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Abstract

Bcl2-associated athanogene 3 (BAG3) is a 575 amino acid anti-apoptotic protein that is 

constitutively expressed in the heart. BAG3 mutations, including mutations leading to loss of 

protein, are associated with familial cardiomyopathy. Furthermore, BAG3 levels have been found 

to be reduced in end-stage non-familial failing myocardium. In contrast to neonatal myocytes in 

which BAG3 is found in the cytoplasm and involved in protein quality control and apoptosis, in 

adult mouse left ventricular (LV) myocytes BAG3 co-localized with Na+-K+-ATPase and L-type 

Ca2+ channels in the sarcolemma and t-tubules. BAG3 co-immunoprecipitated with β1-adrenergic 

receptor, L-type Ca2+ channels and phospholemman. To simulate decreased BAG3 protein levels 

observed in human heart failure, we targeted BAG3 by shRNA (shBAG3) in adult LV myocytes. 

Reducing BAG3 by 55% resulted in reduced contraction and [Ca2+]i transient amplitudes in LV 

myocytes stimulated with isoproterenol. L-type Ca2+ current (ICa) and sarcoplasmic reticulum 

(SR) Ca2+ content but not Na+/Ca2+ exchange current (INaCa) or SR Ca2+ uptake were reduced in 

isoproterenol-treated shBAG3 myocytes. Forskolin or dibutyrl cAMP restored ICa amplitude in 

shBAG3 myocytes to that observed in WT myocytes, consistent with BAG3 having effects 

upstream and at the level of the receptor. Resting membrane potential and action potential 

amplitude were unaffected but APD50 and APD90 were prolonged in shBAG3 myocytes. Protein 

levels of Ca2+ entry molecules and other important excitation-contraction proteins were 
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unchanged in myocytes with lower BAG3. Our findings that BAG3 is localized at the sarcolemma 

and t-tubules while modulating myocyte contraction and action potential duration through specific 

interaction with the β1-adrenergic receptor and L-type Ca2+ channel provide novel insight into the 

role of BAG3 in cardiomyopathies and increased arrhythmia risks in heart failure.
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1. Introduction

Bcl2-associated athanogene 3 (BAG3) is a stress-activated 575 amino acid protein that is 

abundantly expressed in the heart, skeletal muscles and many cancers [1]. A member of the 

6-member BAG family of proteins, BAG3 regulates protein quality control (PQC) by 

serving as a co-chaperone of partner proteins including the constitutively and non-

constitutively expressed heat shock proteins (Hsc/Hsp) and has anti-apoptotic effects 

mediated through binding to Bcl2 [1–3]. Recently, it has been shown that BAG3 plays a role 

in the stability of the sarcomere through regulation of filamin clearance and production and 

by binding to the actin capping protein beta 1(CapZβ1), a sarcomere protein that binds to the 

barbed end of actin to prevent its disassociation into actin monomers [4, 5].

The notion that BAG3 plays an important role in cardiovascular pathophysiology was first 

demonstrated by the finding that mice with homozygous deletion of the BAG3 gene had 

postnatal deterioration with death by 4 weeks of age due to non-inflammatory myofibrillar 

degeneration [6]. Subsequently, functional mutations in BAG3 were found in childhood-

onset muscular dystrophy with involvement of skeletal, respiratory and cardiac muscles [7, 

8], in families with dilated cardiomyopathy but without neuropathy or peripheral muscle 

weakness [9, 10], and in sporadic cases of idiopathic dilated cardiomyopathy [11]. In 

addition, BAG3 protein levels in hearts from patients with end-stage heart failure (HF) but 

without BAG3 mutations were significantly less than those measured in non-failing control 

hearts, suggesting that decreased levels of BAG3 might contribute to the pathophysiology of 

both familial and non-familial HF [9].

The function and regulation of BAG3 in the heart remains largely unexplored. Knockdown 

of BAG3 in neonatal myocytes led to disruption of myofibril structures and CapZβ1 

ubiquitin-proteasome-mediated degradation in the presence of mechanical stress, suggesting 

that BAG3 plays a role in PQC and helps maintain the structural integrity of the contractile 

elements [12]. However, several findings suggest that BAG3 may play a larger role in 

myocardial biology. For example, disruption of myofibril structures was not a ubiquitous 

finding in patients with mutations in BAG3 and idiopathic dilated cardiomyopathy [13], and 

giant axonal neuropathy and neural conduction velocity slowing were found in affected 

members of a family with a BAG3 mutation and hypertrophic cardiomyopathy [14]. 

Therefore, the current study was undertaken to test the hypothesis that BAG3 can influence 

myocyte contractility in adult cardiac myocytes. We report for the first time that in contrast 

to neonatal myocytes, BAG3 is localized predominantly in the sarcolemma and t-tubules of 
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adult cardiac myocytes and modulates myocyte contraction in response to β-adrenergic 

receptor signaling. Thus, BAG3 plays an important role in regulation cardiac contractile 

function in addition to its effects on protein quality control.

