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Abstract The Sydney Heart Bank (SHB) is one of the largest
human heart tissue banks in existence. Its mission is to provide
high-quality human heart tissue for research into the molecular
basis of human heart failure by working collaboratively with
experts in this field. We argue that, by comparing tissues from
failing human hearts with age-matched non-failing healthy do-
nor hearts, the results will be more relevant than research using
animal models, particularly if their physiology is very different
from humans. Tissue from heart surgery must generally be used
soon after collection or it significantly deteriorates. Freezing is
an option but it raises concerns that freezing causes substantial
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damage at the cellular and molecular level. The SHB contains
failing samples from heart transplant patients and others who
provided informed consent for the use of their tissue for re-
search. All samples are cryopreserved in liquid nitrogen within
40 min of their removal from the patient, and in less than 5—
10 min in the case of coronary arteries and left ventricle sam-
ples. To date, the SHB has collected tissue from about 450
failing hearts (>15,000 samples) from patients with a wide
range of etiologies as well as increasing numbers of
cardiomyectomy samples from patients with hypertrophic car-
diomyopathy. The Bank also has hearts from over 120 healthy
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organ donors whose hearts, for a variety of reasons (mainly
tissue-type incompatibility with waiting heart transplant recipi-
ents), could not be used for transplantation. Donor hearts were
collected by the St Vincent’s Hospital Heart and Lung transplan-
tation team from local hospitals or within a 4-h jet flight from
Sydney. They were flushed with chilled cardioplegic solution
and transported to Sydney where they were quickly cryopre-
served in small samples. Failing and/or donor samples have been
used by more than 60 research teams around the world, and have
resulted in more than 100 research papers. The tissues most
commonly requested are from donor left ventricles, but right
ventricles, atria, interventricular system, and coronary arteries
vessels have also been reported. All tissues are stored for long-
term use in liquid N or vapor (170180 °C), and are shipped
under nitrogen vapor to avoid degradation of sensitive molecules
such as RNAs and giant proteins. We present evidence that the
availability of these human heart samples has contributed to a
reduction in the use of animal models of human heart failure.

Keywords Human heart failure - Human heart tissue bank -
Healthy donor human hearts - Reducing the use of animals in
research

The history of the Sydney Heart Bank

In 1989, the corresponding author began a collaboration with
Dr. Victor Chang, a pioneer of heart and lung transplant surgery
in Australia, who later became Australian of the Century. Today,
the Victor Chang Cardiac Research Institute immortalizes his
name (https://www.victorchang.edu.au/) and continues to do
world-class research. The great majority of heart samples were
collected at St Vincent’s Hospital surgical theaters in Sydney,
where they were rapidly snap-frozen and stored at —196 °C.
The collection process was not without its inconveniences, for
example, hearts are invariably transplanted in the small hours of
the moming when several operating theaters are available. The
whole process of freezing samples from the left ventricle (LV),
interventricular septum (IVS), right ventricle (RV), left and right
atria, and the coronary arteries, is completed in under 40 min of
the loss of coronary circulation (cross-clamp). The numbering
system for each cryovial gives us a good idea of the time lapse
between circulation and freezing.

In recent years, the Sydney Heart Bank (SHB) has applied
industry best practice to the way it handles banked human tissue
(Lal et al. 2015). A concise description (~two pages) of the
research project is assessed by an independent SHB Board that
includes international cardiac researchers, cardiologists, and car-
diac surgeons who assess all requests for tissue including those
in the SHB. Once Human Research Ethics approvals are in
place, the University of Sydney arranges for the exchange of a
Material Transfer Agreement with the receiving institution, and
the tissue can then be shipped in nitrogen vapor to the
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collaborating laboratory. This somewhat lengthy administration
ensures that all proposals are thoroughly evaluated.

Quality control of the Sydney Heart Bank samples

An early concern raised by requesting laboratories was that mo-
lecular degradation of molecules such as mRNA might rapidly
occur once the coronary artery circulation ceases. It is possible
that prolonged ischemia will trigger processes such as apoptosis
or elicit a switch in transcription/translation of proteins.

