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    Introduction 

 Evolutionary pressures have driven the vertebrate heart to transform from the simple, 
single-chambered structure found in the tunicates to the four-chambered organ with 
multiple valves and septa found in mammals and birds. Between these two extremes 
are intermediate forms found in other vertebrate groups. This includes the teleost 
heart where there is a single ventricle and a single atrium and the amphibian heart 
with a single ventricle but two atria. Along with these morphological changes, there 
is also signi fi cant variation in the functional capacity of hearts from different verte-
brate groups. For example, the heart rate of a Brazilian hummingbird,  Amazilia 
lacteal , is 1,056 beats per minute (bpm) (Bishop and Butler  1995  ) , that of a mouse 
heart is greater than 600 bpm (Burggren et al.  1997 ; Farmer  1999 ; Suzuki et al. 
 2002  ) , and that of a trout is 93 bpm at 15°C (Priede  1974  ) . These differences are due 
to signi fi cant variation in pacemaker  fi ring rate and in the rate of Ca 2+   fl ux through 
the myocytes. There is also variation in the ability of the contractile element to 
sense, and respond to, changes in intercellular Ca 2+ . 

 The evolution of endothermy in vertebrates represented a signi fi cant challenge to 
contractile function. This is because an increase in temperature dramatically 
increases the Ca 2+  sensitivity of the heart (Harrison and Bers  1989  ) . Such an increase 
in Ca 2+  sensitivity caused by an increase in physiological temperature would reduce 
the rate of contraction and possibly cause the heart to remain in contracture. It was 
therefore necessary for the Ca 2+  sensitivity of the heart to decrease with the evolution 
of endothermy in the vertebrates. 

 In addition to modi fi cations that allow for high rates of contraction at high 
temperatures there have also been changes to the components of the cardiac myocytes 
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that allow for greater regulatory control. Every myocyte within the vertebrate heart 
contracts with each heartbeat. This differs from skeletal muscle where the number 
of cells activated increases with the force required. As the oxygen requirements of 
an animal are not constant, but in fl uenced by factors such as activity level, stress 
level, and reproductive status, it is important that animals can accommodate cardiac 
output to the  fl uctuating need. The mechanisms that enable such control include the 
Frank–Starling response where force generation of the heart increases as sarcomere 
length increases and the stimulatory effect of  b -adrenergic stimulation ( b -AS) on 
cardiac function. ( a -adrenergic stimulation [ a -AS] is also active within the vertebrate 
heart but it does not play as a signi fi cant role in regulating cardiac output.) As a result 
of these regulatory control mechanisms, there is a signi fi cant dynamic range in the 
functional capacity of the vertebrate heart. While these mechanisms are present in 
skeletal muscle, they have a larger in fl uence on the function of cardiac muscle. 

 In mammals, the activation of  b -receptors leads to an increase in heart rate, the 
strength of contraction, the rate of contraction, as well as the rate of relaxation 
between beats (Bers  2001 ; Kobayashi and Solaro  2005 ; Stelzer et al.  2007 ; Weisberg 
and Winegrad  1996  ) . These changes result in a dramatic increase in cardiac output 
as more blood is being pumped at a faster rate. The stimulus of contractile function 
following  b -AS is due, in part, to modi fi cations in the function of speci fi c Ca 2+  
handling and contractile proteins within the vertebrate heart caused by phosphoryla-
tion by protein kinase A (PKA). This kinase targets speci fi c residues within the 
responsible proteins. One reason why the heart is more sensitive to  b -AS than other 
muscle types is that there are targets for PKA in the cardiac isoforms of a number of 
regulatory proteins including cardiac (c) troponin I (cTnI) and cardiac myosin-binding 
protein C (cMyBP-C) (Shaffer and Gillis  2010  ) . The isoforms of these proteins that 
are found in slow skeletal (ss) and fast skeletal (fs) muscle lack these target residues. 
The functional properties of the proteins and therefore of the muscle types are not 
as impacted as cardiac muscle following  b -AS (Shaffer and Gillis  2010  ) . 

 The stimulation of  a -adrenergic receptors in the mammalian heart leads to a 
reduction in contractile function and force generation (Braz et al.  2004  ) . These 
functional changes are due to the activation of protein kinase C (PKC) that in turn 
in fl uences the function of a number of regulatory proteins either directly through 
phosphorylation or indirectly by initiating a signal cascade resulting in a change 
in phosphorylation state (Braz et al.  2004  ) . 

