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Abstract
The mammalian heart is responsible for not only pumping blood throughout the body but also
adjusting this pumping activity quickly depending upon sudden changes in the metabolic demands
of the body. For the most part, the human heart is capable of performing its duties without
complications; however, throughout many decades of use, at some point this system encounters
problems. Research into the heart’s activities during healthy states and during adverse impacts that
occur in disease states is necessary in order to strategize novel treatment options to ultimately
prolong and improve patients’ lives. Animal models are an important aspect of cardiac research
where a variety of cardiac processes and therapeutic targets can be studied. However, there are
differences between the heart of a human being and an animal and depending on the specific
animal, these differences can become more pronounced and in certain cases limiting. There is no
ideal animal model available for cardiac research, the use of each animal model is accompanied
with its own set of advantages and disadvantages. In this review, we will discuss these advantages
and disadvantages of commonly used laboratory animals including mouse, rat, rabbit, canine,
swine, and sheep. Since the goal of cardiac research is to enhance our understanding of human
health and disease and help improve clinical outcomes, we will also discuss the role of human
cardiac tissue in cardiac research. This review will focus on the cardiac ventricular contractile and
relaxation kinetics of humans and animal models in order to illustrate these differences.
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1. Introduction
According to a preliminary report by the National Vital and Statistics Reports, heart disease
remains the number one cause of mortality in the United States, accounting for almost
600,000, or about a quarter of all, deaths in 2010 (Murphy, Xu, & Kochanek, 2012). Our
understanding of the cardiovascular system has greatly advanced in the past decades,

© 2013 Elsevier Inc. All rights reserved.
$Correspondence to: Paul M.L. Janssen, Ph.D., F.A.H.A., Department of Physiology and Cell Biology, The Ohio State University, 304
Hamilton Hall, 1645 Neil Avenue, Columbus, OH 43210-1218, USA, Phone: 614-247-7838, Fax: 614-292-4888, janssen.
10@osu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest Statement
The authors declare that there are no conflicts of interest.

NIH Public Access
Author Manuscript
Pharmacol Ther. Author manuscript; available in PMC 2015 March 01.

Published in final edited form as:
Pharmacol Ther. 2014 March ; 141(3): 235–249. doi:10.1016/j.pharmthera.2013.10.007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



however, further research is required in order to expand our knowledge and provide novel
therapeutic avenues. Donated human hearts, either non-transplantable (ranging from healthy
to diseased) or end-stage failing hearts typically obtained at time of transplantation, are a
great tool for addressing this issue. These samples are however available in very limited
quantities, and exhibit great variability due to differences in factors such as genetics,
medications, diets, social habits, and diseases. There thus exists a need to have a suitable
animal model where cardiovascular physiology and disease can be studied efficiently and
reliably with potential translational applicability to humans.

The basic principles of cardiac excitation and contraction in all of the species discussed in
this review are relatively conserved. The cardiac cycle sequence starts with the sino-atrial
node depolarization which spreads to the atria causing their activation. After a brief pause at
the atrio-ventricular node, the depolarization current spreads to the Bundle of His, purkinje
fiber system, and ultimately results in stimulation of ventricular myocardium. On a cellular
level, depolarization along the cardiomyocyte T-tubules activates the voltage gated calcium
ion channels, and this influx of calcium induces release of calcium from the sarcoplasmic
reticulum. Calcium binding to troponin activates the myofilaments and permits cross-bridge
cycling and cardiomyocyte shortening, resulting in pumping of blood from the ventricles
into the pulmonary and systematic circulations. Relaxation process involves de-activation of
the myofilaments and removal of cytoplasmic calcium mainly by the sarcoplasmic-reticulum
calcium ATPase (SERCA) and sodium calcium exchanger (NCX) systems. This sequence is
very rapid and occurs, depending on the species and heart rate, within tens of milliseconds in
mice to a couple of hundred milliseconds in humans. This rapid and cyclic nature presents a
significant obstacle in cardiac research. Membrane potential, ion concentrations, mechanical
force, and modulation factors are never in equilibrium. Moreover, each of these factors
constantly modulate each other. As a result, modulation of one factor typically impacts all
other factors, and thus it is hard, if not impossible, to assess the specific impact of an
intervention on one of these factors alone.

What is the single best animal model in the cardiac field that can be used in lieu of human
hearts? One major concern in addressing this question is that the cardiovascular system of
each animal has evolved differently in order to meet the demands of that species. The heart
of a small animal such as mouse can easily beat up to 800 times per minute (Ostergaard,
Hansen, & Ottesen, 2010), an elephant has a heart rate of only 35 bpm (Bartlett, et al.,
2009). Table 1 shows the inverse relationship between body weight and heart rate while
blood pressure remains relatively constant across various laboratory animals and humans. In
fact, the relationship between body weight and various cardiovascular parameters can be
described with allometric equations such as heart weight (HW (g)= 6.0 × BM0.98) and P-R
interval (PR (ms) = 53 × BM0.24) where BM is body mass in kg (Noujaim, et al., 2004;
Prothero, 1979). Hearts of smaller species need to contract and relax more rapidly than
larger species in order to maintain cardiac output at high heart rates. This difference in
cardiac contractile kinetics is highlighted in Figure 1; ventricular muscles of various species
were stimulated ex vivo at or slightly below their in vivo resting heart rates. The time it takes
for contraction and relaxation vary between species due to differences such as excitation,
calcium handling, and myofilament protein isoforms(Janssen & Periasamy, 2007). As a
simple rule, the closer the heart or body weight of the animal model to human; the more
similar are the hearts. Depending on the cardiovascular process being studied, the choice of
animal model needs to be considered carefully since it affects experimental outcomes and
whether findings of the study can be reasonably translated to humans.

As will be discussed later in detail, there is no perfect animal model of the human heart;
each model has its own set of advantages and disadvantages. The purpose of this review is to
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provide an overview of the strengths and weaknesses of commonly used animal models
including mouse, rat, rabbit, canine, pig, and sheep in cardiovascular research.

2. Small Rodent Models (Mouse and Rat)
Advantages

The small rodent animal models, mouse and rat, have unique properties that make them
valuable and indispensable to cardiac research. Although, as discussed below, there are very
significant differences between small rodents and humans; the use of rodent animal models
has provided a wealth of valuable insight into the human cardiac physiology and disease.

Small rodents are easier to handle and house, have a shorter gestation time, and have lower
maintenance cost than larger animal models. These characteristics make small rodent
models logistically and economically the most used model for cardiac physiology and
disease, genetics, pharmacology, and long-term survival studies. Technological advances
have allowed various in vivo cardiac parameters to be measured in small rodents which can
complement molecular, in vitro, and ex vivo functional studies. These techniques include but
not limited to echocardiography (Elnakish, Hassanain, & Janssen, 2012; Pleger, et al., 2007),
cardiovascular magnetic resonance imaging (Moon, et al., 2012; J. A. Rafael-Fortney, et al.,
2011), electrocardiography (Elnakish, et al., 2012; Fischer, et al., 2007), pressure-volume
loops (Georgakopoulos & Kass, 2001; Joho, et al., 2007; Lieber, et al., 2008; Murphy, et al.,
2012), and blood pressure (Elnakish, et al., 2012; Fischer, et al., 2007). For comprehensive
reviews of some of these techniques please see (Cingolani & Kass, 2011; Hartley, et al.,
2011; Ram, Mickelsen, Theodoropoulos, & Blaxall, 2011).

One of the most advantageous aspects of utilizing mice is the ability to make genetic
models. Although such models can be produced in larger species as well, mouse models can
be developed in a shorter period of time due to their short gestation age of ~18–21 days
(Ostergaard, et al., 2010) and with substantially lower cost. Genetic mouse models have
been developed that target a variety of cardiovascular processes ranging from excitation to
metabolism. Such models provide a wealth of knowledge ranging from protein function to
mechanism and progression of cardiovascular disease. Cardiac excitation, contraction, and
relaxation of small rodents and humans share many similarities and both groups express
proteins with similar functions and roles. Therefore, genetically modified mouse models can
be utilized in order to probe the function of various genes in cardiac physiology and disease
which can be utilized to address vital questions. However, there are also important
differences between mouse and humans myocardium which can hamper translation of such
mouse studies to humans. The use of genetically modified mouse models allows for rapid
establishment of proof-of-principle that can later be extended into larger animal models
(which better represent the human myocardium) and eventually into humans.