In 1989, Victor Chang helped to resolve with this dilemma by
providing a small sample of LV while it was still being perfused
by the coronary arteries, i.e. immediately prior to aortic cross-
clamp. This enabled us to quantify proteins before the loss of
coronary blood flow, and at 40 min (when the last sample was
cryopreserved), and again 2 h after cross-clamp. No doubt, oxy-
gen release from cardiomyocyte myoglobin is important during
long periods of ischemia. We performed SDS PAGE gels to
compare samples frozen at zero time, and at 40 and 120 min after
cross clamp. Scans of the gel lanes revealed no detectable differ-
ences between the three samples at different gel lane loadings.

The fact that many papers have now been published using
health donor samples greatly diminished reviewers’ concerns
over post-mortem artifacts. Interestingly, a similar time win-
dow (30 min) was recently validated using dead-body donor
hearts for transplantation (Dhital et al. 2015).

Not surprisingly, some laboratories remained hesitant to use
human heart samples to probe the molecular basis of human
heart failure. Firstly, because, unlike in-bred mice, patients are
genetically diverse, and their heart failures are often complicated
by complex lifestyle choices, multiple drug regimes, and co-
morbidities in addition to those mentioned above. Furthermore,
some of these characteristics might also apply to the donors.
Initially, some assumed that the donor hearts were from post-
mortem bodies and therefore would be degraded during the 12—
36 h it takes for a coroner to perform the post mortem and release
the tissues for research. However, over time, our colleagues,
particularly in Europe and the USA, began to use SHB samples
and they soon established they were remarkably free of artifacts.

A major aim of the SHB is to create a network of collabo-
rators with different expertise and skills who would work col-
lectively on tissue from the same failing and/or non-failing
hearts. Figure 1 identifies the names and locations of 90 re-
search groups around the world that continue to work individ-
ually on different aspects of human heart failure (red) or have
done so in the past (black) (Li et al. 2013)

Testing whether data from animal models apply
to humans

Some of our first publications (Trahair et al. 1990, 1993) test-
ed the hypotheses, based on animal models, that the failing
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Fig. 1 A visual representation of researchers from laboratories around the world that have collaborated with the Sydney Heart Bank

heart responds by expressing embryonic genes. Northern blots
did indeed confirm that the embryonic isoform of human my-
osin light chain 1 was up-regulated in familial heart disease.
However, contrary to the expectations from the mouse model,
we did not observe up-regulation in patients with non-familial
dilated cardiomyopathy where the cause was idiopathic.

In another set of papers, we examined changes in expres-
sion of P,y receptors in the atria of failing and healthy do-
nors. These ATP-sensitive ligand-gated cation-selective chan-
nels were first reported in animal models, but there were no
reports that they were expressed in human hearts or that there
were differences between healthy and failing samples. We
found that the expression of these adrenergic extracellular
receptors nearly doubled in patients with idiopathic dilated
cardiomyopathy compared to donors (Berry et al. 1998,
1999, 2000). Our data suggest that these purinergic receptors
may be potential biomarkers for therapeutic intervention
(Ralevic 2015).

More recently, we investigated a phenomenon called
super-relaxation (SRX), a state in which a fraction of my-
osin cross-bridges in striated muscle have a greatly re-
duced ATPase rate. The sarcomeric protein, myosin bind-
ing protein C, resident in myosin thick filaments, has been
strongly implicated in regulating the SRX state
(McNamara et al. 2015). We wanted to know if SRX
occurred in human cardiac muscle and, if so, does the
fraction of cross-bridges in SRX change in failing human
hearts. Working with our colleagues at the University of
Arizona Tucson, we used LV samples of transgenic mice

carrying a mutation in the gene MYBPC3 coding for my-
osin binding protein C, at the Victor Chang Cardiac
Research Institute, and we found that homozygous mouse
LV developed a phenotype that was a good model of
human hypertrophic cardiomyopathy (HCM) but that both
heterozygotes and wild-type mice were functionally nor-
mal (McNamara et al. 2016). This suggested that there
must be significant differences between the heterozygous
mice and humans, who are almost invariably heterozy-
gous. We have just reported that the fraction of myosin
heads in the SRX state from HCM patients is significantly
lower than age-matched donors (McNamara et al. 2017).