 Interestingly, phylogenetic analyses of a number of different contractile proteins 
suggest that the ancestral form of the contractile proteins was “fast skeletal like” and 
that the cardiac and slow skeletal isoforms are the product of two subsequent genome 
duplications (Ota and Saitou  1999 ; Shaffer and Gillis  2010  ) . Previous work by Cleto 
et al.  (  2003  )  identi fi ed a single gene for TnI expressed in the heart, the body wall, 
and the embryonic larval tail of the tunicate  Ciona intestinalis . As tissue-speci fi c 
TnI isoforms have been identi fi ed in teleost fast skeletal, slow skeletal, and cardiac 
muscle, this indicates that the gene duplication events occurred in a common ancestor 
to all vertebrates after the urochordates diverged from the vertebrate lineage (500 
million years ago), but before the teleosts branched off (440 million years ago) 
(Shaffer and Gillis  2010  ) . This means that the amino acid sequence of the TnI isoform 
that evolved and became specialized to function within the vertebrate heart most likely 
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was similar to fast skeletal (fs) TnI of extant vertebrates. It was then subsequent 
changes to this protein that produced the tissue-speci fi c isoform, with unique 
functional properties, found in the vertebrate heart today (Fig.  6.1 ).  

 The goal of this chapter is to examine the relationship between the contractile 
element and the functional changes that have occurred during the evolution of the 
vertebrate heart. This includes examining the mechanistic basis for the in fl uence of 
 b -AS on contractile function as well as the changes that have occurred to enable 
cardiac function at relatively high temperatures in endothermic animals. To accom-
plish this, phylogenetic data are integrated with the results of functional studies 
examining the Ca 2+  activation of cardiac tissue as well as cardiac proteins from 
different species. It is hoped that this work will provide new insight into the role 
that the contractile element plays in regulating cardiac function and how this has 
evolved in vertebrates.  

  Fig. 6.1    A vertebrate phylogeny onto which critical changes in the sequence of cTnI and cMyBP-C 
have been mapped. Figure modi fi ed from Shaffer and Gillis  (  2010  )        
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   The Contractile Reaction in Mammals 

 The generation of force by cardiac muscle involves a series of conformational 
changes through the component proteins of the contractile element that results in 
the formation of cross-bridges between actin and myosin. When the myocyte is 
relaxed tropomyosin, a rod-shaped protein, sterically blocks myosin-binding sites 
along the length of the actin  fi lament (Fig.  6.2 ) (Kentish et al.  2001 ; Li et al.  2004 ; 
Rarick et al.  1999 ; Solaro and Rarick  1998  ) . It is locked in this position by an inter-
action between cTnI, via the inhibitory peptide (residues 128–147 in human cTnI), 
and actin (Kobayashi and Solaro  2005  ) . Following the systolic rise in intracellular 
Ca 2+ , Ca 2+  binds to the regulatory domain of cTnC (site II) (Fig.  6.2 ). The resultant 
conformational change triggers the movement of the switch peptide of cTnI (resi-
dues 147–163 in human cTnI) toward a hydrophobic cleft that has been exposed 
within the N-terminus of cTnC (Kentish et al.  2001 ; Li et al.  2004 ; Rarick et al. 
 1999 ; Solaro and Rarick  1998  ) . This movement of the switch peptide pulls the adja-
cent inhibitory peptide away from the actin–Tm complex (Fig.  6.2 ) (Kentish et al. 
 2001 ; Li et al.  2004 ; Rarick et al.  1999 ; Solaro and Rarick  1998  ) . As a result Tm is 
released and it is able to roll across the surface of actin exposing myosin-binding 
sites (Gordon et al.  2000  )  (Fig.  6.2 ). This allows the myosin heads to bind and 
results in the formation of force-generating cross-bridges (Fig.  6.2 ). Each of the 
steps that lead to the formation of a cross-bridge is dependent on changes in pro-
tein–protein interactions and/or protein conformation. This process is therefore 
highly in fl uenced by the functional characteristic of the components involved. As a 
result, changes in protein structure by genetic mutation or post-translational 
modi fi cation has had a signi fi cant in fl uence on contractile function during the evo-
lution of the vertebrate heart.   

   The In fl uence of  b -Adrenergic Stimulation on Cardiac Function 

 In vertebrates,  b -receptors ( b  
1
  and  b  

2
  subtypes) are activated by norepinephrine which 

is released from sympathetic nerve ganglia. These receptors are coupled to G proteins 
that activate adenyl cyclase within the cell. Once activated, adenyl cyclase catalyzes 
the conversion of ATP to cyclic AMP, which then activates the catalytic subunit of 
PKA. It is the catalytic subunit of PKA that phosphorylates speci fi c proteins within 
the cell by targeting individual residues (serine, tyrosine, threonine). For each of the 
different changes in contractile function that occur with  b -AS, there is/are separate 
protein(s) involved ( Table  6.1 ). By targeting the speci fi c proteins responsible for each 
of these different functions, PKA acts to coordinate the response of the cell to  b -AS. 