2. Materials and methods

2.1. Construction of Adv-BAG3-shRNA

BAG3shRNA-Ad construct was made using the BD Adeno-X Expression Systems 

2PT3674-1 (Pr36024) and BD knockout RNAi Systems PT3739 (PR42756)(BD 

Biosciences-Clontech, Palo Alto, CA) as previously described [15]. A dsDNA 

oligonucleotide against a specific BAG3 mRNA (5′-AAG GUU CAG ACC AUC UUG 

GAA-3′) was inserted in a RNAi-ready pSIREN-DNR vector designed to express a small 

hairpin RNA (shRNA) driven by the human Pol III-dependent U6 promoter. After ligation, 

this vector was used to transfer the shRNA expression cassette to the Adenoviral Acceptor 

Vector pLP-Adeno-X-PRLS viral DNA (BD Adeno-X Expression Systems 2) containing 

ΔE1/ΔE3 Ad5 genome by Cre-loxP mediated recombination. An AdNull empty adenoviral 

vector was used as control. Adenoviruses were propagated in a HEK-293 cell line, purified 

and titered (plaque-forming unit; pfu) according to standard techniques.

2.2. Isolation of adult murine cardiac myocytes

Cardiac myocytes were isolated from the septum and LV free wall of C57BL/6 mice (10–12 

wks old) according to the protocol of Zhou et al. [16], and plated on laminin-coated glass 

coverslips [17]. Coverslips containing myocytes were mounted in Dvorak-Stotler chamber, 

and bathed in fresh media before measurements.

2.3. Preparation of neonatal rat ventricular myocyte (NRVM) and neonatal mouse 
ventricular myocyte (NMVM) cultures

Primary NRVM cultures were prepared from 1–2 day old Sprague Dawley rat pups by 

enzymatic digestion as described previously [18]. Briefly, hearts were excised and placed in 

sterile solution containing (in mM): NaCl 116, HEPES 20, Na2HPO4 0.08, glucose 5.6, KCl 

5.4, MgSO4.7H2O 0.8; pH 7.35. Ventricles were minced and subjected to 5 × 15 min 

enzymatic digestions using collagenase II and pancreatin. NRVMs were separated from 

fibroblasts via pre-plating for 2 h and cultured overnight in F-10 media containing 10% 

horse serum, 5% fetal bovine serum (FBS) and 1% penicillin:streptomycin:fungizone (PSF) 

at 37°C in a humidified incubator with 5% CO2. The following day, media was replaced 

with F-10 media containing 5% FBS and 1% PSF. NRVMs were cultured for 24 h in MEM 

containing 10% FBS and 1% PSF at 37°C in a humidified incubator with 5% CO2. After 24 

h the media was replaced with 5% FBS-containing media.

Primary NMVM cultures were prepared from 1–2 day old FVB mouse pups using Pierce 

Primary Cardiomyocyte Isolation Kit (#88281; Thermo Scientific, Rockford, IL) according 

to manufacturer’s instructions. Briefly, neonatal hearts were minced and digested with two 

combined enzyme suspensions. Upon removal of enzyme solution the tissue was washed 

repeatedly with ice-cold Hank’s Buffered Salt Solution. After washing, Dulbecco’s 

Modified Eagle Medium (DMEM) was added and used to break up the tissue into cells. 
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Once a single-cell suspension was achieved more DMEM was added and individual 

suspensions were combined to determine cell concentration and cell viability. NMVMs were 

cultured in DMEM with Cardiomyocyte Growth Supplement at 37°C and 5% CO2.

2.4. Immunolocalization of BAG3 in adult LV myocytes and neonatal ventricular myocytes

Freshly isolated WT mouse LV myocytes adherent to laminin-coated coverslips were 

washed 3x with phosphate buffered saline containing 2 mM EGTA (PBS-E). Adult LV 

myocytes and neonatal ventricular myocytes were fixed for 30 min in 4% paraformaldehyde 

in PBS-E. After 2 rinses with PBS-E, myocytes were permeabilized for 2 min with 0.05% 

Triton X-100. Myocytes were rinsed 2x with PBS-E, and once with BLOTTO (5% nonfat 

dry milk, 0.1 M NaCl, and 50 mM Tris.HCl; pH 7.4). Primary antibodies against BAG3 

(1:50; Proteintech Group Inc, Chicago, IL) diluted in BLOTTO were added to the cells, 

incubated at room temperature in the dark for 60 min, and rinsed 3x with BLOTTO. 

Secondary antibodies (Alexafluor 594-labeled goat anti-rabbit IgG; 1:50; Invitrogen, 

Eugene, OR) diluted in BLOTTO were added to the cells, incubated in the dark for 30 min, 

and followed by 3 PBS-E rinses. Na+-K+-ATPase was detected with Alexafluor 488-labeled 

anti-α1 subunit antibody (1:250; Millipore; ex. 488 nm, em. 510 nm). L-type Ca2+ channels 

were detected with anti-α1c-Cav1.2 antibody (1:250, Millipore; secondary antibody 

Alexafluor 488-labeled goat anti-rabbit IgG). Coverslips were mounted to slides with 

Prolong Gold Anti-fade mounting solution (Invitrogen). Confocal images (63× oil objective; 

510 Meta; Carl Zeiss, Inc.) were acquired at 594 nm excitation and 617 nm emission for 

BAG3.

