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Abstract

Aim: b-Adrenergic receptor activation increases myocardial contractility,

in part through protein kinase A (PKA)-dependent modification of cardiac

myofilaments. PKA regulation of cardiac myofilaments is contingent influ-

enced by protein kinase C (PKC) phosphorylation of troponin I (TnI).

Reductions in the cardiac Z-disc protein CapZ attenuate PKC regulation

of myofilament activation. We hypothesized that CapZ-deficient transgenic

mouse hearts respond poorly to b-adrenergic receptor activation, as a

result of impaired PKC activation.
Methods: Wild-type and CapZ-deficient transgenic mice were treated with

the b-adrenergic receptor agonist isoproterenol (ISO) and whole heart

function assessed by echocardiography. Cardiac myofilaments were iso-

lated post-ISO treatment and subjected to an actomyosin MgATPase assay

and protein phosphorylation gels.
Results: CapZ-deficient transgenic mouse hearts exhibited increased con-

tractility and myofilament calcium sensitivity at baseline, as compared to

wild-type mice. In wild-type mice, ISO increased myocardial contractility

and decreased myofilament calcium sensitivity, along with an increase in

TnI phosphorylation. CapZ-deficient transgenic mice responded to ISO

treatment, and myocardial functional differences between transgenic and

wild-type mice were abolished. ISO-dependent changes in myofilament

activation in transgenic mice were similar to those observed in wild-type.

TnI phosphorylation was similarly increased in wild-type and transgenic

mice following ISO treatment, while CapZ-deficient transgenic mouse

myofilaments also exhibited increased myosin-binding protein C phosphor-

ylation. Differences in myofilament protein phosphorylation patterns sug-

gest the intracellular mechanisms utilized by b-adrenergic receptor

activation are different than that seen in wild-type hearts.
Conclusions: These data further support the concept that the cardiac

Z-disc protein is a regulator of myofilament function and intracellular

signalling transduction.

Keywords CapZ, myofilaments, b-adrenergic receptor.

Cardiac Z-discs have long been categorized as pas-

sive, structural components of cardiac myocytes.

However, recent studies have revealed these subcel-

lular elements to be dynamic protein networks that

are involved in the detection and transmission of

mechanical and molecular signals (Pyle & Solaro

© 2012 The Authors
Acta Physiologica © 2012 Scandinavian Physiological Society, doi: 10.1111/j.1748-1716.2012.02470.x 173

Acta Physiol 2013, 207, 173–182



2004, Luther 2009, Frank & Frey 2011) . For

example, our group has shown that a modest reduc-

tion in the Z-disc protein CapZ significantly reduces

the ability of protein kinase C (PKC) to regulate

myofilament function (Pyle et al. 2002, 2006). While

the confinement of cardiac Z-discs to the myofila-

ment milieu limits their ability to directly regulate

cellular physiology, the clustering of signalling mole-

cules in this discrete subcellular region facilitates

interaction with target proteins and effectively

amplifies signals. Moreover, compartmentalized sig-

nalling offers the potential for new therapeutic strat-

egies designed to precisely and specifically regulate

signalling cascades that may lead to myocardial dys-

function, while leaving intact the same pathways

elsewhere in the cell.

The b-adrenergic signalling pathway is a crucial reg-

ulator of the cardiovascular system. Stimulation of

sarcolemmal b-adrenergic receptors activates cAMP-

dependent protein kinase (PKA), which phosphorylates

several proteins involved in excitation–contraction

coupling. Among the most well-known protein targets

of the b-adrenergic PKA pathway are the myofilament

proteins troponin I (TnI) and myosin-binding protein

C (MyBP-C). In healthy myocardium, the physiologi-

cal activation of the PKA pathway increases the rate

and force of cardiac muscle contraction by affecting

myofilament calcium sensitivity (de Tombe & Stienen

1995, Chen et al. 2010). By contrast, b-adrenergic
receptor signalling is decreased in failing hearts,

leading to impaired cardiac function and reduced

b-adrenergic control (Bristow et al. 1986, Davies et al.

1995).

Cardiac Z-discs play a key role in the regulation

of myofilament function by the b-adrenergic signal-

ling pathway. A-kinase anchoring proteins associate

with cardiac Z-discs, and phosphodiesterase 4 – the

major regulator of b-adrenergic-dependent cAMP

production in cardiac myocytes – is found in high

concentrations around the Z-discs (Mongillo et al.