 The increase in heart rate caused by  b -AS is due to the stimulation of  b -receptors 
on the surface membrane of the cells that compose the sinoatrial (SA) node. The SA 
node is the primary pacemaker that generates action potentials at a rate that sets 
heartbeat frequency. Following  b -receptor activation, there is an increase in the rate 
of action potential  fi ring. This is caused primarily by the phosphorylation of the 
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hyperpolarization-activated cation channel I 
f
  (DiFrancesco  1993  ) . The phosphory-

lation of this channel increases the slope of diastolic depolarization thereby reducing 
the time required to reach the threshold for action potential generation (DiFrancesco 
 1993 ; Irisawa et al.  1993  ) . As a result, the time between each action potential is 
reduced. This results in an increased frequency of membrane depolarization leading 

  Fig. 6.2    The Ca 2+  activation of the cardiac contractile element. (1) In the relaxed state, tropomyosin 
blocks the myosin-binding sites on actin. It is locked in this position by troponin I (cTnI) interacting 
with actin. (2) Ca 2+  enters the cell and binds to the regulatory domain of troponin C (cTnC). (3) The 
conformation of cTnC changes exposing a hydrophobic patch. (4) The hydrophobic patch pulls cTnI 
away from the actin, releasing tropomyosin to move across the thin  fi lament and expose myosin-
binding sites. (5) The myosin head binds to actin. (6) The myosin head  fl exes and force is generated       
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to an increase in heart rate. This control of heart rate by  b -AS is in place early 
during embryonic development. We have recently demonstrated that isoproterenol, 
a  b -agonist, has a stimulatory effect on heart rate in trout embryos at 15 days post-
fertilization, while propranolol   , a  b -antagonist, has an inhibitory affect on heart rate 
at the same stage (Fig.  6.3 ) (Miller et al.  2011  ) . Day 15 is just after heart beat is  fi rst 
detected in the embryos (Miller et al.  2011  ) .   

 The increase in the strength of contraction caused by  b -AS is due to an increase 
in the amount of Ca 2+  released intercellularly following each membrane depolar-
ization (Bers  2001  ) . This is caused by an increase in the amount of Ca 2+  in the 
sarcoplasmic reticulum (SR) (Kashimura et al.  2010  ) . The greater Ca 2+  loading is 
due to an increase in activity of the Ca 2+  pump, sarco/endoplasmic reticulum Ca 2+  
ATPase (SERCA 2a) (Kashimura et al.  2010  ) . This protein pumps Ca 2+  back into the 
SR following a contraction and it is under the regulatory control of phospholamban 
(PLB) (Bers  2001  ) . When not phosphorylated, PLB acts as a break that limits the 
activity of SERCA and therefore the rate at which Ca 2+  is pumped back into the SR 
(McIvor et al.  1988  ) . Once PLB is phosphorylated, the break is released and more 
Ca 2+  is pumped back into the SR at a faster rate. This increased load is then available 
for release into the cytosol following the next membrane depolarization (Kashimura 
et al.  2010  ) . The end result is an increase in the number of troponin complexes 
activated leading to more cross-bridges formed with each contraction. This trans-
lates into greater force production. 

 The increase in the rate of force generation with  b -AS is caused by phosphory-
lation of cMyBP-C (Stelzer et al.  2007 ; Weisberg and Winegrad  1996  ) . cMyBP-C 
is located in the A-band of the sarcomeres, where it binds to actin (Shaffer et al. 
 2009  )  and myosin (Gruen et al.  1999  )  via the M-domain (Fig.  6.4 ) (Bare fi eld and 
Sadayappan  2010  ) . This interaction is thought to limit cross-bridge formation 
(Ababou et al.  2008 ; Shaffer et al.  2009 , p. 1406). The phosphorylation of the 
M-domain causes the release of myosin (Gruen et al.  1999  )  and actin (Shaffer et al. 
 2009  )  (Fig.  6.4 ). This change is thought to result in a change in the orientation of the 

   Table 6.1    Summary of the speci fi c changes in cardiac function caused by  b -adrenergic stimulation 
and the speci fi c proteins and cellular responses responsible   

 Change in heart function  Target protein(s)  Location  Cellular response 

 Increased heart rate  Hyperpolarization-
activated cation 
channel I 

f
  

 Pacemaker cells 
of sinoatrial 
node 

 Increased frequency of 
membrane 
depolarization 

 Increased strength of 
contraction 

 Phospholamban (PLB)  Sarcoplasmic 
reticulum 

 Increased SR Ca 2+  loading 

 Increased rate of 
contraction 

 Myosin-binding 
protein (MyBP-C) 

 Contractile 
element 

 Increased rate of cross-
bridge cycling rates 

 Increased rate of 
relaxation 

 Troponin I (cTnI)  Contractile 
element 

 Increased rate of Ca 2+  
disassociation ( k  

off
 ) from 

the troponin complex 
 Phospholamban (PLB)  Sarcoplasmic 

reticulum 
 Increased rate of Ca 2+  

loading into SR 
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myosin head and enables an increase in the rate of cross-bridge cycling (Stelzer 
et al.  2007 ;    Weisberg and Winegrad  1996 ; Bare fi eld and Sadayappan  2010  ) . This 
leads to faster force generation within a single contraction.  