2.5. Knockdown of BAG3 by Adv-shRNA BAG3 injection into LV

After cleansing the skin with betadine solution, the left chest of anesthetized (2% inhaled 

isoflurane) mouse was opened, the heart exteriorized, and 35 μl (total volume) of Adv-GFP 

(3.3 × 108 pfu) or Adv-shRNA BAG3 (7.5 ×107 pfu) was directly injected to anterior and 

posterior LV wall and the apex. Since Adv-shRNA BAG3 does not encode GFP, Adv-GFP 

was mixed with Adv-shRNA BAG3 before injection. The heart was returned to the chest 

cavity and the wound sutured. The entire surgical procedure took <45 seconds. Typically 

>95% of animals survived the procedure. Survivors were allowed to recover for 10 days 

before hearts were excised and myocytes (GFP and shBAG3) were isolated from areas of 

LV that fluoresced green [19].

2.6. Measurement of [Ca2+]i and contraction in cardiac myocytes

Fura-2 loaded (0.67 μM fura-2 AM, 15 min) myocytes adherent to laminin-coated coverslips 

were incubated in HEPES-buffered (20 mM, pH 7.4) medium 199 (1.8 mM [Ca2+]o) and 

field stimulated to contract (2 Hz; 37°C). Myocytes were exposed to excitation light (360 

and 380 nm) only during data acquisition. Epifluorescence (510 nm) was measured in 

steady-state twitches both before and after addition of isoproterenol (Iso; 1 μM)[17, 19–23]. 

For contraction measurements, images of myocytes (not loaded with fura-2) were captured 

by a charge coupled device video camera and myocyte motion was analyzed offline with 

edge detection algorithm [17, 19–23].
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2.7. INaCa, ICa, SR Ca2+ content and AP measurements

Whole cell patch-clamp recordings were performed at 30°C as described previously [17, 

24]. Pipette diameter was 4 – 6 μm and pipette resistance was 0.8 to 1.4 MΩ when filled 

with standard internal solution. ICa, INaCa and SR Ca2+ contents were normalized to 

membrane capacitance (Cm) before comparison between GFP and shBAG3 myocytes.

For INaCa measurements, pipette solution contained (in mM): Cs+-glutamate 100, Na+-

HEPES 7.25, MgCl2 1, HEPES 12.75, Na2ATP 2.5, EGTA 10, and CaCl2 6; pH 7.2. Free 

Ca2+ in the pipette solution was 205 nM. Myocytes were bathed in an external solution 

containing (in mM): NaCl 130, CsCl 5, MgSO4 1.2, NaH2PO4 1.2, CaCl2 5, HEPES 10, 

Na+-HEPES 10, and glucose 10; pH 7.4 [25–27]. Verapamil (1 μM) was added to block L-

type Ca2+ currents. The myocyte was held at the calculated equilibrium potential for INaCa 

(ENaCa) of −73 mV for at least 5 min before current was elicited with a descending-

ascending voltage ramp (from +100 to −120 and back to +100 mV, 500 mV/s). INaCa was 

defined as the difference current in the absence and presence of NiCl2 (1 mM). Our 

conditions for measuring INaCa were carefully chosen to minimize contamination by Na+-

K+-ATPase activity (K+-free) and ion fluxes through the Na+/Ca2+ exchanger before the 

onset of voltage ramp (by holding the cell at the calculated ENaCa), thereby allowing [Na+]i 

and [Ca2+]i to equilibrate with those present in the pipette solution [25].

For ICa measurements, pipette solution contained (in mM): CsCl 110, TEA.Cl 20, HEPES 

10, MgATP 5, and EGTA 10; pH 7.2. Extracellular bathing solution contained (in mM): N-

methyl-D-glucamine 137, CsCl 5.4, CaCl2 2, MgSO4 1.3, HEPES 20, 4-aminopyridine 4, 

and glucose 15; pH 7.4. Holding potential was at −90 mV [28]. To ensure steady-state SR 

Ca2+ loading, 6 conditioning pulses (from −70 to 0 mV, 100 ms, 2 Hz) were delivered to the 

myocyte before the arrival of each test pulse (from −90 to +50 mV, 10 mV increments, 60 

ms)[28]. Leak-subtracted inward currents were used in analysis for ICa amplitudes and 

inactivation kinetics. Inward currents obtained under these conditions were blocked by 1 μM 

verapamil (data not shown).

SR Ca2+ content was estimated by integrating forward INaCa induced by caffeine exposure 

[29, 30]. The pipette solution consisted of (in mM): Cs+-glutamate 100, MgCl2 1, HEPES 30 

and MgATP 2.5, pH 7.2. The external solution contained (in mM): NaCl 130, CsCl 5, 

MgSO4 1.2, NaH2PO4 1.2, CaCl2 1.8, HEPES 20, glucose 10, pH 7.4; 30°C. Holding 

potential was −90 mV. At 200ms after the 12th conditioning pulse (from −90 to 0 mV, 

300ms, 1 Hz), with membrane potential held at −90 mV, caffeine (5 mM, 2.4s) was applied. 