2004). b-Adrenergic agonists regulate myofilament

function in large part through PKA phosphorylation

of TnI at the unique cardiac amino-terminal serines

22 and 23 (Noland et al. 1995). Interestingly,

Roman and colleagues have reported that blocking

the phosphorylation of the PKC preferred serines 43

and 45 in TnI affects the ability of b-adrenergic
receptor agonists to regulate myofilament function

(Roman et al. 2004). Our previous work showing

that transgenic mice deficient in cardiac CapZ dimin-

ishes the ability of PKC to affect myofilament activa-

tion (Pyle et al. 2002, 2006) lead us to hypothesize

that a reduction in cardiac CapZ would similarly

antagonize the effects of b-adrenergic receptor activa-

tion on cardiac myofilaments.

Materials and methods

Ethical approval

Mice used in these studies were 6–8 weeks old, female

C57Bl6 mice, or age- and gender-matched CapZ-defi-

cient transgenic mice. All protocols involving mice

were approved by the Animal Care Committee at the

University of Guelph, and the care and treatment of

animals is in accordance with the principles outlined

in the Canadian Council on Animal Care (CCAC)

guide.

Echocardiography

Mice were anaesthetized with ketamine (75 mg kg�1

IP) and midazolam (3 mg kg�1 IP), and sufficient

anaesthetic depth determined by the absence of a

physical response to a moderate toe pinch. Ketamine

and midazolam are effective anaesthetic agents that

cause minimal cardiac effects in rodents (Hardziyenka

et al. 2006).

Mice were laid on a heat puck for the duration of

the echocardiographic experiments, and a rectal probe

was used to ensure that body temperature remained

within normal range. ECG leads were attached to the

limbs and traces were collected throughout the experi-

ment.

Once a sufficient anaesthetic plane was established

and baseline function stabilized, mice were randomly

assigned to one of four treatment groups (control,

4 lg kg�1, 8 lg kg�1 and 12 lg kg�1 isoproterenol

IP) using a latin square design. Both 2-D and M-

mode echocardiograms were collected using a

Sequoia C512 ultrasound system (Siemens Canada

Limited, Burlington, ON, Canada) with a 15L8 lin-

ear array transducer. Short and long parasternal axis

imaging planes were used for data collection, and

the M-mode sweep speed was 200 mm s�1. All mea-

surements made in M-mode used leading edge to

leading edge methodology as set out in the guide-

lines by the American Society of Echocardiography

(Sahn et al. 1978, Schiller et al. 1979, Lang et al.

2005). Structural parameters were calculated using

the Sequoia C512 ultrasound system and include

measurements of left ventricular end diastolic diame-

ter (LVEDD) and left ventricular end systolic diame-

ter (LVESD). Functional parameters including

cardiac output (CO), stroke volume (SV) and LV

volumes at diastole (LVEDV) and systole (LVESV)

were calculated using formulas in Table 1. Func-

tional parameters including ejection fraction (EF)

and fractional shortening (FS) were calculated by

the Sequoia ultrasound system.
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A 72-h washout period was allowed for each mouse

between treatments with isoproterenol. After each

mouse completed one echocardiograph session for

each treatment group (i.e. after four sessions), they

were killed with 5.5 mg pentobarbital IP. After eutha-

nasia, mouse hearts were immediately extracted and

snap frozen using liquid nitrogen. Hearts were stored

at �80 °C for further analysis.

Myofilament isolation

Cardiac muscle was rinsed free of blood and homoge-

nized in ice-cold intracellular buffer. Intracellular Buf-

fer contained 60 mM KCl, 30 mM Imidazole (pH 7.0),

2 mM MgCl2, 0.01 mM leupeptin, 0.1 mM PMSF and

0.2 mM benzamidine. Myofilaments were isolated as

described previously (Yang et al. 2008). Briefly, the

homogenate was centrifuged at 14 000 g for 15 min

at 4 °C. Pellets were dissolved in intracellular buffer

containing 1% Triton X-100 and left on ice for

45 min before being centrifuged at 1100 g for 15 min

at 4 °C. Resulting pellets were washed three times in

ice-cold intracellular buffer and purified myofilaments

stored on ice for up to 2 h or frozen for gel electro-

phoresis.

