresponse in the

myocardium. While the early-phase arrhythmia haddly disappeared in the
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late-phase after BMC injection, SMB injection pstsntly induced latent
arrhythmogenicity over the 84 days analysed, sugges donor cell-specific

effect on arrhythmogenicity following cell therapy.

Retrograde IC injection of either SMB or BMC prodacmuch less arrhythmia
occurrence in the early phase, compared to difdcinjection, proposing the
promising utility of the retrograde IC route forllegelivery to treat post-Ml

chronic HF. Persistent occurrence of ventriculahyhmia in the late period,
which was associated with a regression of Cx43esgion in the myocardium, is

a concern of SMB injection regardless of the celixery route.
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CHAPTER 6: ENGRAFTMENT OF BONE MARROW

CELLS FOLLOWING INTRACORONARY

INJECTION

6.1 Introduction and Aim

6.1.1 Engraftment of injected cellsvia theretrograde I C route

The studies reported in Chapters 4 and 5 suggestptbmising use of the
retrograde IC route for cell-delivery, as this noethprovides similar therapeutic
benefits with less arrhythmogenicity compared tedi IM injection of the same
number of either SMB or BMC. While graft survivalllbwing cell injectionvia
either route was extremely poor, as shown in Chahtpoor efficiency in initial
engraftment (adherence to the endothelium and qubsé trans-endothelial
migration into interstitium) of the donor cells rhigbe a cause of the poor graft
survival following retrograde IC injection (Hou at., 2005). Improvement in
efficiency of cell-engraftment following retrograd€ injection could enhance

overall graft size and, consequently, therapeditefits.

Investigations of the efficiency and mechanismsealFengraftment following IC
injection would provide important implications tapdore a strategy to improve

the efficiency in initial engraftment of donor czll
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6.1.2 Possible mechanisms of BMC engraftment following I C injection

The studies reported in Chapter 4 and 5 suggestnmbaonuclear BMC are a
more promising donor cell-type in treating HF tHakB, as mononuclear BMC
provides similar therapeutic benefits and lessyéinrhogenicity in the late-phase
compared to SMB. Therefore, the efficiency and rae@dms of engraftment of
mononuclear BMC into the heart following IC injexti were studied in this

Chapter.

For the successful engraftment of BMC into the naydmm following IC
injection, injected BMC firstly need to adhere toetendothelium and then
undergo trans-endothelial migration into the mydtrinterstitium. It is known
that adherence and trans-endothelial migrationeokdcytes during myocardial
inflammation are regulated by a distinct set of emibn molecules, such as P-
selectin/PSGL-1 and ICAM-1/CD18 (Frangogiannislgt2002). In addition, Wu
et al suggested that intraventricularly injectedndomarrow-derived CD34
positive cells are recruited into the acute-MI mamltum via ICAM-1/CD18-
mediated interactions between the bone marrow-eérrells and endothelium
(Wu et al., 2006). As ischaemia-reperfusion is know upregulate adhesion
molecules, which facilitate adherence and trans#mdial migration of
leukocytes (Frangogiannis et al., 2002), inducbbimschaemia-reperfusion in the

heart prior to BMC injection might enhance the -@lgraftment in the heart.
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6.1.3 A possible model to investigate cell-engraftment following I C injection

While efficiency in cell-engraftment into the myedaum following IC cell
injection has been examined using a large animalein@Hou et al., 2005) and
human (Hofmann et al., 2005), there is a conceautatihe cell-tracking methods
used. Hou et al labelled peripheral blood-deriveshamuclear cells witH*in
prior to injection, but they described that thedldihg efficiency was only 66+9%,
measured by-counting (Hou et al., 2005). In addition, therengs propelin vivo
model to investigate the efficiency and mechanisinsell-engraftment following

IC injection in small animals.

The ex vivomodel, in which donor cells are injected into treartvia the aortic
cannula under Langendorff perfusion, might be &lgtdao quantitatively analyse
the efficiency of mechanisms of cell-engraftmeritoleing IC injection. Firstly,
in this model, donor cells can be reproducibly ¢tgel into the coronary arteries
with a constant pressure and duration. Secondlyntiodel enables a quantitative
evaluation of the efficiency of cell-engraftmentlidaing IC injection, by
counting the donor cell number in the coronaryueffit. Finally, global acute
ischaemia can be reproducibly induced in this méal@xamine the mechanisms

of cell-engraftment following IC injection.

GFP expression in donor cells appears to be usefuacking the donor cells in
this model. As cells derived from GFP-transgenias®is known to exclusively
express GFP compared to those from GFP-transganhi&chaefer et al., 2001),
mononuclear BMC derived from GFP-transgenic mousewsed as donor cells

and wild-type mice were used as a recipient.
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6.1.4 Aim of Chapter 6

The aim of the experiments described in Chaptes ® iclarify the pattern and
efficiency of mononuclear BMC engraftment into timgocardium following IC

injection and also to investigate possible undegynechanisms.
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6.2 Results

6.2.1 Mononuclear BMC from GF P-transgenic mouse

Mononuclear BMC were collected from the femurs &bths of GFP-transgenic
C57BL/6J mice using Percoll density gradient céngation {Chapter 2.3.3}

(n=6). Each GFP-transgenic mouse yielded 20-30 milimnonuclear BMC.

Almost all isolated mononuclear BMC had a round photogy showing intense
GFP signal under fluorescence microscopy (figutdend B). Analysis by flow
cytometry demonstrated that 97.9+0.3% of colle@&C were viable (negative
for 7-ADD) {Chapter 2.10.2}. Among the viable BMO8.1+0.3% were positive
for GFP (figure 6.1C). GFP-positive viable monomac|BMC expressed CD45 in
95.4%+1.3%, CD34 in 0.9£0.2%, c-kit in 0.4+0.1%aScin 6.4+0.5%, PSGL-1

in 49.3+3.5% and CD18 in 57.5+6.2%.
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Figure 6.1: GFP positivity in BMC derived from GFP-transgenic mouse.
Representative pictures of mononuclear BMC collected from the GFP-transgenic mouse
(phase-contrast; A, fluorescent; B) show intense green-signal in almost all cells. Flow

cytometry analysis showed 98.5% viable mononuclear BMC were positive for GFP (C).
n=6.
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6.2.2 Langendorff perfusion of mouse heart and ischaemia-reperfusion

Hearts of wild-type C57BL/6J mice (18-20g) were isgd after systemic IV
injection of heparin and perfusedaatonstant pressure of 100 cragCHusing a
modified Langendorff apparatus in order to investgdistribution of adhesion
molecules by histological analysis=6) {Chapter 2.6.2}. Three hearts were
immediately frozen under liquid nitrogen after 2@nuates stabilisation (normal
hearts). Other 3 hearts were frozen after 30-minsitbaemia and 30-minute

reperfusion, following 20 minutes stabilisation.

After ischaemia-reperfusion, the coronary flow wagificantly reduced (1.4+0.1
mL/min) compared to that just before induction dbk@l ischaemia (1.84£0.1
mL/min, p<0.05). Expression of adhesion molecules, such -seldetin and
ICAM-1, in the myocardium was compared betweenhéarts with and without

ischaemia-reperfusion using immunoconfocal micrpgco

The secondary controls did not show any non-spelahelling (figure 6.2A and
D). P-selectin was rarely expressed in the norreatts (figure 6.2B), but greatly
upregulated in the endothelium after 30-minuteshasmia and 30-minutes
reperfusion (figure 6.2E). In contrast, upregulatod ICAM-1 at 30-minutes after
ischaemia-reperfusion was not observed, while ICAMs expressed at the

endothelium of the normal hearts at a low levgjuife 6.2C and F).
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Figure 6.2: Expression of adhesion molecules in the myocardium following
ischaemia-reperfusion. Representative confocal micrographs (red for P-selectin in B
and E; ICAM-1 in C and F, purple for nuclei) show upregulated P-selectin after ischemia-
reperfusion (E) compared to that in the normal heart (B). ICAM-1 was expressed in the
normal heart at a low level (C), and not upregulated after ischaemia-reperfusion (F). The

secondary control did not show any non-specific labelling (A and D). Scale bar = 50 pm.
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6.2.3 Distribution of BMC injected via coronary arteries

Distribution and morphological changes of mononaclBMC injected into the
myocardiumvia the coronary arteries was examined using confocal reapy.
Mononuclear BMC (1x19 from GFP-transgenic mice were suspended in 1 mL
of modified Krebs-Henseleit buffer and injectedoirthe isolated perfused wild-
type mouse hearvia the aortic cannula after 20-minute stabilisaticeriqad
(Normal group,n=4) {Chapter 2.6.2}. The same number of mononuckE&iC
was also injected in the same manner after 30-msischaemia and 30-minutes
reperfusion, following 20-minutes stabilisation cfisemia-reperfusion group,
n=4). Immediately after BMC injection, all the samiearts were perfused with

4% paraformaldehyde for fixation and frozen undbtpritl nitrogen.

GFP-positive cells, visualised by direct fluoredcemaging, were widely
distributed in the entire myocardium of the Normedup (figure 6.2B). Of note, a
much larger number of GFP-positive cells were widbstributed in the hearts of
the Ischaemia-reperfusion group compared to théskeoNormal group (figure
6.2C). There was no clear difference in the BMC distribntibetween the

endocardial and epicardial sites of the myocardiugither group.

Immunolabelling for platelet endothelial adhesiorolecule (PECAM)-1, an
endothelial marker, showed that the majority of GieRitive cells showing an
elongated morphology were localised outside theseles(figure 6.2D). A small
number of GFP-positive cells retained a round-molgdly and appeared to be

adhered to the endothelium at the capillary or-gagillary venules (figure 6.2E).
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Histological evidence of coronary embolism was wobtained in either the

Normal group or the Ischaemia-reperfusion group.

Figure 6.3: Distribution of BMC injected into the coronary arteries. Representative

confocal micrographs (red for PECAM-1, green for endogenous GFP, purple for nuclei)
show distinct wide distribution of GFP-positive BMC in the normal myocardium after
injection via coronary arteries under isolated-heart perfusion (B). Normal heart without
BMC injection showed no positive green signal (A). Induction of ischaemia-reperfusion
prior to BMC injection largely increased the GFP-positive BMC number in the
myocardium (C). The majority of BMC injected via coronary arteries were present outside
the vessel immediately after injection (D; arrow), but a small number of BMC was
detected inside of the vessel (E; arrow). Scale bar = 100 ym (A-C); 10 ym (D and E).
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6.2.4 Engraftment efficiency of BMC by IC injection

Efficiency of the engraftment (adherence and/ongrandothelial migration) of
mononuclear BMC injectedtia coronary arteries was assessed by counting the
GFP-positive cell number in the coronary effluesiing fluorescence microscopy.
The difference between the injected mononuclear BM@&ber (1x18) and the
GFP-positive cell number in the effluent was regdrdas the number of

mononuclear BMC engrafted into the heart.

Mononuclear BMC injection was carried out eithermediately after the
stabilisation (Normal groum=8) or after 30-minutes ischaemia and 30-minutes
reperfusion following the stabilisation (Ischaemgperfusion groupn==8). In
addition, either monoclonal anti-P-selectin (35Kg weight) or ICAM-1 (200
Hg/Kg weight) antibody was infuseda the aortic cannula after the 30-minutes
ischaemia and 30-minutes reperfusion, followedngyBMC injection, in order to
inhibit the activity of P-selectin or ICAM-1 on thendothelium prior to BMC

injection (P-selectin, ICAM-1 group, respectivehg6 in each group).

Flush-out of BMC into the effluent occurred immddig (within 1 minute)

following cell injection. Almost 100% of the celisund in the effluent were GFP-
positive. The engraftment efficiency of BMC in tNermal group was estimated
to be only 13.3+1.2% of the total BMC injected (fig 6.4). In contrast, 30-
minutes ischaemia and 30-minutes reperfusion mérkddcreased the
engraftment efficiency to 36.5+£1.6%. Of note, Resgh inhibition by monoclonal

antibody-administration into the heart prior to BM@ection totally diminished
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the increased efficiency of BMC engraftment by &mmia-reperfusion
(8.3+0.8%). In contrast, inhibition of ICAM-1 didoh affect engraftment

efficiency after ischaemia-reperfusion (39.6+3.39d 43.9+2.9%, respectively).
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Figure 6.4: Efficiency of BMC engraftment into the heart following IC injection. The
number of BMC engrafted into the heart via coronary arteries was quantified by counting
the GFP-positive cell number in the coronary effluent. The Ischaemia-reperfusion group
showed significantly higher engraftment efficiency than the Normal group. The P-selectin
group (ischaemia-reperfusion plus administration of anti-P-selectin antibody) showed a
significantly reduced engraftment efficiency compared to the Ischaemia-reperfusion group.
Engraftment efficiency in the ICAM-1 group (ischaemia-reperfusion plus administration of
anti-ICAM-1 antibody) was similar to that in the Ischaemia-reperfusion group. n=8 in the
Normal group and the Ischaemia-reperfusion group; n=6 in the P-selectin group and the
ICAM-1 group. *p<0.05 vs. the Normal group; Tp<O.05 vs. the Ischaemia-reperfusion + P-
selectin group.
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6.2.5 Changesin surface marker expression of BMC during engraftment

Expression of surface markers in BMC before andrdfijection into the heart
was assessed to further explore the mechanismallefrigraftment following IC
injection. The GFP-positive BMC engrafted into ieehaemia-reperfused hearts
were collected by enzymatic digestion and charsaeroy flow-cytometryrn=6)
{Chapter 2.10.1}. The GFP-positive cell proportiaras 6.8+3.2% of the total

cells collected from the hearts after BMC inject{figure 6.5A).