Despite their widespread use, of all the most commonly used animal models, mice are most
remote from human contractile function, mainly due to their small size and short lifespan.
Thus, translational aspects and value of genetic mouse models must be interpreted with
caution. Although they may recapitulate some of the characteristics of the human cardiac
phenotype of a disease, they typically do not recapitulate all aspects of human
cardiovascular disease. For instance, patients suffering from Duchenne Muscular Dystrophy
(DMD), an X-linked recessive disorder resulting from lack of dystrophin protein (Bulfield,
Siller, Wight, & Moore, 1984; Hoffman, Brown, & Kunkel, 1987), have a life expectancy of
mid-20s with about 90% having some degree of cardiac involvement and 10–20%
developing heart failure (Finsterer & Stollberger, 2003). The mdx (dystrophin deficient)
mouse model has a rather mild cardiomyopathy, mild limb-skeletal muscle dysfunction, and
a normal life span, in contrast to human counterparts (Bulfield, et al., 1984; Delfin, et al.,
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2011). This is partially due to the compensatory effects of utrophin, a dystrophin homolog,
which can offset the loss of dystrophin in mice. Indeed it has been shown that a mouse
model lacking both dystrophin and utrophin shows a much more severe phenotype, and a
reduced lifespan (Deconinck, et al., 1997; Delfin, et al., 2011; Janssen, Hiranandani, Mays,
& Rafael-Fortney, 2005). Another notable example of how murine models may differ in
phenotype resulting from functional absence of the same protein can have opposing effects
in mouse and humans. The phospholamban (PLB) knock-out mouse has enhanced cardiac
contractility, without affecting life span (Slack, et al., 2001). In contrast, a nonsense T116G
gene mutation in humans that causes a deficiency of phospholamban results in severe dilated
cardiomyopathy in individuals homozygous for the mutation, requiring cardiac
transplantation (Haghighi, et al., 2003). These cases illustrate the differential response of
mice and humans to genetic alterations and the limitations of genetic mouse models in
studying human cardiovascular disease.

Genetic manipulation of myocardial tissue via viral vectors is easier to perform in small
rodents than larger animal models. This is mainly due to the cost associated with production
of virus: typically, the absolute amount of virus needed is roughly proportional to body
weight. Various different types of viral vectors have been used for myocardial transduction
of both animal models and humans. The adeno-associated virus serotypes AAV-1 (Jessup, et
al., 2011; Palomeque, et al., 2007), AAV-6 (Palomeque, et al., 2007; Pleger, et al., 2007),
AAV-8 (Palomeque, et al., 2007; Z. Wang, et al., 2005), and AAV-9 (Bish, Morine, et al.,
2008; Fang, et al., 2012; Goehringer, et al., 2009; Inagaki, et al., 2006) have emerged as
suitable vectors in cardiovascular research due to their ability to transduce cardiac tissue
efficiently. Targeting myocardium of large species with such viral vectors is not simple; in
one study intravenous delivery of AAV-9 failed to transduce cardiomyocytes in dogs (Yue,
et al., 2008). Successful cardiac transduction in large species requires surgical and catheter-
based approaches that can preferentially target the heart (Pepe, et al., 2010; Pleger, et al.,
2011). Conversely, mouse myocardium can be successfully transduced via intraperitoneal
(Z. Wang, et al., 2005) and intravenous tail-vein injections (Inagaki, et al., 2006) which are
technically less challenging and financially less costly. It must be mentioned that methods
such as intracoronary delivery that preferentially target the heart can also be performed in
mouse (Fang, et al., 2012) and rats (Pleger, et al., 2007) as well. AAV-9 has been shown to
have superior cardiotropism than other serotypes in small rodents (Bish, Morine, et al.,
2008; Fang, et al., 2012; Inagaki, et al., 2006); however, the cardiac tropism of this serotype
is dependent on species. For example, in one study in canines, self-complimentary (sc)
AAV-6 was superior to both scAAV-8 and scAAV-9 serotypes when delivered via
percutaneous endomyocardial injections (Bish, Sleeper, et al., 2008). Furthermore, different
laboratory animal models have different levels of neutralizing antibodies against various
AAV serotypes which can limit the efficiency of transduction (Rapti, et al., 2012).
Therefore, it is necessary to account for these variables if studies are extended from small
rodents into larger species.

Cardiovascular pharmacology can be investigated in rodents readily, efficiently, and with
relatively high through-put when compared to larger animal models. The low housing cost
of rodents means that multiple combinations of medication regiments can be studied
simultaneously short-term as well as long-term with relatively low financial cost. It must be
cautioned that certain drugs can have variable effects in humans vs. rodents. For example,
diazoxide, an ATP sensitive potassium (KATP) channel opener, affects action potential
duration (APD) of atria and ventricles of mouse and humans differently. The same group of
investigators using similar optical mapping technique showed that the same concentration of
diazoxide decreased mouse atria APD while it had no effect on human atria APD. The
opposite was observed in the ventricles; diazoxide did not affect mouse ventricle APD while
it slightly decreased human ventricle APD (Fedorov, et al., 2011; Glukhov, Fedorov, et al.,
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2010). These studies highlight the limitations of directly translating pharmacological
efficacy and toxicity of compounds from murines to humans, which is in addition to known
differences in pharmacokinetics.

There are a variety of mouse and rat cardiac dysfunction and heart failure models available,
each with its own advantages and disadvantages. Briefly, two of the most commonly utilized
techniques for inducing left-sided heart failure in mouse and rats are aortic constriction
induced pressure overload (Chen, et al., 2012; del Monte, et al., 2001; Respress, et al., 2012)
and coronary ligation induced myocardial infarction (Y. H. Liu, et al., 1997; Most, et al.,
2006; Ontkean, Gay, & Greenberg, 1991; Vercauteren, et al., 2006). The advantages of
using these models are that they present significantly lower cost than larger animals, and the
ability to investigate roles of various proteins and signaling pathways in progression of heart
disease by combining these intervention models and genetically modified mouse models.
Right-sided hypertrophy (Hessel, Steendijk, den Adel, Schutte, & van der Laarse, 2006;
Kogler, et al., 2003) and heart failure (Hessel, et al., 2006; Redout, et al., 2007; Seyfarth, et
al., 2000) can be induced in rats with relative ease with use of monocrotaline, a plant
alkaloid which causes pulmonary hypertension without affecting systemic blood pressure
(Seyfarth, et al., 2000). This model is particularly attractive as it can be established via a
single injection without the need of surgical procedures. However, results are not always
highly consistent as not all animals respond similarly; in a single study half of the animals
developed heart failure while the other half merely developed hypertrophy despite receiving
the same dose (Seyfarth, et al., 2000). Another comprehensive study showed that lower
doses of this compound result in right ventricular hypertrophy while higher dosage is
required in order to induce right-sided heart failure (Hessel, et al., 2006).

Small rodents are effective animal models with distinct advantages over larger animal
models; however, as will be discussed next in detail, they have various limitations and
disadvantages.

Disadvantages
There are prominent differences between rodent and human hearts that must be taken into
consideration when small rodents are being utilized as cardiac animal models. Rodent
hearts, unlike humans, have adapted to function at very high heart rates where rapid systolic
contraction and diastolic filling are necessary for maintaining cardiac output. The ventricular
APD in small rodents (review; (Nerbonne, 2004), mouse: (Glukhov, Flagg, Fedorov,
Efimov, & Nichols, 2010) is much shorter than humans (Fedorov, et al., 2011; Glukhov,
Fedorov, et al., 2010). Mouse action potentials have a rapid repolarization and lack a
prominent plateau phase which is found in human cardiomyocytes (Review, (Nerbonne,
2004)). Differences between small animal models and human cardiomyocytes are also
present at the level of the myofilaments. Small rodent ventricular cardiomyocytes
predominately express fast α-MHC (>94–100%) (Alpert, et al., 2002; Hamilton & Ianuzzo,
1991; Krenz, et al., 2003; Lemon, Papst, Joly, Plato, & McKinsey, 2011; J. Wang, et al.,
2002) which has faster kinetics (Locher, et al., 2009; Milani-Nejad, Xu, Davis, Campbell, &
Janssen, 2013; Rundell, Manaves, Martin, & de Tombe, 2005) but also higher tension cost
and lower economy (Locher, et al., 2009; Rundell, et al., 2005) than the slow β-MHC (>90–
95%) found in human ventricles (Miyata, Minobe, Bristow, & Leinwand, 2000; Reiser,
Portman, Ning, & Schomisch Moravec, 2001). Human ventricles express both compliant
N2BA and stiff N2B titin isoforms with a relative N2BA:N2B ratio of ~0.4–1.2 (Cazorla, et
al., 2000; Makarenko, et al., 2004; Nagueh, et al., 2004). Mouse and rat predominately
express N2B titin and considerably lower N2BA titin isoform with N2BA:N2B ratio ranges
of ~0.05–0.25 in mouse and ~0.06–0.1 in rat (Cazorla, et al., 2000; Neagoe, Opitz,
Makarenko, & Linke, 2003; Opitz & Linke, 2005). The mentioned ratio in rats does not take
into account the study by Cazorla et al., which did not detect a quantifiable N2BA titin
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isoform band (Cazorla, et al., 2000). In addition to isoform variations; differences can also
be encountered at the level of post-translational modifications. Mouse cardiac troponin I
(cTnI) is phosphorylated to a greater degree (only ~20–24% un-phosphorylated) than its
human counterpart (~44–50% un-phosphorylated) (Ayaz-Guner, Zhang, Li, Walker, & Ge,
2009; Taglieri, et al., 2011; van der Velden, et al., 2003; Zhang, et al., 2011). We must
caution this comparative analysis by citing other studies which have shown a much higher
extent of human cTnI phosphorylation (with un-phosphorylated group accounting for as low
as ~2–10%) (Kooij, et al., 2010; van Dijk, et al., 2011; Wijnker, et al., 2013). At least one of
these reports acknowledged that the use of inotropic agents affected the level of
phosphorylation in the samples (Kooij et al. 2010). The elevated levels of mouse cTnI
phosphorylation might be necessary at high heart rates for accelerating relaxation by
decreasing myofilament calcium sensitivity at physiological temperature (Janssen, Stull, &
Marban, 2002; Yasuda, Coutu, Sadayappan, Robbins, & Metzger, 2007). Furthermore,
myofilament calcium sensitivity is often reported to be increased in several forms of heart
failure (Marston & de Tombe, 2008); the magnitude of this shift is less in mouse and rat
than humans and it has been suggested that the higher basal phosphorylation level of mouse
cTnI might be responsible (Hamdani, et al., 2008). Calcium is necessary for activation of
myofilaments and removal of activating calcium is essential for cardiac relaxation and
proper diastolic filling; SERCA is responsible for resequestration of 90–92% (Bassani,
Bassani, & Bers, 1994; L. Li, Chu, Kranias, & Bers, 1998) of this calcium in rodents while
in humans it accounts for 76% (Piacentino, et al., 2003) with NCX accounting for majority
of the rest in both groups. In one study it was shown that the relative contributions of
SERCA and NCX in humans (as assessed by paired rapid cooling contractions) can vary
with stimulation frequency (Pieske, Maier, Bers, & Hasenfuss, 1999) while a similar
phenomenon was not observed at sub-physiological frequencies (0.25–3 Hz) in rats in
another study (Maier, Bers, & Pieske, 2000).