Actomyosin MgATPase assay

Actomyosin MgATPase activity was measured by

spectrophotometry using a modified Carter assay

(Yang et al. 2008). Purified myofilaments (25 lg) were

incubated in reaction buffers containing varying levels

of free calcium created using combinations of activat-

ing and relaxing buffers. Activating buffer contained

23.5 mM KCl, 5 mM MgCl2, 3.2 mM ATP, 2 mM

EGTA, 20 mM Imidazole and 2.2 mM CaCl2, 0.1 mM

PMSF, 0.01 mM leupeptin, 0.2 mM benzamidine, pH

7.0. Relaxing buffer contained 26 mM KCl, 5.1 mM

MgCl2, 3.2 mM ATP, 2 mM EGTA, 20 mM Imidazole,

4.9 lM CaCl2, 0.1 mM PMSF, 0.01 mM leupeptin,

0.2 mM benzamidine, pH 7.0. Free calcium was calcu-

lated using the programme from Patton et al. (Patton

et al. 2004). Myofilaments were incubated in reaction

buffers for 10 min at 32 °C and reactions quenched

with ice-cold 10% trichloroacetic acid. The amount of

inorganic phosphate produced was measured by add-

ing an equal volume of 0.5% FeSO4 and 0.5% ammo-

nium molybdate in 0.5 M L�1 H2SO4, and reading the

absorbance at 630 nm.

Protein phosphorylation

Myofilament proteins (10 lg) were separated on 12%

sodium dodecyl sulphate-polyacrylamide gels. Gels

were fixed in 50% methanol/10% acetic acid at room

temperature overnight and phosphorylated proteins

stained with Pro-Q Diamond (Molecular Probes,

Eugene, OR, USA) according to the manufacturer’s

instructions. Imaging was performed using a Typhoon

gel scanner (GE Healthcare, Baie-D’Urfe, QC,

Canada) and analysis carried out using IMAGEJ soft-

ware (NIH, Bethesda, MD, USA). Protein loading was

assessed by Coomassie staining gels and using actin as

the loading control.

Statistics

All values are presented as mean ± SEM. Statistical

analysis was carried out using a one-way ANOVA and a

post hoc Tukey’s t-test for actomyosin ATPase and

echocardiography data. Fisher’s least significant differ-

ence test was used for phosphorylation analysis. Val-

ues of P < 0.05 were the criteria for statistical

significance.

Results

Echocardiographic assessment of CapZ-deficient

transgenic mice

Cardiac structure and function of wild-type and

CapZ-deficient transgenic mice were assessed by echo-

cardiography to determine baseline values (Fig. 1,

Table 2). Mean resting heart rate was 38 bpm slower

in CapZ-deficient transgenic mouse hearts, as com-

pared to wild-type mice. Stroke volume was 46%

higher in CapZ-deficient transgenic mice, negating the

lower heart rate and producing cardiac output values

that were modestly, but insignificantly, elevated over

wild-type. Contractility was increased in CapZ-

deficient transgenic mouse hearts as evidenced by the

Table 1 Formulae for the calculation of echocardiographic

parameters

Parameter Formula

Left ventricular end

diastolic volume (LVEDV) (lL)
7.0/(2.4 + LVEDD)

9 LVEDD3

Left ventricular end

systolic volume (LVESV) (lL)
7.0/(2.4 + LVESD)

9 LVEDD3

Stroke volume (lL) LVEDV � LVESV

Left ventricular fractional

shortening (%)

(LVEDD � LVESV/

LVEDV) 9 100

Ejection fraction (%) (LVEDV � LVESV)/

LVEDV 9 100

Cardiac output (lL min�1) (HR 9 SV)

LVEDD, left ventricular end diastolic diameter (mm);

LVESD, left ventricular end systolic diameter (mm); HR,

heart rate (beats per minute).
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25% greater fractional shortening and 11% increase

in ejection fraction. There were no significant differ-

ences in left ventricular end systolic (P = 0.60) or dia-

stolic diameters (P = 0.08). These data represent the

first assessment of structure and function of hearts

deficient in CapZ protein and are the first to show

that a modest reduction in cardiac CapZ enhances

myocardial contractility.