Although the proportion of PSGL-1 positive cells tihe mononuclear BMC
before injection was 49.3£3.5% (figure 6.5B), thi®portion was much reduced
in the BMC engrafted into the heart (1.3+0.4%, feg6.5C and D)In contrast,
the ratio of CD18 positive cells in the engrafteM® (57.5£6.2%, figure 6.5F)
was not changed from that before injection (59.8%,.figure 6.5E and G). The
proportion of Sca-1 positive cells was significgritigher in the engrafted BMC
(17.5£0.9%, figure 6.51 and J) compared to BMC befmjection (6.4+0.5%,
figure 6.5H). PSGL-1 expression in Sca-1-positivé1@ before injection
(43.6+2.1%) was similar to that in the entire mamdaar BMC population before

injection.
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Figure 6.5: Analysis of engrafted BMC into the heart. Expression of surface markers
in BMC before and after injection into the heart was assessed by flow-cytometry.
Representative data sheets of flow cytometry analysis showing the identification of
engrafted BMC by their GFP-expression in the enzymatically digested heart (A).
Approximately one half of the injected BMC were positive for PSGL-1 before injection,
while the degree of PSGL-1 expression varied widely (B). In contrast, PSGL-1 expression
was almost negative in the engrafted GFP-positive cells (C and D). The pattern and
proportion of CD18 expression was similar between the GFP-positive cells before
injection and after engraftment (E-G). The proportion of Sca-1 positive cells was
significantly larger in the engrafted cells compared to the cells before injection (H-J). n=6.
*p<0.05 vs. GFP-positive cells before injection.
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6.3 Discussion

The studies described in this Chapter demonstinateonly 13.3+1.2% of injected
BMC via the coronary arteries were engrafted into the mabmmyocardium. In
other words, more than 85% of the injected cellsewjast flush-out from the
heart. Induction of ischaemia-reperfusion priorBWIC injection increased the
engraftment efficiency up to 36.5+£1.6%. Immediatefter injection, the majority
of engrafted BMC had already migrated into the naydi@l interstitium with a
marked morphological change. This was associatdd aviapid disappearance of
PSGL-1 expression on the engrafted BMC. In addjtidiselectin inhibition in the
native myocardium prior to BMC injection totally ndinished the enhanced
engraftment efficiency after ischaemia-reperfusisunggesting an important role
for the P-selectin-PSGL-1 interaction in the enignaht of BMC injectedria the
IC route. In contrast, ICAM-1 inhibition did notfatt the engraftment efficiency
at this protocol. It was also demonstrated that Spasitive BMC showed higher

engraftment efficiency compared to Sca-1 negatiM&B

6.3.1 Enhanced engraftment efficiency by ischaemia-reperfusion

While the engraftment efficiency of BMC into thernal heart following IC
injection was poor (~13%) with more than 85% okotgd BMC being flushed-
out into the coronary effluent, prior induction sichaemia-reperfusion in the
heart improved the engraftment efficiency of BM@.8%). This information
suggests that cell injection after recanalisationld be advantageous in the cell-

engraftment into the heart with acute MI.
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The enhanced engraftment efficiency by ischaenpasfasion, shown in this

Chapter, was larger than that in the previous @in{Hofmann et al., 2005) and
experimental (Hou et al., 2005) studies. Hofmanaletported that 1.3 to 2.6%
of total injected BMC, which were radiolabelled ¢&f injection, were engrafted
into the heart at 50 to 75 minutes after IC ing@ctin patients with acute Ml

(Hofmann et al., 2005). Hou et al also reportedt tbaly 2.6+0.3% of

radiolabelled peripheral blood mononuclear cellsenengrafted into the heart at 1
hour after IC injection in pigs with acute Ml (Hai al., 2005). However, it is
difficult to directly compare the efficiency of ¢&ngraftment following IC

injection between the work in this Chapter and fes reports, as cell-type and
cell-labelling sensitivity are different betweenedle studies. In addition, the
timing of cell injection is also different. Whileskt injection was carried out at 30
minutes after reperfusion in the studies describeithis Chapter, Hofmann et al
(Hofmann et al., 2005) and Hou et al (Hou et @03 injected cells at 5-10 days

after reperfusion.

Survival and proliferation of the donor cells erftgd in the myocardium are also
an important determinant of the therapeutic bem@fitcell therapy (Suzuki et al.,
2004b). One could speculate that immediate injactad BMC following
recanalisation may accelerate the death of engrafells, as the reperfusion-
induced myocardial inflammatory response is likelyoe more severe in the early
periods after recanalisation than that in the ldésss (Liuzzo et al., 1999). Further
experimental investigations would be required teedwrine the optimal timing for
BMC injection after MI in order to obtain the maxam number of engrafted and

surviving donor cells, and consequently the maxintikenapeutic efficacy.
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Poor engraftment efficiency in the normal heartseslied in this Chapter,
suggests that the engraftment efficiency of doredisanight be similarly poor,

when IC injection of mononuclear BMC is appliedpatients with heart disease
in which the coronary endothelium is relatively mat, such as idiopathic dilated
cardiomyopathy. Therefore, careful consideratiol lvé needed to determine the

clinical protocol of mononuclear BMC injection fseating such type of disease.

6.3.2 Adhesion molecule-mediated cellular interaction

P-selectin inhibition on the endothelium by antipodeutralisation totally
diminished the increase in BMC engraftment follogvischaemia-reperfusion,
suggesting that the P-selectin/PSGL-1 interactil@yspan important role in the
engraftment of mononuclear BMC. Interestingly, flowtometry analysis
revealed that the majority of the engrafted BMC everegative for PSGL-1

expression, though 49.3% were positive for PSGlefbite injection.

It was considered that this is not because PSGéeghtive BMC were selectively
engrafted into the heart, but because expressi®#S@L-1 on the injected BMC
was quickly down-regulated and/or removed aftereadin to the endothelium in
order to facilitate the subsequent process of tesmuothelial migration (Gardiner
et al., 2001). In addition, the majority of engeaftBMC had already completed
trans-endothelial migration immediately after cafjection with a marked

morphological change to an elongated appearancie ath mononuclear BMC

were round before injection. These findings suggfest the process of adhesion
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and subsequent trans-endothelial migration of BM&y momplete in a short

period following IC injection.

In contrast, inhibition of ICAM-1 on the endothefiu did not affect the

engraftment efficiency of BMC into the ischaemigedused heart. This negative
results might be because ICAM-1 was not upregulatethe endothelial cells at
30 minutes of reperfusion, whereas P-selectin,p&dreesponder to ischaemia-
reperfusion (Kokura et al., 1999), was already gplated. It was considered that
the dosage of antibodies used is high enough tkliteese molecules (Fukushima
et al., 2006b; Segers et al., 2006), giving risa &peculation that injected BMC
might, once adhered to the endothelivia P-selectin/PSGL-1 interactions, be

able to cross the endothelial barrier regardles€ AM-1-related interactions.

The role of ICAM-1/CD18 interactions in cell-engragént following IC injection
is still inconsistent among the previous reportswéas recently reported that
interactions between CD18 and ICAM-1 play an imaottole in the engraftment
of bone marrow-derived CD34 positive cells into theart one hour after
permanent LCA ligation (Wu et al., 2006). In costréSegers et al suggested that
expression of vascular cell adhesion molecule (VGAMbut not ICAM-1, has a
regulatory effect on the engraftment of bone mardanived mesenchymal stem
cells into the heart at 24 hours after 30-minuaaporal myocardial ischaemia
(Segers et al., 2006). In addition, data describetis Chapter also demonstrated
that inhibition of ICAM-1 did not affect the effiency of cell-engraftment
following IC injection. Further experimental stuslievould be essential to

determine the role of ICAM-1/CD18 interactions llengraftment, as it might
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not be appropriate to directly compare the resoiithese studies using different
experimental protocols, including species, dondl tgpes, molecule inhibition
method (antibody-treatment of the native myocardmmdonor cells), nature of
MI (with or without reperfusion), perfusion (bloaxt crystalloid) and timing of

cell injection following reperfusion, further

6.3.3 Other possible mechanisms of cell-engraftment

Data described in this Chapter suggests that thagealso be a mechanism of the
engraftment of BMC irrelevant to the P-selectin/RSIG mediated BMC-
endothelial interaction, as at least 13.3% of itgdcmononuclear BMC were
engrafted into the normal heart. In addition, 8.8%mononuclear BMC were
engrafted into ischaemia-reperfused hearts even BfHselectin-inhibition. It is
speculated that a specific population of mononuckBMC, which are larger in
cell size than others, such as mesenchymal stds) oely be physically adhered
to the arterioles, capillaries or venules and sgisetly cross the endothelial
barrier regardless of adhesion molecules. It wes shown that the proportion of
Sca-1 positive cells was greater in the engrafteiCE17.5%) compared to BMC
before injection (6.4%), while the expression ofG2SL and CD18 on the Sca-1
positive cells was similar to that on the total mouaclear BMC. These findings
suggest that Sca-1-positive BMC might have a grealbdity to adhere/migrate
into the myocardium independent of P-selectin dkMz1-mediated interactions,

compared to Sca-1 negative cells.
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It has been suggested that CD34-positive BMC agtepntially engrafted in the
myocardium (Gordon et al., 2006). However, as tiE4E£positive population
was extremely small (0.6+0.3%) in this mouse modelwas difficult to

convincingly investigate such a preferential migmnatof CD34-positive BMC.
The c-kit positive population in our mononuclear BMvas also too small

(<0.5%) to investigate in a quantitative manner.

6.3.4 Limitation of this Chapter

This study used a Langendorff-crystalloid perfussystem in order to simplify
the complicated situations with the principal aifhhoghlighting the effect of

BMC-endothelium interactions on BMC engraftmenoinhe heart. This model
also enabled reproducible injection of BMC into beartvia the coronary arteries,
which was key to the successful quantitative exanaof engraftment efficiency.
Reproduciblen vivo models for antegrade IC cell injection in smalinaals have

not been established, while perfusion of isolatedrts with full blood is difficult

to stabilise. Further investigation using largenaadi models will be useful to
confirm the observations shown in this study in @erclinically-relevant setting
where blood cells and/or growth factors/cytokinesild affect the engraftment

efficiency of injected BMC.

6.3.5 Summary of Chapter 6

In summary, the engraftment efficiency of mononaclBMC injected into the

coronary arteries was poor in the normal heart, ibytroved after ischaemia-
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reperfusion stimuli. PSGL-1/P-selectin-mediated B#t@lothelial interactions
may play an important role in the mechanism of BMC engraftment into the

myocardium.
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CHAPTER 7: FINAL DISCUSSION - FUTURE

DIRECTION OF CELL THERAPY RESEARCH —

Experimental data presented in this thesis progidéence that injection of either
SMB or BMC is able to improve cardiac function afsp-MI chronic HF. While
the distribution of the grafted cells and assodatdlammatory response were
different between the direct IM and retrograde m&gtions, survival of grafted
SMB and BMC in the myocardium was similarly poordither injection method.
Arrhythmogenicity were observed in the early-phafter direct IM cell injection,
but not retrograde IC cell injection, and in theefphase after injection of SMB,
but not BMC. As trans-differentiation or fusion tife grafted cells were only
rarely observed, paracrine effects of the graftetlscare considered to be
important for the therapeutic effects and arrhytgerocity following cell therapy.
Efficiency of engraftment of BMC in the myocardidoilowing IC injection was
extremely poor in the normal heart, but was enhadigeinduction of ischaemia-
reperfusion prior to cell injection. Most of thehemced cell-engraftment was

dependent on P-selectin-mediated interaction betw®&¢C and endothelium.

This Chapter aims to discuss how to optimise th@aggol for cell therapy for
treating HF based upon the data obtained in thasish Points discussed include
the optimal cell injection protocol and optimallegbe, also suggesting the future

direction of research on cell therapy for treatiiig
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7.1 Optimal protocol of cell injection

7.1.1 Céll-delivery routeinto the heart

The studies described in Chapter 4 and 5 suggespithmising utility of the
retrograde IC route for the delivery of either SNMB BMC into the post-Ml
chronically failing heart, compared to the dirddt loute. Retrograde IC injection
of either SMB or BMC achieved a similar improvemeéntcardiac function and
physical activity to direct IM injection of the sanmumber of donor cells, while
the occurrence of spontaneous arrhythmia in thig-phase was much less after

retrograde IC injection than direct IM injectioegardless of cell-type injected.

In the clinical arena, retrograde IC cell injectioan be safely carried out by a
balloon catheter percutaneously inserted into trerary sinus and cardiac veins
under local anaesthesia (Thompson et al., 2003xdtfition, retrograde IC cell
injection can be repeatedly performed, which mightlong the therapeutic
effects of cell therapy (Premaratne et al., 2006¢ontrast, the direct IM injection
requires either invasive open-chest surgery orlingpecialised equipment such

as the NOGA system (Smits et al., 2003).

However, further investigations, including optintisa of injection pressure,
incubation time and cell number injected, will beeded to further prove the
advantages of the retrograde IC injection over divect IM injection or the

antegrade IC injection. A large animal model wob&more suitable for such a

pre-clinical study than small animal models.
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7.1.2 Cell number injected into the heart

The cell number injected in the work described magter 4 and 5 was chosen
based upon the most common cell-number used iriqueveports: 1-5x10for
SMB (Ghostine et al., 2002; Suzuki et al., 2001&) 4-10x18for mononuclear

BMC in rat model (Memon et al., 2005b; Muller-Ehms al., 2006).

The number of the grafted cells present in the raggdiom has been shown to be
one of the most important determinants of the theutic effects of cell therapy

(Pouzet et al., 2001; Mangi et al., 2003). Howetlsgre might be a concern that
increasing cell number in the direct IM injectiooutd exacerbate the formation
of cell-clusters and associated intense localisgthmmatory response, and
consequently, increase the risk of arrhythmia aenge in the early period, while
increasing cell number in the antegrade IC injectimight exacerbate coronary
embolism (Suzuki et al., 2000a; Vulliet et al., 2D0In contrast, the number of
cells injected could be safely increased by retadgriC injection, as arrhythmias
rarely occurred in the early period and there wasobservation suggesting
coronary embolism in histological or physiologictlidies following retrograde

IC injection of either SMB or BMC.

7.1.3 Enhancing engraftment and survival

The studies described in Chapter 4 and 5 suggdgtaosmall portion of donor-
derived cells remaining within the heart at dajoipwed by progressive death of
donor-derived cells between day 3 and 28 afterciige into the post-MI heart,

regardless of cell-delivery route or cell-type otgd. It is of great value to
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improve donor cell-engraftment (adherence to eralntim and trans-endothelial
migration) and subsequent survival of the graftedlscfor enhancing the

therapeutic efficacy of cell therapy.

7.1.3.1 Enhancing engraftment of injected cells

The work reported in Chapter 6 suggests that theiexfcy of the engraftment is
very poor in case of antegrade IC injection of nmarabear BMC (more than 85%
of the injected cells were just flush-out from theart) and that the cell-
engraftment might result from adhesion moleculedated cellular interaction

between the injected cells and the endothelium.