 The increase in the rate of muscle relaxation following a cardiac contraction with 
 b -AS is due to the phosphorylation of cTnI (Fentzke et al.  1999 ; Kobayashi and 
Solaro  2005  )  and PLB (McIvor et al.  1988  ) . On the N-terminus of cTnI cloned from 
mammalian hearts, there is a domain that contains two target residues of PKA/PKC 
(Fig.  6.5 ) (Noland et al.  1996  ) . This domain, called the N-terminal extension, is 
only found in cTnI isoforms. It is not present in the TnI isoforms found in either 
slow skeletal muscle (ssTnI) or fast skeletal muscle (fsTnI). When the two PKA/
PKC sites in the N-terminal extension are phosphorylated, the Ca 2+  af fi nity of the 
troponin complex is reduced (Noland et al.  1996  ) . This is due to changes in the 
interaction between cTnI and cTnC in fl uencing the ability of cTnC to bind Ca 2+  
(Fig.  6.5 ) (Kobayashi and Solaro  2005  ) . This reduction in Ca 2+  af fi nity is caused by 
an increased rate of Ca 2+  dissociation ( k  

off
 ) from the regulatory domain of cTnC 

(Dong et al.  2007  )  and leads to a reduction in the Ca 2+  sensitivity of force generation 

  Fig. 6.3    The trout heart is responsive to adrenergic stimulation during early embryonic development. 
Heart rate measurements of rainbow trout embryos and larvae were measured in control conditions 
or following exposure to 0.1 mmol l −1  isoproterenol or combined 0.1 mmol l −1  isoprotere-
nol + 1 mmol l −1  propranolol at different stages of development (Series I). Data are presented as 
means ± SEM ( n  = 6).  Different letters  indicate statistically signi fi cant differences between treatments 
at a given stage ( p  < 0.05). Figure modi fi ed from Miller et al.  (  2011  )        
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(Fig.  6.6 ) (Fentzke et al.  1999  ) . This effect of PKA activity translates into an increase 
in the rate at which the contractile element can be deactivated when Ca 2+  is pumped 
back into the SR between cardiac contractions.   

 When cTnI is replaced with ssTnI within mouse (or murine) hearts using 
transgenic approaches, the effect of PKA activity on the Ca 2+  sensitivity of force 
generation is eliminated (Fig.  6.6 ) (Fentzke et al.  1999  ) . As described above, the 
phosphorylation of PLB increases the rate at which Ca 2+  is pumped back into the SR 
via SERCA 2A following a contraction (Bers  2001  ) . This causes an increase in the 
rate at which intercellular Ca 2+  decreases between contractions. When this effect is 
coupled with the increased rate of Ca 2+  dissociation from the Tn complex, caused by 
the phosphorylation of cTnI, the rate of muscle relaxation between contractions 
increases (Bers  2001  ) . 

  Fig. 6.4    The phosphorylation of cMyBP-C’s M domain in fl uences the interaction between 
myosin and actin within the contractile element. When not phosphorylated, the M domain of 
cMyBP-C in the N-terminus of the protein acts as a tether linking myosin and actin together. This 
interaction regulates the ability of the myosin head to bind to the actin  fi lament during cross-bridge 
cycling. The C terminus of the cMyBP-C is anchored to titin. The phosphorylation of the M domain 
releases its interaction with myosin and actin. This removes the tether and enables a change in the 
orientation of the myosin head resulting in an increase in the rate of force production by the cardiac 
myocyte. Figure modi fi ed from Bare fi eld and Sadayappan  (  2010  )        

 



  Fig. 6.5    Schematic of the interactions between the components of the troponin complex during 
diastole. Here the N-terminal extension of the mammalian isoform of cardiac troponin I (cTnI) is 
phosphorylated at serines 23 and 24, and as a result is interacting with the N-terminus of cardiac 
Troponin C (cTnC). This interaction regulates the ability of the cTnC to bind Ca 2+ . cTnC is illus-
trated in the apo-state where site II in the regulatory domain is not bound by Ca 2+ . Figure is 
modi fi ed from Solaro et al.  (  2008  )        

  Fig. 6.6    The in fl uence of PKA treatment on the Ca 2+ -tension relationships of wild-type and trans-
genic cardiomyocytes expressing slow skeletal troponin I (ssTnI). PKA treatment caused the Ca 2+  
concentration at half maximum force, used as a measure of Ca 2+  sensitivity, to increase by 1.5-fold. 
There was no in fl uence of PKA treatment on the Ca 2+  sensitivity of the transgenic preparations. 
Figure modi fi ed from Fentzke et al.  (  1999  )        
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 In addition to the proteins mentioned above, PKA also targets titin within the 
vertebrate heart (Yamasaki et al.  2002  ) . This protein is the primary mechanism by 
which passive force is regulated within the mammalian heart (Fukuda et al.  2008  ) . 
Two isoforms of cardiac titin are found within the adult heart that vary in their 
stiffness. These are N2B and N2BA. N2B is a shorter molecule with limited 
extensibility, while N2BA is more compliant (Fukuda et al.  2008  ) . However, the exten-
sibility of the N2B isoform can be increased via phosphorylation by PKA or cGMP-
dependent kinase (Yamasaki et al.  2002  ) . This leads to a reduction in the passive 
tension and greater extensibility of the myocardium (Kruger and Linke  2009  ) . The 
result of this is greater diastolic  fi lling in response to  b -AS (Fukuda et al.  2008  ) . 
Work by Shiels and co-workers (Patrick et al.  2010 ; Shiels et al.  2006  )  has demon-
strated that trout cardiac myocytes are functional over a greater range of sarcomere 
lengths and this allows for greater length activation of the trout myocardium. These 
authors suggest that these properties of the trout myocardium are due in part to 
differences in the titin molecule as well as the phosphorylation of the molecule 
by PKA. Further work is required to establish this relationship. 