Actomyosin MgATPase activity

Cardiac myofilaments are the central contractile

apparatus of the heart, and changes in their function

can influence myocardial contractility. To determine

whether alterations in cardiac myofilament activation

underlie the increase in cardiac function of

CapZ-deficient transgenic mouse hearts observed by

echocardiography, we assessed myofilament function

with an actomyosin MgATPase activity assay. There

was a modest but insignificant reduction in maximum

activity (Table 3). Myofilament calcium sensitivity

was significantly increased in CapZ-deficient trans-

genic mouse hearts (Fig. 2, Table 3), which is consis-

tent with an increase in myocardial contractility.

Effects of b-adrenergic receptor activation on cardiac

function in intact mice

b-Adrenergic receptor activation is a powerful regula-

tor of cardiac function. To test our hypothesis that

CapZ-deficient transgenic mice are less sensitive to b-
adrenergic receptor-dependent increases in cardiac

function, we injected mice with variable doses of the

b-adrenergic receptor agonist isoproterenol and exam-

ined the myocardial effects by echocardiography. As

expected, wild-type mice exhibited significant and

dose-dependent increases in heart rate (Fig. 3). Left
(a)

(b)

1 mm

Figure 1 Transgenic reduction in cardiac CapZ protein

increases myocardial contractility. Cardiac function was

assessed in (a) wild-type and (b) CapZ-deficient transgenic

mice by echocardiography. Representative M-mode images

are shown above. CapZ-deficient transgenic mouse hearts

exhibited significant chronotropic and ionotropic differences

over wild-type hearts. Summary values are presented in

Table 2.

Table 2 Echocardiographic parameters of wild-type and

CapZ-deficient transgenic mouse hearts

Wild-type

CapZ-deficient

transgenic

Heart rate (bpm) 334 ± 8 296 ± 12*

Left ventricular end

diastolic diameter (mm)

2.55 ± 0.09 2.82 ± 0.08

Left ventricular end

systolic diameter (mm)

1.55 ± 0.09 1.43 ± 0.09

Fractional shortening (%) 39.8 ± 2.2 49.0 ± 2.8*

Stroke volume (lL) 16.9 ± 1.2 24.7 ± 1.9*

Ejection fraction (%) 75.3 ± 2.6 83.3 ± 2.5*

Cardiac output (mL min�1) 5.65 ± 0.42 7.33 ± 0.62

N = 8 hearts per group. Values presented as means ± SEM.

*P < 0.05 vs. wild-type.

Figure 2 Myofilaments from CapZ-deficient transgenic

mouse hearts demonstrate increased calcium sensitivity. Car-

diac myofilaments were isolated from wild-type and CapZ-

deficient mice and function measured using an actomyosin

MgATPase activity assay. CapZ-deficient myofilaments were

more sensitive to calcium, as evidenced by the leftward shift

in the actomyosin MgATPase–calcium curves. Summary val-

ues are presented in Table 3.

Table 3 Actomyosin MgATPase parameters of wild-type and

CapZ-deficient transgenic mouse hearts

Wild-type

CapZ-deficient

transgenic

Maximum activity

(nM Pi min�1 mg�1 protein)

218 ± 7 202 ± 4

EC50 (lM calcium) 0.98 ± 0.03 0.79 ± 0.02*

Hill coefficient 2.40 ± 0.14 2.53 ± 0.15

N = 8 hearts per group. Values presented as means ± SEM.

*P < 0.05 vs. wild-type.
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ventricular end diastolic and systolic diameters were

decreased after isoproterenol injections, indicating an

increase in contractility. Fractional shortening

increased with b-adrenergic receptor activation of

wild-type hearts, while stroke volume decreased at all

doses of isoproterenol. Ejection fraction increased in

wild-type mouse hearts exposed to isoproterenol.

The effects of b-adrenergic receptor activation in

CapZ-deficient transgenic mice were generally consis-

tent with those seen in wild-type animals (Fig. 3).

Heart rate was significantly elevated at all doses. The

reductions in left ventricular diameters were compara-

ble to those changes seen in wild-type mice. While

fractional shortening values were similar between

wild-type and transgenic mice at all doses of isoprote-

renol, the baseline value for CapZ-deficient transgenic

hearts was significantly higher. By contrast, the ele-

vated stroke volume in CapZ-deficient transgenic

mouse hearts was decreased to levels that were similar

to wild-type hearts.