It needs to be emphasized that the heart is a heterogeneous organ with molecular and
functional differences between not only the atria and ventricles (Cazorla, et al., 2000;
Glukhov, Fedorov, et al., 2010; Locher, Razumova, Stelzer, Norman, & Moss, 2011) and
left and right ventricles (Neagoe, et al., 2003; G. Y. Wang, et al., 2006); but also apico-
basally (Neagoe, et al., 2003; Szentadrassy, et al., 2005) and transmurally from sub-
epicardial to sub-endocardial regions within the same ventricle (Bell, et al., 2000;
Bouvagnet, Mairhofer, Leger, Puech, & Leger, 1989; Cazorla, et al., 2000; Glukhov,
Fedorov, et al., 2010; Laurita, Katra, Wible, Wan, & Koo, 2003; D. W. Liu, Gintant, &
Antzelevitch, 1993; Stelzer, Norman, Chen, Patel, & Moss, 2008). Therefore, slight
variations in function can be observed when different regions of the heart, even within the
same ventricle, are studied and compared across species.

Differences at the cardiomyocyte level have profound impact on cardiac contraction. Table 2
shows contractile parameters of mouse, rat, and human myocardium ex vivo (isometric
contraction of right ventricular trabeculae within or slightly below resting heart rate) and in
vivo (left ventricular pressure-volume catheterization). The kinetics of contraction (ex vivo:
TTP, normalized (dF/dtmax)/F and in vivo: dP/dtmax) and relaxation (ex vivo: RT50 and
normalized (dF/dtmin)/F and in vivo: τ and dP/dtmin) are considerably accelerated in small
rodents. Note that the dF/dtmax and dF/dtmin of experiments on trabeculae were normalized
to the developed forces (yielding (dF/dtmax)/F and (dF/dtmin)/F, respectively) in order to
account for the differences in force production, i.e. the resulting parameter is purely kinetic
(s−1). Temperature is a very powerful modulator of contractile kinetics in in vitro
experiments, (Hiranandani, Varian, Monasky, & Janssen, 2006; Janssen, et al., 2002; Little,
et al., 2012). However, temperature is not a factor in this species-dependent “acceleration”,
since experiments of all three species were performed at 37 °C and catheterizations in
animals/subjects are also performed at physiological body temperature, which is very much
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similar across these species. The cardiomyocyte differences outlined above such as action
potential properties and myosin heavy chain isoforms are responsible for faster contractile
and relaxation kinetics in small rodents. The frequency of contraction is a contributing
factor; an increase in this rate results in acceleration of contraction and relaxation both in
vivo and ex vivo within the physiological heart rate range (Lujan, Janbaih, Feng, Jin, &
DiCarlo, 2012; Monasky, Varian, & Janssen, 2007; Slabaugh, Brunello, Gyorke, & Janssen,
2012). Differences in stimulation frequencies are only partially and to a minor extent
responsible for faster kinetics in smaller species. To address the differences in stimulation
frequencies, consider contractile parameters if the same group of mouse trabeculae are
stimulated at 2 Hz (far outside of the lower physiological range of mouse). In such a
scenario the TTP, RT50, dF/dtmax/F and dF/dtmin/F slow down to 46.5 ms, 26.6 ms, 36.2
s−1, −27.7 s−1 respectively (Stull, et al., 2006). The contractile kinetics of the mouse
myocardium are still considerably faster (approximately five times) than human
myocardium under these “sub-physiological” conditions, albeit at a lower magnitude. This
analysis underscores the limitations of using small rodents for investigating cardiac kinetics
and translating such studies to humans; larger animal species will generally be a better
model in such situations. It must also be noted that anesthetic agents such as isoflurane can
depress cardiac contractility and kinetic parameters (Joho, et al., 2007); the in vivo data for
animal models in Table 2 were conducted when animals were in conscious state.

The differences outlined above can also result in differential response of small rodents and
humans to cardiac diseases. For example, the expression of a variety of cardiac proteins is
altered in heart failure; one such alteration is down-regulation of fast α-MHC and up-
regulation of slow β-MHC at the protein level in both human heart failure and experimental
animal heart failure models. In rats, α-MHC protein can decrease from 93–97% to 22–71%
while β-MHC protein can increase from 3–6% to 29–78% during heart failure (Machackova,
Sanganalmath, Elimban, & Dhalla, 2009; J. Wang, Guo, & Dhalla, 2004; J. Wang, et al.,
2002) and this alteration can have profound impact on slowing of cross-bridge cycling
kinetics. Krenz et al. made a transgenic β-MHC mouse line of which heterozygous mice
expressed ~40% β-MHC (Krenz, et al., 2003). This 40% alteration, which is close to the
values observed in experimental small rodent heart failure, resulted in decreases in unloaded
shortening velocity, maximal shortening velocity, and power output. Therefore, MHC
isoform switching is a major contributing factor to the decline in cross-bridge kinetics
observed in experimental rodent heart failure models. However, the magnitude of this
isoform switching in small rodents is much higher than the 5–10% α-MHC which is
normally expressed in non-failing human myocardium (Miyata, et al., 2000; Reiser, et al.,
2001). Cross-bridge cycling kinetics are also slowed in failing human myocardium (Hajjar
& Gwathmey, 1992; Ruf, et al., 1998) and α-MHC has been shown to be downregulated
(Miyata, et al., 2000; Reiser, et al., 2001); however, the extent of this isoform switching is
much lower than small rodents. Even if 100% isoform switching takes place in human heart
failure it would results in a mere 5–10% reduction of expression of α-MHC. One group of
investigators addressed whether this nominal isoform switching can impact cross-bridge
cycling kinetics by developing two transgenic rabbit lines (expressing 15% and 40% α-
MHC). The rabbit myocardium is more similar to the human myocardium than mice and rats
(see next section). Cross-bridge cycling kinetics, as assessed by sinusoidal length
perturbation, was increased in the 40% line but unchanged in the 15% over-expression line.
Although, it must be noted that the 15% α-MHC line was capable of producing 20% more
overall power than control (Suzuki, et al., 2009). Such experiments question whether the 5–
10% decrease in α-MHC has important functional effects in human heart failure as
compared to the dramatic decline seen in small rodent heart failure. This notion has been
pointed out by others as well (Jweied, deTombe, & Buttrick, 2007). We must also cite other
works which have shown that minimal changes in MHC isoform content can have profound
impacts on cardiac contraction. A mouse transgenic line expressing only 12% β-MHC had a
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23% reduction in ATPase activity and 15% reduction in dP/dtmax as assessed using a
Langendorff preparation (Tardiff, et al., 2000). Similarly, in another study using rats
expressing β-MHC (hypothyroidism induced), it was shown that 12% α-MHC can
dramatically increase power output by 52% (Herron & McDonald, 2002). Model predictions
in porcine myocardium suggest that a 10% increase in β-MHC can accelerate simulated
twitch kinetics (Locher, et al., 2011). The porcine sub-endocardium expresses ~10% less α-
MHC than the sub-epicardium; interestingly the sub-endocardial porcine fibers had
proportionately reduced rate of tension redevelopment (ktr) and stretch activation kinetics
(Stelzer, et al., 2008). Further studies are needed to address these discrepancies but
nonetheless the magnitude of myosin heavy chain isoform switching is much greater in
experimental small rodent heart failure models than in human heart failure, and the impact
of this switch is more dramatic in the former group. Similar lines of arguments can be made
for other processes that are altered in heart failure such as calcium handling where small
rodents rely more upon SR calcium (as apposed to L-type calcium channel / NCX cycling)
than humans (Jweied, et al., 2007). Therefore, caution should be observed when relating and
translating studies and mechanisms of disease from small rodents to humans.