   The Evolution of TnI and MyBP-C in the Vertebrate Heart 

 The differences in the number and location of the phosphorylation sites within the 
tissue-speci fi c isoforms of TnI and MyBP-C are an example of how the proteins have 
become specialized to function within a speci fi c muscle type. The use of phylogenic 
analysis to examine when speci fi c phosphorylation sites appeared during vertebrate 
evolution reveals a distinct pattern. This pattern is most apparent in the cardiac iso-
forms where the number of phosphorylation sites increased as the heart became more 
complex in structure and function (Fig.  6.1 ) (Shaffer and Gillis  2010  ) . For example, 
cTnI from teleost species lack the N-terminal extension that contains the two PKA/
PKC phosphorylation sites (Fig.  6.7 ) (Shaffer and Gillis  2010  ) . As mentioned above, 
this peptide is present in all mammalian cTnI isoforms. It is also present in cTnI 
cloned from any tetrapod including reptiles, amphibians, and birds (Fig.  6.7 ). It is not 
known, however, if the N-terminal peptide is present within monotremes, as only the 
C-terminus of the cTnI gene in the platypus has been sequenced (residues 154–210) 
(Shaffer and Gillis  2010  ) . This indicates that the N-terminal peptide appeared within 
the vertebrate lineage after the teleost  fi sh diverged (Fig.  6.1 ). The appearance of this 
peptide may coincide with the emergence of vertebrates onto land where environ-
mental conditions, such as temperature, and resources are more variable compared to 
that in water. An increased ability to regulate contractile function thereby increasing 
energy ef fi ciency would have been of signi fi cant bene fi t.  

 The increase in the number of PKA sites within cMyBP-C during the evolution of 
the vertebrate heart occurred within the M-domain. The phosphorylation of residues 
within this region is thought to regulate cross-bridge cycling rates by interacting with 
actin and myosin (Gautel et al.  1995 ; Gruen et al.  1999 ; Shaffer et al.  2009  ) . In mam-
malian cMyBP-C isoforms, this domain contains four PKA targets; in birds and 



1356 Evolution of the Regulatory Control of the Vertebrate Heart…

amphibians there are three within the same domain; and in  fi sh there are two (Fig.  6.8 ). 
The additional sites present in birds and mammals appeared in cMyBP-C after  fi sh 
diverged from the vertebrate lineage as they are not present in fast skeletal or slow 
skeletal isoforms of the protein. In fact there is no evidence that fast skeletal and 
slow skeletal isoforms of TnI and MyBP-C are phosphorylated by PKA. This anal-
ysis indicates that the regulation of contractile function via the phosphorylation 
of TnI and MyBP-C by PKA is only possible within cardiac myocytes.  

 While there are differences in the number and location of PKA sites within cTnI 
and cMyBP-C, there are two putative PKC sites that are found in TnI from all 

  Fig. 6.7    Sequence alignment of the N-terminus of TnI sequences from cardiac, slow skeletal, and 
fast skeletal muscle from select vertebrate species. Human cTnI protein kinase A (PKA) and pro-
tein kinase C (PKC) targets are indicated as is the N-terminal extension in mammalian troponin I 
sequences. Figure modi fi ed from Shaffer and Gillis  (  2010  )        

  Fig. 6.8    Sequence alignment of the MyBP-C motif (M-domain) of cardiac, slow skeletal, and fast 
skeletal muscle from select vertebrate species. Human cMyBP-C PKA targets are indicated. Figure 
modi fi ed from Shaffer and Gillis  (  2010  )        
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muscle types at the same relative position within the protein. In human cTnI, these 
are located at positions 42 and 44 (Fig.  6.7 ). Phosphorylatable residues are found at 
the corresponding positions within most ssTnI isoforms and fsTnI from  fi sh species 
(Fig.  6.7 ). The presence of these putative phosphorylatable targets at corresponding 
residues in all TnI isoforms is likely the result of an ancestral sequence motif being 
maintained within each of the tissue-speci fi c isoforms. These residues are not 
present in TnI from tunicates, suggesting that they evolved after the tunicates 
diverged from the vertebrate lineage, but before the genome duplication event that 
gave rise to the three tissue-speci fi c isoforms of the proteins (Fig.  6.1 ) (Shaffer and 
Gillis  2010  ) . Previous studies have demonstrated that the phosphorylation of these 
speci fi c residues decreases maximum Ca 2+ -activated force, actomyosin ATPase 
activity, and desensitizes the myo fi laments to Ca 2+  (Burkart et al.  2003 ; Noland 
et al.  1995  ) . The role that they play in regulating muscle contractility following 
 a -AS does, however, remains to be established.  