Retrograde IC injection is theoretically advantageoin trans-endothelial
migration of donor cells from the intravascular apainto the myocardial
interstitium, compared to antegrade IC injectionitee retrograde IC route is able
to directly deliver donor cells into the post-céy venules, where a distinct set
of adhesion molecules has been shown to play ainatell-engraftment into the
myocardial interstitium. Increasing injection pna®s or extending incubation
time in retrograde IC cell injection might furthenhance cellular interaction
between the injected BMC and the endothelium, aunesetly, improving the
overall graft size and the therapeutic benefitshdemic preconditioning of the
myocardium prior to cell injection, which might @gulate P-selecting expression
on the endothelium (Zhao et al., 2003), could aksaseful in enhancing cellular
interactions between the injected cells and the#mdium and, consequently, the

engraftment efficiency. However, further researsimg a large animal model will
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be needed to compare the efficiency of cell-engrafitt between antegrade IC and

retrograde IC injections.

While the efficiency of cell-engraftment followirilyl injection was not studied in
the work described in this thesis, Hou et al sugggeshat only 11% of injected
cells were engrafted in the myocardium 1 hour afigect IM injection.

Increasing the number of injection site and redgictire cell number injected in
each site might be useful in enhancing the engmaftrafficiency following direct

IM cell injection (Ott et al., 2005a).

7.1.3.2 Enhancing survival of grafted cells

The work reported in Chapter 4 and 5 suggestedaletdrs affecting the survival
of the donor cells following engraftment in the heare likely to be different
between the direct IM and retrograde IC injecticass distribution of the grafted
cells and associated inflammatory response wemgelhardifferent. Therefore,
different approaches to improve survival of theftgi cells might be required

between the two injection methods.

In case of direct IM cell injection, my laboratotyas demonstrated that
environmental stress including generation of RO$herinflammatory response
lead to both necrosis and apoptosis of grafted ¢Blizuki et al., 2004b; Suzuki et
al., 2004a). Several approaches to attenuate neenod apoptosis of grafted cells
following IM injection have been reported. My lahtwry reported that

administration of either SOD or anti-IL3lantibody in combination with direct

IM injection of SMB was effective in reducing acyteithin 72 hours) donor cell
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death (Suzuki et al., 2004b; Suzuki et al., 200Fambara et al. suggested that
administration of HGF in combination with IM injéah of SMB attenuates
apoptosis of the grafted SMB and increase the giai in the myocardium
(Tambara et al., 2005). Laflamme et al recentlyoregal that death of donor cells
grafted by IM injection occursia multiple pathways and can be attenuated by
cocktail of prosurvival factors, including Matrigédb prevent anoikis, a cell-
permeant peptide from Bcl-XL to block mitochondrigleath pathways,
cyclosporine A to attenuate cyclophilin D—dependmitbochondrial pathways, a
compound that opens ATP-dependefitdkannels (pinacidil) to mimic ischaemic
preconditioning, IGF-1 to activate Akt pathways dhe caspase inhibitor ZVAD-

fmk (Laflamme et al., 2007).

On the other hand, factors affecting graft surviiedllowing IC injection are not
well understood. As the work reported in Chaptesuggested that IC cell
injection induces less inflammatory response thavl ktell injection,
administration of SOD or anti-ILfL antibody might not be effective in reducing
acute donor cell death after IC injection. Suzukalesuggested that heat shock
treatment prior to antegrade IC injection of SMBithe acute MI heart improved
tolerance to hypoxia-reoxygenation in SMB and egbdngraft survival for 28
days (Suzuki et al., 2000b). Further experimentaldiss are required to

understand and prevent the death of grafted aaltsifing IC injection.

7.1.3.3 Use of genetically engineered cells to enhancet gtakival
Genetic engineering of donor cells prior to injentinto the heart has been shown

to be useful in improving survival of grafted celMurtuza et al suggested that

264



sustained inhibition of IL-1 by SMB secreting ILré&ceptor antagonist, generated
by liposome-based transduction, improved surviiathe grafted SMB in the
acute MI-heart and enhanced the therapeutic effifltirtuza et al., 2004). Yau
et al reported that over-expression of IGF-1, whids been shown to have
various cytoprotective effects (Ren et al., 1998yviB et al., 2006), in the bone
marrow-derived cells enhanced survival of the gaattells, attenuated apoptosis
of the native cardiomyocytes and consequently iwgulocardiac function in
ischaemic HF (Yau et al., 2005a). In addition, tgreup also suggested that
enhanced neo-angiogenesis in the native myocartyrdEGF-overexpressing
SMB effectively attenuated apoptosis of the graftetls (Yau et al.,, 2005b).
Mangi et al suggested that increasing Akt actiuitypone marrow-derived cells
by retroviral transduction was effective in protegtthe donor cells from early

cell death and enhancing the therapeutic effecen@Vet al., 2003).

While the use of genetically engineered cells appéa be useful in improving
the survival of the grafts following either IM o€linjection, there remains a
concern in the clinical application, particulariyciuding safety such as virus-

related complications.
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7.2 Optimal cell-type

7.2.1 Promising utility of mononuclear BMC and SMB

The studies reported in Chapter 4 and 5 indicatetibth SMB and mononuclear
BMC are the promising donor cell-type in improvimgrdiac function and
physical activity of post-MI chronic HF. Injectionf SMB induced latent
arrhythmogenicity, which was rarely seen followingection of BMC, suggesting

that BMC might be a more promising donor cell-tyjpan SMB.

The paracrine effects on the native myocardium widferent between SMB and
BMC, as shown in the studies described in Chaptandi5. SMB, but not BMC,
reduced fibrosis in both peri-infarct and infaretmote myocardium, while BMC,
but not SMB, increased capillary density. In addhiti SMB, but not BMC,
reduced Cx43 expression in the peri-infarct andrgtiremote myocardium.
These findings suggest that SMB and BMC induceffarént set of mediators to
differently affect the myocardium. Further investign of the mediators in each
donor cell-type could provide important implicatoomo enhance the paracrine

effects.

7.2.2 Enhancing cardiomyogenic differentiation

Either SMB or mononuclear BMC only rarely differextéd into cardiac or
vascular cells following injection into the post-Meéart in the work described in
Chapter 4. Therefore, different cell-source froth& SMB or mononuclear BMC,

such as ES cells or cardiac stem cells, might bguimed to enhance
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cardiomyogenic differentiation, which will be extnely useful in treating post-
MI chronic HF (Laflamme et al., 2007). However,ther basic research will be
required to generate 100% pure and stable cardéitsrom ES cells or cardiac
stem cells. Possible targets include genes or drigmi®nal factors relating to
cardiomyogenic differentiation, protocol to generatifficient donor cell numbers

and prevention of immune rejection.

The studies described in Chapter 4 and 5 demoedtrat retrograde IC injection
provides direct intercellular contacts between ¢hnafted cells and the native
cardiomyocytes, compared to direct IM injection ehiforms isolated cell-
clusters from the native cardiomyocytes. This fmgdsuggests that retrograde IC
injection might provide a greater opportunity forafjed cells to undergo
cardiomyogenic differentiation and direct mechahicantributions, no matter

which cell-type is used.

While formation of Cx43-gap junctions between thafgd cells and native
cardiomyocytes were rarely identified in the woksdribed in Chapter 4 and 5,
over-expression of Cx43 in SMB might enhance then&dion of gap junctions

between these two cells. My laboratory reported gvar-expression of Cx43 in
SMB, by genetic modification, enhances interceflWlannections between SMB
and the mature adult cardiomyocyiesvitro (Stagg et al., 2006). SMB which
have electrical communications with cardiomyocytaght, in turn, differentiate

into functional cardiomyocytes (lijima et al., 200&81d, consequently, improve

global cardiac functiowmia direct mechanical contributions.
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7.2.3 Enhancing paracrine effects

Work described in Chapter 4 suggests that para@ffexts, such as reducing
fibrosis, enhancing neo-vascularisation and attemgiahypertrophy of native
cardiomyocytes, play an important role in the tpertdic benefits of cell therapy.
Analysing such paracrine effects would be importandbtain further therapeutic
benefits. One of the approaches reported to enh#meeparacrine effects is
genetic engineering of donor cells to over-expesgneficial molecule prior to

injection into the heart. This strategy is alsorted as cell-based gene therapy.

SMB over-expressing VEGF by viral transduction weeported to increase
capillary density and improve cardiac function d@ling injection into the

ischaemic heart (Suzuki et al., 2001a; Askari et 2004).In addition, genetic

over-expression of VEGF or FGF in bone marrow-dstivcells also showed
enhanced regional blood flow and capillary den&ifjowing injection into the

ischaemic heart (Yau et al.,, 2007; Matsumoto et2405; Yang et al., 2007).
Gnecchi et al suggested that bone marrow-derivéld oser-expressing Akt
enhanced the paracrine effects by increasing tkeetsen of soluble growth
factors such as VEGF, FGF, HGF or IGF-1 from theegieally engineered donor
cells (Gnecchi et al., 2006). Murtuza et al repbrtieat over-expression of IL-1
receptor antagonist in SMB enhanced improvemensyistolic and diastolic
cardiac functions of acute-MI heart, associatechvahhanced survival of the

grafted cells and reduced fibrosis in the myocard{Murtuza et al., 2004).
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Despite the possible beneficial effects of gendyiengineered donor cells, there
remain concerns. Sustained exposure to growth rlactmay lead to

tumourgenicity in the myocardium in the long-ter@ameliet, 2000; Lee et al.,
2000). In addition, it would also be important t&tefrmine the most beneficial and

the least harmful vectors to transduct the gene.
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7.3 Conclusion of this thesis

Development of effective therapy for HF is a piiprias HF is still a major cause
of human death and disability. This thesis demauessr that cell therapy is the
promising strategy to treat post-MI chronic HF andjgests that the therapeutic
effects can be enhanced by optimising cell-injecpootocol and donor cell-type.
Although clinical trials of cell therapy have sttt further laboratory research

will be extremely important for future successhuttreatment in clinical arena.
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Arrhythmia/Electrophysiology

Direct Intramyocardial But Not Intracoronary Injection of
Bone Marrow Cells Induces Ventricular Arrhythmias in a
Rat Chronic Ischemic Heart Failure Model

Satsuki Fukushima, MD; Anabel Varela-Carver, PhD; Steven R. Coppen, PhD;
Kenichi Yamahara, MD, PhD; Leanne E. Felkin, BSc; Joon Lee, MRCS; Paul J.R. Barton, PhD;
Cesare M.N. Terracciano, MD, PhD; Magdi H. Yacoub, FRS; Ken Suzuki, MD, PhD

Background—Therapeutic efficacy of bone marrow (BM) cell injection for treating ischemic chronic heart failure has not
been established. In addition, experimental data are lacking on arrhythmia occurrence after BM cell injection. We
hypothesized that therapeutic efficacy and arrhythmia occurrence induced by BM cell injection may be affected by the
cell delivery route.

Methods and Results—Three weeks after left coronary artery ligation, wild-type female rats were injected with 1Xx10’
mononuclear BM cells derived from green fluorescent protein—transgenic male rats through either a direct intramyo-
cardial or a retrograde intracoronary route. Both intramyocardial and intracoronary injection of BM cells demonstrated
similar improvement in left ventricular ejection fraction measured by echocardiography and a similar graft size analyzed
by real-time polymerase chain reaction for the Y chromosome—specific Sry gene. Noticeably, intramyocardial injection
of BM cells induced frequent ventricular premature contractions (10873 per hour at 7 days after BM cell injection),
including multiform, consecutive ventricular premature contractions and ventricular tachycardia for the initial 14 days;
intracoronary injection of BM cells and intramyocardial injection of phosphate-buffered saline rarely induced
arrhythmias. Immunohistochemistry demonstrated that intramyocardial BM cell injection formed distinct cell clusters
containing donor-derived cells and accumulated host-derived inflammatory cells in the infarct border zone, whereas
intracoronary BM cell injection provided more homogeneous donor cell dissemination with less inflammation and
without disrupting the native myocardial structure.

Conclusions—BM cell injection is able to improve cardiac function in ischemic chronic heart failure but has a risk of
arrhythmia occurrence when the intramyocardial route is used. Such arrhythmias may be prevented by using the
intracoronary route. (Circulation. 2007;115:2254-2261.)

Key Words: arrhythmia m cell therapy m heart failure

ecent research has shown that injection of bone marrow

(BM)—derived stem cells improves function and perfu-
sion of the heart with acute myocardial infarction (MI) in
animals' and humans.>~* However, therapeutic efficacy of
this approach for treating post-MI chronic heart failure (HF)
has not been fully established.5-!' In addition, arrhythmia
occurrence, which has been identified as a critical complica-
tion of skeletal myoblast injection,'?> has not been fully
studied in the case of BM cell injection. Previous clinical
studies reported rare incidences of arrhythmia after intramyo-
cardial>$ and antegrade intracoronary®7-'%!! injection of BM
cells; however, patients in these studies were prescribed
antiarrhythmic drugs such as f-blockers,>*-!'" which could
mask arrhythmogenicity of the treatment. In addition, ar-
rhythmia occurrence in these patients might not be adequately
examined by appropriate continuous monitoring.>’-!! Eluci-
dating these issues by appropriate laboratory investigations is

now an urgent requisite for the further progress of clinical
application of the treatment.
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We hypothesized that therapeutic efficacy and arrhythmia
occurrence induced by cell injection into the post-MI heart
may be affected by the cell delivery route. The direct
intramyocardial route, either by an endocardial or epicardial
approach, can deliver cells selectively into target areas;
however, this method causes mechanical injury and subse-
quent acute inflammation.!3-'4 Such adverse processes could
limit graft survival and cause myocardial damage.'* In
addition, cells grafted via the intramyocardial route tend to
form isletlike cell clusters that are isolated from the host
myocardium.'>1¢ Such local heterogeneity in the myocardium
is considered a source of arrhythmias. In contrast, the
intracoronary route can deliver donor cells more homoge-
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neously with less mechanical damage and inflammation in
the myocardium.'” This ability may allow for enhanced
therapeutic effects and a reduced risk of arrhythmia.