In addition, the cardiac response of small rodents and humans to exercise is different. The
average human can dramatically increase their heart rate from ~65–79 bpm during rest to
~173–188 bpm during exercise (Flamm, et al., 1990; Stratton, Levy, Cerqueira, Schwartz, &
Abrass, 1994), an increase of approximately 140–170%. Although this maximal heart rate is
age dependent (Stratton, et al., 1994) and can be predicted via formula such as HRmax = 220
– age or HRmax = 208 – 0.7 × age (Tanaka, Monahan, & Seals, 2001). Rats can increase
their heart rates from approximately 350–370 bpm to 500–550 bpm (~40–50% increase)
(Bolter & Atkinson, 1988; Lujan, et al., 2012) and mice can increase their hear rates from
500–600 bpm to 700–800 bpm (~30–40% increase) (Desai, et al., 1997; Fewell, et al., 1997;
Lujan, et al., 2012). The force-frequency relationship (cardiac contractile force as a function
of stimulation frequency) near these in vivo heart rates is severely blunted in small rodents
as compared to humans. Contractile force (assessed ex vivo by isometric contraction of
cardiac trabeculae) of human myocardium increases 81–168% from 0.5 Hz to 2.5 Hz
(Chaudhary, et al., 2004; Pieske, et al., 1996; Rossman, et al., 2004). There is an increase of
roughly 30–40% from 4 Hz to 8 Hz in rat myocardium (Modified from (Monasky, et al.,
2007)) whereas there is a nearly flat relationship from 8 to 12 Hz in mouse myocardium
(Modified from (Stull, et al., 2006)). Because cardiac output (CO) is the product of heart rate
(HR) and stroke volume (SV), humans have a much greater ability than rodents to increase
their cardiac output during exercise by both heart rate and stroke volume mediated
mechanisms. In other words, the cardiac reserve of humans is much greater than rodents.
Where a mouse can increase its cardiac output by typically no more than one-third, humans
can increase cardiac output as high as 10-fold in highly trained individuals. These
differences can affect outcomes of studies and experiments that involve exercise training.

Genetic and pharmaceutical means can be employed to circumvent some of these
differences. For example, hypothyroidism (either by administration of propylthiouracil or
thyroidectomy) in rats results in down-regulation of α-MHC and up-regulation of β-MHC
(Rundell, et al., 2005; Tang, et al., 2005). Although, this procedure allows for studying β-
MHC (which is predominately expressed in human ventricles) in rats, there are also reports
that indicate hypothyroidism also induces changes in calcium handling (Cernohorsky, Kolar,
Pelouch, Korecky, & Vetter, 1998; Kiss, Jakab, Kranias, & Edes, 1994; Shenoy, Klein, &
Ojamaa, 2001), titin and collagen expression (Wu, Peng, Campbell, Labeit, & Granzier,
2007), and phosphorylation of some proteins (Ojamaa, Kenessey, & Klein, 2000; Suarez,
Scott, Suarez-Ramirez, Chavira, & Dillmann, 2010; Tang, et al., 2005).
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The hearts of mouse and rat share many characteristics; however, there are differences even
between these two species. As discussed earlier, rats have a greater ability to increase their
heart rate during exercise, a more positive FFR, and slightly slower kinetics of contraction
and relaxation as compared to mice. Besides these variations in kinetics and heart rate
ranges, other differences also exist. For example, phenylephrine (a nonselective α1-
adrenerecptor agonist) induces a triphasic response in both mouse and rat right ventricular
myocardium. However, in mice the overall effect of this drug is a net negative inotropic
response while in rats it is a net positive inotropic response (McCloskey, et al., 2002).

Mice and rats are essential animal models in cardiac research allowing for relatively rapid,
high through-put, and cost effective means of studying cardiac physiology, disease and
novel therapeutic targets. Cardiac excitation and contractility in these small rodents are
inherently different from human hearts and whether these differences can limit translation of
rodent studies to humans depends on the particular cardiac process being investigated.

3. Rabbit Models
Advantages

Rabbits have several advantages that make them valuable to cardiac research. Although,
other large species such as canine and sheep more closely resemble the human heart; the
cost of acquiring and housing rabbits is still significantly much lower which makes them an
attractive alternative to larger animal models in cardiac research from an economic/logistic
perspective. Assessing myocardial function in intact animals is not a limitation for this
species, as various in vivo quantitative and imaging techniques such as echocardiography
(Pogwizd, Qi, Yuan, Samarel, & Bers, 1999), hemodynamic cardiac catheterization
(Mahaffey, Raya, Pennock, Morkin, & Goldman, 1995; A. S. Shah, et al., 2000),
electrocardiography (Pogwizd, et al., 1999), and cardiac magnetic resonance imaging (Jung,
et al., 2012) are well established and are routinely performed in rabbits.

Many aspects of rabbit myocardium have greater similarity to humans than small rodents,
making rabbits a model generally more closely representative of the human heart. Rabbits
have an in vivo heart rate range of 155–360 bpm (Gaustad, Rolim, & Wisloff, 2010; Jover,
McGrath, & Ludbrook, 1987) which is still higher than humans (Flamm, et al., 1990;
Stratton, et al., 1994) but significantly closer than mouse and rats (see previous section for
heart rates). Both rabbit and human ventricles exhibit robust positive force-frequency
responses. Increasing the stimulation frequency in rabbit (from 1 Hz to 4 Hz) and human in
vitro muscle preparations (from 0.5 Hz to 2.5 Hz) results increase in contractile force of
about 120–200% and 81–168%, respectively (Chaudhary, et al., 2004; Monasky & Janssen,
2009; Pieske, et al., 1996; Rossman, et al., 2004; Varian & Janssen, 2007; Varian, et al.,
2009). Rabbit ventricles predominately express β-MHC (88% to >95%) (Hamilton &
Ianuzzo, 1991; James, et al., 2005; Suzuki, et al., 2009) similar to humans (>90–95%)
(Miyata, et al., 2000; Reiser, et al., 2001). Rabbit ventricular SERCA and NCX systems are
responsible for removing 70–74% and 23–28% of calcium, respectively (Bassani, et al.,
1994; Puglisi, Bassani, Bassani, Amin, & Bers, 1996). These values are again similar to the
relative activities of SERCA (76%) and NCX (24%) in human ventricles (Piacentino, et al.,
2003). On the other hand, besides the relative contributions of these two systems to calcium
removal, one report showed that rabbit SERCA by itself resequesters calcium faster than
human SERCA in isolated myocytes. The time constant of SERCA dependent calcium
decline alone (when NCX activity is blocked) is about 50 percent slower in humans than
rabbits (approximately 600 ms in humans vs. 400 ms in rabbits) (Z. Su, et al., 2003).
Therefore, slight differences in calcium handling exist when comparing rabbit and human
cardiomyocytes.
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The net effects of these similarities can be observed by comparing and contrasting cardiac
contraction of rabbit and human myocardium ex vivo and in vivo (Table 3). The kinetics of
rabbit cardiac contraction and relaxation are approximately 2–3 times faster than humans yet
more similar than smaller rodents where kinetics are as much as 4–12 times faster (See
Table 2). Note that stimulation frequency affects contractile and relaxation kinetics to some
degree (See “Small Rodent Models” section for discussion) which is partially responsible
for faster kinetics observed in rabbits. These similarities also result in the response of rabbit
myocardium to stress and disease to better reflect and represent the human situation than
smaller rodent models. Various methods for generating rabbit heart failure models are
available including pacing-induced failure (D. Liu, Gao, Roy, Cornish, & Zucker, 2006),
combined aortic insufficiency induced volume overload and aortic constriction induced
pressure overload (Pogwizd, et al., 1999), and coronary ligation (Maurice, et al., 1999; D. C.
White, et al., 2000). Due to the characteristics outlined above, using rabbits removes the
concerns that are present with small rodent models such as differential responses of MHC
isoform switching and relative changes in the contribution of SERCA and NCX to
relaxation. Rabbits can also be used to study hypertrophy induced by pressure overload: ten
weeks of pulmonary artery banding (PAB) is sufficient to induce hypertrophy in rabbits
without signs and symptoms of heart failure in the right ventricle (Varian, et al., 2009) and
with altered right atrial calcium handling (Gupta, et al., 2009).

Genetic models targeting a variety of cardiac excitation, contraction, and regulatory
processes have been developed in rabbits. As discussed earlier, rabbit myocardium shares
more similarities with the human myocardium than small rodents; therefore, rabbit genetic
models, albeit more expensive, can be used as a stepping stone to determine whether a
particular study can be extended to humans and larger animal models. Some rabbit models
have actually shown divergent effects of a particular manipulation as compared to mouse
models (Nishizawa, et al., 2006). Furthermore, it has been argued and shown that rabbits
harboring human hypertrophic cardiomyopathy mutations often better recapitulate this
category of human diseases than their murine model equivalents (Marian, et al., 1999;
Sanbe, et al., 2005).

Disadvantages
One of the major disadvantages of using rabbits is the cost associated with acquiring and
housing them as compared to mice and rats. This becomes a particular concern when long-
term studies and genetic models are conducted in this species. However, as discussed earlier,
rabbits are still cheaper than larger animal models including canine, pig, and sheep.

Despite a closer similarity to humans than mice/rats, differences between rabbit and human
myocardium remain, which can result in a particular study or therapeutic intervention to
have differential effects in rabbits and humans. Some of these differences include atrial
transient outward current (Fermini, Wang, Duan, & Nattel, 1992; Z. Wang, et al., 1999),
ventricular expression levels of some potassium ion channel subunits (Zicha, et al., 2003),
relative expression levels of cardiac titin N2B and N2BA isoforms (Cazorla, et al., 2000;
Makarenko, et al., 2004; Nagueh, et al., 2004; Neagoe, et al., 2003), and left-ventricular wall
motion (Jung, et al., 2012). When comparing in vivo and ex vivo cardiac contractile
parameters of rabbit and human hearts, the former has faster kinetics (Table 3). Therefore,
depending on the particular cardiovascular process being studied, caution needs to be taken
when trying to extrapolate studies from rabbits to humans.

