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Altered intracellular Ca2+ regulation in chronic rat heart failure
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Abstract Altered intracellular Ca2? handling by the sar-

coplasmic reticulum (SR) plays a crucial role in the patho-

genesis of heart failure (HF). Despite extensive effort, the

underlying causes of abnormal SR Ca2? handling in HF have

not been clarified. To determine whether the diastolic SR Ca2?

leak along with reduced Ca2? reuptake is required for

decreased contractility, we investigated the cytosolic Ca2?

transients and SR Ca2? content and assessed the expression of

ryanodine receptor (RyR2), FK506 binding protein

(FKBP12.6), SR-Ca2? ATPase (SERCA2a), and L-type Ca2?

channel (LTCC) using an SD-rat model of chronic HF. We

found that the cytosolic Ca2? transients were markedly

reduced in amplitude in HF myocytes (DF/F0 = 12.3 ± 0.8)

compared with control myocytes (DF/F0 = 17.7 ± 1.2,

P \ 0.01), changes paralleled by a significant reduction in

the SR Ca2? content (HF: DF/F0 = 12.4 ± 1.1, control:

DF/F0 = 32.4 ± 1.9, P \ 0.01). Moreover, we demon-

strated that the expression of FKBP12.6 associated with

RyR2, SERCA2a, and LTCC was significantly reduced in rat

HF. These results provide evidence for phosphorylation-

induced detachment of FKBP12.6 from RyRs and down-

regulation of SERCA2a and LTCC in HF. We conclude that

diastolic SR Ca2? leak (due to dissociation of FKBP12.6 from

RyR2) along with reduced SR Ca2? uptake (due to down-

regulation of SERCA2a) and defective E-C coupling (due to

down-regulation of LTCC) could contribute to HF.
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Abbreviations

ACT Action potential-induced Ca2? transients

CCT Caffeine-induced Ca2? transients

CICR Ca2?-induced Ca2? release

E-C coupling Excitation-contraction coupling

FKBP12.6 12.6 kDa FK506 binding protein

HF Heart failure

LTCC L-type Ca2? channel

NCX Na?-Ca2? exchanger

PKA Protein kinase A

RyR Ryanodine receptor

SERCA2a SR-Ca2?ATPase

SR Sarcoplasmic reticulum
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Introduction

Heart failure (HF) and sudden cardiac death are escalating

major health problems worldwide. HF is a chronic syn-

drome characterized by fatigue, peripheral edema, pul-

monary congestion, and shortness of breath, caused by a

reduction in the ability of the heart to provide adequate

blood flow to match the metabolic requirements of the

organs [1]. Among a variety of factors, abnormal intra-

cellular Ca2? handling by the sarcoplasmic reticulum (SR)

plays a crucial role in the pathogenesis of HF [2].

In the normal heart, intracellular Ca2? movements

critically regulate subsequent mechanical contractions. It is

clear that activation of the contractile apparatus by calcium

ions involves a molecular rearrangement of contractile

proteins leading to altered protein-protein interactions in

the thin filament. These events ultimately lead to strong

cross-bridge binding, ATP hydrolysis by myosin, force

development, and mechanical work generation. In cardiac

excitation-contraction (E-C) coupling, a small amount of

Ca2? first enters through the L-type Ca2? channel (LTCC)

during membrane depolarization. This Ca2? influx triggers

a large-scale Ca2? release through the Ca2? release chan-

nel of the SR, referred to as the ryanodine receptor (RyR).

This process is known as Ca2?-induced Ca2? release

(CICR). The released Ca2? then binds to the troponin C

within the myofilaments, which induces activation of the

myofilaments and a consequent muscle contraction [3, 4].

Relaxation is initiated by dissociation of Ca2? from tro-

ponin C, followed by its reuptake into the SR through

phospholamban-regulated (PLB-regulated) Ca2? ATPase

(SERCA2a) and subsequent trans-sarcolemmal Ca2?

removal through the Na?/Ca2? exchanger (NCX) operating

in its forward mode [5]. The whole process of Ca2?

movement is characterized by a transient increase in

intracellular [Ca2?] from 100 nM to about 1 lM.

Heart failure occurs when there is a reduction in cardiac

output that is inadequate to meet the metabolic demands of

the body. Although there are many etiologies of HF, it is

generally agreed that the reduced amplitude and prolonged

duration of the systolic Ca2? transient account for, or

contribute to, the reduced contractile force generated by the

failing heart [6, 7]. The SR Ca2? content reflects the bal-

ance between Ca2? uptake and Ca2? efflux. Some reports

suggest that the reduction of SR Ca2? content has been

attributed to depressed SERCA2a function and/or enhanced

NCX activity during HF [8, 9]. These changes are expected

to facilitate Ca2? removal from the cell at the expense of its

uptake into the SR and result in under-filled SR Ca2? stores

in HF. Another potential cause of reduced SR Ca2? content

is enhanced diastolic leak of Ca2? via the RyRs [10, 11].

Although extensive investigations of both mechanisms

have been reported, the results from these studies are not

always in agreement. Furthermore, direct experiments

concerning the other Ca2? regulatory proteins is lacking.

Therefore, further studies are needed to determine the

mechanisms of altered Ca2? handling in HF.