In the present study, we investigated the therapeutic
benefits and arrhythmia occurrence after BM cell injection
for treating post-MI chronic HF by comparing intramyocar-
dial and intracoronary injection.

Methods

All studies were performed with the approval of the institutional
ethics committee and the UK Home Office. The investigation
conforms to the Principles of Laboratory Animal Care (National
Society for Medical Research) and the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health). All surgical
procedures and evaluations, including assessment of ventricular
function, were carried out in a blinded manner.

Donor Cell Preparation

Mononuclear BM cells were collected from both femurs and tibias of
green fluorescent protein (GFP)—transgenic male Sprague-Dawley
rats'® (n=13; 200 to 250 g; Rat Resource and Research Center,
Columbia, Mo) and purified by Percoll gradient centrifugation
(Amersham Biosciences, Piscataway, NJ) as previously described.'3
Flow cytometry analysis (FACSAria, BD Biosciences, Erembode-
gem, Belgium) using monoclonal anti-CD34 (Santa Cruz Biotech-
nology, Santa Cruz, Calif) and anti-CD45 (BD PharMingen, Oxford,
UK) antibodies showed that 4.6+1.7% of the collected BM mono-
nuclear cells were positive for CD34 and 75.5+4.3% were positive
for CD45.

Generation of Chronic Ischemic HF

Wild-type Sprague-Dawley female rats (n=150; 150 to 200 g;
Harlan Sprague Dawley, Indiannapolis, Ind) underwent left thora-
cotomy under 1.5% isoflurane inhalation and mechanical ventilation
using a volume-controlled ventilator (Harvard Apparatus, Eden-
bridge, UK). The left coronary artery (LCA) was permanently ligated
with 6-0 polypropylene (BearMedic, Chiba, Japan) at the level of the
bottom edge of the left atrial appendage.!” Ischemia was confirmed
by a change in the epicardial color and dyskinesis. The rats were
returned to the cage for recovery after chest and skin closure and
extubation.

Assessment of Cardiac Function

Cardiac function and dimensions of all the surviving rats were
assessed at 20 days after LCA ligation with echocardiography using
Sequoia 512 and 15-MHz probe (Siemens Medical, Berlin, Ger-
many) under 1.5% isoflurane inhalation via a nose cone.!” Left
ventricular ejection fraction (LVEF) was calculated from the data
obtained with 2-dimensional tracing. LV diastolic (LVDd) and
systolic (LVDs) dimensions and heart rate (HR) were measured with
M-mode echocardiography. Transmitral peak E/A flow ratio was
determined by spectral Doppler traces.2° Changes in cardiac param-
eters were assessed at 3, 7, 14, 28, and 84 days after cell injection
(n=9 in each group). Therapeutic efficacy was evaluated primarily
by a positive change in LVEF after cell injection.

Arrhythmia Assessment by Telemetry

A transmitter for the radiotelemetry (Data Sciences International, St
Paul, Minn) was implanted in the peritoneal cavity 1 day before cell
injection for continuous ECG monitoring (n=7 in each group).?! The
electrodes were implanted in the right shoulder and left axilla. The
ECG of these rats was monitored continuously from 1 day before
until 7 days after cell injection, followed by 24 hours of continuous
monitoring at 14, 28, 42, 56, and 84 days. The hourly number of
ventricular premature contractions (VPCs) was calculated as the
average number of the events observed in a 24-hour recording with
ECG analysis software (DSI Dataquest A.R.T. Analysis, Data
Sciences International). The frequency of multiform, consecutive
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VPCs and ventricular tachycardia (VT) also was counted throughout
the periods studied.

Cell Injection Into the Heart

The rats that met the criteria (LVEF <40%) 1 day before cell
injection were assigned to cell injection. At 21 days after LCA
ligation, under 1.5% isoflurane inhalation and mechanical ventila-
tion, 1X 10" mononuclear BM cells were injected via either direct
intramyocardial (BMC-IM group; n=34) or retrograde intracoronary
(BMC-IC group; n=35) route through rethoracotomy. In the former
method, BM cells suspended with 100 wL phosphate-buffered saline
(PBS) were injected into 2 sites of the infarct border zone: the
anterior-lateral and inferior-posterior walls.!# In the latter method,
the same number of BM cells in 500 wL. PBS was injected into the
left cardiac vein, which drains the entire LV free wall, through a
purse-string suture (7-0 polypropylene, BearMedic) placed on left
superior vena cava as recently described.!” The stem of the cardiac
vein was snared for 30 seconds after injection to prevent flushing the
injected cells into the vena cava. As controls, the same volume of
PBS without cells was injected via either route (PBS-IM group,
n=26; and PBS-IC group, n=28). The rats were returned to the cage
for recovery after chest and skin closure and extubation.

Survival of Grafted Donor Cells

The presence of grafted male cells in the female heart was quanti-
tatively assessed by real-time polymerase chain reaction for the Y
chromosome—specific Sry gene (ABI PRISM 7700 and TagMan
Chemistry; Applied Biosystems, Foster City, Calif).2> At 3, 7, 28,
and 84 days after cell injection, the LV wall was collected (n=4 to
6 at each time point in the BMC-IM and BMC-IC groups). Genomic
DNA was extracted from the sample and used for Sry detection. The
signals obtained were normalized for the amount of DNA used by the
autosomal single-copy gene osteopontin (Opn) as an internal stan-
dard.22 Primers used were as follows: Sry: forward, 5'-
GCGGAGAGAGGCACAAGTTG-3"; reverse, 5'-TCCCAGCTG
CTTGCTGATCT-3'; and probe, 5'-TCAACAGAATCCCAGCA
TGCAGAATTCA-3'; Opn: forward, 5'-CCAATCGCCCCCAC
AGT-3'; reverse, 5'-CCTCAGTCCGTAAGCCAAGCT-3'; and
probe, 5'-TGTCCCTGACGGCCGAGGTGA-3'. Female LV at 21
days after LCA ligation was mixed with male BM cells (1X107), and
its serial dilution series was used for generating a standard curve
(n=3).

Histological Analysis

The rats were killed at 3, 7, and 28 days after cell injection for
histological analysis (n=4 to 5 at each time point in each group). The
hearts were perfused with 4% paraformaldehyde immediately after
collection and frozen in liquid nitrogen. Cryosections (10 um) were
labeled with a polyclonal GFP-specific primary antibody (Molecular
Probes, Carlsbad, Calif; 1:5000 dilution),2*> which was visualized
with horseradish peroxidase—based EnVision kit (Dako, Glostrup,
Denmark) according to the manufacturer’s instructions. The samples
were counterstained with hematoxylin.

Statistical Analysis
All values are expressed as mean®*SEM. Statistical comparison of
LVEF, HR, LVDd/Ds, peak E/A, and number of VPCs was per-
formed with 1-way ANOVA, followed by Bonferroni’s test for
individual significant difference. A value of P<<0.05 was considered
statistically significant.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results

Mortality and Arrhythmia Occurrence

Mortality after LCA ligation before cell injection was 14%
(21 of 150). Among the 129 surviving rats, 6 (4.7%) were
excluded from the study before cell injection because their
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Figure 1. Ventricular arrhythmia after BM cell injection. ECG
was continuously monitored with a radiotelemetry system. A,
The number of VPC per hour was significantly higher in the
BMC-IM group at 1, 3, 7, and 14 days after injection among all
groups (*P<0.001; n=7 in each group). Representative patterns
of multiform VPC (B) and VT (C) observed in the BMC-IM group
are shown.

LVEF was >40%. Mortality after cell injection was similarly
low in all groups: 5.9% (2 of 34) in the BMC-IM, 5.7% (2 of
35) in the BMC-IC, 3.8% (1 of 26) in the PBS-IM, and 7.1%
(2 of 28) in the PBS-IC group. All mortalities occurred during
the procedure or immediately after, presumably as a result of
surgical stresses such as bleeding.

Continuous ECG monitoring did not detect frequent (>1
per hour) VPCs in any rats 1 day before cell injection,
whereas after cell injection, temporary but frequent VPCs
were observed in the BMC-IM group. In this group, a large
number of VPCs were detected as early as 1 day (15%5 per
hour) after cell injection. The number of VPCs peaked at 7
days (108*73 per hour), and the frequent VPCs largely
disappeared by 28 days after BM cell injection (Figure 1A).
All other groups showed only a limited number of VPCs (<1
per hour) throughout the periods studied. More than 70% of
rats in the BMC-IM group showed multiform (Figure 1B) or
consecutive VPCs between 1 and 7 days after BM cell
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Figure 2. Change in LVEF. Change in LVEF before and after cell
injection was assessed with echocardiography. The BMC-IM
and BMC-IC groups showed a similar increase in LVEF by 7
days, which lasted until 84 days after cell injection. LVEF in the
BMC-IM and BMC-IC groups was significantly higher than that
in the PBS-IM and PBS-IC groups, respectively, between 7 and
84 days. -1 Indicates 1 day before cell injection. *P<<0.05 vs
PBS-IM, 1P<0.05 vs PBS-IC group.

injection (Table 1). The proportion of rats showing VT
(Figure 1C) was 14% at 1 day, 43% at 7 days, 0% at 28 days,
and 0% at 84 days in the BMC-IM group. All other groups
did not show VT throughout the periods studied.

Improved Cardiac Function After BM

Cell Injection

Baseline values (intact normal rats; n=11) of LVEF, HR,
LVDd/LVDs, and peak E/A were 74.1%£1.4%, 365*+15 bpm,
6.7£0.3/3.7£0.2 mm, and 1.9%0.0, respectively. At 20 days
after LCA ligation (1 day before cell injection; n=123),
echocardiography showed a consistently reduced LVEF
(33.6+0.4%; P<<0.001) and E/A (1.2%0.1; P<<0.001) and an
enlarged LVDd/LVDs (8.9%+0.1/7.6+0.2 mm; P<0.001)
compared with the baseline values. HR (370%=8 bpm) did not
show a significant change.

After cell injection, both the BMC-IM and BMC-IC groups
demonstrated a similar degree and time course of improve-
ment in LVEF (Figure 2). LVEF significantly increased by 7
days after cell injection but not at 3 days in the BMC-IM
(49.1£1.5%) and BMC-IC (49.0+1.4%) groups compared
with before cell injection (34.6*£1.1% and 33.5%20.9%, re-
spectively). Significantly improved LVEF remained until 84
days in both groups. LVEF in the BMC-IM and BMC-IC

TABLE 1. Percent of Sample Showing =1 Multiform or Consecutive VPCs per Day
Days After Cell Injection
1 7 28 84
Multi, %  Consec, %  Multi, %  Consec, %  Multi, %  Consec, %  Multi, %  Consec, %
PBS-IM 14 14 14 0 14 0 0 0
PBS-IC 14 0 0 14 0 0 0 0
BMC-IM 100 71 71 71 42 29 0 0
BMC-IC 14 14 14 29 29 0 0 25

Multi indicates multiform VPCs; Consec, consecutive VPCs. n=7 each group.
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TABLE 2. Cardiac Parameters Before and After Cell Injection
Before Cell Injection 28 Days After Cell Injection
HR, bpm LVDd, mm LVDs, mm Peak E/A HR, bpm LVDd, mm LVDs, mm Peak E/A
PBS-IM 373x20 8.8+0.2 7.3+£0.2 1.3+0.2 40612 10.0=0.2 8.7+0.2 0.7+0.1
PBS-IC 370+23 8.7+0.1 7.4+0.2 1.4+0.2 40111 9.5+0.2 8.8+0.2 0.8+0.1
BMC-IM 357+7 9.1+0.1 7.6+0.1 1.1+0.1 350=+10* 9.6+0.1 8.1+0.1* 1.3+0.2*
BMC-IC 388+8 8.9+0.1 7.6+0.1 1.1+0.1 3616t 9.9+0.2 8.0+0.21 1.2+0.1t

2257

n=9 in each group.
*P<0.05 vs PBS-IM, 1P<<0.05 vs PBS-IC group at 28 days.

groups also was significantly higher than that in the PBS-IM
and PBS-IC groups, respectively, throughout the periods
between 7 and 84 days after injection. The other cardiac
parameters also indicated improvement in cardiac perfor-
mance after BM cell injection via either route (Table 2). The
enlarged LVDs, reduced peak E/A, and increased HR ob-
served in the PBS-IM and PBS-IC groups at 28 days
compared with before cell injection did not occur in the
BMC-IM and BMC-IC groups.

Survival of Grafted Donor Cell

Survival of male donor cells in the female host failing heart
was quantitatively analyzed by real-time polymerase chain
reaction for Sry. The BMC-IM and BMC-IC groups showed
a similar small number of male cells present throughout the
time points studied (Figure 3). At 3 days after cell injection,
only 1.45%+0.27% and 1.84%0.27% of total injected BM cells
were detected in the BMC-IM and BMC-IC groups, respec-
tively. The number of surviving donor cells further decreased
t0 0.07%£0.02% and 0.08 £0.03% by 7 days, respectively. The
graft survival was then stable until 84 days after cell injection
in both groups.

Distribution of Grafted Cells in the Host Myocardium
Grafted cells were detected by immunohistochemistry for
GFP. The BMC-IM group showed GFP-positive, discrete cell
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Figure 3. Survival of grafted cells. Survival of male donor cells
in the female host heart was analyzed by real-time polymerase
chain reaction for Sry. The BMC-IM and BMC-IC groups
showed a similar, but small, number of donor cells remaining in
the host LV throughout the time points studied.

clusters in the border zone surrounding the infarcts at 3 days
after cell injection (Figure 4A). These cell clusters were
composed of GFP-positive grafted cells and GFP-negative
host-derived cells (Figure 4B). The BMC-IM group at 7 days
showed a persistent presence of the cell clusters but now
composed of a reduced number of GFP-positive cells and
many GFP-negative cells (Figure 4C). Most of the GFP-
positive cells at 3 and 7 days were hematopoietic-like round
cells, whereas some cells had a more elongated appearance.
Most GFP-negative cells found in the cell clusters were
identified as accumulated inflammatory cells, including poly-
morphonuclear leukocytes and lymphocytes having large
round nuclei.