Some experimental phenomena in rabbit and human hearts appear to be species-dependent;
one such example is post-rest potentiation behavior of isolated cardiac muscles. In this type
of experiment, electrical stimulation is paused for a given amount of time and the first twitch
tension is measured once stimulation is resumed. Following periods of rest after steady
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pacing, rabbits exhibit a post-rest decay where the first twitch tension is decreased while
humans and rats show post-rest potentiation where the first twitch tension is increased as the
rest periods are prolonged (Janssen, Lehnart, Prestle, & Hasenfuss, 1999; Maier, Bers, et al.,
2000). This has largely been attributed to changes in sarcoplasmic reticulum calcium content
during rest periods where rabbits’ and humans’ are decreased and increased, respectively
(Maier, Bers, et al., 2000; Pieske, et al., 1999). Interestingly, the rat myocardium similar to
humans has post-rest potentiation (Maier, Barckhausen, et al., 2000). Therefore, even though
rabbit and human calcium handling mechanisms are more closely related than those of rat,
this particular phenomenon in humans phenotypically more closely resembles that of the rat.

Exercise studies suggest that rabbits can increase their heart rates from 155–211 bpm to
328–360 bpm (71–112% increase) during peak exercise (Gaustad, et al., 2010; Jover, et al.,
1987). Two notes in regards to the range of this heart rate. First, the resting heart rate of a
rabbit is considerably higher than humans; rabbit resting heart rate is near the upper limit of
human heart rate even during exercise conditions. Secondly, although this heart rate reserve
(and consequently cardiac output reserve) is more than reserves of mice (~30–40%) and rats
(~40–50%), it is still less than the reserve (~140–170%) available in humans (Flamm, et al.,
1990; Stratton, et al., 1994). Additionally, one report suggests that rabbits are better adapted
to run intermittently at higher speeds than continuously at lower speeds. This observation
was attributed to the running behavior of rabbits in the wild (Meng & Pierce, 1990).
Therefore, rabbits might not serve as the best animal model for studying the effects of
exercise on the cardiovascular system. Large animal models, such as canines, will serve as
better animal models in such cases.

Overall, rabbits are an attractive model in cardiac research, balancing the increased cost
when compared to mice and rats with a generally closer biological resemblance to human.
The rabbit heart shares many similarities to that of human although some variations exist.
Despite the noted differences, rabbits can serve as a good cardiovascular animal model in
lieu of larger animal models.

4. Canine Models
Advantages

The canine and human hearts share many characteristics at both the organ and cellular
levels. Canine heart rate, body weight and heart weight are more comparable to humans than
mice, rats, and rabbits (Table 1). Furthermore, the human population is heterogeneous with
slight genetic variations; a property which is not reflected in the inbred laboratory mouse,
rat, or rabbit strains. In that regard, it is suggested that mixed canine breeds such as
mongrels are better suited for addressing this issue (Billman, 2005). This is supported by
reports that various cardiac functions, parameters, properties, and response to stress vary
depending on the mouse strains (Barnabei, Palpant, & Metzger, 2010; Hoit, et al., 2002;
Howden, et al., 2008; A. P. Shah, et al., 2010; Stull, et al., 2006; van den Borne, et al.,
2009). Due to their size, pretty much all in vivo techniques used to assess contractility of
human hearts can be utilized in canines. Beyond these characteristics, the myocardium of
canines and humans share many properties and similarities. The action potential duration of
canine is only a little bit shorter than that of humans, much more comparable than the animal
models discussed previously (canine APD90: ~ 219 ms, human APD90: ~290 ms both
measured in right ventricular papillary muscles at cycle length of 1000 ms and 37 °C) (Szel
et al. 2011). Additionally, expression patterns of various ion channels both apico-basally
(Szentadrassy, et al., 2005) and transmurally (Szabo, et al., 2005; Zicha, et al., 2004) with
some exceptions, are very similar between these two species. Furthermore, there is a high
degree of resemblance between human and canine sino-atrial (SA) node activity and
structure (Review: (Fedorov, Glukhov, & Chang, 2012)), purkinje fiber distribution, and
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activation sequence (Allison, et al., 2007; Hamlin, 2007). Three separate surveys of the
pharmaceutical industry revealed that canine was the most commonly used animal model for
evaluation and determination of QT interval prolongation of novel compounds (Friedrichs,
Patmore, & Bass, 2005; Hammond, et al., 2001; Lindgren, et al., 2008). For thoroughness
purposes, we must point out that it is proposed that the “effective size” of the heart (third
root of heart weight divided by spiral wave rotation period) determines ventricular
fibrillation pattern. Based upon this analysis, it is argued that rabbits have a closer effective
size to humans and hence more similar ventricular fibrillation patterns than either canines or
pigs (Panfilov, 2006). Nevertheless, the similarities of human and canine excitation
processes and structure make canine a good animal model for studying cardiac
electrophysiology as it relates to human health and disease.

The contractile machineries of canine and human cardiomyocytes share many similarities.
The canine ventricular myocardium predominately expresses slow β-MHC (>80–100%)
similar to humans (>90–95%) (Fuller, Bicer, Hamlin, Yamaguchi, & Reiser, 2007; Hamilton
& Ianuzzo, 1991; Miyata, et al., 2000; Reiser, et al., 2001). Both compliant N2BA and stiff
N2B isoforms are expressed in canines (N2BA:N2B ratio of ~ 0.6–1) and humans
(N2BA:N2B ratio of ~0.4–1.2) (Bell, et al., 2000; Cazorla, et al., 2000; Jaber, et al., 2008;
Makarenko, et al., 2004; Nagueh, et al., 2004). Calcium handling mechanisms are also
similar between these two species: the relative contributions of SERCA and NCX to calcium
removal in canine myocardium are 73% and 27% (Bers, 2001) and in human myocardium
are estimated to be 76% and 24% (Piacentino, et al., 2003), respectively. However, one
report noted that when NCX is blocked, SERCA is faster at removing calcium by itself in
canines than humans (Z. Su, et al., 2003). The same report also showed that the canine
SERCA activity is most comparable to humans, followed by rabbits and then mice. Overall,
despite the slight differences, the excitation-contraction coupling of canine myocardium is
very similar to that of human. These similarities become evident by comparing the
contractile parameters of ex vivo cardiac trabeculae and in vivo catheterization studies from
canine and human hearts. Contractile and relaxation kinetics of canines are much more
comparable to humans than mice and rats (Table 4).

The similarities between canine and human myocardium have the consequence that canine
models inherently represent human physiology and disease better than small rodent models.
Take Duchenne Muscular Dystrophy (DMD) as an example that was previously discussed in
the “Small Rodent Models” section. The loss of dystrophin gene product has a profound
impact on human hearts while mouse myocardium is only minimally affected. Spontaneous
occurring mutations in various canines resulting in lack of dystrophin have been identified
and canine muscular dystrophy lines are established. One of these lines is the Golden
Retriever Muscular Dystrophy (Cooper, et al., 1988) which develops cardiomyopathy with
features that closely resemble those of affected humans (Moise, et al., 1991; Valentine,
Cooper, de Lahunta, O'Quinn, & Blue, 1988; Valentine, Cummings, & Cooper, 1989) and is
considered to better represent cardiac involvement in human DMD than their mouse mdx
counterparts (Nakamura & Takeda, 2010). This case highlights the advantage of utilizing
canine genetic models as compared to small rodents in cardiovascular studies.

Canines are commonly utilized as animal models for exercise studies in the cardiac field.
The typical canine can dramatically increase its heart rate from 118–125 bpm during rest to
241–279 bpm during maximal exercise (Haidet, Musch, Friedman, & Ordway, 1989;
Juneau, Calderone, & Rouleau, 1992; Musch, et al., 1987). This reflects an increase of
approximately 96–136% which is close-lower than the 140–170% increase in heart rate
observed in humans (Flamm, et al., 1990; Stratton, et al., 1994). Note that canine’s heart rate
is faster than human’s during both rest and exercise conditions but closer than the previous
species discussed. Furthermore, canine myocardium, similar to healthy human myocardium,
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exhibit a positive force-frequency relationship as determined by isometrically contracting
muscles ex vivo where tension increases 185% from 1 Hz to 3.4 Hz (Taylor, Parilak,
LeWinter, & Knot, 2004). We must point out that this particular study was performed at
sub-physiological temperature of 30 °C. In fact, the shape of the force-frequency
relationship of canines is the closest to humans when compared to mice, rats, and rabbits
(Billman, et al., 2010; Janssen & Periasamy, 2007; Monasky & Janssen, 2009; Varian, et al.,
2009). These characteristics make canine and human myocardium behave similarly in
response to exercise, making the canine generally a good model for exercise studies in
cardiovascular research. Indeed, besides force-frequency relationship and alterations in heart
rates, changes in other hemodynamic parameters are comparable between canines and
humans as well. Some of these parameters include cardiac output (canine: ~2.3, human: ~1.8
fold increase), O2 consumption (canine: ~7 fold increase, human: ~5.7 fold increase),
systolic blood pressure (canine: ~0.4, human: ~0.6 fold increase), diastolic blood pressure
(canine: 0.16, human: 0.07 fold decrease), and mean arterial pressure (canine: ~0.2, human:
~0.2 fold increase) (Flamm, et al., 1990; Haidet, et al., 1989; Musch, et al., 1987; Stratton, et
al., 1994).