In this study, a rat model of chronic HF was used to

examine intracellular Ca2? cycling and the expression of

the major SR Ca2? handling proteins at the subcellular and

molecular levels, respectively. The results show that

enhanced SR Ca2? leak via RyR2s and reduced SR Ca2?

uptake are primary factors in abnormal intracellular Ca2?

handling during HF. At the same time, defective E-C

coupling (due to down-regulation of LTCC) may also be

involved in the progression of HF.

Materials and methods

Animal model preparation

Adult male SD rats weighing 200–250 g were housed in an

accredited laboratory animal facility, and all procedures

were performed in accordance with the protocols approved

by the Institutional Animal Care and Use Committee of the

Second Military Medical University. Rats were random-

ized to receive either myocardial infarction [12] or a sham

procedure. Rats were deeply anesthetized with intraperi-

toneal injection of 10% chloral hydrate (3.5 ml/kg).

Following intubation and placement on a respirator, a left

lateral thoracotomy was performed in the fourth intercostal

space, and a ligature (5.0 nylon suture) was placed around

the left anterior descending coronary artery 2 mm below its

origin. Ischemia was verified by visual inspection, the chest

was closed, and the rat was extubated and returned to its

cage. Sham-operated animals underwent the same proce-

dure without ligation of the left anterior descending coro-

nary artery.

Assessment of hemodynamics and heart weight

Twenty-eight days after myocardial infarction, the rats

were anesthetized with 10% chloral hydrate and placed on

a pad. A micromanometer catheter was introduced into the

right carotid artery and advanced across the aortic valve

into the left ventricular cavity to record left ventricular

pressures. Left ventricular end-diastolic pressure (LVEDP)

and the maximum rates of contraction (dp/dtmax) and

relaxation (dp/dtmin) were derived from the left ventricular

pressure pulse. Each hemodynamic evaluation was com-

pleted within 20–30 min. At the termination of the func-

tional study, the heart was removed and weight was

obtained.
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Cell dissociation and patch-clamp study

Single cardiomyocytes of the rat heart were isolated by an

enzymatic dissociation method [13]. The heart was

removed from the open chests of rats anaesthetized with

10% chloral hydrate and mounted on a modified Lange-

ndorff perfusion system for retrograde perfusion with

Ca2?-free Tyrode’s solution; then the heart was perfused

with the solution containing collagenase II and bovine

serum albumin for about 8–10 min. After digestion, ven-

tricular myocardium tissue was cut into small pieces in the

modified KB solution [14] and gently shaken to dissociate

cells. All experiments were conducted at room temperature

(20–22�C).

Whole-cell patch clamp recordings of transmembrane

ionic currents were performed with an EPC10 amplifier

(HEKA Instruments, Germany). Cardiomyocytes were

placed in a perfusion chamber. Patch electrodes were

fabricated from borosilicate glass with a micropipette

puller. Its resistance was 2–4 MX when the electrode was

filled with the pipette solution. The potential of the

electrode was adjusted to zero current between the pipette

solution and the bath solution immediately before seal

formation. After obtaining a gigaseal, a suction pulse

was applied to establish the whole-cell mode. Command

pulses were delivered and data were acquired with a

patch-clamp amplifier controlled by the PULSE software

connected to a computer. In the end, data analysis was

performed.

Dosing system

Sarcoplasmic reticulum Ca2? release was measured by the

method of caffeine perfusion. In the experiment, caffeine

(20 mM) perfused the cardiomyocytes with the extracel-

lular solution. The perfusion device used was the dosing

system, whose dosing head was put to target cardiomyo-

cyte at lower reach about 200 lm. Before perfusion, the

dosing head rapidly moved to target cardiomyocyte at

lower reach 100 lm. When caffeine triggered the release of

SR Ca2?, the record of the most significant range of Ca2?

transients was SR Ca2? content.

Laser scanning confocal microscope analysis

Intracellular Ca2? imaging was performed using a Leica

TCS SP2 confocal microscope (Leica, Germany) in line-

scan mode. To monitor the cytosolic Ca2? levels, cardio-

myocytes were loaded with 10 lM Fluo-3 for 30 min.

Fluo-3 was excited by the 488 nm line of an argon-ion

laser, and the fluorescence was acquired at wavelengths of

500–560 nm.

Patch-clamp and laser scanning confocal microscope

synchronous recording system

Patch-clamp and confocal microscope synchronous

recording system software (researched and developed by

our department) was used to record transmembrane

Ca2? currents (ICa�L) and intracellular Ca2? sparks

simultaneously.

For quantitative studies, the temporal dynamics in

fluorescence were expressed as DF/F0 = (F – F0)/F0,

where F represents fluorescence at time t and F0 stands for

baseline fluorescence.

Real-time quantitative RT-PCR analysis

The mRNA levels of RyR2, FKBP12.6, SERCA2a, and

LCTT were measured using real-time quantitative RT-

PCR. The total RNA was extracted from the homogenate

using TRIzol reagent and reversely transcribed to cDNA by

using reverse transcriptase according to previous publica-

tions and the manufacturer’s instructions [15]. Reverse

transcription was performed in a 30 ll reaction mixture at

40�C for 60 min and 70�C for 10 min. The total volume of

the PCR reaction was 50 ll and was composed of the

following: 1 ll cDNA, 2 mmol/L MgCl2, 20 mmol/L each

dNTP, 0.2 nmol/L each primer, 2 units DNA Taq poly-

merase, and the appropriate buffer.