Development of a collaborative global network
of researchers

As the SHB increased in size and its reputation grew as a
willing provider of high-quality tissue samples from all parts
of the heart, the number of requests for tissue increased. The
only expense the SHB requires of recipients is that they cover
the cost of transporting samples from Sydney to their labora-
tory in a nitrogen-vapor dewar that maintains the temperature
at about —170 °C.

Below, we summarize a selection of research papers that
test the hypothesis that human heart disease is best investigat-
ed by comparing non-failing donor hearts with failing human
hearts rather than relying on hearts from animal models of
human heart disease.

@ Springer
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Apoptosis and cellular proliferation in human hearts

Yao et al. (1996) tested the hypothesis that the human heart
was a terminally differentiated organ. Mouse hearts retain a
limited regenerative capacity but it was thought that not even
low levels of mitosis occurred in human cardiomyocytes.
Jiang et al. (2001) critically reviewed the evidence for apopto-
sis in the human heart and concluded that apoptosis does oc-
cur, but at a very low rate. The field had to wait more than a
decade for evidence that cell death was compensated for by
cardiac proliferation (Mollova et al. 2013; Polizzotti et al.
2015).

Discovery of a giant protein in familial dilated
cardiomyopathy

The Seidman laboratory reported that mutations in the 77N
gene encoding the giant protein titin, were responsible for
heart failure in patients in about a quarter of all familial dilated
cardiomyopathies (FDCM) (Herman et al. 2012). Titin is by
far the largest known single polypeptide chain (molecular
weight 3 MD, 27,000 amino acids). It has its N-terminus an-
chored in the Z disc and the chain extends though the I band to
join the thick filaments of the A band before its C terminates
by binding to another titin from the other half of the sarco-
mere. Our collaborators in Europe (Steve Marston at Imperial
College London and Ralph Knoll at the Karolinska Institute in
Stockholm) initiated a whole genome sequencing (confirmed
by Sanger sequencing) of 25 samples from the LVs of SHB
patients diagnosed with FDCM (Marston et al. 2015). Our
data confirmed the Herman et al. (2012) report that mutations
in titin accounted for one in five of the patients. However, the
data also revealed that four patients carried point mutations in
another giant protein gene, obscurin (OBSCN). This protein
has its N-terminus in the central M line of the sarcomere where
it is anchored to both myomesin and titin.

The location of its C-terminus is still being investigated,
although it is known to bind strongly to a small splice-variant
of titin (Novex-3) located close to the Z disc (Bang et al.
2001). Work continues to investigate if obscurin is causative
of FDCM and total RNA sequencing, and other analyses of
titin continue in the Knoll laboratory.

No animal experiments were involved in this study.

Right ventricular heart failure

The ability of the RV to relax during diastole is impaired in
patients with pulmonary arterial hypertension (PAH) and RV
heart failure. A collaboration between colleagues in
Amsterdam, Paris, and Arizona (Rain et al. 2013) using
SHB samples concluded that a combination of changes in titin

@ Springer

stiffness, reduced c¢Tnl phosphorylation, and altered levels of
phosphorylation of Ca**-handling proteins all contribute to
RV diastolic dysfunction in PAH. The following year,
Manders et al. (2014) used cardiac MRI, to show that the
RV in PAH (both idiopathic and PAH in Eisenmengers syn-
drome patients) also reduces LV wall thickness, causing a
30% decrease in the ratio of myosin:actin in cardiomyocytes,
and significantly reduced protein phosphorylation.
No animals were used in the above experiments.