Different types of heart disease can be induced in canines by a variety of methods. Some of
these models include sudden cardiac death (review: (Billman, 2006)), rapid pacing induced
heart failure (Recchia, et al., 1998; Sabbah, et al., 1991), repeated microembolization
induced chronic heart failure (Sabbah, et al., 1991), gradual aortic constriction induced left-
ventricular pressure-overload (Koide, et al., 1997). Each model has its own set of advantages
and disadvantages but a detailed discussion is beyond the scope of this review; however,
some of models have been discussed in detail elsewhere (Dixon & Spinale, 2009).

Disadvantages
The housing and maintenance of canine models is considerably more expensive than small
rodents and rabbits; therefore, this issue is often to be taken into consideration when long-
term studies and disease models are being considered. This is also a downside associated
with development of genetic canine models; although as discussed earlier these genetic
models have a valid role in cardiovascular research and can in most cases significantly better
resemble human disease than small rodents. The rationale for pursuing these studies in
canine becomes more convincing if prior studies in small rodents have already established
the role of a particular gene, process, or phenomenon in cardiovascular health and disease.
One disadvantage unique to canines as compared to other large animal models is obtaining
the necessary approval for performing experiments in this species. Although, IACUC
(Institutional Animal Care and Use Committee) guidelines vary depending on institutions, it
is generally difficult to obtain such approval for using canines as an animal model.
Furthermore, even if the use of canines is justified and the appropriate approval is obtained,
the number of animals that can be used can be limited. This issue should be taken into
account by reviewing the specific institutional policies before designing the study and
considering canines as an animal model.

Despite the high degree of similarity between human and canine myocardium, some
differences have been reported between these two species. Such differences include resting
and exercise heart rates (see above), kinetics of Ito current inactivation, its recovery, and
molecular size of its corresponding ion channels, sensitivity to flecanide (Akar, et al., 2004),
and transmural epicardial:endocardial expression levels of HERG ion channel (Szabo, et al.,
2005).

Introduction of genetic materials with use of viral vectors to canine myocardium is not as
straightforward as it is in the case of small rodents. As discussed earlier, mouse myocardial
tissue can be successfully transduced with use of AAV (in particular AAV-9 which has a

Milani-Nejad and Janssen Page 13

Pharmacol Ther. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



high degree of cardiotropism in mouse) via intraperitoneal (IP) or intravenous (IV)
injections. Canine hearts are typically transduced via methods that specifically target the
myocardium such as direct intramyocardial (Pepe, et al., 2010) and percutaneous
transendocardial injections (Bish, Sleeper, et al., 2008) which are technically more
challenging than simple IP and IV methods. Successfully transducing canine myocardium
via intravenous injections is not as straightforward and effortless as it is in small rodents. In
one study by Yue et al. jugular vein injected AAV-9 in neonatal dogs while successfully
transduced skeletal tissue, it failed to do so with cardiac muscle (Yue, et al., 2008).
Although, at least two reports suggest that transduction of canine myocardial tissue can be
achieved intravenously. Gregorevic et al. were able to transduce canine myocardium by
injecting recombinant AAV-6 intravenously in immune-suppressed animals (Gregorevic, et
al., 2009). In another recent report, recombinant AAV-8 was able to transduce canine
myocardium up to 12 months post-injection when it was injected at high doses intravenously
in neonatal canines. (Pan, et al., 2013). These published studies suggest that intravenous
introduction of AAV vectors is possible under certain conditions in canine myocardium but
how common practice and efficient as compared to its use in mouse models it becomes
needs to be further determined.

Overall, the canine myocardium, with its many similarities and relatively few and minor
differences, serves as a very good model of the human heart. However, a particular
disadvantage is the cost associated with using this model that can hamper performing
extensive and widespread studies in this model. The high cost-high risk aspect can be
partially alleviated by establishing proof-of-principle studies in smaller models (to reduce
likelihood of failure) and later complementing those studies by extending them to canines.

5. Swine Models
Advantages

The swine with its large heart/body weight and similarities to the human cardiovascular
system is a valuable pre-clinical animal model. The swine and human myocardium share
many characteristics in excitation-contraction coupling. Swine ventricles predominately
express β-MHC (~100%, 87% sub-epicardium, 97% sub-endocardium) similar to humans’
(>90–95%) (Hamilton & Ianuzzo, 1991; Locher, et al., 2011; Miyata, et al., 2000; Reiser, et
al., 2001; Stelzer, et al., 2008). Both stiff N2B and compliant N2BA titin isoforms are
expressed at considerable levels in swine myocardium (Cazorla, et al., 2000; Chung, et al.,
2011; Opitz & Linke, 2005). However, differences in the relative amounts exist when
compared to humans (See “Disadvantages” section below). Swine hearts have in vivo
contractile and relaxation kinetics that are slightly faster than humans but much more similar
than either small rodents or rabbits (Table 5).

Swine have a large heart rate reserve as they can increase their heart rates from
approximately 89–117 bpm at rest to 259–306 bpm during exercise (Armstrong, Delp,
Goljan, & Laughlin, 1987; Delp, et al., 2001; Krombach, et al., 1998; Roth, et al., 1990).
This gain of 128–219% in heart rate is very similar to the 140–170% available in humans
(Flamm, et al., 1990; Stratton, et al., 1994). Note that while the resting heart rates are just
slightly higher than humans; the exercise heart rates are moderately higher than achievable
in humans. Nonetheless, swine similar to humans have a substantial heart rate reserve that
can be recruited during exercise. Furthermore, swine also have a positive force-frequency
relationship as assessed by in vivo studies. Increasing pacing frequencies in swine results in
increases in various indices of contractility such as dP/dtmax and myocardial acceleration
during isovolumic contraction (IVA) (Vogel, et al., 2003; Vogel, et al., 2002).
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Heart failure can be induced in swine by a variety of methods such as rapid pacing (Lacroix,
et al., 2002) and myocardial infarction (Pleger, et al., 2011). Myocardial gene deliveries
have been performed with the aid of AAVs with methods that deliver the vectors
preferentially to the myocardium such as myocardial injections (H. Su, et al., 2008), direct
intracoronary (Kaspar, et al., 2005), and selective retroinfusion coupled with coronary artery
occlusion (Pleger, et al., 2011; Raake, et al., 2008). As discussed for other large animal
models, these techniques are not as simple as the intraperitoneal and intravenous techniques
available in small rodents.

Disadvantages
Swine, typical of large animal models, have a relatively high cost of associated with housing
and maintenance. This is a particular disadvantage when you compare the cost of
performing experiments in this model to small species especially mice and rats. The time
and cost associated with development of genetic swine models is a disadvantage when
compared to genetic mice models which can be developed more rapidly and with lower cost.

Despite the many similarities between porcine and human myocardium, differences between
these two species persist. For example, as discussed earlier, swine hearts similar to humans
express significant amounts of both N2BA and N2B titin isoforms. Based on reports where
expression levels were quantified, the swine expresses more N2BA isoform (N2BA:N2B
ratio of 1–1.5) than humans (N2BA:N2B ratio of 0.4–1.2) (Cazorla, et al., 2000; Chung, et
al., 2011; Makarenko, et al., 2004; Nagueh, et al., 2004). Furthermore, one of these reports
(Chung, et al., 2011) concluded that not only swine expressed more N2BA than humans, but
additionally the N2BA:N2B ratio of this animal model was more similar to dilated human
cardiomyopathy, a condition were N2BA expression is upregulated (Makarenko, et al.,
2004; Nagueh, et al., 2004). Other differences include small or lack of transient outward
current (Ito) in swine (Lacroix, et al., 2002; G. R. Li, et al., 2003; Schultz, et al., 2007) and
purkinje fiber distribution (Hamlin, 2007).

Overall, the high degree of similarities with some variations between swine and human
myocardium makes this animal a good model for cardiovascular research.

6. Sheep Models
Advantages

The sheep myocardium, similar to other large animal models discussed previously, shares
many similarities to humans. The predominate myosin heavy chain isoform is the slow β-
MHC in sheep (~100%) similar to humans (>90–95%) (Hamilton & Ianuzzo, 1991; Miyata,
et al., 2000; Reiser, et al., 2001). Sheep and human left ventricles express both major titin
isoforms in considerable amounts with N2BA:N2B ratios of ~0.35–0.43 and ~0.4–1.2,
respectively (Cazorla, et al., 2000; Kruger & Linke, 2006; Makarenko, et al., 2004; Nagueh,
et al., 2004; Neagoe, et al., 2003). One study estimated that SERCA contributes to
approximately 81.5% of calcium removal during relaxation in sheep (Dibb, Rueckschloss,
Eisner, Isenberg, & Trafford, 2004) which is close to the 76% responsibility in humans
(Piacentino, et al., 2003). Typical, of large animal models, sheep contractile and relaxation
kinetics are similar-slightly faster than humans (Table 6).