The resulting large transient inward current (digitized at 0.5 kHz and collected for 5s) 

represents Na+ entry accompanying Ca2+ extrusion by Na+/Ca2+ exchanger, and t1/2 of INaCa 

decline is a functional readout of Na+/Ca2+ exchange activity. The time integral of this 

current is an estimate of SR releasable Ca2+. To convert INaCa time integral (coulombs) to 

moles, charge was divided by Faraday’s constant of 96,487 coulombs/equivalent, based on 3 

Na+ being exchanged for each Ca2+.

For AP measurements, myocytes were paced at 1 Hz. Pipette solution consisted of (in mM): 

KCl 125, MgCl2 4, CaCl2 0.06, HEPES 10, K+-EGTA 5, Na2ATP 3, and Na2-creatine 

phosphate 5, (pH 7.2). External solution consisted of (in mM): NaCl 132, KCl 5.4, CaCl2 
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1.8, MgCl2 1.8, NaH2PO4 0.6, HEPES 7.5, Na+-HEPES 7.5, and glucose 5, pH 7.4. APs 

were recorded using the current clamp configuration at 1.5x threshold stimulus, 4-ms 

duration, and 30°C [31].

2.8. Immunoblotting

Mouse LV homogenates were prepared as previously described [17]. Gradient (4–12%) gels 

were used in all Western blots. For detection of BAG3, α1- and α2-subunits of Na+-K+-

ATPase, α1c-subunit of L-type Ca2+ channel (Cav1.2), sarco(endo)plasmic reticulum Ca2+-

ATPase (SERCA2), calsequestrin, cardiac ryanodine receptor (RyR2), RyR2 phosphorylated 

at serine2808 or serine2814 (p2808RyR2 and p2814RyR2, respectively), reducing conditions 

(5% β-mercaptoethanol) was used. For detection of Na+/Ca2+ exchanger (NCX1), non-

reducing conditions (10 mM N-ethylmaleimide) were used. Antibodies for α1- and α-2 

subunits of Na+-K+-ATPase, SERCA2, NCX1, α1c-subunit of Cav1.2 and calsequestrin 

were sourced and used as described previously [17, 19–23]. RyR2 and its phosphorylated 

forms were detected with anti-RyR2 (1:1,000; Thermo Scientific), anti-p2808RyR2 (1:1,000; 

Abcam, Cambridge, MA) and anti-p2814RyR2 (1:5,000; Badrilla, Leeds, UK) antibodies. 

Blots were washed and incubated with appropriate secondary antibody conjugated to horse 

radish peroxidase. Enhanced chemiluminescence (ECL, Amersham) was used for the 

detection of signals.

2.9. Co-immunoprecipitation

Two hours after isolation, mouse LV myocytes were infected with Adv-GFP (6.6 × 107 

pfu/ml) or Adv-GFP-myc-tagged human BAG3 (1.1 × 107 pfu/ml) + Adv-β1AR-HA (1.65 × 

106 pfu/ml) in 1 ml of FBS-free Eagle’s minimal essential media (MEM) containing (in 

mM): creatine 5, carnitine 2, taurine 5, 2,3-butanedione monoxime (BDM) 10, NaHCO3 4.2, 

0.2 % bovine serum albumin, penicillin (30 mg/L), gentamicin (4 mg/L) and insulin-

transferrin-selenium supplement for 3h. One additional ml of MEM (with same 

supplements) was then added, and myocytes were cultured for 48h. Media was changed 

daily. Cultured myocytes were scraped into lysis buffer [in mM: Tris 50 (pH 8.0), NaCl 150, 

Na+ orthovanadate 1, PMSF 1, NaF 100, EDTA 1 and EGTA 1 with 0.5% NP-40, 10 μg/ml 

leupeptin and 10 μg/ml aprotinin], sonicated and centrifuged at 10,000rpm and 4°C for 10 

min. 40ul (50% slurry) monoclonal anti-HA-agarose beads were added to 600μl of 

supernatant (400 μg protein) and incubated overnight on a rotating platform at 4°C. Beads 

were pelleted and washed 4x with 1ml ice-cold PBS. 52 ul of 2x loading buffer were added 

to the beads, and incubated at room temperature for 30 min with slow vortex every 5 min. 

The bead suspension was centrifuged at 5000g for 1 min and 40 μl of the supernatant were 

collected. Supernatant was heated at 70°C for 5 min before immunoblotting (7.5% SDS-

PAGE, reducing conditions with 5% β-mercaptoethanol). Blots were incubated with primary 

anti-HA antibody (1:1,000) followed by anti-mouse secondary antibody (1:15,000; Li-Cor). 

Potential co-immunoprecipitates of interest were detected by anti-BAG3 (1:1,000), anti-α1c-

Cav1.2 (1:200), anti-α1-Na+-K+-ATPase (1:1,000); anti-PLM (C2, 1:1,000), anti-Hsp70 

(1:500) and anti-CapZβ1 (1:500) antibodies. Protein band signals were detected by Li-Cor.