Real-time PCR was carried out on a real-time quanti-

tative PCR system (FTC2000, Canada) for the detection of

PCR products. The temperature profile was as follows:

93�C for 4 min, followed by 40 cycles of 93�C for 20 s,

60�C for 30 s, and 72�C for 45 s. At the end of each

extension step, the fluorescence intensity was read on the

light cycler. Melting curve analyses were created following

the final PCR cycle to confirm the presence of a single PCR

product. In the experiment, GAPDH mRNA was used as

the internal control for each sample since it was consis-

tently expressed in all the cells. The specific primers were

as follows: for RyR2, sense 50-TAACCTACCAGGCCG

TGGAT-30, antisense 50-GCTGCGATCTGGATAAGTTC

AA-30; for FKBPl2.6, sense 50-TGCAGGTGGAGACCAT

CTCTT-30, antisense 50-TCTTCAAGCATCCCCGTGTA

G-30; for SERCA2a, sense 50-CTGGCCGACGACAACT

TCTC-30, antisense 50-TGAGGTAGCGGATGAACTGC

TT-30; for LTCC, sense 50-CATCTTTGGATCCTTTTTC

GTTCT-30, antisense 50-TCCTCGAGCTTTGGCTTTCT

C-30; and for GAPDH, sense 50-TGGAGTCTACTGGCG

TCTT-30, antisense 50-TGTCATATTTCTCGTGGTTCA-30.

Coimmunoprecipitation and Western blotting analysis

Cell lysates (RyR2–FKBP12.6) were incubated with

Protein G PLUS-Agarose that was pre-bound with 1 ll of
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anti-RyR antibody overnight at 4�C. Then the beads were

washed three times with ice-cold buffer, each time for

10 min. The proteins bound to the Sepharose beads were

then solubilized by the addition of Laemmli’s sample

buffer plus 5% (v/v) b-mercaptoethanol and boiled for

5 min. The samples were then separated on sodium dode-

cyl sulphate gel electrophoresis (SDS/PAGE) (6% separa-

tion gel for RyR2, 15% separation gel for FKBP12.6). The

SDS/PAGE-resolved proteins were transferred to nitrocel-

lulose membranes at 30 mA for 16.5 h at 4�C. The nitro-

cellulose membranes containing the transferred proteins

were blocked for 1 h with PBS containing 0.5% Tween-20

and 5% (w/v) skimmed milk. The blocked membranes

were then incubated with anti-RyR or anti-FKBP anti-

bodies (both 1:1,000) for 1 h and washed three times for

5 min in PBS containing 0.5% Tween-20. The membrane

was then incubated with the appropriate horseradish per-

oxidase-conjugated secondary antibody (1:5,000) for 1 h.

After washing three times for 5 min each in PBS con-

taining 0.5% Tween-20, the RyR2 or FKBP12.6 proteins

were detected by enhanced chemiluminescence (ECL).

Band densities were quantified by using LabWorks4.6

software (PerkinElmer). The level of SERCA2a protein

was also determined by immunoblot analysis. Cell lysate

proteins were subjected to SDS 8% PAGE, blotted

onto nitrocellulose membranes, and probed with anti-

SERCA2a.

Drugs and solutions

Fluo-3/AM was purchased from Biotium; TRIzol reagent

was purchased from Invitrogen Life Technologies (USA);

Protein G PLUS-Agarose (lot number #B2009) and Normal

Mouse IgG (lot number #I2208) were purchased from

Santa Cruz; RyR antibody (lot number 660277), FKBP12

antibody (lot number 584394), and SERCA2a antibody (lot

number 629766) were purchased from Abcam; and colla-

genase II was purchased from Worthington (USA).

All other reagents were purchased from Sigma (USA).

The composition of the Ca2?-free Tyrode’s solution was

(in mM) NaCl 135, KCl 5.4, MgCl2 1.0, NaH2PO4 0.33,

glucose 5.0, and HEPES 5.0 (pH 7.3). The composition of

the digestion solution was Ca2?-free Tyrode’s solution

25 ml, collagenase II 15 mg, BSA 50 mg, and 72 mmol/L

CaCl2 20 ll. The composition of the modified KB solution

was (in mM) KOH 80, L-glutamic acid 50, KCl 30, taurine

20, KH2PO4 30, MgCl2 3, glucose 10, EGTA 0.5, and

HEPES 10 (pH 7.3). The external solution contained (in

mM) NaCl 133.5, CsCl 4.0, CaCl2 1.8, MgCl2 1.2, HEPES

10, and glucose 11.1 (pH 7.3). Patch pipettes were filled

with a solution that contained (in mM) CsCl 120, TEA–Cl

10, Na2ATP 5, MgCl2 6.5, Tris GTP 0.1, and HEPES 10

(pH 7.2).

Statistical analysis

All data are presented as mean ± SEM, and t-test was used

for the statistical analyses. P-values of \0.05 were con-

sidered significant.