Hypertrophic Cardiomyopathy

In hypertrophic cardiomyopathy (HCM), the most frequently
affected gene is MYBPC3. van Dijk et al. (2013) compared
isolated, permeabilized cardiomyocytes from healthy donors
and from HCM patients with mutated MYBPC3 (expressed at
63% of donor levels). They showed that, although maximal
force development was reduced, the rates of force redevelop-
ment, stretch activation and cross-bridge kinetics did not differ
significantly. This suggested that cross-bridge kinetics were
not altered, a finding that was consistent with
haploinsufficiency (van Dijk et al. 2013).

In another paper, Kuster et al. (2013) hypothesized that
microRNAs played a role in HCM. Transcription profiling
of six patients and of six aged-matched donors identified 13
miRNAs that were differentially expressed. They demonstrat-
ed changes in cardiac 3-adrenergic receptor signaling as well
as a reduced phosphorylation of cardiac troponin I (Narolska
et al. 20006).

A European consortium (Witjas-Paalberends et al. 2014)
used the SHB LV samples to study the effects of gene muta-
tions encoding two sarcomeric proteins, cMyBP-c (C protein)
and MYH7 (myosin heavy chain). They found that, while they
perturb the energetic cost of contraction, non-sarcomeric mu-
tations did not.

All of these reports were published without using animal
models.

Phosphorylation of proteins regulates contractile
force

A collaboration (Kooij et al. 2013) between the Jolanda van
der Velden laboratory (Amsterdam), Anne Murphy’s labora-
tory (Baltimore), and the SHB investigated whether protein
kinase A (PKA) and protein kinase Cox (PKCx) modulate the
performance of cardiomyocytes. Earlier, it had been shown
that both kinases can regulate contractile force in the mouse.
SHB LV samples from IDCM patients were used to show that,
while PKC«x essentially had no effect on human
cardiomyocytes, PKA phosphorylates cardiac troponin I.
This phosphorylation modulates the functions of other
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sarcomeric proteins including titin. This is another example of
why caution is needed when translating animal-derived data to
humans.

No animal models were used.

Cytoskeletal proteins also play a role in human heart
failure

While others were searching in the sarcomere for proteins asso-
ciated with human heart failure, Elisabeth Ehler and her col-
leagues used SHB heart samples to focus on cytoskeletal pro-
teins (Pleuss et al. 2015). Confocal microscopy images show
that, while FHOD1 is a component of the sarcomeres (Dwyer
et al. 2015), it is mainly located at the intercalated discs, which
are the tight cell—cell contacts between cardiomyocytes that are
often associated with cardiomyopathies.

Ehler’s group also examined a related cardiomyocyte cyto-
skeletal protein, FHOD3, that promotes the polymerization of
sarcomeric actin, and is therefore responsible for maintaining
sarcomere structural integrity (Iskratch et al. 2010). Her labo-
ratory highlighted the role of mutations in the muscle LIM
protein gene (MLP) play in human hypertrophic cardiomyop-
athy (HCM). The LIM domain family of proteins were well-
known for their association with heart failure (Li et al. 2012).
Mutations in the MLP gene reduced its ability to be phosphor-
ylated in HCM hearts (Iskratch et al. 2010). More recently,
this group showed that MLP plays a role in the more common
form of heart failure, namely dilated cardiomyopathy (Lange
etal. 2016). It directly inhibits protein kinase C alpha (PKCx)
phosphorylation of a multiprotein complex at the intercalated
discs. A murine model was used in this study.

Coronary artery disease

Myocardial infarction is a major cause of human heart failure.
For many years, we have collaborated with Bill Pu’s labora-
tory at the Boston Children’s Hospital, Harvard Medical
School, where they have looked at the role of RNA. The
SHB provided LV samples from patients with ischemic heart
disease (IHD) and healthy age-matched donor hearts to inves-
tigate whether IHD is associated with changes in RNA splic-
ing of sarcomeric protein genes (Kong et al. 2010). Using
deep RNA sequencing, they showed that long non-coding
RNA (IncRNA) is differentially regulated (Huang et al.
2016). Their genome-wide transcriptome analysis confirmed
that many genes, previously known to be involved in heart
failure, were altered in IHD. They identified changes in a set
of 35 IncRNAs that were positively correlated with genes
encoding extracellular matrix (ECM) proteins that regulate
fibrosis and the expression of several extracellular matrix
genes. No animals were needed in these experiments.