Changes in cardiac myofilament function following

b-adrenergic receptor activation

Myofilaments were isolated from hearts after treat-

ment with isoproterenol, and its function assessed

using an actomyosin MgATPase assay. In wild-type

hearts, myofilament calcium sensitivity decreased with

b-adrenergic receptor activation, as evidenced by the

rightward shift in the ATPase–calcium curves

(Fig. 4a). CapZ-deficient myocardium also demon-

strated significant isoproterenol-dependent decreases

in myofilament calcium sensitivity (Fig. 4b), but the

effects were somewhat dampened at 8 and 12 lg kg�1

doses, as compared to wild-type myofilaments. Treat-

ment with 4 lg kg�1 isoproterenol produced similar

EC50 values in wild-type and CapZ-deficient myofila-

ments, although the change in wild-type myofilaments

was not statistically significant. At 8 and 12 lg kg�1

doses, EC50 values for CapZ-deficient transgenic and

wild-type myofilaments were significantly different

from controls (Fig. 4c). Actomyosin MgATPase activ-

ity at saturating levels of calcium was not affected by

b-adrenergic receptor agonism (data not shown).

Myofilament protein phosphorylation changes with

b-adrenergic receptor stimulation

Acute b-adrenergic receptor activation is well known

to increase the phosphorylation of the myofilament

proteins myosin-binding protein C (MyBP-C) and

troponin I (TnI). In wild-type hearts, we found signifi-

cant increases in the phosphorylation levels of both

proteins at the 4 lg kg�1 dose, as compared to con-

trols (Fig. 5). At 8 and 12 lg kg�1, only TnI main-

tained a statistically significant increase in

phosphorylation, while MyBP-C phosphorylation was

not significantly elevated (P = 0.16 and 0.19 for 8 and

12 lg kg�1 doses respectively). By contrast, CapZ-

deficient transgenic myofilaments exhibit statistically

significant increases in the phosphorylation of both

MyBP-C and TnI at all three doses of isoproterenol,

as compared to CapZ-deficient transgenic controls

(Fig. 5). TnT phosphorylation was not significantly

affected at any dose in either wild-type or CapZ-

deficient transgenic myofilaments.

Discussion

Z-discs have emerged as critical intracellular signalling

junctions in cardiac myocytes. Our group has previ-

ously identified a novel role of the Z-disc protein CapZ

as a regulator of PKC signalling in the heart (Pyle et al.

2002, 2006). Here, we explored the potential link

between CapZ and PKA-dependent regulation of myo-

cardial function using a unique CapZ-deficient trans-

genic mouse model. Echocardiographic assessment of

CapZ-deficient transgenic mice revealed the novel find-

ing that hearts from these mice are hypercontractile,

with enhanced fractional shortening, ejection fractions

and stroke volumes. The increase in contractility allows

for a lower resting heart rate while maintaining cardiac

output. Increased myofilament calcium sensitivity in

myocardium from CapZ-deficient transgenic mice

likely contributes to the observed enhancement in heart

function. b-Adrenergic receptor activation had similar

effects on whole heart contractility, and myofilament

activation was similarly affected in both wild-type and

CapZ-deficient transgenic mice. Despite the compara-

ble functional changes, myofilament protein phosphor-

ylation profiles were different in CapZ-deficient

transgenic mice as MyBP-C phosphorylation was

increased at all doses, unlike wild-type myofilaments.

Together, these findings indicate that b-adrenergic
receptor activation yields the comparable functional

changes in wild-type and CapZ-deficient hearts, but

that the intracellular mechanisms that mediate these

effects are incongruent.

Some of the characteristic intracellular changes asso-

ciated with b-adrenergic receptor activation are a

reduction in myofilament calcium sensitivity and

increased twitch relaxation (Layland et al. 2005).