In contrast, the BMC-IC group showed more homogeneous
cell dissemination into both infarct and noninfarct areas. The
structure of adjacent myocardium in the BMC-IC group was
better preserved compared with the BMC-IM group (Figure
4D). In the BMC-IC group at 3 and 7 days, inflammatory
cells were rarely detected around the disseminated GFP-
positive grafted cells (Figure 4E and F). Despite thorough
histological examinations, we did not detect any GFP-
positive cells entrapped in the vasculature, including cardiac
veins, venules, capillaries, arterioles, or arteries, in the
BMC-IC group. At 28 days after BM cell injection, a very
small number of GFP-positive cells were detected in the
infarct and border zones of both the BMC-IM and BMC-IC
groups, associated with little detectable inflammatory re-
sponse. Clear evidence of differentiation of GFP-positive
cells into mature cardiac phenotype was not found in any
samples of either the BMC-IM or BMC-IC group (data not
shown).

Discussion

The present article provides experimental evidence that direct
intramyocardial injection of BM cells can induce a serious
high frequency of and critical types of ventricular arrhyth-
mias for the initial 14 days after injection in post-MI chronic
HF. Such arrhythmia did not occur after retrograde intracoro-
nary injection of BM cells, despite the fact that the 2 injection
methods resulted in similar therapeutic benefits and similar
graft sizes. These data have important implications in devel-
oping the optimal protocol for cell therapy using BM cells.

Arrhythmogenicity of intramyocardial injection of BM
cells has not been discussed extensively, probably because
previous clinical trials have reported negative results.>8°
However, the patients studied in these trials were medically
treated with drugs having an antiarrhythmic effect such as
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Figure 4. Distribution of grafted cells. Grafted cells were detected by immunohistochemistry for GFP. A, The BMC-IM group showed
brown-stained GFP-positive cell clusters in the infarct border zone (arrowheads) at 3 days after injection (X50 magnification). B, Higher
magnification (X400) of the outlined region in (A) showed the mixture of GFP-positive cells and accumulated GFP-negative inflamma-
tory cells. C, The BMC-IM group at 7 days also showed GFP-positive, discrete cell clusters. However, these clusters were composed
of a reduced number of GFP-positive cells (arrows) surrounded by many GFP-negative inflammatory cells. D, The BMC-IC group
showed disseminated GFP-positive cells in the LV free wall, although it is difficult to see these scattered small cells in the lower magni-
fication (x50). E, Higher magnification (xX400) of the outlined region in C showed GFP-positive cells (arrows) disseminated with little
inflammatory response and with little disruption of the myocardium. F, The BMC-IC groups at 7 days showed disseminated GFP-
positive cells (arrow) without accumulation of inflammatory cells. A and D, Scale bar=300 um; B, C, E, and F, scale bar=50 pm.

B-blocker, which would have masked the arrhythmogenicity.
In addition, for detecting arrhythmias, these studies moni-
tored patients only for <2 days after cell injection® and/or at
1 month or later.>8 However, these protocols for monitoring
ECG might not be appropriate. Our results demonstrated that
arrhythmia occurrence peaked at day 7 after intramyocardial
injection of BM cells, when we observed the most frequent
VPCs (108 per hour; classified into Lown 2), with multiform/
consecutive VPCs (Lown 3/4a) in 71% of treated rats and VT
(Lown 4b) in 43%. This original information suggests that
approximately day 7 after treatment is extremely important in
evaluating the arrhythmogenicity of BM cell injection, there-
fore proposing that future clinical studies should include
intensive monitoring around this time point to further clarify
this issue in patients.

Our findings suggest that the ventricular arrhythmias ob-
served in the early phase after intramyocardial BM cell
injection might be due to the generation of cell clusters in the
border-zone myocardium. These isolated cell clusters, com-
posed of donor-derived cells and accumulated inflammatory
cells, would produce an adverse physical effect (severe local
heterogeneity within the myocardium), disturbing the myo-
cardial consistency and the conductance properties.'>'¢ In
addition, the accumulated inflammatory cells within the
clusters are likely to cause an adverse biochemical effect on
surrounding cardiomyocytes by inducing local myocardial
upregulation of various proinflammatory cytokines such as
interleukin-1f3 and tumor necrosis factor-a as shown previ-

ously.!3-14 Consequently, cardiomyocyte apoptosis, modula-
tion of gap junction formation, and/or deterioration of elec-
trical stability may be amplified particularly in the border
zone where native cardiomyocytes suffer post-MI adverse
remodeling processes, eventually causing ventricular arrhyth-
mias.?* This speculation is supported by the findings in our
study that homogeneously disseminated BM cells with little
inflammation by retrograde intracoronary injection or mild-
degree inflammation by intramyocardial injection of PBS
only did not cause significant ventricular arrhythmias. VPC
frequency appeared to be higher at day 7 compared with day
3 (although not significant) in our study. The precise reason
for this is unclear; however, persistent stress, including
continuous exposure to proinflammatory cytokines, might
progressively cause an adverse effect on failing cardiomyo-
cytes in the infarct border area, increasing the frequency of
VPCs toward day 7 after injection.

Another possible cause for ventricular arrhythmias after
BM cell injection is the direct adverse effect of the grafted
cells such as inappropriate cardiomyogenic differentiation,
fusion with native cardiomyocytes, and/or formation of inad-
equate intercellular connections with surrounding native car-
diomyocytes.?>2¢ It has been reported that BM cell-derived
cardiomyocytes trigger arrhythmogenic sparks in vitro.?7.28
However, our results provided several pieces of negative
evidence for this view. First, arrhythmias observed after
intramyocardial injection of BM cells were largely absent by
retrograde intracoronary injection, despite a similar number
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of surviving grafted cells. If direct adverse effects of grafted
cells were the main cause of the arrhythmia, frequent arrhyth-
mias should have been similarly observed after intracoronary
BM cell injection. Second, frequent VPCs were found as
early as 1 day, with the peak frequency at 7 days, after
intramyocardial BM cell injection. Such a time course seems
too short for grafted BM cells to undergo cardiomyogenic
differentiation, which usually takes several weeks in vitro.?®
Third, the frequency of such transdifferentiation events is
reported to be extremely low.?° In fact, we could not detect
any clear evidence indicating cardiomyogenic differentiation
of grafted cells despite thorough histological examinations. In
addition, ectopic stimuli derived from such a small number of
differentiated cells, if any, might be diluted by much larger
number of surrounding cardiomyocytes and would not lead to
ventricular arrhythmias.

Our study demonstrated the principal concept that in-
tramyocardial BM cell injection could induce serious ventric-
ular arrhythmias in a rat chronic ischemic HF model. How-
ever, because several differences exist in morphological and
electrophysiological properties between rat and human myo-
cardium,’® further large-animal or clinical studies would be
useful to verify our findings in a clinical setting. It also would
be interesting to investigate whether the modulation of
injection protocol, such as injections of a smaller volume into
a larger number of sites, could reduce arrhythmia occurrence
after intramyocardial injection. It has been reported that such
multiple injections of a smaller volume improve cardiac
function more efficiently compared with a single injection of
a large volume.?! Furthermore, electric mapping approaches,
available in human and large animals, may be useful for
identifying the high-risk areas for cell injection—induced
arrhythmia, possibly reducing the risk of arrhythmias.3?

Therapeutic efficacy of mononuclear BM cell injection for
treating post-MI chronic HF was inconsistent among previous
clinical studies. Perin et al,> Beeres et al,® and Strauer et al'!
observed a significant improvement in LVEF, whereas Fuchs
et al,> Kuethe et al,” Tse et al,® and Blatt et al'® reported
negative results. Although the reasons of such a discrepancy
in LVEF improvement are not known, one may speculate that
it results from the heterogeneous nature of patients assigned
to the study, the small numbers of patients, the variable
quality of BM cells, and the different injection methods,
including the site for injection and the cell number injected.
On the other hand, in this study, we have provided evidence
that mononuclear BM cell injection by either route consis-
tently improves both systolic (ie, LVEF) and diastolic (ie,
peak E/A ratio) cardiac functions of post-MI chronic HF
using an established rat model. Because BM cell injection,
regardless of the cell delivery route, failed to suppress
progression of ventricular dilatation (ie, LVDd), LVEF im-
provement after BM cell injection appeared to be largely
dependent on reduced LVDs. It is therefore indicated that
mononuclear BM cell injection via either route can be an
effective therapy for treating post-MI chronic HF but is
subject to patient selection and optimization of the protocol.
Quantitative analysis of surviving donor-derived cells using
real-time polymerase chain reaction showed that <0.1% of
injected cells existed in the heart at day 7, whereas significant
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functional improvement was observed. Although the direct
mechanical contribution of such a small number of surviving
donor-derived cells is unlikely to be sufficient to increase
global cardiac function, these cells could, by a paracrine
effect, improve the contractility of a much larger number of
surrounding failing cardiomyocytes. In addition, other para-
crine effects mediated by the donor-derived cells such as
increased neovascular formation would also be useful to
enhance cardiac function.!3

Antegrade intracoronary injection has been shown to have
a similar ability to disseminate cells into the myocardium.??
However, retrograde intracoronary injection is believed to
have several possible advantages over antegrade intracoro-
nary injection.>* Although the antegrade intracoronary route
is commonly used in clinical trials,®7-10-35 this method report-
edly carries a risk of coronary embolism.?¢ This risk will be
particularly critical during the treatment of post-MI chronic
HF when coronary arteries often show diffuse narrowing at
many sites with jeopardized collateral arteries. In contrast, the
risk of coronary embolism will be largely obviated in retro-
grade intracoronary injection. Furthermore, cells injected via
the retrograde intracoronary route may have a greater chance
for transendothelial migration from the intravascular space
into the myocardial interstitium. It is known that migration of
inflammatory cells into the myocardial interstitium takes
place at postcapillary venules rather than at capillaries or
arterioles as a result of the endothelial-leukocyte interaction
in which a distinct set of adhesion molecules plays a role.?”
The retrograde intracoronary route is able to deliver cells
directly to this unique part of the vasculature, resulting in
enhanced transendothelial donor cell migration. Retrograde
intracoronary injection is feasible in clinical settings by use of
a balloon catheter3*; however, further investigation is needed
to prove these advantages of retrograde intracoronary injec-
tion over antegrade intracoronary injection. Because a repro-
ducible model for antegrade intracoronary cell injection has
not been established in small animals, a large-animal exper-
iment will be more suitable for this purpose.

In summary, we provide evidence that direct intramyocar-
dial injection of BM cells induces temporary but serious
ventricular arrhythmias in a post-MI chronic HF model. Such
arrhythmias were largely absent when injected via the retro-
grade intracoronary route despite the similar therapeutic
efficacy. These data suggest that the retrograde intracoronary
route might be a safe, efficient route for BM cell injection for
treating post-MI chronic HF.
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CLINICAL PERSPECTIVE

Cell therapy using bone marrow cells is now being studied as a treatment for postinfarction chronic heart failure in patients.
Although previous clinical studies reported rare incidences of arrhythmia, the arrhythmia risk may have been masked by
the common use of antiarrhythmia drugs. In the present study, we compared the effects of intramyocardial and retrograde
intracoronary injection of bone marrow mononuclear cells on ventricular arrhythmias using an established rat model.
Injection of bone marrow cells by either route improved both systolic and diastolic ventricular function but with similarly
poor graft survival. Evidence for differentiation of donor cells into cardiomyocytes or vascular cells was very rare,
suggesting that paracrine effects may be important for the impact of therapy on ventricular function. Noticeably,
intramyocardial cell injection induced frequent ventricular arrhythmias, including ventricular tachycardia, for 14 days after
injection. Intramyocardial injection caused the formation of localized clusters of donor-derived cells and host-derived
inflammatory cells within the border-zone myocardium. In contrast, intracoronary injection disseminated cells with little
inflammation and rarely induced arrhythmias throughout the period. These results show that the method of cell delivery
can influence the inflammatory response and arrhythmogenesis. The findings support trials of bone marrow cell
transplantation for treating postinfarction heart failure but indicate that further study of arrhythmia risk, particularly in the
early phase after intramyocardial injection, is warranted.

Downloaded from circ.ahajournals.org at Imperial College London (icl) on May 4, 2007



http://circ.ahajournals.org

Circulation @

Learn and Live..
JOURNAL OF THE AMERICAN HEART ASSOCIATION

A Novel Strategy for Myocar dial Protection by Combined Antibody Therapy
Inhibiting Both P-Selectin and Intercellular Adhesion Molecule-1 Via Retrograde
Intracoronary Route
Satsuki Fukushima, Steven R. Coppen, Anabel Varela-Carver, Kenichi Y amahara,
Padmini Sarathchandra, Ryszard T. Smolenski, Magdi H. Y acoub and Ken Suzuki
Circulation 2006;114;251-256

DOI: 10.1161/CIRCULATIONAHA.105.000794
Circulation is published by the American Heart Association. 7272 Greenville Avenue, Dallas, TX
72514
Copyright © 2006 American Heart Association. All rights reserved. Print ISSN: 0009-7322. Online
ISSN: 1524-4539

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://circ.ahajournal s.org/cgi/content/full/114/1 suppl/I1-251

Subscriptions: Information about subscribing to Circulation is online at
http://circ.ahajournal s.org/subsriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, 351 West Camden
Street, Baltimore, MD 21202-2436. Phone 410-5280-4050. Fax: 410-528-8550. Email:
journal permissions@l|ww.com

Reprints: Information about reprints can be found online at
http://www.lww.com/static/html/reprints.html

Downloaded from circ.ahajournals.org at Imperial College London (icl) on July 4, 2006


http://circ.ahajournals.org/cgi/content/full/114/1_suppl/I-251
http://circ.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/static/html/reprints.html
http://circ.ahajournals.org

A Novel Strategy for Myocardial Protection by Combined
Antibody Therapy Inhibiting Both P-Selectin and
Intercellular Adhesion Molecule-1 Via Retrograde

Intracoronary Route

Satsuki Fukushima, MD; Steven R. Coppen, PhD; Anabel Varela-Carver, PhD;
Kenichi Yamahara, MD, PhD; Padmini Sarathchandra, PhD; Ryszard T. Smolenski, MD, PhD;
Magdi H. Yacoub, FRS; Ken Suzuki, MD, PhD

Background—Antibody therapy to inhibit either P-selectin or intercellular adhesion molecule-1 (ICAM-1) has been
reported to provide myocardial protection against leukocyte-mediated reperfusion injury. Because these molecules play
different roles in the leukocyte-endothelial interaction, co-inhibition of both may achieve further enhanced cardiopro-
tection. In addition, the therapeutic efficacy of such antibody therapy may be affected by the delivery route used.
Retrograde intracoronary infusion will offer an effective, direct access to the postcapillary venules, where the target
event (leukocyte—endothelial interaction) takes place. We investigated the feasibility and efficiency of the combined
antibody therapy targeting both P-selection and ICAM-1 via the retrograde intracoronary route to attenuate myocardial
ischemia-reperfusion injury.