When the heart is removed by a transplant surgeon and
handed to our SHB team, the first thing we do is dissect the
coronary arteries. Michael Dunn and his wife Marlene Rose
had been working with the SHB for years (dos Remedios
et al. 2003), and indeed they had provided us with hearts from
transplantations patients carried out at the Harefield Hospital,
London, that we could not obtain. None of the SHB hearts were
older than 50 years. Together with Mike’s team at University
College Dublin, we made two contributions to understanding
the underlying mechanisms in coronary artery disease (CAD).
Animal models had earlier indicated that the heat shock protein
(Hsp27) might protect against CAD, so he examined endothe-
lial and smooth muscle cells in arteries from patients with CAD
hearts and from healthy donors with no CAD. Two-
dimensional gel electrophoresis, Western blots and LC MS/
MS were used to show that phospho-Hsp27 does indeed protect
against vascular disease, probably by stabilizing the actin cyto-
skeleton (Robinson et al. 2010). This was an example of how
the SHB confirmed observations that were discovered using a
murine model. The next year, we produced the first 2-D gel
reference map of the basic proteins (Polden et al. 2011), which
remains a valuable reference.

Translation to clinical practice

The following is an example of how basic research can lead to
a clinical outcome. Working closely with David Kaye and his
group at the Baker IDI institute in Melbourne (Maeder et al.
2011), we measured the iron content of myocardial samples
from patients with advanced heart failure. We used RT PCR to
monitor the expression of type 1 transferrin receptor (Tfrl) to
reveal a clear link between the anemia resulting from iron
depletion, and reduced expression of Tfr1. These data enabled
us to establish an adverse prognosis in patients with severe
(LVEF 23 + 10%) heart failure.

Mass screening using GWAS

In a collaboration with Connie Bezzina in Amsterdam and her
colleagues in Europe, the SHB contributed a large number of
LV hearts to a large (5159) genome-wide association study
(GWAS) of patients with congenital heart disease (Cordell
et al. 2013). Here, the SHB contributed many of the donor
hearts to a study that helped to identify the precise location on
chromosome 4p16 that carried a significant risk of atrial septal
defect (commonly known as a “hole-in-the-heart). The geno-
type was present in ~9% of the population. The paper was
reported in Nature Genetics.

The next year, we were part of another GWAS that specified
a large number of chromosome loci associated with electrocar-
diographic traits in patients with a predisposition to cardiac ar-
rhythmias. Identification of the underlying molecular
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mechanisms of these traits requires an interrogation of the var-
iants for their association with transcript abundance using ex-
pression quantitative analysis locus (eQTL) analysis. We con-
tributed 50 the total of 129 LV samples of non-failing donor
samples used in this study. The other samples were from heart
biobanks in Szeged and Miami. The results provided the first
comprehensive eQTL map of the human heart (Koopmann et al.
2014).

A report by Heinig et al. “Natural genetic variation of the
cardiac transcriptome in non-diseased donors and patients
with dilated cardiomyopathy” is currently under revision for
Genome Biology. This GWAS strategy focused on dilated car-
diomyopathy, which, although usually classified as idiopathic,
we now know to be substantially familial.

None of the above reports involved the use of experimental
animals.