These myofilament changes are typically attributed to

the PKA-dependent phosphorylation of TnI at two

amino-terminal serines (S23/S24). However, the

regulation of cardiac myofilament function by the

b-adrenergic system is not an isolated pathway, as

Roman and colleagues have noted that transgenic mice

expressing nonphosphorylatable alanines at positions

43 and 45 demonstrate an insignificant response to
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Figure 3 Changes in myocardial function in wild-type and CapZ-deficient transgenic mouse hearts following b-adrenergic

receptor activation. Wild-type and CapZ-deficient transgenic mice were treated with variable doses of the b-adrenergic receptor

agonist isoproterenol. (a) Heart rate increased in a dose-dependent fashion in both wild-type and CapZ-deficient transgenic

mice. (b) End diastolic diameter decreased significantly in wild-type mice following isoproterenol treatment, as it did in CapZ-

deficient transgenic mice. (c) End systolic diameter decreased in both wild-type and CapZ-deficient transgenic mice with b-adren-

ergic receptor activation. (d) Fractional shortening increased significantly with isoproterenol treatment of wild-type hearts.

CapZ-deficient transgenic mice also showed increased fractional shortening with isoproterenol exposure, but the absolute

changes were modestly decreased, in part because of the higher baseline value. (e) Stroke volume was significantly decreased in

wild-type mouse hearts after isoproterenol injection. The decline in stroke volume was larger in CapZ-deficient transgenic mouse

hearts, although the absolute values were similar to wild-type after b-adrenergic receptor activation. (f) Isoproterenol increased

ejection fraction in both wild-type and CapZ-deficient transgenic mouse hearts. The higher baseline value in CapZ-deficient

transgenic mouse hearts yielded smaller per cent changes, as compared to wild-type. All values are presented as means ± SEM.

N = 8 for each dose. *P < 0.05 vs. baseline.
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isoproterenol (Roman et al. 2004). On the basis of this

work, we hypothesized that CapZ-deficient transgenic

mice, which exhibit impaired PKC control of cardiac

myofilaments, would respond poorly to isoproterenol

stimulation. Although some myocardial changes

appeared to be altered in the transgenic mice, many of

the functional parameters had different baselines, and

the levels reached following b-adrenergic receptor acti-

vation were in fact similar to wild-type. One explana-

tion for the discrepancy between our study and that by

Roman et al. could be the degree to which PKC-depen-

dent regulation of myofilament function is blocked.

Mutation of the phosphorylatable serines to unphosph-

orylatable alanines does not allow PKC to modify these

residues. The CapZ-deficient transgenic mice, while ini-

tially thought to possess cardiac myofilaments that

were insensitive to PKC (Pyle et al. 2002), have proven

to be responsive to some PKC isoforms (Pyle et al.

2006). Because the various PKC isoforms found in the

heart can phosphorylate multiple sites within the tropo-

nin complex, it is possible that our CapZ-deficient

transgenic mice maintain their phosphorylation levels

at serines 43 and 45 courtesy of an unaffected PKC iso-

form and thus retain an ability to respond to b-adrener-
gic activated PKA.

Echocardiographic assessment of cardiac function

revealed significant increases in myocardial contractil-

ity of CapZ-deficient transgenic mice. These findings

are consistent with the myofilament function data also

presented here, showing an increase in myofilament

calcium sensitivity with reduced CapZ protein. Our

previous work has found that a reduction in cardiac

CapZ protein levels reduces the ability of PKC to inhi-

bit myofilament activation (Pyle et al. 2002, 2006).

Together, these data create a mechanistic model

in which reduced levels of cardiac CapZ impairs

PKC-dependent myofilament inhibition and allows

increased myocardial contractility.

b-Adrenergic receptor activation increases myocar-

dial contractility and heart rate in wild-type mice. We

hypothesized that the downregulation of cardiac CapZ

protein would interfere with this regulatory pathway,

by virtue of the impaired PKC signalling identified in

these mice (Pyle et al. 2006). Most of the functional

parameters examined by echocardiography showing

parallel changes in wild-type and CapZ-deficient

transgenic mice following isoproterenol treatments.

One notable exception was the insignificant increase

in fractional shortening in the CapZ-deficient trans-

genic mice. On its face, this result is consistent with

our hypothesized disruption of b-adrenergic signalling;

however, closer examination reveals that the lack of

significant change in fractional shortening is likely due

to the higher baseline present in CapZ-deficient trans-

genic mice.
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Figure 4 b-Adrenergic receptor activation decreases myofila-

ment calcium sensitivity in both wild-type and CapZ-deficient

transgenic mice. (a) Cardiac myofilaments isolated from

wild-type hearts treated with isoproterenol demonstrated sig-

nificant decreases in myofilament calcium sensitivity, as dem-

onstrated by the rightward shift in the actomyosin

MgATPase activity–calcium curves. (b) CapZ-deficient trans-

genic mouse myofilaments exhibited an increase in myofila-

ment calcium sensitivity at baseline, compared to untreated

wild-type cardiac myofilaments. Treatment with isoprotere-

nol decreased cardiac myofilament calcium sensitivity in

CapZ-deficient transgenic cardiac myofilaments. (c) EC50 val-

ues increased with isoproterenol treatment in both wild-type

and CapZ-deficient transgenic mouse cardiac myofilaments.