Methods and Results—Lewis rats underwent 30-minute left coronary artery occlusion. Just before reperfusion,
anti-P-selectin monoclonal antibody (150 wg/kg), anti-ICAM-1 monoclonal antibody (200 ug/kg), both antibodies
together, or control antibody were retrogradely infused into the left cardiac vein. At 24 hours after reperfusion,
administration of either anti-P-selectin or anti-ICAM-1 antibody significantly (P<<0.05) improved left ventricular
ejection fraction and attenuated infarct size (40.6=3.2% and 34.8*+3.5%, respectively) compared with the control
(56.8£3.4%). This was associated with reduced leukocyte accumulation and improved regional blood flow in the
ischemic area. Noticeably, co-administration of both antibodies achieved a much greater reduction in infarct size
(19.1%3.6%), associated with greater attenuation in leukocyte infiltration, compared with administration of either single
antibody.

Conclusions—Combined antibody therapy inhibiting both P-selectin and ICAM-1 via the retrograde intracoronary route
could be a promising new strategy for myocardial protection against ischemia-reperfusion injury. (Circulation. 2006;
114[suppl I]:1-251-1-256.)

Key Words: antibody therapy m cell adhesion molecules m leukocytes m myocardial protection m reperfusion

Myocardial ischemia-reperfusion injury remains a major
issue in clinical settings such as heart transplantation,
heart surgery using cardiac arrest (particularly in cases with
severely hypertrophied or deteriorated left ventricle [LV]),
and primary angioplasty for acute myocardial infarction
(MI).! It is known that acute inflammation, which is initiated
and augmented by a series of reactions between leukocytes
and endothelial cells, is an important contributor to the
injury.? The leukocyte—endothelial interaction and the conse-
quent transmigration of leukocytes into the myocardial inter-
stitium are regulated by adhesion molecules such as
P-selectin and intercellular adhesion molecule-1 (ICAM-1).3
Previous experimental studies have demonstrated that intra-

venous injection of either anti-P-selectin or anti-ICAM-1
antibody attenuates leukocyte-mediated reperfusion inju-
ry,*-8 suggesting the utility of antibody therapy for myocar-
dial protection. However, further refinement is needed for the
future success of this strategy in the clinical arena.

We hypothesized that co-inhibition of P-selectin and
ICAM-1 may provide enhanced cardioprotection compared
with inhibition of either single molecule, because these
molecules are involved in different processes of the leukocy-
te—endothelial interaction.?> In addition, the use of retrograde
intracoronary infusion as a delivery route for the antibodies
may augment the therapeutic efficacy. This route will offer a
more effective, direct access to the postcapillary venules,
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where the target antigens are upregulated to facilitate leuko-
cyte—endothelial interaction,? as compared with any other
infusion methods including intravenous and antegrade intra-
coronary infusion. In this article, we investigated the feasi-
bility and efficiency of the combined antibody therapy
targeting both P-selection and ICAM-1 by retrograde intra-
coronary injection to attenuate myocardial ischemia-
reperfusion injury using our original model in rat.®

Methods

Induction of Myocardial

Ischemia-Reperfusion Injury

All studies were performed with the approval of the local ethical
committee. The investigation conforms to the Principles of Labora-
tory Animal Care (National Society for Medical Research) and the
Guide for the Care and Use of Laboratory Animals (NIH Publica-
tion). Male Lewis rats (300 to 350 grams; Charles River, UK)
underwent left thoracotomy under anesthesia with sodium pentobar-
bital (40 mg/kg, intraperitoneal) and mechanical ventilation.” The
left coronary artery (LCA) was occluded for 30 minutes and then
released for reperfusion.!©

Retrograde Intracoronary Infusion of Antibodies
Just before reperfusion, hearts were treated with retrograde intra-
coronary infusion of mouse monoclonal anti-P-selectin antibody
(150 pg/kg, Santa-Cruz; P-selectin group), mouse monoclonal anti-
ICAM-1 antibody (200 ug/kg, Santa-Cruz; ICAM-1 group), both
antibodies (co-inhibition group), or mouse IgG (350 ug/kg, eBio-
science; control group). The antibody dosages were decided based on
the previous reports using intravenous infusion,*~# because there
were no reports in which antibodies to P-selectin or ICAM-1 were
successfully infused into the coronary circulation. One-tenth of the
reported dosages were used for retrograde intracoronary infusion,
because the blood flow perfusing the heart is considered to be 5% to
10% of the systemic blood flow. Retrograde intracoronary infusion
was performed as we have recently described.® The perfusion area by
this infusion method has been shown to fully encompass the whole
ischemic area after LCA ligation.® Through a 24-gauge catheter,
which was inserted into the left cardiac vein, the appropriate
antibody suspended in 0.5 mL phosphate-buffered saline was in-
jected into the vein over a period of 5 seconds. Then, 25 seconds
after the end of injection, occlusion of LCA was released for
reperfusion. During this 30-second period, the stem of the cardiac
vein was snared to prevent flush out of infused reagents.

Assessment of Cardiac Function and Dimension

At 24 hours after reperfusion, all the other rats were again anesthe-
tized for echocardiography (n=14 for each group) using the Sequoia
512 system (Acuson, Siemens).!! LV diastolic dimension (LVDd)
and LV systolic dimension (LVDs) were measured with M-mode.
LV ejection fraction (LVEF) was calculated with 2-dimensional
trace.!! After completion of echocardiography, the rats were used for
one of the following assessments: measurement of infarct size (n=5
in each group), evaluation of regional myocardial blood flow (n=4),
and histological analysis (n=5).

Measurement of Infarct Size

The heart was again exposed under mechanical ventilation. Imme-
diately after re-occlusion of the LCA with the suture left in situ, 1.5
mL of 2% Evans Blue was injected into the femoral vein. The heart
was then removed and cut into 5 segments parallel to the apex—base
axis, which were incubated with 4% triphenyltetrazolium chloride
(TTC). Area at risk of infarction (negative for Evans Blue), infarct
area (negative for TTC), and the whole LV area were assessed using
National Institutes of Health image-analyzing software in a blind
manner.'? Infarct size was calculated as [infarct area/area at risk of
infarction] X 100 (%).

Evaluation of Regional Myocardial Blood Flow

The heart was exposed and 6X10° colored microspheres (15 wm
diameter, Dye-Trak, Triton Technologies) suspended in 0.5 mL of
saline containing 0.02% Tween 80 were injected into the LV
cavity.!? The heart was then excised and cut into 5 segments. The
area at risk of infarction was collected and digested by overnight
incubation in 1 mol/L KOH at 37°C. The number of microspheres
contained in each sample was counted with a hemocytometer.
Regional myocardial blood flow (RMBF) was defined as the
microsphere number divided by the sample weight. The degree of
reflow in the ischemic area was calculated as [RMBF in the area
at risk of infarction/RMBF in the area without risk of infarc-
tion] X100 (%).

Histological Analysis for Acute Inflammation

The heart was excised, cut into 5 sections in base—apex axis, and
frozen in OCT compound. The embedded samples were cut into
10-um cryosections, which were fixed in 4% paraformaldehyde.
These sections were incubated with monoclonal anti-rat granulocyte
antibody (1:20; Serotec)'# and then with R-phycoerythrin conjugated
secondary antibody (1:200; Serotec). The sections were counter-
stained with 4',6-diamidino-2-phenyindole (DAPI; 1:1000). After
observation and recording with a fluorescence microscope (Zeiss;
Axioskop 40), the sections were stained with hematoxylin and eosin.
The number of polymorphonuclear leukocytes (PMNLs) per high-
power field was calculated to give an indication of the degree of
acute myocardial inflammation.® Nine different fields of the area at
risk of infarction in each section were randomly selected and
analyzed.

Detection of Antibody Injected Into the Heart Via
Retrograde Intracoronary Route

In addition, monoclonal anti-ICAM-1 antibody was labeled with
Alexa Fluor 546 (Invitrogen) and was infused in the same manner of
retrograde intracoronary infusion (n=2). The heart was reperfused
for 30 seconds and excised; 10-um cryosections were counterstained
with DAPI. After fluorescence recording, the sections were stained
with hematoxylin and eosin.

Statistical Analysis
All values are expressed as means*=SEM. Statistical comparison of
the data were performed using 1-way ANOVA followed by Bonfer-
roni test for individual significant difference. A value of P<<0.05 was
considered statistically significant.

The authors had full access to the data and take full responsibility
for their integrity. All authors have read and agree to the manuscript
written.

Results

Distribution of Antibodies Injected Via Retrograde
Intracoronary Route

The Alexa Fluor 546-labeled monoclonal anti-ICAM-1 anti-
body was exclusively attached to endothelial cells of veins,
venules, and postcapillary venules (Figure 1A to 1D). No
arteries, arterioles, or capillaries were positively labeled. No
antibody was detected on cardiomyocytes.

Enhanced Cardiac Function After

Antibody Therapy

Cardiac function was measured with echocardiography (Ta-
ble 1). Baseline values (intact normal animals; n=6) of heart
rate, LVDd, LVDs, and LVEF were 365*15 bpm,
6.7+0.3 mm, 4.0=0.2 mm, and 78.3*1.2%, respectively.
After ischemia and reperfusion, all the groups demonstrated a
reduction of LVEF compared with the baseline data
(P<0.05). However, both the P-selectin and ICAM-1 groups



Figure 1. Distribution of antibodies injected. The Alexa Fluor
546 (red)-labeled monoclonal anti-ICAM-1 antibody infused by
retrograde intracoronary infusion exclusively attached to endo-
thelial cells of veins, venules (A and B, bar=100 um), and post-
capillary venules (C and D, bar=20 um). Nuclei were stained in
blue (DAPI).

demonstrated improved LVEF compared with the control
group (P=0.041 and P<0.001, respectively). Furthermore,
LVEEF in the co-inhibition group was enhanced compared
with the P-selectin group (P=0.029). Heart rate in every
group tended to be higher (not significant) than the baseline,
presumably caused by surgical stress.

Reduced Infarct Size by Antibody Therapy

The area at risk of infarction and the infarct area were
determined by Evans Blue and TTC staining (Figure 2). The
area at risk of infarction was similar among all groups (% to
the whole LV; 51.2%+2.6% in the control, 54.1=2.1% in the
P-selectin, 54.00.8% in the ICAM-1, and 53.8+1.4% in the
co-inhibition group). Both the P-selectin (40.6+3.2%) and
ICAM-1 (34.8%3.5%) groups demonstrated a significant
decrease in infarct size compared with the control group
(56.8%3.4%, P=0.024 and P=0.002, respectively; Figure 3).
Noticeably, the co-inhibition group (19.1%£3.6%) demon-
strated a much greater reduction of infarct size compared both
to the P-selectin (P=0.002) and ICAM-1 (P=0.021) groups.

Cardiac Function After Ischemia-Reperfusion

Control P-Selectin ICAM-1 Co-Inhibition
Heart rate (bppm)  452+13 449+11 456+12 443+16
LVDd (mm) 6.2+0.2 6.0+0.3 5.9+0.2 6.2+0.2
LVDs (mm) 4.8+0.2 42+0.3 42+0.2 41+0.2
LVEF (%) 523+2.0 60.1%22* 651%1.3* 68.4+2.0*t

Cardiac function and dimensions were evaluated by echocardiography.
n=14 in each group.

*P<0.05 vs the control group.

1tP=0.029 vs the P-selectin group.
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Figure 2. Myocardial infarction. The infarct area and the area at
risk of infarction were determined with Evans Blue and TTC
staining. The area not stained with Evans Blue was defined as
the area at risk of infarction. TTC staining separated the infarct
area (nonstained white area) from the viable area (red-stained
area). The P-selectin (B) and ICAM-1 groups (C) demonstrated
smaller infarct than the control group (A). The co-inhibition
group (D) showed the smallest size of infarct.

Improved Regional Myocardial Reflow by
Antibody Therapy

The degree of regional reflow in the ischemic myocardium
after reperfusion was evaluated with colored microspheres.
At 24 hours after reperfusion, both the P-selectin
(73.324.5%) and ICAM-1 (72.9%1.7%) groups demon-
strated significant improvement in the degree of regional
reflow compared with the control group (56.1+2.9%,
P=0.021 and P=0.009, respectively; Figure 4). The co-
inhibition group (81.7+4.3%) showed further improvement
in reflow compared with the control group (P<0.001),
although this was not significantly different from the
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Figure 3. Infarct size. Infarct size in the P-selectin and ICAM-1
groups was smaller than that in the control group. The
co-inhibition group showed the smallest infarct size among all
the groups. *P<0.05 vs the control group, 1P=0.002 vs the
P-selectin group, §P=0.021 vs the ICAM-1 group.
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Figure 4. Degree of regional myocardial reflow. RMBF was
measured with colored microspheres at 24 hours after reperfu-
sion. The degree of regional reflow in the ischemic area was
significantly improved in the ICAM-1, P-selectin, and
co-inhibition groups as compared with the control group.
*P<0.05 vs the control group.

P-selectin or ICAM-1 group (P=0.742 and P=0.415,
respectively).

Attenuated Leukocyte Infiltration by

Antibody Therapy

At 24 hours after reperfusion, the myocardium of ischemic
areas had lost its regular structure and contained necrotic
cardiomyocytes and cell infiltration into the disrupted tissue
(Figure 5A to 5D). Immunofluorescence and hematoxylin/
eosin staining on the same section demonstrated that the
absolute majority of infiltrating cells were granulocyte
antigen-positive cells having polymorphonuclei (PMNL)
(Figure SE and 5F). This myocardial damage and PMNL
infiltration are typically seen in the Control group (Figure
5A). These changes indicating acute inflammation post ische-
mia-reperfusion appeared to be attenuated by antibody ad-
ministration (Figure 5B to 5D), most clearly in the co-
inhibition group (Figure 5D). The number of PMNL
infiltrating into the ischemic myocardium was reduced in
both the P-selectin (10 178+729 /mm?) and ICAM-1
(10 241+518 /mm?) groups compared with the control group
(13 469+433 /mm?, P=0.027 and P=0.031, respectively;
Figure 6). The co-inhibition group (6825895 /mm®) showed
further reduction in the PMNL number compared with all
other groups (P<<0.001 versus the control group, P=0.024
versus the P-selectin group and P=0.021 versus the ICAM-1

group).