Novel research capabilities from the Sydney Heart Bank

Fredrik Pontén at Uppsala University, working with Jacob
Odeberg together with Mathias Uhlén’s many Swedish col-
leagues, developed an online, searchable facility that can
probe a very large number of human tissues, including non-
failing human LV. The facility is called the Human Protein
Atlas (HPA) and has developed an atlas of 25,682 antibodies
that targets 16,998 unique human proteins. Each month, these
numbers continue to grow. From the point of view of human
heart failure, this is an amazing facility because it enables us to
search about 17,000 genes for expression in the human heart.
Because the HPA is based on immunohistochemistry, it is now
possible to examine healthy human LV and identify not only if
it is gene of interest expressed in the human heart but also see
if that expression in localized in cardiomyocytes or in any of
the many other cells in that tissue. The HPA only uses rabbit
polyclonal antibodies that are column-purified against syn-
thetic peptide epitopes. This is how the HPA website (http:/
www.proteinatlas.org/) works (Uhlén et al. 2015) (Fig. 2).
Type http://www.proteinatlas.org/ into your web browser
and in the pop-up dialog box type a protein of interest, for
example “obscurin”. This protein has been identified as a
potential cause of FDCM (Marston et al. 2015). The search
identified “OBSCN” in the gene column. Now select the
“TISSUE” heading and the browser will read: http://www.
proteinatlas.org/ENSG00000154358-OBSCN/tissue. Click
on the “Muscle” tissue tab and select “Heart” from the
drop-down menu. Now the browser will read: “http:/www.
proteinatlas.org/ENSG00000154358-OBSCN/tissue/heart+
muscle#img” and six 5-mm-diameter donor LV tissue cores
appear together with an indication of the level of expression
based on immunohistochemistry (IHC). The search identified
two anti-obscurin antibodies and we show antibody
HPAO019497. Thus, with a few strokes of the keyboard, you
can determine if any of 17,000 genes are expressed in LV
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donor cardiomyocytes. By double-clicking any one of the
IHC images, the magnification can be increased and the cursor
can be navigated around the section. The magnified view
(not shown) reveals that the anti-obscurin antibody is associ-
ated with both the sarcomeres (fine myofibrillar striations in
the magnified image), and with the intercalated discs (dense
brown-staining structures that connect adjacent
cardiomyocytes. This is powerful information and it is free.

Donor hearts

The most common request for tissue from the SHB is for our
healthy donor hearts. This is because other heart tissue repos-
itories probably have adequate access to failing heart samples
but not age-/sex—matched donor hearts. Indeed, it took us
nearly two decades before the numbers of donors reached
statistically useful numbers to cover the ages 0—65 years.
Today, we have more than 120 donors with an age distribution
from a few months through to more than 65 years.

We argue that these donors are not “controls” in the usual
experimental sense where the experiment changes by only one
parameter from the control. Compared to mouse controls, our
donors are the antithesis of an in-bred mouse line on a con-
trolled diet and environment. Donors are not usually accom-
panied by information on family history of cardiac disease, on
the amount or type of medication, and of course they are
genetically diverse. Donors can arise from a number of situa-
tions including motor vehicle accidents, hangings, drownings,
and a range of other circumstances such as massive cerebral
hemorrhage. Most have no history of heart disease and are
apparently asymptomatic. When we get them, they invariably
have been perfused with cold cardioplegia and have been
transported sterile on ice.

In one sense, they are relevant to the study of cardiomyop-
athies because their diversity reflects the diversity of the heart
transplant patients. No donors are retrieved if it would take
more than 4 h to arrive and be ready for the transplant surgeon.
As discussed above, our donor hearts are definitely not post
mortem. However, when we began urging researchers to di-
rectly investigate human hearts, many were reluctant to spend
time and funds on hearts that were ill-defined. For example,
Wolfgang Linke and his group work on the giant protein titin
which is very sensitive to even very low levels of proteases, so
they reasonably assumed that only biopsy samples were likely
to be free of degradation. Thus, several years passed before it
was discovered (Kriiger et al. 2009; Hamdani et al. 2013;
Koetter et al. 2013) that the titin in our donors were indeed
free of proteolysis. RNAs are also highly sensitive to hydro-
lysis, but several colleagues have used LV samples from fail-
ing and donors with good results including Kuster et al.
(2013), Kong et al. (2010) and Huang et al. (2016).