   The Role of PKA in Regulating the Functional 
Properties of Cardiac Muscle 

 In mammals, as mentioned above,  b -AS increases both the rate of force generation 
and the rate of relaxation. This is caused by the phosphorylation of MyBP-C and 
TnI/phospholamban, respectively. Work with trout has demonstrated that the appli-
cation of adrenalin increases heart rate and the strength of contraction (Aho and 
Vornanen  2001  )  as well as the rate of contraction and relaxation (Shiels et al.  1998  ) . 
While Zaar et al.  (  2007  )  have demonstrated that the application of adrenaline to 
muscle strips dissected from the python,  Python regius , heart increases twitch force 
and the speed of contraction. Vornanen  (  1998  )  has suggested that the change in 
function with adrenergic stimulation in the trout heart is due, at least in part, to 
increased current (2.3-fold) through the L-type Ca 2+  channels. To determine the role 
of the contractile proteins in “lower” vertebrates in this response, we recently com-
pleted a study that examined the in fl uence of PKA phosphorylation on the Ca 2+  
activation of chemically skinned trout cardiac trabeculae (Gillis and Klaiman  2011  ) . 
Here, we measured the kinetics of Ca 2+  activation, the Ca 2+  sensitivity of force 
generation, and how this is in fl uenced by PKA activation. As the preparations were 
skinned, the Ca 2+  levels that the contractile elements were exposed to were con-
trolled via the experimental solutions. There was no in fl uence, therefore, of the Ca 2+  
handling proteins. Results demonstrated that PKA treatment does not in fl uence the 
Ca 2+  sensitivity of force generation, but it decreases maximum force generation by 
25% (Fig.  6.9 ) and the rate of force re-development at maximal activation by 46% 
(Gillis and Klaiman  2011  ) . These results are quite different to those of similar 
experiments completed with mammalian tissues where the Ca 2+  sensitivity of force 
generation is reduced (Fig.  6.6 ), and there is no change in force generated at maximal 
activation (Fentzke et al.  1999 ; Kobayashi and Solaro  2005  ) . Analysis of the PKA-
treated cardiac tissue in the trout experiments for phospho-protein content revealed 
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  Fig. 6.9    Protein kinase A (PKA) treatment reduces the force generated by skinned trout cardiac 
trabeculae during maximum activation, but it does not change the Ca 2+  sensitivity of force genera-
tion. ( a ) Actual force generated. ( b ) Relative force generated. Measurements made at 15°C and a 
sarcomere length of 2.2  m m. For the control preparations  n  = 10, for the PKA-treated preparations 
 n  = 8. The difference in maximum force generated ( F  

max
 ) between the control and PKA-treated 

preparations is signi fi cantly different ( P  < 0.05). This is indicated by the  superscript asterisk . The 
difference between the Ca 2+  concentration at half maximum tension ( K  

F1/2
 ), used as a measure of 

Ca 2+  sensitivity, is not signi fi cant. Figure modi fi ed from Gillis and Klaiman  (  2011  )        
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that the only protein affected by the PKA treatment was myosin light chain 2 
(MLC2) (Gillis and Klaiman  2011  ) . The  fi nding that MLC2 is a target for phospho-
rylation is supported by work by Patrick et al.  (  2010  ) , where the skinning of trout 
cardiac tissue caused an increase in the phosphorylation of MLC2. There was no 
change in the level of phosphorylation of cTnI or cMyBP-C. The phosphorylation 
of MLC2 can in fl uence the  fl exibility of the myosin head and therefore alter the rate 
of cross-bridge formation (Buck et al.  1999 ; Olsson et al.  2004  ) . These results, 
therefore, demonstrate that cTnI and cMyBP-C do not play a signi fi cant role in the 
response of trout cardiac myocytes to  b -AS.  

 The results of the trout trabeculae study are not completely supported by those of 
a recent solution study where we found that PKA does phosphorylate trout cTnI 
when it is in a troponin complex, and that such treatment decreases the Ca 2+  af fi nity 
of the complex (Fig.  6.9 ) (Kirkpatrick et al.  2011  ) . In this study Ca 2+  activation of 
the complex, made from recombinant proteins, was measured by monitoring a 
 fl uorescent reporter engineered into cTnC. Interestingly, the change in Ca 2+  af fi nity 
was not as signi fi cant as when a troponin complex containing rat cTnI was treated 
with PKA (Fig.  6.10 ) (Kirkpatrick et al.  2011  ) . As trout cTnI does not contain the 
N-terminal extension, the change in Ca 2+  af fi nity caused by PKA treatment was due 
to the phosphorylation of residues elsewhere in the protein (Kirkpatrick et al.  2011  ) . 
Two candidates for this are Ser 14  and Ser 16  whose positions correspond to PKC 
targets within mammalian isoforms of cTnI (Fig.  6.7 ). However, as we found no 
change in the phosphorylation state of trout cTnI when trout cardiac tissue is treated 
with PKA it is likely that these residues are not phosphorylated when the protein is 
functioning within the muscle. This con fl icting result clearly demonstrates the 
need to integrate solution studies with in vitro measurements when working to 
characterize the molecular regulation of the contractile reaction.   