Discussion
We demonstrated that either anti-P-selectin or anti-ICAM-1
antibody administration via the retrograde intracoronary route
limited infarct size and improved cardiac function after
ischemia-reperfusion injury. These effects were associated
with reduced leukocyte infiltration into the ischemic myocar-
dium and improved regional myocardial blood flow, suggest-
ing the underlying mechanism of the therapeutic effects
obtained. Noticeably, such cardioprotection against
leukocyte-mediated reperfusion injury was further enhanced
by co-inhibiting both molecules, highlighting the remarkable
effectiveness of the combined antibody therapy targeting both

» -

Figure 5. Histological findings. Myocardial damage and PMNL infiltra-
tion, which were typically seen in the control group (A), appeared to
be attenuated by antibody administration (B to D), most clearly in the
co-inhibition group (D, bar=100 wm). Immunofluorescence and hema-
toxylin/eosin staining on the same section (E and F, bar =20 um)
demonstrated that the majority of infiltrating cells were granulocyte-
antigen positive (red). Nulei are shown in blue (DAPI).

P-selectin and ICAM-1 by retrograde intracoronary injection
to attenuate myocardial ischemia-reperfusion injury.
Myocardial damage after ischemia-reperfusion is acceler-
ated and augmented by acute inflammation that initiates and
progresses as a result of the leukocyte—endothelial interaction
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Figure 6. Number of PMNL infiltrating into the ischemic myocardium.
The number of PMNL infiltrating into the area at risk of infarction was
calculated at 24 hours after reperfusion. Both the P-selectin and
ICAM-1 groups demonstrated a significantly reduced number of
PMNLs compared with the control group. The co-inhibition group
showed the smallest number of PMNLs among the groups. *P<0.05
vs the control group, TP=0.024 vs the P-selectin group, §P=0.021 vs
the ICAM-1 group (n=5 in each group).
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at the postcapillary venules.? Importantly, each step of the
interaction is regulated by a distinct set of adhesion mole-
cules. P-selectin, which is constitutively found in the endo-
thelial cells and is mobilized to the cell surface rapidly after
activation by inflammatory mediators, is known to mediate
the initial entrapment of leukocytes.'> Subsequent binding
between [2-integrin on the leukocytes and its ligand,
ICAM-1, on the endothelial cells strengthens the attachment
of leukocytes to the endothelium. ICAM-1 also facilitates the
transendothelial migration of leukocytes into the myocardial
interstitium.!¢ In this study, we demonstrated that inhibition
of either P-selectin or ICAM-1 reduced leukocyte infiltration
into the ischemic myocardium, preserved regional blood
flow, and reduced infarct size after ischemia-reperfusion.
These results, which are consistent with previous reports,*~$
corroborate the important roles of both molecules in
leukocyte-mediated reperfusion injury.

Although the efficiency of anti-P-selectin or anti-ICAM-1
antibodies for myocardial protection has not been tested in
patients, multicenter clinical trials to block [2-integrin—
ICAM-1 binding using an antibody to CD11/CD18, a sub-
strate of ICAM-1, or a CD11/18 leukocyte receptor blocker
has failed to limit infarct size after thrombolysis or angio-
plasty in acute MI.'7-1° Thus, further refinement will be
needed for the future clinical success of antibody therapy for
myocardial protection. In this article, we have demonstrated
that co-inhibition of both P-selectin and ICAM-1 via the
retrograde intracoronary route provided exceptionally power-
ful cardioprotection. It is noticeable that this treatment
markedly reduced infarct size, from 56.8% (in the control
group) to as small as 19.1%.

Our results support the concept that co-inhibition of
P-selectin and ICAM-1 enhances the therapeutic efficacy
against myocardial ischemia-reperfusion injury compared
with inhibition of either single molecule alone. However,
Lefer et al® reported that bolus intravenous infusion of both
anti-P-selectin and anti-ICAM-1 antibodies did not add fur-
ther protective effects against reperfusion injury to single
antibody administration in a canine model. Briaud et al'°
reported that mice with a genetic deficiency of both P-selectin
and ICAM-1 showed a significant reduction of leukocyte
accumulation but without reduction in infarct size after
ischemia-reperfusion, compared with the wild-type. Although
reasons for these inconsistent results are uncertain, we would
speculate that it could be because of the different experimen-
tal models used. The former study used intravenous injection
for antibody delivery, by which the efficiency of injected
antibodies to reach the targeted myocardium might not be
consistent because of a varying degree of their degradation or
entrapment in other organs and vessels. Results of the latter
study employing knock out mice might potentially be con-
founded by the developmental effects of early lost of expres-
sion. Continuous total blockage of the P-selectin and ICAM-1
cascade since before birth might enhance alternative path-
ways of postreperfusion acute inflammation and myocardial
damage.

Antegrade intracoronary infusion and intravenous injection
are other feasible routes for the antibody therapy. Although
different from these, the retrograde intracoronary route allows
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for direct access to the postcapillary venules where P-selectin
and ICAM-1 are upregulated and play a role in the leukocyte—
endothelial interaction.? This unique ability could be a great
advantage as a route for antibody therapy targeting these
molecules. In addition, in the present study, the retrograde
intracoronary route was successful in delivering antibodies
into the ischemic myocardium before reperfusion with 30-
second controlled incubation time. This process is believed to
encourage the infused antibodies to effectively reach the
target tissue, and firmly bind to their antigens, which are
known to be upregulated even during the ischemic period.32°
It is true that this strategy requires additional procedures to
the usual heart surgery or percutaneous coronary intervention
before reperfusion, which will delay reperfusion by several
minutes. However, we consider that this powerful treatment
will provide greater benefits far overweighting the loss
caused by the “several-minute delay” in reperfusion, thereby
improving the overall outcome. We did not compare the
effect of retrograde intracoronary infusion with that of ante-
grade intracoronary or intravenous infusion in this study,
which may be a limitation of the study. However, the
efficiency of intravenous injection in delivering antibody into
the heart is much poorer compared with local (intracoronary)
infusion methods, and there is lack of widely accepted,
reproducible models of antegrade intracoronary injection in
rats. This issue should be clarified using an appropriate large
animal model. The lack of dose-dependent analysis may be
another limitation of the study. However, we have carefully
decided on the antibody dose by considering all the relevant
previous reports and, using such the most promising dose of
each antibody, we have provided proof of principal that the
combined antibody therapy inhibiting both P-selectin and
ICAM-1 via the retrograde intracoronary route provides
effective myocardial protection.

In conclusion, the combined antibody therapy inhibiting
both P-selectin and ICAM-1 via the retrograde intracoronary
route could be a promising new strategy to attenuate myo-
cardial ischemia-reperfusion injury.
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Abstract

Objective: We hypothesized that modification of the infusion route may improve the efficiency of superoxide dismutase (SOD)-induced
cardioprotection against reperfusion injury. The routes for SOD delivery previously examined were intravenous, via the left atrium, or by a
combination of these, all of which can deliver SOD into the ischemic myocardium only after reperfusion. In contrast, retrograde intracoronary
infusion may be able to deliver SOD before reperfusion. We investigated the feasibility and efficiency of the retrograde intracoronary infusion
of SOD to attenuate reperfusion injury.

Methods and results: Lewis rats underwent 30-min left coronary artery occlusion followed by reperfusion for 24 h. Just before reperfusion,
CuZn—SOD was administered intravenously (15,000 U/kg, V-SOD group) or by retrograde intracoronary infusion (1500 U/kg, R-SOD
group) through a catheter inserted into left cardiac vein via left superior vena cava as we have previously reported. This method has been
shown to perfuse the whole left ventricular free walls. Controls for each group were injected with phosphate buffer saline only via the same
routes (V-PBS and R-PBS group). The R-SOD group demonstrated significantly preserved left ventricular ejection fraction (LVEF;
71.3£1.7% vs. 60.8£2.3%, p=0.028), reduced infarct size (23.3+2.3% vs. 42.4£3.5%, p<0.001), and attenuated polymorphonuclear
leukocyte (PMNL) infiltration (11.8+0.4 vs. 14.8+0.2 10*/mm?, p <0.001) compared to the V-SOD group. The V-SOD group demonstrated
significantly improved reflow (64.3£2.1% vs. 53.4£2.4%, p=0.017) and attenuated PMNL infiltration (14.8£0.2 vs. 16.8£0.7 10*/mm?,
p=0.018) compared to the V-PBS group.

Conclusion: Retrograde intracoronary infusion is a promising, clinically applicable method to enhance the efficacy of SOD-induced
myocardial protection against ischemia—reperfusion injury.

© 2005 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Keywords: Reperfusion injury; Free radicals; Cardioprotection; Acute inflammation; Retrograde intracoronary injection

1. Introduction

Although early reperfusion is the only established way to
save the ischemic myocardium, it is inevitably associated
with reperfusion injury, which remains one of the major
issues in clinical settings such as primary angioplasty for
acute myocardial infarction [1]. Superoxide dismutase

* Corresponding author. Cell and Gene Therapy Group, Harefield Heart
Science Centre, Harefield, Middlesex, UB9 6JH, UK. Tel.: +44 1895 453
846; fax: +44 1895 828 864.

E-mail address: k.suzuki@ic.ac.uk (K. Suzuki).

(SOD) has been proposed to be a promising reagent to
attenuate reperfusion injury; however, its efficacy has not
been fully established in experimental or clinical reports [2—
13]. We hypothesized that the efficiency of this form of
therapy may be improved by modulating the delivery
method. The routes for SOD delivery previously examined
were intravenously, via the left atrium or by a combination
of these, all of which can deliver SOD into the ischemic
myocardium only after reperfusion [4—14]. It is highly
unlikely that SOD delivered by these methods efficiently
dismutate superoxides, which are generated within seconds
after reperfusion [3,15]. For inducing the maximum

0008-6363/$ - see front matter © 2005 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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protective effect, SOD has to be delivered into the ischemic
myocardium before reperfusion.

Retrograde intracoronary infusion could deliver SOD
into the myocardium during ischemia before reperfusion.
Using the recently established original model in rat [16,17],
we investigated the feasibility and efficiency of retrograde
intracoronary infusion of SOD to attenuate reperfusion

injury.

2. Methods
2.1. Induction of myocardial ischemia—reperfusion injury

All studies were performed with the approval of the
institutional ethics committee and the Home Office, UK.
The investigation conforms to the Principles of Laboratory
Animal Care formulated by the National Society for
Medical Research and the Guide for the Care and Use of
Laboratory Animals (US National Institutes of Health
Publication No. 85-23, 1996). Male Lewis rats (300—350
g, Charles-River, UK) underwent left thoracotomy under
anaesthesia with sodium pentobarbital (40 mg/kg, intraper-
itoneal) and mechanical ventilation using a volume-control
ventilator (Harvard Apparatus, UK). The left coronary
artery (LCA) was completely occluded for 30 min and then
released for reperfusion.

2.2. Administration of SOD

Just before reperfusion, hearts were treated by either
retrograde intracoronary or intravenous infusion of SOD
after systemic heparinization (100 U/kg, intravenous).
Retrograde intracoronary infusion was performed as we
have described previously [16,17]. A 24 gauge catheter
(Vialon, UK) was inserted into left cardiac vein through a
purse string suture placed on the left superior vena cava. The
stem of the cardiac vein was snared to prevent flush out of
infused reagents by the venous flow into the vena cava (Fig.
1). Through the catheter, 1500 U/kg of CuZn—SOD (Sigma-
Aldrich, UK) suspended in 0.5 ml phosphate buffered saline
(PBS) or PBS only was injected into the left cardiac vein
over a period of 5 s (R-SOD and R-PBS group, respective-
ly). At 25 s after the end of the injection, occlusion of LCA
was released for reperfusion. For the V-SOD and V-PBS
group, 15,000 U/kg of CuZn—SOD suspended in 1.0 ml
PBS and PBS only, respectively, was injected intravenously
over a period of 5 s. Then, at 25 s after the end of the
injection, occlusion of LCA was released for reperfusion.
The dosages of SOD administered were determined
according to the previous publications [4—13]. The rationale
for the SOD dosage is further discussed in the Discussion.
The suture used for LCA occlusion was left in situ. The
chest was closed and the rats returned to their cages after
extubation. All these procedures were randomly assigned
and carried out in a blind manner.

Injection

Lsve l

Fig. 1. Method of retrograde intracoronary infusion. Under left thoracot-
omy, left coronary artery (LCA) was occluded for 30 min. A 24 gauge
catheter was inserted into left cardiac vein (LCV) through left superior vena
cava (LSVC). PBS with or without SOD was injected through this catheter
under constant pressure (arrow) just before the release of the occlusion of
LCA for reperfusion. (1) purse string suture to prevent bleeding from the
catheter insertion site, (2) snaring suture to prevent the flash back of the
reagents into LSVC. LA; left atrium, LV; left ventricle.

2.3. Assessment of cardiac function and structure

At 24 h after the reperfusion, the rats were again
anesthetized with intraperitoneal injection of 30 mg/kg
sodium pentobarbital for echocardiography (n=16 for each
group) with the Sequoia 512 system and 15-MHz probe
(Acuson). Both 2-dimensional (2-D) and M-mode images
were taken at the mid-papillary muscle level. LV diastolic
(LVDd) and systolic (LVDs) dimension was measured with
M-mode. Left ventricular ejection fraction (LVEF) was
measured by 2-D tracing using the formula; LVEF
(%)=[(LV diastolic area—LV systolic area)/LV diastolic
area] x 100, as previously described [18]. During the
measurement, we carefully regulated the factors, which
may affect the afterload, such as body temperature and
anaesthesia, as these may affect the cardiac function. After
the echocardiography examination, the rats were subsequent-
ly used for further assessments: measurement of infarct size
(n=06), evaluation of regional myocardial blood flow (n=>5)
and histological analysis (n=5). All these assessments were
randomly assigned and carried out in a blind manner.