To detect association between endogenous BAG3 and Cav1.2, freshly isolated mouse LV 

myocytes were placed in 300 μl of ice-cold Buffer I [in mM: Tris 10 (pH 7.5), Na+ vanadate 
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1, PMSF 1, NaF 100, EGTA 1, and a combination of complete protease inhibitor (Roche 

Diagnostics; Indianapolis, IN), phosphatase inhibitor cocktails (Sigma) and C12E8 (5 mg/

ml)]. Myocyte lysates were precleared with protein A agarose for 3h at 4°C. Precleared 

supernatants were incubated with either 10 μg of preimmune rabbit IgG, anti-BAG3, or anti-

α1c-Cav1.2 antibodies overnight at 4°C. The next day, 40 μl (50% slurry) of washed, 

suspended protein A agarose beads were added to each sample and incubated for a further 

2h at 4°C. Beads were pelleted, washed 6x with 1.5 ml of ice-cold PBS, and resuspended in 

50 μl of 2x Laemmli sample buffer (+ β-mercaptoethanol). Beads were extracted as 

described above, and immunoblotting was performed.

2.10. Statistics

All results are expressed as means ± SE. For analysis of [Ca2+]i transient and contraction 

amplitudes, and SR Ca2+ contents as a function of group and Iso; INaCa and ICa as a function 

of group and voltage, two-way ANOVA was used. For analysis of action potential 

parameters, Cm and protein abundance, one-way ANOVA was used. A commercially 

available software package (JMP version 12; SAS Institute, Cary, NC) was used. In all 

analyses, p<0.05 was taken to be statistically significant.

3. Results

3.1. BAG3 is localized in sarcolemma and t-tubules in adult mouse LV cardiac myocytes

Loss of cardiac BAG3 expression in both the adult heart and neonatal cardiac myocytes has 

been associated with structural disorganization, but little is known about the localization or 

functional impact of endogenous BAG3 in cardiac myocytes. In freshly isolated adult mouse 

LV myocytes. BAG3 was expressed in sarcolemma and t-tubules (Fig. 1A, left panel) and 

co-localized with Na+-K+-ATPase (Fig. 1B) and L-type Ca2+ channels (Fig. 1C). By 

contrast, in NRVMs (Fig. 1A, middle panel) and NMVMs (Fig. 1A, right panel), BAG3 was 

expressed diffusely in the cytoplasm.

3.2. BAG3 associates with β1-adrenergic receptor, L-type Ca2+ channel and 
phospholemman in adult LV myocytes

BAG3 expression in the sarcolemma and t-tubules of adult cardiac myocytes supports a 

possible role in the regulation of contractile events, thus we further explored whether BAG3 

associates with key mediators of cardiac myocyte contractility. In adult myocytes expressing 

both β1AR-HA and BAG3-myc, anti-HA antibody immunoprecipitated not only β1AR-HA 

but also BAG3, Cav1.2 and phospholemman (PLM), but not Na+-K+-ATPase (Fig. 2A). 

PLM, which belongs to the FXYD family of ion transport regulators [32], is expressed in the 

sarcolemma and t-tubules of adult cardiac myocytes [33] and regulates Na+-K+-ATPase 

[34], Na+/Ca2+ exchanger [33] and L-type Ca2+ channel [28]. We could not detect 

association between BAG3 and Hsp70 (Fig. 2B). Association between BAG3 and CapZβ1 

was indeterminate since the signal was present in both control myocytes expressing GFP and 

myocytes expressing β1AR-HA/BAG3-myc (Fig. 2B). In freshly isolated and non-infected 

mouse LV myocytes, immunoprecipitating endogenous BAG3 brought down Cav1.2 while 

immunoprecipitating Cav1.2 brought down BAG3 (Fig. 2C).
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3.3. BAG3 downregulation depresses myocyte contractility and reduces [Ca2+]i transient 
amplitudes

Since BAG3 associates with upstream modulators of contraction, but its levels are decreased 

in heart failure, we undertook to evaluate the impact of loss of endogenous BAG3 on adult 

cardiac myocyte contractility. To simulate reduced BAG3 protein levels in HF [1, 9], we 

downregulated BAG3 by injecting Adv-shRNA BAG3 (7.5 x107 pfu in 10 μl) + Adv-GFP 

(3.3 × 108 pfu in 25 μl) in intact myocardium while hearts injected with Adv-GFP served as 

controls [35]. Ten days after virus injection, myocytes were isolated from the areas of LV 

that exhibited GFP fluorescence. BAG3 levels significantly decreased in shBAG3 compared 

to GFP myocytes (Fig. 3A; Table 1). BAG3 knockdown did not alter expression of α1- and 

α2-subunits of Na+-K+-ATPase, Na+/Ca2+ exchanger, α1c-subunit of Cav1.2, total RyR2, 

phosphorylated RyR2 and SERCA2 (Fig. 3A; Table 1). In addition, there were no 

significant differences (p<0.6) in cell sizes as reflected by similar whole cell capacitance 

(Cm, a measure of cell surface area) between GFP (163.1 ± 5.4 pF; n=20 myocytes from 7 

mice) and shBAG3 (167.7 ± 5.7 pF; n=22 myocytes from 7 mice) myocytes.