All values are presented as means ± SEM. N = 6 for each

dose. *P < 0.05 vs. baseline.
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We have previously shown that a reduction in

cardiac CapZ attenuates the regulation of cardiac

myofilaments by PKC, but that the decreased sensitivity

to PKC is not associated with a decrease in myofila-

ment-associated PKC anchoring protein (Pyle et al.

2002, 2006). We have proposed that CapZ may
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Figure 5 b-Adrenergic receptor-dependent changes in myofilament protein phosphorylation are altered in CapZ-deficient trans-

genic mice. Mice were treated with isoproterenol and cardiac myofilament phosphorylation levels examined by ProQ Diamond

staining. (a) Cardiac myofilaments from wild-type mouse hearts exhibited increased phosphorylation (left) levels of myosin-bind-

ing protein C (MyBP-C) and troponin I (TnI), but not troponin T (TnT). TnI phosphorylation remained elevated at all

treatments of isoproterenol, while MyBP-C increases were not significant at 8 and 12 lg kg�1 doses. Actin bands from Coomas-

sie-stained gels (right) were used to determine protein loading. (b) Myofilaments from CapZ-deficient transgenic mouse hearts

demonstrated similar increases in TnI phosphorylation (left) as seen in wild-type samples. MyBP-C phosphorylation remained

elevated at all isoproterenol doses, and TnT exhibited no significant changes at any dose. Protein loading was controlled for by

Coomassie staining (right) of gels. Panels (c–e) represent summary phosphorylation values of each myofilament protein. All

values are presented as means ± SEM. N = 6 for each dose. *P < 0.05 vs. baseline.
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influence PKC-dependent myofilament regulation by

altering the structure of cardiac myofilament pro-

teins, in particular filamentous actin (Pyle et al.

2002). Actin-binding proteins induce structural

changes not only in the monomer(s) to which they

bind, but throughout the actin filament (Way et al.

1989, Orlova et al. 1995, Prochniewicz et al. 1996).

These changes in actin structure transfer to associ-

ated regulatory proteins such as troponin and tropo-

myosin (Saeki et al. 1996) and may affect their

structural states. Altering the structure of myofila-

ment regulatory proteins has the potential to impact

their phosphorylation status either by hiding pre-

ferred amino acid targets, or by exposing sites that

are typically blocked. In this event, the phosphoryla-

tion status of the myofilament proteins could be

altered, while retaining the ability to regulate cardiac

myofilament function. In the current study, we pres-

ent data that show a shift in the phosphorylation

patterns of myofilaments deficient in cardiac CapZ

following b-adrenergic receptor activation. These

findings show that the myofilaments retain their abil-

ity to be regulated by b-adrenergic receptors, but

that the intracellular targets are different, findings

that are consistent with a model of structural altera-

tions. However, further investigations are required to

better characterize the role of CapZ in influencing

myofilament architecture and protein structure.

The role of the cardiac Z-disc protein CapZ has

evolved from a simple sarcomeric anchor, to an impor-

tant regulator of myofilament structure and function.

Large reductions in CapZ protein levels lead to myo-

fibrillar disarray and animal death (Hart & Cooper

1999), developments that underscore the importance

of CapZ in maintaining the structural integrity of car-

diac myocytes. Our previous work has uncovered a

novel role of CapZ, as a regulator of intracellular sig-

nalling (Pyle et al. 2002, 2006, Yang et al. 2008), and

we have recently noted that a modest reduction in

CapZ protein offers some protection against myocar-

dial stress (Yang & Pyle 2011). Although these studies

suggest some potential in targeting cardiac CapZ pro-

tein in the therapeutic management of myocardial dys-

function, such a step must be preceded by a detailed

understanding of the signalling pathways affected by

CapZ and the role CapZ plays in altering molecular

communication within the cardiac myocyte.
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