Results

Characterization of cardiac function

Hemodynamic responses were assessed in control rats and

HF rats (Table 1). There was a significant decrease in the

maximum change in systolic pressure over time (dp/dtmax)

in HF rats (2,001.54 ± 210.02 mmHg/s, n = 15) com-

pared with control rats (4,554.79 ± 203.26 mmHg/s,

n = 10, P \ 0.01). Furthermore, there was a significant

increase in heart weight (HW) divided by body weight

(BW) in HF rats (6.87 ± 0.36, n = 15) compared with

control rats (3.25 ± 0.29, n = 10, P \ 0.01) (Table 1).

Measurement of action potential-induced

Ca2? transients

Depolarization-induced long-lasting calcium current (ICa�L)

and spatially resolved intracellular Ca2? transients (action

potential-induced Ca2? transients, ACT) were measured

in cardiomyocytes dialyzed with Fluo-3/AM. They show

representative traces of ICa�L and confocal line-scan images

along with the spatial average of Ca2? transients recorded

during a depolarizing step from -40 to ?10 mV in cardiac

myocytes from control and failing hearts. The amplitude of

ICa�L was lower in HF myocytes (0.59 ± 0.05, n = 20

cells from ten HF hearts) compared with control

Table 1 Assessment of cardiac function in control and heart failure

(HF) rats

Control (sham) HF

Number 10 15

BW (g) 229.1 ± 9.2 231.7 ± 9.6

HW/BW (mg/g) 3.25 ± 0.29 6.87 ± 0.36**

HR (beats/min) 405 ± 14 425 ± 21*

LVEDP (mmHg) 4.8 ± 1.5 8.3 ± 2.2**

dp/dtmax (mmHg/s) 4,554.79 ± 203. 26 2,001.54 ± 210.02**

dp/dtmin (mmHg/s) -2,516.23 ± 231.87 -1,740.48 ± 229.15**

BW Body weight, HW heart weight, HR heart rate, LVEDP left

ventricular end-diastolic pressure, dp/dtmax maximum change in

systolic pressure over time, dp/dtmin maximum change in the rate of

relaxation over time

Data are presented as mean ± SEM. 1 mmHg = 0. 133 kPa

** P \ 0.01 HF versus control, *P \ 0.05 HF versus control
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Fig. 1 Recordings of ICa�L in

control (a) and HF group (b).

The average current was

1.28 ± 0.07 in control and

0.59 ± 0.05 in HF myocytes

(c). (P \ 0.01, n = 16 cells

from eight control hearts,

n = 20 cells from ten HF

hearts). The current was

obtained in response to a

400 ms depolarizing step to

?10 mV after a prepulse

to -40 mV for 300 ms

Fig. 2 Representative

confocal line-scan images of

Ica�L-induced Ca2? transients

in control (a) and HF group (b).

3D images of ICa�L-induced

Ca2? transients in control (c)

and HF group (d)

Fig. 3 The spatial averages of

ICa�L-induced Ca2? transients in

control (a) and HF group (b).

The average amplitudes (DF/F0)

of ICa�L-induced Ca2? transients

were 17.7 ± 1.2 in control and

12.3 ± 0.8 in HF myocytes (c).

(P \ 0.01, n = 10 cells from

five control hearts, n = 12 cells

from six HF hearts)
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(1.28 ± 0.07, n = 16 cells from eight control hearts,

P \ 0.01) (Fig. 1a–c). Moreover the amplitude of Ca2?

transients was also reduced in the HF group (Fig. 2a–d).

There was a significant decrease in spatial averages

(DF/F0) of ICa�L-induced Ca2? transients in HF (12.3 ±

0.8, n = 12 cells from six HF hearts) compared with

control (17.7 ± 1.2, n = 10 cells from five control hearts,

P \ 0.01) (Fig. 3a–c).

Measurement of SR Ca2? content

Isolated cardiomyocytes were loaded with Fluo-3/AM

and rapidly perfused with caffeine (20 mM) using the

dosing system. SR Ca2? content can be measured in

terms of caffeine-induced Ca2? transients (CCT) during

the diastolic phase [16]. The images show that the

amplitude of Ca2? transients was reduced in the HF

group (Fig. 4a–d). Caffeine-induced Ca2? transients

(DF/F0) were significantly decreased in HF (12.4 ± 1.1,

n = 12 cells from six HF hearts) compared with control

(32.4 ± 1.9, n = 10 cells from five control hearts,

P \ 0.01) (Fig. 5a–c).

mRNA expression of Ca2? handling genes

Real-time quantitative PCR was performed to determine

the relative mRNA expression pattern of RyR2, FKBP12.6,

SERCA2a, and LCTT. We found that the mRNA expres-

sion of RyR2 did not differ in the HF group compared with

the control group. The down-regulation of FKBP12.6,

SERCA2a, and LCTT was established by RT-PCR to be

significantly different (n = 8, P \ 0.01) from the control

(Fig. 6a–d).

Expression of SR Ca2? handling proteins

Immunoblot analyses were performed to determine the

contents of the major SR Ca2? handling proteins RyR2,

FKBP12.6, and SERCA2a in the control and HF groups.

The association of FKBP12.6 with RyR2 was determined

Fig. 4 Representative confocal

line-scan images of caffeine-

induced Ca2? transients in

control (a) and HF group (b).