[Ca2+]i transient amplitudes were similar at baseline but were significantly lower in shBAG3 

compared to control GFP myocytes after isoproterenol (Fig. 3B; Table 2; group x iso 

interaction effect, p<0.03). Likewise, single myocyte contraction amplitudes were similar at 

baseline but significantly reduced in shBAG3 compared to GFP myocytes after 

isoproterenol (Fig. 3C; Table 2; group x iso interaction effect, p<0.01). There were no 

differences in t1/2 of [Ca2+]i transient decline (Table 2), suggesting similar SR Ca2+ uptake 

rates between GFP and shBAG3 myocytes and consistent with the observation that SERCA2 

expression did not change with BAG3 downregulation (Fig. 3A).

3.4. Effects of BAG3 downregulation on INaCa, ICa, SR Ca2+ contents and APD

The major determinants of [Ca2+]i transient amplitude are the triggers for SR Ca2+ release 

(ICa and reverse INaCa) and SR Ca2+ content. Since INaCa was not affected by isoproterenol 

in adult rodent cardiac myocytes [27, 36, 37], we measured INaCa at baseline and found no 

differences between GFP and shBAG3 myocytes (Fig. 4A). Under basal conditions, 

maximal ICa amplitude and voltage at which ICa peaked were similar in GFP and shBAG3 

myocytes (Fig. 4B). The inactivation time constant of ICa measured at −10 mV (τinact) was 

similar between GFP (12.2 ± 0.8 ms; n=12 myocytes from 5 mice) and shBAG3 myocytes 

(13.3 ± 0.63 ms; n=21 from 9 mice)(p<0.3). By contrast, in the presence of isoproterenol, 

maximal ICa amplitude was significantly (p<0.02; group x Iso interaction effect) lower in 

shBAG3 myocytes (Fig. 4B; Table 3) but τinact was similar between GFP (8.0 ± 0.7 ms; n=5 

myocytes from 3 mice) and shBAG3 (10.0 ± 1.5 ms; n=8 myocytes from 5 mice)(p<0.25) 

myocytes. To determine if the shBAG3-mediated decrease in responsiveness to Iso was due 

to a generalized defect in cAMP signaling, we directly activated adenylyl cyclase (forskolin) 

or protein kinase A (dibutyryl cAMP). Addition of either forskolin (10 μM) or dibutyryl 

cAMP (5 mM) produced maximal ICa amplitudes in shBAG3 myocytes that were not 

different than those observed in GFP myocytes stimulated with Iso (Table 3). SR Ca2+ 

contents were not different between GFP and shBAG3 myocytes at baseline but were lower 

in shBAG3 myocytes in the presence of isoproterenol (Fig. 4C; Table 2). In addition, t1/2 of 

INaCa decline after caffeine-induced SR Ca2+ release was similar between GFP and shBAG3 
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myocytes (Fig. 4C; Table 2), in agreement with no differences in INaCa measured in GFP 

and shBAG3 myocytes (Fig. 4A).

Finally, resting membrane potential and action potential amplitude were similar between 

GFP and shBAG3 myocytes, both in the absence and presence of isoproterenol (Fig. 5). 

BAG3 downregulation resulted in prolongation of APD50 (p<0.03) and APD90 (p<0.05) 

(Fig. 5), both in the absence and presence of isoproterenol.

Discussion

BAG3 is constitutively expressed in the heart and skeletal muscle and to a lesser extent in 

organs containing extensive smooth muscle including the uterus, bladder and aorta [2, 3]. 

Little is known regarding the function of BAG3 in the adult heart. Four lines of evidence 

suggest that BAG3 is likely to play a significant role in the pathobiology of HF: (i) mice in 

which BAG3 was knocked out developed non-inflammatory myofibrillar degeneration, 

disruption of Z-disk architecture and apoptotic features in the early postnatal period and 

death by 4 weeks of age [6]; (ii) BAG3 mutations are associated with familial dilated 

cardiomyopathy [7–11, 38]; (iii) knockdown of BAG3 in neonatal myocytes resulted in 

significant cardiac dysfunction and myofibrillar degeneration in response to stress [12]; and 

(iv) myocardial levels of BAG3 were substantially reduced in hearts from patients with non-

heritable forms of HF and in animal models of HF [1]. The present study demonstrates for 

the first time that in adult cardiac myocytes, BAG3 facilitates the ability of β-adrenergic 

signaling to augment cardiac contraction through alterations in Ca2+ homeostasis – a finding 

that has important implications for our understanding of excitation-contraction coupling in 

the heart.

The first major finding is that in contrast to NRVMs and NMVMs, confocal imaging 

demonstrated BAG3 in the sarcolemma and t-tubules, with little-to-no signal in the 

sarcoplasm of adult mouse cardiac myocytes. This observation was supported by the finding 

that BAG3 associated with β1 adrenergic receptor, L-type Ca2+ channels and 

phospholemman but not Na+-K+-ATPase and is consistent with previous reports that there is 

a separate pool of phospholemman that does not regulate or associate with the Na+ pump 

[39]. The marked differences between BAG3 localization in neonatal and adult cardiac 

myocytes is consistent with the observation in cardiomyoblasts that the functional role of 

BAG3 changes with different developmental stages [40].