   Modi fi cations to the Cardiac Contractile Proteins 
During the Evolution of Endothermy 

 When the Ca 2+  sensitivity of rat cardiac tissue is compared to that of a trout with 
each at their respective physiological temperature, the Ca 2+  sensitivities are similar 
(Gillis et al.  2007  ) . However, when the Ca 2+  sensitivities of the two hearts are com-
pared at the same temperature the Ca 2+  sensitivity of rat cardiac tissue is one-tenth 
that of the trout. If the rat heart had the same Ca 2+  sensitivity as the trout heart it 
would likely be stuck in contracture at 37°C as Ca 2+  would remain bound to cTnC. 
The comparatively lower Ca 2+  sensitivity of the mammalian heart is due at least in 
part to functional changes to the contractile element. For example, the Ca 2+  af fi nity 
of trout cTnC is ~2.3-fold that of human cTnC when the function of the two 
molecules is compared at the same temperature (Gillis et al.  2000  ) . This means 
that the protein is activated by Ca 2+  at a lower concentration. 

 However, when the Ca 2+  af fi nities of trout cTnC and human cTnC are compared 
at temperatures close to their respective physiological temperatures the Ca 2+  af fi nities 
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are more similar. This demonstrates that the Ca 2+  af fi nity of the cTnC molecule 
increases with environmental temperature. In addition, if the pH of the experimental 
solutions used at the different temperatures (7°C trout cTnC, 30°C human cTnC) 
are buffered to mimic that which occur with  a -stat regulation (pH 7.6 at 7°C, pH 7.0 at 
30°C), the Ca 2+  af fi nity of trout cTnC is signi fi cantly greater than that of human cTnC 

  Fig. 6.10    Comparison of the effect of protein kinase A (PKA) phosphorylation on the Ca 2+  titration 
curves of trout cTnI-cTn IAANS  (ScTnI-cTn IAANS ) and mammalian cTn IAANS  (McTn IAANS ). Data are nor-
malized with respect to the maximal  fl uorescence of each Ca 2+  titration and presented as means ± SE. 
The curves generated by  fi tting the data with the Hill equation have been added for comparison with 
the data points. ( a ) Titration of  fl uorescence of ScTnI-cTn IAANS  ( n  = 8) and PKA phosphorylated 
ScTnI-cTn IAANS*P  ( n  = 8). ( b ) Titration of  fl uorescence of McTn IAANS  ( n  = 6) and PKA phosphorylated 
McTn IAANS*P  ( n  = 6). In both  a  and  b , the phosphorylation of the cTn complex caused the Ca 2+  
concentration at half-maximal  fl uorescence, ( K  

 FL 1/2
 ), to increase ( P  < 0.05). This indicates that the 

Ca 2+  af fi nity of the complex decreased. Figure modi fi ed from Kirkpatrick et al.  (  2011  )        

 



140 T.E. Gillis

(Gillis et al.  2000  ) . The speci fi c residues responsible for the higher Ca 2+  af fi nity of 
the trout isoform are Asn 2 , Ile 28 , Gln 29 , and Asp 30  (Gillis et al.  2005  ) . When human 
cTnC was mutated to contain these residues, its Ca 2+  af fi nity increased to that of 
trout cTnC (Gillis et al.  2005  ) . In addition, when this mutant human cTnC was 
inserted into rabbit cardiac myocytes, the Ca 2+  sensitivity of force generation 
increased by ~2-fold relative to controls containing recombinant human cTnC 
(Gillis et al.  2005  ) . This means it is a reduction in the Ca 2+  af fi nity of cTnC in 
mammalian cardiac tissues that is responsible, in part, for the comparatively lower 
Ca 2+  sensitivity of the mammalian heart. 

 In a recent study, we demonstrated that the replacement of rat cTnI in a cTn 
complex with trout cTnI increases the Ca 2+  af fi nity of the complex by ~1.8-fold 
(Fig.  6.11 ) (Kirkpatrick et al.  2011  ) . The Ca 2+  activation of the cTn complexes was 
monitored by measuring the signal of a  fl uorescent reporter engineered into cTnC. 
The increase in Ca 2+  af fi nity caused by the replacement of rat cTnI with trout cTnI 
is thought to be due to the presence of His 163 , Val 165 , and Asn 172  in trout cTnI 
(Kirkpatrick et al.  2011  ) .  