Sheep have a resting heart rate which is slightly higher than humans (See Table 1).
Furthermore, both sheep and human hearts have a positive force-frequency relationship. As
discussed earlier, the force of isolated human cardiac trabeculae increases ~81–168% as the
stimulation frequency is increased from 0.5 Hz to 2.5 Hz (Chaudhary, et al., 2004; Pieske, et
al., 1996; Rossman, et al., 2004). Increasing stimulation frequency in sheep trabeculae from
0.5 Hz to 2 Hz resulted in a 139–171% increase in force production (Schotola, et al., 2011;

Milani-Nejad and Janssen Page 15

Pharmacol Ther. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sossalla, et al., 2010). Although, further increasing stimulation frequency to 3 Hz resulted in
force decline. Note that the trabeculae from Sossalla et al. 2010 were in presence of KN-92,
an inactive analogue of the CaMKII inhibitor KN-93.

Sheep will serve as a good pre-clinical model for studying cardiovascular diseases. Various
disease types can be developed in sheep, including, but not limited to myocardial infarction
(Kelley, et al., 1999; Kramer, et al., 1993), gradual aortic constriction (Aoyagi, et al., 1993;
Moorjani, et al., 2003), and tachypacing induced heart failure (Byrne, et al., 2002). Due to
the greater resemblance of the hearts of sheep and other large animal models discussed
previously to humans; disease models in these large animals will generally better
recapitulate changes in humans and efficacy of novel therapeutic avenues than small animal
models. Transduction of sheep myocardium with AAV vectors (such as AAV-6 and
AAV-2/1) have been successfully performed with techniques such as coronary infusion
coupled with brief coronary and venous blockage (Beeri, et al., 2010) and re-circulating
systems (Byrne, et al., 2008; J. D. White, et al., 2011) which target the myocardium directly
and increase exposure time.

Disadvantages
The disadvantages of using sheep are typical of those described for other large animal
models. Most notably, sheep are much more expensive to purchase and maintain in animal
facilities than small animal models. Throughout this manuscript, this disadvantage was
described for other large animal models as well. Just the daily housing fees of sheep, pigs,
canines, and rabbits are approximately 80, 60, 90, and 30 times more expensive than mice,
respectively (values based upon 2013 fees charged by The Ohio State University ULAR and
assuming 5 mice per cage). This becomes a hindrance in utilizing sheep and other large
animal models on a large scale especially for long-term studies. Another limitation is the
need for techniques for transduction of myocardial tissue with AAV vectors (see above) as
compared to intraperitoneal and intravenous injections which are feasible in small rodents.

Overall, sheep as a large animal model with its similarities to the human heart will serve as a
good pre-clinical animal model for cardiovascular research.

7. Verification Using Human Tissue
Each of the cardiovascular animal models discussed above has its own set of advantages and
disadvantages. Therefore, no animal model can solely be used to address all of the questions
in the cardiovascular field. Use of multiple, complementary animal models will address this
issue by taking advantage of the strengths of each model. Small rodents can be used to
perform proof-of-principle experiments rapidly and cost-efficiently. However, as discussed
previously, there are notable differences between small rodent and human hearts.
Experiments in larger species can shed light whether results and findings obtained with
smaller species are reproducible in models that more closely reflect the human situation. The
choice of the large animal model (either canine, swine, or sheep) should be dependent on the
particular cardiac process being investigated. For example, if the focus of the study is on
sino-atrial node or purkinje fibers, it is recommended that canines be used due to the high
degree of similarity that they share in these aspects with humans. On the other hand, if the
objective of the study is to understand alterations in contractile and relaxation kinetics in
heart failure, any of the large animal models will be appropriate, and the choice may be
more dependent on economic or logistical factors. Depending on the particular institution, it
might be favorable to use swine and sheep as opposed to canines for this type of study due
to the often greater difficulty associated with obtaining approval for performing experiments
on canines. Nonetheless, even the hearts of these larger species and humans are inherently
different. Since the ultimate goal of biomedical research is to address human health and
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disease, experimental verification of potential treatment strategies or quantitative
verification of novel pharmacological compounds in actual human tissue would further aid
in moving treatments to clinical trials with minimal risk to the patient.

Human myocardium suitable for ex vivo analysis can be typically obtained from 1) rejected
donor hearts that were not suitable for cardiac transplantation or 2) end-stage failing hearts
that were donated after the patient received cardiac transplantation. Even human samples
have limitations and disadvantages that must be taken into consideration. Various
compounding factors such as disease severity and extent, genetics, diet, exercise,
medications, and social habits cannot be regulated in the human population as one could in a
laboratory animal study. Furthermore, the left-ventricular assist devices (LVAD) are now
widely used for bridge-therapy for cardiac transplantation. These devices can induce some
changes and reverse-remodeling in the myocardium (Ambardekar & Buttrick, 2011) which
can further complicate analysis of results obtained from failing human samples. Typically,
heart failure patients who are eligible for transplantation undergo a battery of tests and
regular physician appointments where information ranging from ejection fraction to
medication compliance is recorded. With the proper donor consent and Institutional Review
Board (IRB) approval, such information can be de-identified and can aid in addressing the
influence of the compounding factors. On the other hand, such information is much more
limited and in some cases unavailable if the sample was from a donor without significant
medical problems whose heart was not used for transplantation. In most cases, such donor
hearts have some underlying anatomical and/or acquired abnormalities (such as coronary
artery disease, low ejection fraction, and/or advanced age) that excluded them for cardiac
transplantation. This has important consequences on defining what is a “control” human
sample. Whether these donor samples can be used as control is dependent on the objective
of the study. It is recommended that the reason(s) for which these hearts were excluded for
transplantation should be noted at the time of publication. Furthermore, in some cases
inotropic agents are used in order to maintain proper organ perfusion during the organ
procurement process, and the use of such agents can cause alterations in post-translational
modifications of cardiomyocyte proteins, or when given for extended periods of time,
modify protein expression levels. Unfortunately, documentation of the use of such agents is
not always readily available to researchers, and/or omitted at the time of publication. One
concern, common to both rejected donor and end-stage failing hearts, is that ischemia can
happen during excision of the heart from the thoracic cavity. Such ischemia can affect the
myocardial tissue and should be minimized by rapidly flushing the coronary arteries with
cold cardioplegic solution as soon as possible after removal of the heart. Another issue is the
amount of time it takes for removal of the heart from the body to processing of samples.
Heart samples from animal models can be quickly (if necessary within seconds) be flash
frozen. However, in most settings such quick freezing is not practical for donated human
hearts and in most cases it might take several minutes or even hours to freeze tissues or at
least place on ice. Such delays will become problematic if the goal of the study is to
determine the post-translational modifications of proteins, as several of these process can
occur, and reverse, in minutes. Some of these concerns in regards to utilizing human
samples have been discussed by others as well (Jweied, et al., 2007; Marston & de Tombe,
2008). Still, despite these difficulties, in vitro assessment of contraction in human cardiac
tissue can be an important tool to study drugs or physiological processes (Hermann, et al.,
2002; Janssen, et al., 1999; Janssen, et al., 2000; Pieske, et al., 1995; Rossman, et al., 2004).

One common limitation of both groups is that these human samples are available in limited
quantities. This issue can be addressed by collaboration between multiple laboratories in
order to use these samples efficiently. Currently in our institution, human hearts are shared
among several laboratories which study processes ranging from contraction at the
myofilament level to cardiac excitation at the tissue level. We believe that an approach that
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uses multiple animal models with verification using human myocardium is essential in
advancing research in the cardiovascular field.

8. Conclusion
Despite the preservation and conservation of many aspect of the cardiovascular system
during evolution of humans and commonly used laboratory animal models, various
differences exist that must be considered. These differences result in variations in properties
and characteristics of the hearts of humans vs. laboratory animal models. One of these
differences is cardiac kinetics and will be used here to summarize and illustrate this point.
Figure 2 shows various ex vivo (only mouse, rat, rabbit, canine, and human available) and in
vivo (all species) contractile and relaxation parameters normalized to human values. Note
that while left ventricular pressure remains constant, contractile and relaxation kinetics scale
with body weight and these kinetics approach those of humans as animal size increases.
Therefore, the differences between laboratory animals and humans become less as the body/
heart weight of the model approaches that of humans.

The choice of the animal model is an important determinant of the relevance of the disease
model to the human situation. Additionally, it should be considered not only how the end
phenotype manifests, but also how the progression towards the pathological phenotype is
achieved. Typically, for reducing complexity and accelerating studies, cardiac diseases in
animals are by necessity induced by means that do not fully recapitulate human diseases. For
example, consider aortic constriction that is used to induce hypertrophy and heart failure in
both small and large animal models. Typically, such pressure-overload in animal models is
induced suddenly with placing of a band over some part of the aorta. How similar are such
surgical interventions to aortic constriction in humans? The most common cause of non-
congenital aortic constriction is calcification of aortic valve which is a gradual progressive
and not sudden process resulting in progressive cardiac hypertrophy and heart failure
(Dweck, Boon, & Newby, 2012; Nishimura, 2002). This might not be detrimental if the
objective is to induce heart disease (in this case hypertrophy/heart failure) in an animal
model. However, it can be a limitation, if the purpose of the study is to recapitulate human
diseases (in this case aortic constriction) and study their progression and underlying patho-
physiologies. Similar caution should be considered when trying to extrapolate data from
disease models such as myocardial infarction and tachy-pacing induced cardiomyopathy to
humans. The type of disease model along with the animal model itself should be considered
carefully when using disease models in animals.