3D images of caffine-induced

Ca2? transients in control (c)

and HF group (d)

Fig. 5 The spatial averages of

caffeine-induced Ca2?

transients in control (a) and HF

group (b). The average

amplitudes (DF/F0) of caffeine-

induced Ca2? transients were

32.4 ± 1.9 in control and

12.4 ± 1.1 in HF myocytes (c).

(P \ 0.01, n = 10 cells from

five control hearts, n = 12 cells

from six HF hearts)
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firstly by immunoprecipitation using an anti-RyR antibody,

followed by immunoblotting with an anti-FKBP12 anti-

body. Compared with channel complexes from control rats,

the expression of RyR2 was not different in HF rats (n = 8,

P [ 0.05) (Figs. 7a, 8a), whereas FKBP12.6 content was

significantly lower in HF rats (n = 8, P \ 0.01) (Figs. 7b,

8b). Furthermore, the expression of SERCA2a was also

lower in HF rats compared with control (n = 8, P \ 0.01)

(Figs. 7c, 8c).

Discussion

In the present study, we investigated the cytosolic Ca2?

transients and SR Ca2? content and assessed the expression

of LTCC and SR Ca2? handling proteins by using an SD-

rat model of chronic HF. Our study shows for the first time

that defective E-C coupling (due to down-regulation of

LTCC), enhanced SR Ca2? leak via RyR2s (due to disso-

ciation of FKBP12.6 from RyR2), and reduced SR Ca2?

uptake via SERCA2a (due to down-regulation of SER-

CA2a) are simultaneously involved in the progression

of HF.

Calcium homeostasis is the maintenance of stable

intracellular calcium levels during systole and diastole and

is governed by numerous proteins that regulate the flow of

calcium ions among the extracellular space, cytoplasm, and

intracellular stores. Many studies have shown that the

amplitude of the systolic Ca2? transient depends on the SR

Ca2? content [17–19]. SR Ca2? content depends directly

on the relative power of Ca2? uptake into the SR (by the

SERCA2a) and release (by the RyR). However it will also

depend indirectly on the Ca2? efflux from the cell (largely

by NCX) and the influx (largely by the L-type Ca2? cur-

rent). Therefore, potential contributors to the decreased SR

Ca2? content in HF include reduced SERCA2a function,

enhanced NCX Ca2? extrusion activity, and/or increased

SR Ca2? leak.

In our study, we found that the cytosolic Ca2? transients

were markedly reduced in amplitude in HF myocytes (DF/

F0 = 12.3 ± 0.8, n = 12 cells from six HF hearts) com-

pared with control myocytes (DF/F0 = 17.7 ± 1.2, n = 10

Fig. 6 Relative expression of

Ca2? handling genes RyR2 (a),

FKBP12.6 (b), SERCA2a (c),

and LTCC (d) in control and HF

myocytes. (P \ 0.01, n = 8)

Fig. 7 Coimmunoprecipitation of RyR2 and FKBP12.6 in cardiac

muscle. RyR2 was immunoprecipitated from solubilized myocytes.

Immunoblots were probed with mouse anti-RyR and rabbit anti-

FKBP antibodies for the presence of RyR2 (a) and FKBP12.6 (b),

respectively. Expression of SERCA2a (c) and GAPDH (d) in control

and HF myocytes. Arrows on the left indicate the position of

molecular weight marker run in parallel to indicate protein migration

on the gel
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cells from five control hearts, P \ 0.01), changes paral-

leled by a significant reduction in the SR Ca2? content (HF:

DF/F0 = 12.4 ± 1.1, n = 12 cells from six HF hearts;

control: DF/F0 = 32.4 ± 1.9, n = 10 cells from five con-

trol hearts, P \ 0.01). These alterations in Ca2? handling

are considered to be hallmarks of HF.

Although recent advances in the field of molecular

biology have shed light on the close relationship between

Ca2? cycling abnormalities and the progression of HF, the

exact molecular causes of HF are still uncertain. The aim of

our study was to determine (1) whether a down-regulation

of LTCC occurs that results in the decreased amplitude of

ICa�L and the reduced Ca2? release, (2) whether the disso-

ciation of FKBP12.6 from RyR2 is required for Ca2? leak,

and (3) in addition to leaky RyR2, whether a down-regu-

lation of the SERCA2a occurs that conspires with leaky

RyR2 to deplete the SR Ca2?.

Depolarization of the plasma membrane by an incoming

action potential activates voltage-gated L-type Ca2?

channels in plasma membrane invaginations called

T-tubules. In the heart, LTCC activation results in a plasma

membrane Ca2? influx current, which triggers RyR2 acti-

vation and SR Ca2? release, referred to as CICR.

The efficiency of the trigger (the size of the inward Ca2?

current) needed to cause Ca2? release from the SR has been

termed E-C coupling gain. In many cases of HF, the E-C

coupling gain seems to be reduced by a functional defect in

LTCC, an increase in the space between LTCC and RyR, a

decrease in SR Ca2?, and/or an abnormality in the channel-

gating property of RyR. Not only the amount of Ca2?

released for a given Ca2? release trigger but also the rate of

Ca2? release may be important for the contractility of the

myofilaments. The present study shows that the expression

of LTCC seems to be reduced in HF rats (n = 20 cells

from ten HF hearts, n = 16 cells from eight control hearts,

P \ 0.01), which leads to the decreased amplitude of ICa�L
and the reduced Ca2? release.