A more serious problem arises when our colleagues submit
their papers to journals and then have to deal with critical
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Fig. 2 This image was copied ene <
(with permission) from the
Human Protein Atlas (HPA)
website (proteinaltas.org). It
shows the immunohistochemical
identification of the HPA
antibody, HPA019497) with the
intercalated discs of healthy donor
human left ventricle
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comments concerning the selection of “good” quality donor
hearts. We have developed a response that appeases such referees
by pointing out that all or at least many of the donor hearts have
already been used in publications as “healthy”, and it is for that
reason that we request that the sample codes of all heart samples
used in publications be either quoted in the paper’s methods, or
privately provide them to the SHB so we can distribute this
information to other recipients from the same hearts.

SHB tissue can replace mice in experimental drug testing

‘We recently published a report (Mamidi et al. 2015) using cryo-
preserved SHB LV tissue shipped under nitrogen vapor to Julian
Stelzer’s laboratory at Case Western Reserve University. They
used it to examine the effects of the experimental activator of
myosin, omecamtiv mecarbil (OM), and found it significantly
increased the rate of force generation in chemically-skinned LV
cardiomyocytes at low levels of Ca ion sensitivity. Furthermore,
kinetic (stretch-activated force development) analyses of cardiac
muscle fibers showed that OM recruits myosin cross-bridges
into the force-producing state.

This report involved the use of six transgenic and six wild-
type mice.

Transgenic knock-out mice and wild-type controls have
been used to test OM on a range of experimental animals
but this is the first report of its use on human non-failing
(donor) cardiomyocytes. A subsequent paper (“Dose-depen-
dent effects of the myosin activator omercamtiv mecarbil on
cross-bridge behavior and force development in failing human
myocardium” by Mamidi et al. is currently under revision,
and does not involve animals. This will be the first report of

the effects of OM on failing human cardiomyocytes. No ex-
perimental animals were used in this report.

Animal models of human heart disease are poor predictors
of human heart disease

In 2013, an editorial in Nature Medicine highlighted how
poorly murine models reflect human disease, specifically the
inflammatory response of humans compared to mice (Seoka
et al. 2013). In a recent report, we echoed this conclusion (Lal
et al. 2016a), and here we summarize new evidence.

Clearly, mouse hearts are substantially different from hu-
man hearts. Mice express a fast myosin isoform and they have
a resting heart rate of 400—600 beats per minute compared to
the human heart rate of 60-80 beats per minute. There is no
doubt there are examples where mice and other animals have
provided valuable information on molecular defects in human
hearts, but there are also examples when the mouse model is
simply confounding. This review of data obtained using the
SHB tissue in concert with our many collaborators suggests
that, rather than go straight to an animal models, researchers
should first consider directly interrogating human failing and
non-failing heart samples.

For instance, a paper by McNamara et al. (2016) used LV
from a transgenic mouse carrying a mutation in the protein,
Myosin Binding Protein C (MYBPC). This heart sample was
sent to us by collaborators in at the University of Arizona for
an entirely different purpose. Our aim was to see if mutations
in this gene altered the population of functional myosin cross-
bridges known as SRX that had been documented using sev-
eral animal models (McNamara et al. 2015). The phenotype of
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Sydney Heart Bank, 10 year Publication and Citation rates

30

25

20

15

10

Publications/year

(=R Y = T~ L — T R o B s T - o B Y = o
S O O O v v v v v v v v
L~ I — T~ T~ S~ T~ S~
L o O I B o R B R B I |

Fig. 3 The above discussion implies that the scientific output by the
Sydney Heart Bank should increase as both the number of collaborators
grew. This figure shows that both the number of publications and the

the homozygous mice did indeed have a reduced number of
SRX cross-bridges compared to the wild-type mice. However,
the heterozygotes were essentially the same as the wild-type
controls. We then carried out the SRX experiments using our
donor hearts as “controls” and compared them with patients
who carried mutated MYBPC and were heterozygous. The
result was a significant decrease in the population of SRX
myosin cross-bridges in HCM patients carrying a mutation
in MYBPC (McNamara et al. 2017).