No “ideal” animal model of the human cardiovascular system exists. Therefore, studies in
cardiovascular system should not rely on a single animal model to address all questions. The
choice of the model should depend on various factors, most importantly including but not
limited to 1) What process(es) are being investigated? and 2) How far along is the study?
(i.e. preliminary vs. preclinical). Both small and large animal models have specific strengths
and weaknesses, and all of the animal models discussed in this manuscript have an important
role in cardiovascular research. Furthermore, the use of human tissues, if available, can shed
further light onto translational applications for human patients.
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Abbreviations

AAV Adeno-associated virus

APD Action potential duration

dF/dtmax Maximal velocity of contraction in cardiac trabeculae

(dF/dtmax)/F Maximal velocity of contraction divided by developed force in cardiac
trabeculae

dF/dtmin Maximal velocity of relaxation in cardiac trabeculae

(dF/dtmin)/F Maximal velocity of relaxation divided by developed force in cardiac
trabeculae

LV dP/dtmax Left ventricular maximal rate of pressure rise

LV dP/dtmin Left ventricular maximal rate of pressure decline

LVSP Left ventricular systolic pressure

LV τ Left ventricular isovolumic relaxation time constant

MHC Myosin heavy chain

NCX Sodium calcium exchanger

RT50 Relaxation time 50%: Time from peak force to 50% relaxation in cardiac
trabeculae

SERCA Sarcoplasmic-reticulum calcium ATPase

TTP Time to Peak: time from stimulation to peak force in cardiac trabeculae
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Figure 1.
Right ventricle muscles were stimulated ex vivo near the species’ resting heart rates as
indicated. For clarity purposes, only a single twitch of each species is shown. Temperature is
37 °C in all traces. Sources of tracings are as follows, mouse: C57BL/10 strain adapted from
(J.A. Rafael-Fortney, et al., 2011), rat: male LBNF-1 strain adapted from (Monasky, et al.,
2007), rabbit: unpublished data, male New Zealand White rabbit, canine: mixed-breed
canine adapted from (Billman, et al., 2010), Human: unpublished data, donor heart with
abnormal ECG, borderline concentric left ventricular hypertrophy, mitral valve
regurgitation, and ejection fraction of 55%
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Figure 2.
In vivo and ex vivo kinetics of contraction and relaxation of large animal models are more
similar to humans than small animal models while pressure generated by the left ventricle
remains relatively constant across species. Data was obtained from animal/human ratios
indicated in Tables 2–6. Note that no ex vivo right ventricular trabeculae data is presented for
swine and sheep. LV dP/dtmax: left ventricular maximal rate of pressure rise. LV dP/dtmin:
left ventricular maximal rate of pressure decline. RV (dF/dtmax)/F: maximal velocity of
contraction divided by developed force in right ventricular trabeculae. RV (dF/dtmin)/F:
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maximal velocity of relaxation divided by developed force in right ventricular trabeculae.
See Tables 2–6 for references and values.

Milani-Nejad and Janssen Page 35

Pharmacol Ther. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Milani-Nejad and Janssen Page 36

Table 1

Comparison of cardiovascular parameters of human and animal models. Lowest and highest values from
multiple sources as summarized in (Ostergaard, et al., 2010)

Species Body Weight
(kg)

Heart Rate
(bpm)

Systolic Pressure
(mmHg)

Diastolic Pressure
(mmHg)

Mouse 0.02–0.063 310–840 113–160 81–110

Rat 0.225–0.52 250–493 84–184 58–145

Rabbit 1–6 130–300 90–130 60–90

Canine 7–16 70–160 95–136 43–66

Sheep 20–160 60–120 91–116 102

Pig 200–300 50–116 135–150 -

Human 50–86 72 120 80
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Table 3

Selected ex vivo and in vivo cardiac parameters in rabbits and humans. Right ventricular trabeculae from rabbit
(female White New Zealand) and human (2 females, 3 male) were stimulated at 1 Hz and 0.5 Hz, respectively.
Temperature of 37 °C and calcium concentration of 1.75 mM in both groups. TTP (time to peak: time from
stimulation to peak force) and (dF/dtmax)/F (maximal velocity of contraction divided by developed force)
represent contraction kinetics. RT50 (Relaxation time 50%: time from peak force to 50% relaxation) and (dF/
dtmin)/F (maximal velocity of relaxation divided by developed force) represent relaxation kinetics. dF/dtmax

and dF/dtmin (not shown) values were divided by the developed force yielding (dF/dtmax)/F and (dF/dtmin)/F,
respectively. Cardiac catheterization measurements performed in control humans (4 females/8 males) and
conscious rabbits (male New Zealand White, sham operated). LVSP: left ventricular systolic pressure. LV τ:
left ventricular isovolumic relaxation time constant. LV dP/dtmax left ventricular maximal rate of pressure rise.
LV dP/dtmin left ventricular maximal rate of pressure decline.

Parameter Rabbita,b Humanc,d
Ratio

Rabbit/Human

Ex Vivo Right Ventricular Trabeculae

Force (mN/mm2) 7.98 16.7 0.48

TTP (ms) 117 235 0.50

RT50 (ms) 61 153 0.40

(dF/dtmax)/F (s −1) 15.2 7.7 1.97

(dF/dtmin)/F (s −1) −12.5 −5.9 2.12

In Vivo Catheterization

LVSP (mmHg) 112 115 0.97

LV τ (ms) 13.7 43 0.32

LV dP/dtmax (mmHg/s) 5,367 1,491 3.60

LV dP/dtmin (mmHg/s) −3,679 −1,869 1.97

References:

a
Modified from (Janssen, et al., 2000),

b
(Mahaffey, et al., 1995),

c
(Rossman, et al., 2004),

d
(Kasner, et al., 2007).
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Table 4

Selected ex vivo and in vivo cardiac parameters in canines and humans. Right ventricular trabeculae from
mixed-breed canines and human (2 females, 3 male) were stimulated at 1 Hz and 0.5 Hz, respectively.
Temperature of 37 °C in both groups. Calcium concentrations (in mM) were 2 (canine) and 1.75 (human).
TTP (time to peak: time from stimulation to peak force) and (dF/dtmax)/F (maximal velocity of contraction
divided by developed force) represent contraction kinetics. RT50 (Relaxation time 50%: time from peak force
to 50% relaxation) and (dF/dtmin)/F (maximal velocity of relaxation divided by developed force) represent
relaxation kinetics. dF/dtmax and dF/dtmin (not shown) values were divided by the developed force yielding
(dF/dtmax)/F and (dF/dtmin)/F, respectively. Cardiac catheterization measurements performed in control
humans (4 females/8 males) and conscious standing canines (mongrel). LVSP: left ventricular systolic
pressure. LV τ: left ventricular isovolumic relaxation time constant. LV dP/dtmax left ventricular maximal rate
of pressure rise. LV dP/dtmin left ventricular maximal rate of pressure decline.

Parameter Caninea,b Humanc,d
Ratio

Canine/Human

Ex Vivo Right Ventricular Trabeculae

Force (mN/mm2) 15.8 16.7 0.95

TTP (ms) 110.7 235 0.47

RT50 (ms) 61.4 153 0.40

dF/dtmax/F (s −1) 17.6 7.7 2.29

dF/dtmin/F (s −1) −11.9 −5.9 2.02

In Vivo Catheterization

LVSP (mmHg) 120 115 1.04

LV τ(ms) 28 43 0.65

LV dP/dtmax (mmHg/s) 2,948 1,491 1.98

LV dP/dtmin (mmHg/s) −2,454 −1,869 1.31

References:

a
Modified from subset of data reported in (Billman, et al., 2010),

b
(Cheng, Igarashi, & Little, 1992),

c
(Rossman, et al., 2004),

d
(Kasner, et al., 2007).
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Table 5

Selected in vivo cardiac catheterization parameters in swine and humans. Cardiac catheterization
measurements performed in control humans (4 females/8 males) and conscious swine (Landacre × Yorkshire
pigs). LVSP: left ventricular systolic pressure. LV τ: left ventricular isovolumic relaxation time constant. LV
dP/dtmax: left ventricular maximal rate of pressure rise. LV dP/dtmin: left ventricular maximal rate of pressure
decline.

Parameter Swinea Humanb
Ratio

Swine/Human

LVSP (mmHg) 119 115 1.03

LV τ(ms) - 43 -

LV dP/dtmax (mmHg/s) 3,290 1,491 2.21

LV dP/dtmin (mmHg/s) −2,750 −1,869 1.47

References:

a
(Stubenitsky, van der Weerd, Haitsma, Verdouw, & Duncker, 1997),

b
(Kasner, et al., 2007)
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Table 6

Selected in vivo cardiac catheterization parameters in sheep and humans. Cardiac catheterization
measurements performed in control humans (4 females/8 males) and conscious sheep (female). LVSP: left
ventricular systolic pressure. LV τ: left ventricular isovolumic relaxation time constant. LV dP/dtmax: left
ventricular maximal rate of pressure rise. LV dP/dtmin left ventricular maximal rate of pressure decline.

Parameter Sheepa Humanb
Ratio

Sheep/Human

LVSP (mmHg) 117 115 1.02

LV τ (ms) 28 43 0.65

LV dP/dtmax (mmHg/s) 2,119 1,491 1.42

LV dP/dtmin (mmHg/s) −1,959 −1,869 1.05

References:

a
(Aoyagi, et al., 1993),

b
(Kasner, et al., 2007).
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