The second major finding is that adenoviral delivery of shRNA-BAG3 was efficacious in 

knocking down BAG3 levels by ~54% in adult mouse hearts after 10 days of infection – a 

decrease comparable to that seen in human hearts with end-stage failure and in animal 

models of HF [1]. We have recently reported that BAG3 levels were unchanged after 2 days 

of Adv-shRNA-BAG3 infection [35], suggesting that the turnover of BAG3 in adult mouse 

myocytes is relatively slow.

The third substantive observation is that BAG3 downregulation to ~50% of that found in 

normal WT myocytes resulted in reduced maximum contraction amplitude in response to 

βAR stimulation, an effect that was not associated with myocyte hypertrophy (similar Cm) or 
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altered expression levels of protein involved in Ca2+ dynamics. These results suggest that 

BAG3 plays a critical role in modulating cardiac response to catecholamines.

To understand the mechanism responsible for alterations in myocyte contractility, we 

investigated changes in Ca2+ homeostasis in single myocytes. The major determinants of 

[Ca2+]i transient amplitude are the trigger for SR Ca2+ release (ICa and reverse INaCa), the 

gain of ryanodine receptor, and SR Ca2+ content. BAG3 downregulation resulted in 

decreased ICa and SR Ca2+ contents in myocytes treated with isoproterenol. However, ICa 

was not reduced in shBAG3 myocytes exposed to either forskolin or dbcAMP, suggesting 

defects in β-adrenergic receptor signaling occurred proximal to adenylyl cyclase. This 

conclusion is given circumstantial support in that BAG3, β1AR and L-type Ca2+ channel 

physically associated with each other and likely formed a macromolecular signaling 

complex in adult cardiac myocytes. Decreased SR Ca2+ content in shBAG3 myocytes was 

not due to reduced SR Ca2+ uptake since SERCA2 expression was not affected by BAG3 

downregulation and SR Ca2+ uptake activity, as reflected by t1/2 of [Ca2+]i transient decline 

[29], was similar between GFP and shBAG3 myocytes. The lower SR Ca2+ content in 

shBAG3 myocytes exposed to isoproterenol may be due to decreased SR Ca2+ loading by 

ICa (but not by reverse INaCa). Although RyR2 phosphorylation was not affected by BAG3 

downregulation, our study did not go into sufficient depth to exclude enhanced SR Ca2+ leak 

as contributing to decreased SR Ca2+ content in shBAG3 myocytes.

The molecular mechanism by which β-adrenergic agonist stimulates ICa is incompletely 

elucidated. A definitive understanding of where, if and how the Cav1.2 protein complex is 

phosphorylated in response to β-adrenergic receptor stimulation to increase ICa remains 

stubbornly elusive [41]. To account for our observation that isoproterenol-induced increase 

in ICa but not SR Ca2+ uptake was blunted in shBAG3 myocytes, we propose that there is a 

specific pool of β1AR that complexes with BAG3 and Cav1.2 and facilitates β1-adrenergic 

signaling to increase ICa. With BAG3 knockdown, the pool of β1AR-BAG3-Cav1.2 

macromolecular complex is decreased and therefore accounts for the diminished ICa in Iso-

treated shBAG3 myocytes. Another pool of β1AR that is not complexed with BAG3 and 

Cav1.2 stimulates SR Ca2+ uptake by phosphorylating phospholamban. The notion that there 

are separate pools of the same protein is not without precedent since that there are different 

pools of phospholemman, one pool associates with Na+ pump while the other pool does not 

[39].

An unexpected finding was that BAG3 downregulation resulted in AP prolongation in 

myocytes, regardless of whether they had been treated with isoproterenol. Since AP 

morphology and duration are largely dependent on voltage-dependent ion currents, AP 

prolongation provides additional support that BAG3 modulated sarcolemmal ion channel 

activity. In addition, since cell sizes were similar between GFP and shBAG3 myocytes, 

altered AP morphology is a primary effect of BAG3 downregulation rather than a secondary 

effect associated with myocyte hypertrophy. Since AP prolongation is associated with 

increased risks of arrhythmias, BAG3 reduction may account for increased risks of sudden 

death in patients with familial dilated cardiomyopathy and patients with end-stage heart 

failure.
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In summary, BAG3 is expressed at the sarcolemma and t-tubules of adult cardiac myocytes, 

regulates ion channel activities, modulates β-adrenergic receptor signaling and action 

potential duration. BAG3 regulates cardiac contractility by affecting excitation-contraction 

coupling in adult cardiac myocytes. Viewed in the context that both familial dilated 

cardiomyopathy and end-stage heart failure are associated with reduced BAG3 protein 

levels, BAG3 represents a novel therapeutic target in the treatment of human heart failure. 

While earlier studies suggested that a major function of BAG3 in the heart is to improve 

protein quality control and stabilize the contractile proteins [1], the present study 

demonstrates that a fundamental effect of enhanced levels of BAG3 might also be improved 

β-adrenergic signaling, enhanced cardiac performance and reduced arrhythmogenesis.
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Highlights

1. Bcl2-associated athanogene 3(BAG3) is reduced in heart failure.

2. BAG3 is expressed on the sarcolemma and t-tubules of adult cardiac myocytes.

3. BAG3 associates with β1 adrenergic receptor, L-type Ca2+ channel and 

phospholemman.