It took more than a decade (from 1989 to 2000) to assemble
sufficient numbers of human failing and non-failing donor
hearts to achieve statistical certainty. Patients who consented
to the use of their heart tissue for research had co-morbidities
and complex medication, and they were necessarily at the end-
stage of medical intervention. Figure 3 plots the publication

Fig. 4 This schematic flow chart
shows the connections between
the Sydney Heart Bank (b/ue) and
seven classes of heart failure
using statistically significant
numbers of patient types (brown),
where specific cell types or whole
tissue was involved (red), and
where the type of investigations
(green) involved sarcomeric,
cytoplasmic proteins, or
cardiomyocyte membranes (blue)
that resulted in publications based
on the topics listed (purple). The
papers arising and their citations
are detailed in Fig. 3
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number of citations increased during the past decade. The data were
derived from the Web of Science

rates and citation rates of these publication based on informa-
tion extracted from the Web of Science. The figure suggests
that both rates grew as we collaborated with scores of
collaborators.

Cardiomyectomy of patients with hypertrophic
Cardiomyopathy

We recognize that by studying end-stage human heart failure
we are unable to address changes in the myocardium that lead
to the end-stage state. HCM commonly involves hypertrophy
of the interventricular septum (IVS) which restricts the out-
flow of blood from the LV. Surgical resection
(cardiomyectomy) of the left side of the IVS is increasingly
used to correct this obstruction, and the tissue (often gram
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quantities) can be obtained with appropriate human ethics
approval by the patient.

One of the most common causes of human heart failure is
coronary artery disease. This can be treated by coronary artery
by-pass graft surgery, and is also capable of yielding small
(mg) amounts of tissue. Even small biopsy amounts of tissue
can be investigated by whole genome and total RNA sequenc-
ing, as well as mass spectrometry. Thus, the SHB expects to be
able to incrementally assemble a wider range of cardiomyop-
athy samples from pre-end-stage heart failure.

There is no doubt that animal models have led to new
insights into the nature of human heart failure. Here, we ask
the question: Has the SHB been successful in generating new
and useful science? We can point to over 100 papers published
in high-impact journals, but have these had an impact on the
field? One measure of the impact of these papers, many of
which are cited in the above discussion, is to examine the
citation rates of publications using SHB tissue.

Summary of the Sydney Heart Bank research

The SHB works on the assumption that no scientist would
deliberately kill animals for research if there was an alternative.
Figures 1 and 4 provide an overview of the diversity of re-
searchers and research areas covered by SHB where we have
either minimized the use of animals as models of human heart
failure or eliminated them entirely. The complete list of papers
can be found in the Supplementary references. It is clear that
there is much work to be carried out in understanding the mo-
lecular basis of human heart failure, but this is a good start.

The sheer size of the SHB has enabled it to contribute to
projects aimed at produced a large and growing bank of data
on heart failure that can be accessed by the entire research
community. Our contributions to GWAS have provided new
insights into multiple congenital diseases phenotypes (Cordell
et al. 2013), the vulnerability of patients with IHD to arrhyth-
mias and conduction defects (Marsman et al. 2014), and more
recently into the natural variations in the transcriptomes com-
paring LV samples from donor hearts with sample from patients
with dilated cardiomyopathy (Heinig et al. Genome Biology un-
der review). Our studies of RNA splicing of sarcomere genes
contributed to a better understanding of heart failure (Kong
et al. 2010) as did our report on the microRNA transcriptome
profiling of patients with hypertrophic cardiomyopathy.

At the protein level, we have contributed a basic protein
reference map of donor LV. Also, now underway, is a large
study of 14 cases of dilated cardiomyopathy with diabetes, 14
cases of dilated cardiomyopathy with no diabetes, and 31 age-
matched healthy donor hearts in which we will examine each
of the four heart chambers using mass spectrometry of human
cardiac myofilaments (Peng et al. 2014). The SHB also pro-
vides screening tools for immunohistochemical screening of

failing and donor human hearts using Tissue Microarray tech-
nology (Lal et al. 2016b).

The SHB expects to continue collecting human heart tissue,
particularly from patients prior to end-stage failure, and to assist
in the very large process of understanding heart failure at the
molecular level.
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