In addition to defects in E-C coupling, heart failure is

characterized by changes in cardiac myofibrillar protein

function. There is ample evidence to support the notion that

the biochemical properties of the cardiac cell and indeed

the cardiac sarcomere itself are responsible for mechanical

properties of the heart [20, 21].

In mammalian cardiac muscle, the SR is the major source

of the calcium that activates contraction. Calcium is

released from the SR through a channel known as the RyR.

There are three RyR isoforms in mammals. RyR1 is the

major isoform in skeletal muscle, whereas RyR3 is the

major isoform in the brain and skeletal muscle [22]. RyR2 is

the major isoform found in cardiac muscle and the brain

[23]; it is a macromolecular complex of 2.5 MDa molecular

weight composed of four identical RyR2 monomers. Each

RyR2 protomer contains a large N-terminal regulatory

region that protrudes into the cytoplasm and a C-terminal

that forms a transmembrane pore channel. The N-terminal

domain serves as a scaffold for proteins that modulate RyR2

function. The cytoplasmic domain of each subunit has a

binding site for several molecules such as FKBP12.6, PKA,

protein phosphatase 1 and 2A, calmodulin, and sorcin.

These RyR2 binding proteins function to regulate RyR2

activity [24]. On the luminal side of SR, the RyR2 interacts

with calsequestrin, triadin, and junctin. Defective regulation

of channel gating by these key proteins may render the

channel leaky.

Many studies in recent years have suggested that the

properties of the RyR can be altered under both normal and

Fig. 8 Relative amount of Ca2?

handling proteins RyR2 (a),

FKBP12.6 (b), and SERCA2a

(c) in control and HF myocytes.

(P \ 0.01, n = 8)
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abnormal conditions. Modulation of the RyR is critical to

survival and consequently influenced by multiple regula-

tory mechanisms, including PKA-dependent phosphoryla-

tion of RyR [25] and Ca2?-calmodulin-dependent protein

kinase (CaMKII) phosphorylation of RyR [26]; the mech-

anism of latter has not been clarified. The RyR does not

exist in isolation but is coupled to other proteins, including

FKBP12.6, junctin, triadin, and calsequestrin [27], which

may affect its open probability (P0).

FKBP12.6 is one of the important accessory proteins of

RyR2. In the normal condition, FKBP12.6 binds tightly to

RyR2 and stabilizes the channel. Marx et al. demonstrated

that chronic and excess activation of beta-adrenergic

receptor induces PKA-mediated hyperphosphorylation of

RyR2 at serine 2808, which in turn dissociates FKBP12.6

from RyR2, thereby causing Ca2? leak. So, it was suggested

that beta-adrenergic stimulation plays an important role in

modulating the effect of FKBP12.6 [28]. Both beta-blockers

and angiotensin II receptor blockade (ARB) were found to

suppress the hyperadrenergic state, thereby reversing PKA-

mediated hyperphosphorylation of RyR2, restoring the

FKBP12.6-mediated stabilization and inhibiting the Ca2?

leak [29]. Recently, Yano et al. [30] have shown

that JTV519, a 1,4-benzothiazepine derivative, increased

cardiac contractility in an experimental model of heart

failure. JTV519 improved binding of FKBP12.6 to PKA

phosphorylated RyR2, thereby inhibiting abnormal Ca2?

leak.

Several researchers, however, have challenged the role

of FKBP12.6 as a channel stabilizer in various experi-

mental conditions. They believe that phosphorylation at

serine 2808 does not dissociate FKBP12.6 from RyR2, and

the constitutive phosphorylation of serine 2808 by muta-

tions (S2808D) failed to disrupt the FKBP12.6-RyR2

interaction [31]. In our study, we demonstrated that the

expression of RyR2 did not differ between control and HF

rats (n = 8, P [ 0.05), while the expression of FKBP12.6

associated with RyR2 was significantly reduced in HF rats

(n = 8, P \ 0.01). In other words, RyR2 macromolecular

complexes from HF rats were significantly more depleted

of FKBP12.6. These results provide evidence for phos-

phorylation-induced detachment of FKBP12.6 from RyRs

in HF.

In our experiment, the protein expression of FKBP12.6

was dramatically reduced compared with the mRNA

expression. We do not know the exact reason. Gene

expression is the process by which information from a gene

is used in the synthesis of a functional gene product (pro-

tein). Several steps in the gene expression process may be

modulated, including the transcription, RNA splicing,

translation, and post-translational modification of a protein.

We speculated that alteration occurred at the level of post-

translational modification of FKBP12.6.