2.4. Measurements of infarct size

The heart was exposed through the previous incision
under mechanical ventilation. Immediately after re-occlu-
sion of the LCA with the suture left in situ, 1.5 ml of 2%
Evans Blue dye (Sigma-Aldrich, UK) was injected into the
left femoral vein to estimate the area perfused by the
occluded LCA. The heart was then removed and the LV was
cut into 5 segments parallel to the apex—base axis, which
were incubated with 4% triphenyltetrazolium chloride
(TTC, Sigma-Aldrich, UK). Area at risk of infarction
(negative for Evans Blue) and infarct area (negative for
TTC) was assessed with NIH Image program [19]. Infarct
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Table 1
Cardiac function before and after ischemia—reperfusion

V-PBS R-PBS V-SOD R-SOD
Heart rate (bpm) 452+10 444 +38 435+11 443+21
LVDd (mm) 5.9+0.2 6.0£0.3 6.0£0.2 6.3+0.2
LVDs (mm) 44+0.2 4.5+0.2 4.2+0.2 3.840.2
LVEF (%) 54.7+2.9 52.4+2.3 60.8+2.3 71.3+£1.7*

Data were measured at 24 h after reperfusion with echocardiography. LVDd
and Ds were assessed with M-mode and LVEF with 2-D tracing. Data are
presented as mean+SEM. n=16 in each group. *»<0.05 vs. V-PBS, R-
PBS and V-SOD.

size was calculated as a percentage of the infarct area to the
area at risk of infarction.

2.5. Evaluation of regional myocardial blood flow

The heart was exposed and 6 x 10> coloured micro-
spheres (15 im diameter, Dye-Trak, Triton Technologies)
suspended in 0.5 ml of saline containing 0.02% Tween 80
were injected into the LV cavity [20]. The heart was then
excised, the atria and the right ventricular free wall were
removed. In this assessment, we could not stain the
samples by Evans blue and TTC, as these dyes mask the
detection of the blue microspheres. The area at risk of
infarction was therefore determined by referring to the
typical samples for the infarct size measurement and
separated from the rest of the ventricular wall. Each
sample was digested with overnight incubation in 1 mol/
1 KOH at 37 °C. The number of microspheres contained in
each sample was counted with a counting chamber
(improved Naubauer type). Regional myocardial blood
flow (RMBF) was defined as the microsphere number
divided by the weight of the sample. The degree of reflow
in the ischemic area was calculated as a percentage of
RMBF in the area at risk of infarction to that in the area
without risk of infarction.

2.6. Histological analysis for acute inflammation

Histological analysis was performed on separate hearts.
The heart was collected, cut into 4 sections and frozen in
OCT compound (BD Biosciences, UK). The embedded
samples were cut into 10-um cryosections and stained with
haematoxylin and eosin. The number of polymorphonuclear
leukocytes (PMNLs) per high-power field was calculated as
an indicator of the degree of acute myocardial inflammation
[21]. Nine different fields of the area at risk of infarction in
each section were investigated.

2.7. Statistical analysis

All values are expressed as means+SEM. Statistical
comparison of the data was performed using 1-way ANOVA
followed by Bonferroni test for individual significant
difference. A value of p<0.05 was considered statistically
significant.

3. Results

3.1. Preserved cardiac function by retrograde intracoronary
SOD infusion

Cardiac function and dimension were measured with
echocardiography. Baseline values (intact normal animals;
n=7) of heart rate, LVDd, LVDs and LVEF were 385+17
bpm, 6.6£0.2 mm, 4.0+£0.2 mm and 77.5+1.6%, respec-
tively. After 30-min ischemia and 24-h reperfusion, all the
groups demonstrated significantly (p<0.05) decreased
LVEF compared to the baseline data. Importantly, the R-
SOD group demonstrated a significantly higher LVEF
compared with any other groups (p <0.05, Table 1). LVEF
in the V-SOD group tends to be higher than that in the V-
PBS group (p=0.111). There was no difference in LVEF
between the R-PBS and V-PBS groups. Heart rate in every
group tends to be higher than the baseline presumably due
to surgical stress. Neither LV diastolic nor systolic
dimensions showed significant differences among any
groups.

3.2. Reduced infarct size by retrograde intracoronary SOD
infusion

The area at risk of infarction and infarct area after
ischemia—reperfusion injury were determined by Evans
Blue and TTC staining. The area at risk of infarction was
similar among all groups (50.7£2.6% in the R-SOD,
50.1£1.9% in the V-SOD, 55.3+£1.7% in the R-PBS and
50.6£2.2% in the V-PBS group). Infarct size was calculated
as a percentage of the infarct area to the area at risk of
infarction. The R-SOD group (23.3+2.3%) demonstrated
the smallest infarct size among all groups including the V-
SOD group (42.4+3.5%) (Fig. 2). In contrast, the difference
of infarct size between the V-SOD and V-PBS (47.4£3.4%,
p=0.330) groups was not significant. Infarct size in the R-
PBS group (48.9+2.8%) was similar to the V-PBS group.

50

40

30 |-

20

Infarct size (%)

10

V-PBS

R-PBS V-S0D R-SOD

Fig. 2. Infarct size. The infarct area and the area at risk of infarction were
determined with Evans Blue and TTC staining. The infarct area was
calculated as the percentage to the area at risk of infarction. Infarct size in
the R-SOD group was the smallest among all other groups. The V-SOD
group did not show significant difference compared with the V-PBS groups.
*p<0.01 vs. V-SOD, R-PBS and V-PBS. n=6 in each group.
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Fig. 3. Degree of reflow. RMBF was measured with coloured microspheres
at 24 h after the reperfusion. Degree of reflow was defined as RMBF in the
area at risk of infarction divided by that in the area without risk of
infarction. The degree of reflow both in the R-SOD and the V-SOD group
was significantly larger than that of the R-PBS and the V-PBS groups.
#p<0.01 vs. R-PBS and V-PBS. p<0.05 vs. R-PBS and V-PBS. n=5 in
each group.

3.3. Improved reflow by retrograde intracoronary SOD
infusion

The degree of reflow in the area at risk of infarction after
ischemia—reperfusion was evaluated with coloured micro-
spheres. At 24 h after reperfusion, the degree of reflow in
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Fig. 5. Number of PMNL infiltrating into myocardium. The number of
PMNL infiltrating into the area at risk of infarction per high-power field
was calculated as an indicator of acute inflammatory response at 24
h after reperfusion. The R-SOD group demonstrated the smallest number
of PMNLs among all other groups. The V-SOD group showed
significant reduction compared with the V-PBS groups. *p<0.01 vs.
V-SOD, R-PBS and V-PBS. p<0.05 vs. R-PBS and V-PBS. n=5 in
each group.

the V-SOD (64.3+2.1%) and R-SOD (69.8+2.3%) groups
was significantly larger than that in the V-PBS (53.4+2.4%,
p=0.032 vs. V-SOD, p=0. 017 vs. R-SOD) and R-PBS
(54.4+2.4%, p<0.001 vs. V-SOD and R-SOD) groups (Fig.
3). The difference between R-SOD and V-SOD groups was
not statistically significant (p=0.556).

Fig. 4. Histological findings. Acute inflammatory response was evaluated with haematoxylin and eosin staining at 24 h after reperfusion. Representative picture
in each group was shown. PMNLs was infiltrating into the gap of disrupted myocardium. It can be seen that number of PMNLSs is the smallest in the R-SOD
group (D) compared with the V-SOD (C), the R-PBS (B) and the V-PBS (A). Bar=100 pm.
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3.4. Reduced inflammation by retrograde intracoronary
SOD infusion

Acute inflammatory response after ischemia—reperfusion
was evaluated by haematoxylin and eosin staining (Fig. 4).
The myocardium lost its regular structure and cardiomyo-
cytes were enlarged in the area at risk of infarction with
PMNLs infiltration into the gap of disrupted myocardium in
all samples analysed. The R-SOD group demonstrated
significant reduction in the number of PMNL infiltrating
into the area at risk of infarction compared with the V-SOD
group (11.8+0.4 vs. 14.8+0.2 10°/mm?, p<0.001), (Fig. 5).
PMNL infiltration in the V-SOD group was significantly
reduced compared with the V-PBS group (16.8+0.7 10%/
mm?, p=0.018). There was no significant difference in the
number of PMNL between the R-PBS (18.0+0.6 10*/mm?)
and the V-PBS group.

4. Discussion

Using an original experimental model in rat, we have
demonstrated that SOD-induced cardioprotection is en-
hanced by retrograde intracoronary administration com-
pared to intravenous systemic administration. While
intravenous infusion of SOD improved the reflow and
attenuated acute inflammation following ischemia—reperfu-
sion injury compared to intravenous PBS infusion, retro-
grade intracoronary infusion furthermore preserved LVEF
and reduced infarct size, with further attenuated acute
inflammatory response in the area at risk of infarction,
compared to intravenous SOD infusion. Retrograde intra-
coronary PBS infusion resulted in similar findings to that of
intravenous PBS infusion in terms of cardiac function and
acute inflammation, suggesting that mechanical injury in the
myocardium caused by this method is negligible.

The high level of free radicals generated during
myocardial ischemia—reperfusion causes cell necrosis as
well as apoptosis, impede RMBF and trigger inflammatory
cascades associated with induction of pro-inflammatory
cytokines [2,3]. Based on many previous reports, SOD has
been expected to be a useful reagent to attenuate such
myocardial ischemia—reperfusion injury by scavenging free
radicals [2—11,14]. Experiments using transgenic mice [22]
or in vivo gene transfection [14] consistently demonstrated
that SOD overexpression improves myocardial tolerance
against the reperfusion injury. However, on the other hand,
when recombinant CuZn—SOD is administered after reper-
fusion, the cardioprotective effect is inconsistent [4—13].
The reasons for such inconsistency may include the
insufficient amount of SOD used as well as the inappropri-
ate delivery method. The total amount of SOD used in
previous studies was in the range of 15,000—130,000 U/kg
with 15,000 U/kg being the most common dosage [4—13].
This was infused either intravenously, via the left atrium or
by a combination of these. In the present study, we used

15,000 U/kg CuZn—SOD for the V-SOD group, while one-
tenth of this amount (1500 U/kg) was used for the R-SOD
group, as blood flow perfusing the heart is considered to be
5-10% of the systemic blood flow. As a result, intravenous
infusion of SOD demonstrated only a mild level of
cardioprotection. This is understandable considering that
the previous reports using the same amount of SOD
demonstrated the inconsistent results [5,6,8,9]. It may be
possible to improve the cardioprotective effect by adminis-
trating a higher dosage of SOD intravenously. However, in
contrast, retrograde intracoronary infusion of one-tenth
(proportionally the same) dosage of SOD showed markedly
enhanced cardioprotection, highlighting the superior effi-
ciency of this route.

Retrograde intracoronary infusion has been reported to
be useful in administrating cardioplegic solution, recombi-
nant peptide and vectors for gene therapy into the
myocardium [23-25]. We have demonstrated that skeletal
myoblasts are disseminated homogenously into the ische-
mic/infarcted myocardium when transplantated through this
route in rat [17]. In the present study, we have shown that
retrograde intracoronary infusion of SOD provides en-
hanced protection against reperfusion injury compared to
intravenous injection. This may be due to unique abilities of
retrograde intracoronary infusion to efficiently deliver SOD
into the myocardium. First, this route can effectively supply
SOD to the right place (post-capillary venules, where
inflammatory response takes place). In addition, retrograde
intracoronary infusion can perfuse the ischemic myocardi-
um before reperfusion, as we have described previously
[16,17]. This method also allows for certain incubation time
(25-30 s in our study) after injection, which will encourage
the delivered SOD to permeate into the myocardial tissues
and cells. This ability to provide SOD at the right place, at
the right time, with a high efficiency, is considered to be of
great value. Free radical generation is reported to start
during the first 10 s of reperfusion and peak at 10 min
[15,26]. Elevating the myocardial SOD level before
reperfusion by this treatment will effectively scavenge the
free radicals initially generated immediately after reperfu-
sion, resulting in enhanced reduction of subsequent and
overall reperfusion injury.

Bokestegers et al. [27,28] have recently reported the
safety and efficacy of retrograde intracoronary infusion of
arterial blood in attenuating myocardial ischemia during
percutaneous transluminal coronary angioplasty in human.
This suggests the possibility of clinical application of the
proposed strategy in the present paper, namely pretreatment
of the ischemic myocardium by retrograde intracoronary
infusion of SOD for myocardial protection against reperfu-
sion injury. This treatment is feasible by using a balloon
catheter in clinical settings of percutaneous coronary
intervention (PCI) for treating acute myocardial infarction.
Disadvantageously, it requires additional procedures (cath-
eter insertion into the coronary sinus) to the usual PCI,
which will delay the recanalization by several minutes.
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Nevertheless, we consider that the treatment will induce
greater benefits which far outweigh the loss caused by the
“several-minute delay” of recanalization, improving the
overall outcome of the PCI therapy. This concept, however,
has to be confirmed by further laboratory research in a
relevant experimental model using large animals. Investi-
gation of the efficiency of retrograde intracoronary SOD
infusion at later time points of reperfusion, which is more
casily applicable to patients, would be also worthwhile.

It has been reported that combined administration of
SOD and catalase effectively reduces myocardial reperfu-
sion injury [4]. It is therefore considered that co-
administration of catalase may further enhance the
cardioprotective effect of retrograde intracoronary infusion
of SOD. Other reagents such as Na'/H' exchanger
inhibitors, calcium antagonists, renin—angiotensin system
antagonists, adenosine and nitric oxide donors have been
shown to provide cardioprotection during primary angio-
plasty for acute myocardial infarction [29]. Although
efficiency of these reagents has been demonstrated using
models of antegrade intracoronary or intravenous infusion,
retrograde intracoronary infusion may enhance the effi-
ciency by the same mechanisms as the present study using
SOD. In addition, antegrade intracoronary and intravenous
administration of anti-P-selectin and anti-intercellular
adhesion molecule (ICAM)-1 antibodies are also known
to attenuate myocardial ischemia—reperfusion injury [30].
As these molecules theoretically work at postcapillary
venules, retrograde intracoronary infusion, which has direct
access to this part, may be the ideal injection route for
these antibodies.

In conclusion, this study has shown that retrograde
intracoronary infusion is a promising clinically applicable
method to enhance the efficacy of SOD-induced myocardial
protection against ischemia—reperfusion injury.
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