 The corresponding residues are Ala, Glu, and His, respectively, in rat cTnI. 
Interestingly, His 163 , Val 165 , and Asn 172  are present in all isoforms of fsTnI and ssTnI 
with few exceptions. These residues are also present in all cTnI isoforms until the 

  Fig. 6.11    Comparison of the Ca 2+  titration curves of trout cTnI-cTn IAANS  (ScTnI-cTn IAANS ) ( n  = 8) 
and mammalian cTn IAANS  (McTn IAANS ) ( n  = 6). Data are normalized with respect to the maximal 
 fl uorescence of each Ca 2+  titration and presented as means ± SE. The curves generated by  fi tting the 
data with the Hill equation have been added for comparison with the data points. Comparison of 
the Ca 2+  concentration at half-maximal  fl uorescence ( K  

F1/2
 ) of the two curves indicates that the Ca 2+  

af fi nity of the cTn complex containing trout cTnI (ScTnI-cTnI IAANS ) is 1.8-fold more sensitive to 
Ca 2+  than that containing rat cTnI (McTn IAANS ) ( p  < 0.05). An “S” is used to delineate trout cTnI as 
trout are salmonids. Figure modi fi ed from Kirkpatrick et al.  (  2011  )        
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lineage that led to mammals diverged from that which led to the birds and reptiles 
approximately 300 million years ago (Shaffer and Gillis  2010  ) . Previous work has 
demonstrated that the insertion of any of these residues (Ala 163 , Glu 165 , and His 172 ) at 
their respective positions into rat ssTnI reduces the Ca 2+  sensitivity of myocyte 
contraction (Westfall and Metzger  2007  ) . This means that the presence of Ala 163 , 
Glu 165 , and His 172  in mammalian cTnI translates into a reduction in the Ca 2+  sensitivity 
of force generation. Together with the lower inherent Ca 2+  af fi nity of mammalian 
cTnC, the lower Ca 2+  af fi nity of the troponin complex containing mammalian cTnI 
would be responsible, at least in part, for the comparatively lower Ca 2+  sensitivity of 
mammalian cardiac tissue. The reduction in Ca 2+  sensitivity, caused by changes in 
the sequence of cTnI and cTnC, has likely evolved to offset the sensitizing effects 
of increasing temperature of contractile function.  

   Conclusions and Perspectives 

 The functional characteristics of the vertebrate heart have been tuned through 
changes in the functional properties of the contractile element. This includes changes 
in the Ca 2+  binding characteristics to enable cardiac contraction at high temperatures 
as well as modi fi cations to protein sequence to allow for targeting by PKA and 
greater regulatory control of contractile function. The appearance of PKA target 
residues in cTnI and cMyBP-C after  fi sh diverged from the vertebrate lineage brings 
the contractile machinery under the regulatory in fl uence of  b -AS. The resulting 
changes in contractile function following  b -AS neatly integrate with the changes 
already in place caused by the phosphorylation of the Ca 2+  handling proteins. These 
changes in contractile function include the increased  k  

off
  of Ca 2+  from the cardiac 

troponin complex, caused by the phosphorylation of cTnI, coupling with the 
increased rate of Ca 2+  sequestration into the SR caused by the phosphorylation of 
PLB to enable a faster rate of muscle relation. This increased rate of relaxation and 
the increased rate of contraction integrate with the faster rate of myocyte stimula-
tion caused by increased activity of the SA node. As a result, the functional coupling 
between the contractile stimulus and contractile machinery is increased. It is likely 
only through such coupling that heart rates of 600 bpm are attainable within the 
mouse heart. Coupled with the increased strength of contraction, the end result is a 
dramatic increase in cardiac output enabling extremely high rates of aerobic activity 
at high temperatures. Interestingly, there has been no study of how the Ca 2+  handling 
proteins targeted by PKA following  b -AS has evolved within striated muscle.  

   Future Work 

 To date, there has been limited examination of how myocyte contraction in reptilian 
and amphibian hearts is regulated by the speci fi c contractile proteins and how this 
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is in fl uenced by  b -AS. This represents a signi fi cant gap in our knowledge of how 
the control of the vertebrate heart evolved. The cTnI present in the hearts of these 
vertebrate groups posses the N-terminal extension that contains the two target 
residues of PKA. In addition, the cMyBP-C in amphibians and reptiles are also 
intermediate between teleosts and endotherms in regards to the number of PKA 
targets within the M-domain. Whether these are actually targeted is unknown. 
Functional data from these animals would be extremely interesting, as they are 
ectothermic but have some of the protein sequence motifs that are also present in 
mammalian species. Such studies would increase our understanding of the stepwise 
changes that occurred to the functional properties of the vertebrate heart with the 
evolution of endothermy. In addition, as signi fi cant changes occurred between the 
divergence of teleosts from the vertebrate lineage and when amphibians diverged, 
studying this transition would provide insight into how/if the regulation of the car-
diovascular system was modi fi ed as vertebrates moved from the water onto land. 

 Studies of the regulation of contractile function in nonmammalian, nonmodel 
organisms are extremely useful for increasing our basic understanding of the molec-
ular mechanisms that regulate contractility. The hearts of these species function 
under a wide range of physiological conditions such as low temperature, high tem-
perature, or low oxygen. Understanding how the regulatory systems have evolved to 
enable cardiac function under such conditions provides insight into the adaptive 
capability of the vertebrate heart. Such knowledge is also potentially useful in the 
study and treatment of cardiac dysfunction caused by changes in the function of a 
number of the regulatory proteins, including cTnI and cMyPB-C. Such changes in 
function initiate compensatory changes in the heart that ultimately lead to patho-
logical conditions and heart failure.       
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