Another mechanism for restoring cytosolic calcium to

diastolic levels is through reuptake of calcium by the SR

via the SERCA2a, which (to some extent) competes with

the NCX for cytoplasmic calcium. Some research has

demonstrated that the SR Ca2? uptake rate was not sig-

nificantly altered and the expression of SERCA2a was

unchanged in HF myocytes. We found, however, that the

expression of SERCA2a was decreased in HF rats com-

pared with controls (n = 8, P \ 0.01) and was also a

critical factor determining the reduced SR Ca2? content in

HF. Calcium reuptake via SERCA2a is significantly

influenced by phosphorylation. PKA-dependent phosphor-

ylation of phospholamban (PLB) is the likely mechanism

of accelerated relaxation associated with catecholamines

[32]. CaMKII can also accelerate SR calcium reuptake by

phosphorylation of PLB and, possibly, by a mechanism that

does not require PLB [33]. On the other hand, some studies

have suggested that although NCX activity was accelerated

in HF myocytes, these changes could not account for the

altered Ca2? transients. In other words, NCX is not a major

contributor to the reduced SR Ca2? content in HF [34].

Further investigation is still needed to clarify the role of

NCX and other SR Ca2? handling proteins.

In conclusion, diastolic SR Ca2? leak (due to dissocia-

tion of FKBP12.6 from RyR2) along with reduced SR Ca2?

uptake (due to down-regulation of SERCA2a) and defec-

tive E-C coupling (due to down-regulation of LTCC) could

contribute to the decreased contractility observed in failing

hearts associated with reduced amplitude and slowed decay

of the intracellular Ca2? transients.

Acknowledgments We would like to thank Li Lin, An-Jing Ren,

Jin-Song Shi, and Dong-Feng Li for their technical help. This work

was supported by the National Natural Sciences Fund Project of

China (NSFC), and, in part, by the National Program on Key Basic

Research Projects (the 973 Program Project).

References

1. Majeed A, Williams J, de Lusignan S, Chan T (2005) Manage-

ment of heart failure in primary care after implementation of the

National Service Framework for Coronary Heart Disease: a cross-

sectional study. Publ Health 119(2):105–111

2. Wehrens XH, Lehnart SE, Marks AR (2005) Intracellular calcium

release channels and cardiac disease. Annu Rev Physiol 67:69–98

3. Fabiato A (1983) Calcium-induced release of calcium from the

cardiac sarcoplasmic reticulum. Am J Physiol 245(1):C1–C14

4. Bers DM (2002) Cardiac excitation–contraction coupling. Nature

415(6868):198–205

5. Bassani JW, Bassani RA, Bers DM (1994) Relaxation in rabbit

and rat cardiac cells: species-dependent differences in cellular

mechanisms. J Physiol 476(2):279–293

6. Hasenfuss G, Pieske B (2002) Calcium cycling in congestive

heart failure. J Mol Cell Cardiol 34(8):951–969

7. Sipido KR, Eisner D (2005) Something old, something new:

changing views on the cellular mechanisms of heart failure.

Cardiovasc Res 68(2):167–174

J Physiol Sci (2010) 60:85–94 93

123



8. Shannon TR, Ginsburg KS, Bers DM (2002) Quantitative

assessment of the SR Ca2? leak-load relationship. Circ Res

91(7):594–600

9. Houser SR, Margulies KB (2003) Is depressed myocyte con-

tractility centrally involved in heart failure? Circ Res 92(4):350–

358

10. Marx SO, Reiken S, Hisamatsu Y, Jayaraman T, Burkhoff D,

Rosemblit N, Marks AR (2000) PKA phosphorylation dissociates

FKBP12.6 from the calcium release channel (ryanodine receptor)

defective regulation in failing hearts. Cell 101(4):365–376

11. Bers DM, Eisner DA, Valdivia HH (2003) Sarcoplasmic reticu-

lum Ca2? and heart failure roles of diastolic leak and Ca2?

transport. Circ Res 93(6):487–490

12. Tanonaka K, Furuhama KI, Yoshida H, Kakuta K, Miyamoto Y,

Takeo S, Toga W (2001) Protective effect of heat shock protein

72 on contractile function in the perfused failing heart. Am J

Physiol Heart Circ Physiol 281:H215–H222

13. Ohmoto-Sekine Y, Uemura H, Tamagawa M, Nakaya H (1999)

Inhibitory effects of aprindine on the delayed rectifier K? current

and the muscarinic acetylcholine receptor-operated K? current in

guinea-pig atrial cells. Br J Pharmacol 126(3):751–761

14. Nakaya H, Tohse N, Takeda Y, Kanno M (1993) Effects of MS-

551, a new class antiarrhythmic drug, on action potential and

membrane currents in rabbit ventricular myocytes. Br J Phar-

macol 109(1):157–163

15. Qi M, Xia HJ, Dai DZ, Dai Y (2006) A novel endothelin receptor

antagonist CPU0213 improves diabetic cardiac insufficiency

attributed to up-regulation of the expression of FKBPl2.6, SER-

CA2a, and PLB in rats. J Cardiovasc Pharmacol 47:729–735

16. Song L-S et al (2001) Beta-adrenergic stimulation synchronizes

intracellular Ca2? release during excitation–contraction coupling

in cardiac myocytes. Circ Res 88(8):794–801

17. Janczewski AM, Spurgeon HA, Stern MD, Lakatta EG (1995)

Effects of sarcoplasmic reticulum Ca2? load on the gain function

of Ca2? release by Ca2? current in cardiac cells. Am J Physiol

268:H916–H920

18. Trafford AW, Dı́az ME, Negretti N, Eisner DA (1997) Enhanced

calcium current and decreased calcium efflux restore sarcoplas-

mic reticulum Ca2? content following depletion. Circ Res

81(4):477–484

19. Trafford AW, Dı́az ME, Sibbring GC, Eisner DA (2000) Mod-

ulation of CICR has no maintained effect on systolic Ca2?:

simultaneous measurements of sarcoplasmic reticulum and sar-

colemmal Ca2? fluxes in rat ventricular myocytes. J Physiol

522:259–270

20. Page E, Fozzard HA, Solaro RJ (2002) Handbook of physiology:

the heart, vol 1, section 2. Oxford University Press, New York

21. ter Keurs HEDJ, Rijnsburger WH, van Heuningen R, Nagelsmit

MJ (1980) Tension development and sarcomere length in rat

cardiac trabeculae: evidence of length-dependent activation. Circ

Res 46:703–714

22. Giannini G, Sorrentino V (1995) Molecular structure and tissue

distribution of ryanodine receptors calcium channels. Med Res

Rev 15(4):313–323

23. Tunwell RE, Wickenden C, Bertrand BM, Shevchenko VI, Walsh

MB, Allen PD, Lai FA (1996) The human cardiac muscle ryan-

odine receptor-calcium release channel: identification, primary

structure and topological analysis. Biochem J 318:477–487

24. Bers DM (2004) Macromolecular complexes regulating cardiac

ryanodine receptor function. J Mol Cell Cardiol 37:417–429

25. Xiao B, Jiang MT, Zhao M, Yang D, Sutherland C, Lai FA,

Walsh MP, Warltier DC, Cheng H, Chen SR (2005) Character-

ization of a novel PKA phosphorylation site, serine-2030, reveals

no PKA hyperphosphorylation of the cardiac ryanodine receptor

in canine heart failure. Circ Res 96(8):847–855

26. Guo T, Zhang T, Mestril R, Bers DM (2006) Ca2?/calmodulin-

dependent protein kinase II phosphorylation of ryanodine

receptor does affect calcium sparks in mouse ventricular myo-

cytes. Circ Res 99(4):398–406

27. Terentyev D, Viatchenko-Karpinski S, Vedamoorthyrao S, Oduru

S, Györke I, Williams SC, Györke S (2007) Protein protein

interactions between triadin and calsequestrin are involved in

modulation of sarcoplasmic reticulum calcium release in cardiac

myocytes. J Physiol (Lond) 583(3):71–80

28. Doi M, Yano M, Kobayashi S, Kohno M, Tokuhisa T, Okuda S

(2002) Propranolol prevents the development of heart failure by

restoring FKBP12.6-mediated stabilization of ryanodine receptor.

Circulation 105(11):1374–1379

29. Okuda S, Yano M, Doi M, Oda T, Tokuhisa T, Kohno M,

Kobayashi S, Yamamoto T, Ohkusa T, Matsuzaki M (2004)

Valsartan restores sarcoplasmic reticulum function with no

appreciable effect on resting cardiac function in pacing-induced

heart failure. Circulation 109(7):911–919

30. Yano M, Kobayashi S, Kohno M, Doi M, Tokuhisa T, Okuda S,

Suetsugu M, Hisaoka T, Obayashi M, Ohkusa T, Kohno M,

Matsuzaki M (2003) FKBP12.6-mediated stabilization of cal-

cium-release channel (ryanodine receptor) as a novel therapeutic

strategy against heart failure. Circulation 107:477–484

31. Stange M, Xu L, Balshaw D, Yamaguchi N, Meissner G (2003)

Characterization of recombinant skeletal muscle (Ser-2843) and

cardiac muscle (Ser-2809) ryanodine receptor phosphorylation

mutants. J Biol Chem 278(5):51693–51702

32. Li L, Desantiago J, Chu G, Kranias EG, Bers DM (2000) Phos-

phorylation of phospholamban and troponin I in beta-adrenergic-

induced acceleration of cardiac relaxation. Am J Physiol Heart

Circ Physiol 278:769–779

33. DeSantiago J, Maier LS, Bers DM (2002) Frequency-dependent

acceleration of relaxation in the heart depends on CaMKII, but

not phospholamban. J Mol Cell Cardiol 34(8):975–984

34. Belevych A, Kubalova Z, Terentyev D, Hamlin RL, Carnes CA,

Györke S (2007) Enhanced ryanodine receptor-mediated calcium

leak determines reduced sarcoplasmic reticulum calcium content

in chronic canine heart failure. Biophys J 93(11):4083–4092

94 J Physiol Sci (2010) 60:85–94

123


	Altered intracellular Ca2+ regulation in chronic rat heart failure
	Abstract
	Introduction
	Materials and methods
	Animal model preparation
	Assessment of hemodynamics and heart weight
	Cell dissociation and patch-clamp study
	Dosing system
	Laser scanning confocal microscope analysis
	Patch-clamp and laser scanning confocal microscope synchronous recording system
	Real-time quantitative RT-PCR analysis
	Coimmunoprecipitation and Western blotting analysis
	Drugs and solutions
	Statistical analysis

	Results
	Characterization of cardiac function
	Measurement of action potential-induced �Ca2+ transients
	Measurement of SR Ca2+ content
	mRNA expression of Ca2+ handling genes
	Expression of SR Ca2+ handling proteins

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