4. BAG3 downregulation by shRNA decreases contraction and [Ca2+]i transient 

amplitudes in adult myocytes stimulated with isoproterenol.

5. BAG3 downregulation reduces L-type Ca2+ current and sarcoplasmic reticulum 

Ca2+ contents after isoproterenol.

6. BAG3 reduction prolongs action potential duration.
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Figure 1. BAG3 is expressed and co-localized with Na+-K+-ATPase and L-type Ca2+ channel in 
the sarcolemma and t-tubules of adult mouse left ventricular (LV) myocytes
(A). Confocal images of a freshly isolated adult WT mouse LV myocyte (left), neonatal rat 

ventricular myocyte (middle), and neonatal mouse ventricular myocyte (right) labeled with 

primary anti-BAG3 antibody are shown. Inset is an enlarged image of the area delineated by 

the white box. Scale bar = 20 μm. (B). Confocal images of a freshly isolated adult WT 

mouse LV myocytes labeled with anti-α1 subunit of Na+-K+-ATPase antibody (green) and 

anti-BAG3 antibody (red) are shown. Merged image demonstrates co-localization (orange) 

of BAG3 and Na+-K+-ATPase. Scale bar = 20 μm. (C). Confocal images of a freshly 

isolated adult WT mouse LV myocyte labeled with anti-α1c-Cav1.2 antibody (green) and 

anti-BAG3 antibody (red) are shown. Merged image demonstrates co-localization (orange) 

of BAG3 and Cav1.2. Inset is an enlarged image of the area delineated by the white box. 

Scale bar = 20 μm. For A, B and C, images from at least 5 myocytes were acquired.
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Figure 2. BAG3 co-immunoprecipitates with β1AR and Cav1.2 but not α1-subunit of Na+-K+-
ATPase in adult LV myocytes
(A) & (B). WT myocytes infected with Adv-β1AR-HA + Adv-GFP-BAG3-myc or Adv-

GFP were cultured for 48h. Immunoprecipitation (Methods) with anti-HA antibody was 

performed. Primary antibodies were used to identify BAG3, L-type Ca2+ channel, Na+ pump 

and phospholemman in one preparation (A) while association of β1AR-HA with BAG3, 

Capzβ1 and Hsp70 was tested in another preparation (B). Co-immunoprecipitation 

experiments were performed on 3 different myocyte preparations with similar results. (C). In 

non-infected WT myocytes, anti-BAG3 (left), non-immune rabbit IgG (middle) and anti-

α1c-Cav1.2 (right) immunoprecipitates are probed for presence of Cav1.2 (bottom) or BAG3 

(top), respectively.
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Figure 3. BAG3 downregulation reduces contraction and [Ca2+]i transient amplitudes in 
myocytes stimulated with isoproterenol
(A). Adult mouse hearts were injected with Adv-shRNA-BAG3 + Adv-GFP or Adv-GFP 

alone, and tissues were harvested after 10 days and blotted for BAG3, Na+/Ca2+ exchanger 

(NCX1), α1c-subunit of L-type Ca2+ channel (Cav1.2), sarco(endo)plasmic reticulum Ca2+-

ATPase (SERCA2), cardiac ryanodine receptor phosphorylated at serine2808 and at 

serine2814 (p2808RyR2 and p2814RyR2), total RyR2, α1- and α-2subunits of Na+-K+-

ATPase, and calsequestrin (CLSQ) was used as loading control. Quantitative results are 

shown in Table 1. (B & C). Representative traces of [Ca2+]i transients (B) and cell 

shortening (C) in GFP and shBAG3 myocytes, before and after addition of isoproterenol (1 

μM). Composite results are shown in Table 2.
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Figure 4. BAG3 downregulation reduces ICa and SR Ca2+ contents but has no effect on INaCa
(A). INaCa in GFP myocytes (○; n=6 myocytes from 2 mice) or shBAG3 (●; n=5 myocytes 

from 2 mice) myocytes are shown. (B). ICa in GFP (■, before Iso; □, after Iso; n=5 

myocytes from 3 mice) and shBAG3 (●, before Iso; ○, after Iso; n=8 myocytes from 5 

mice) myocytes are shown. (C). Representative INaCa traces from GFP and shBAG3 

myocytes after caffeine (5 mM) exposure. The INaCa time integral is an estimate of SR Ca2+ 

content. Composite results are shown in Table 2.
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Figure 5. BAG3 downregulation prolongs action potential duration (APD)
(A). Representative action potentials of GFP and shBAG3 myocytes are shown. (B). Means 

± SE of resting membrane potential (Em), action potential amplitude, and APD at 50% 

(APD50) and 90% repolarization (APD90) from 7 GFP (3 mice) and 5 shBAG3 myocytes (3 

mice), both before (open bars) and after (filled bars) 1 μM Iso are shown. *p<0.045; GFP vs. 

shBAG3.
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Table 1

Effects of BAG3 downregulation on levels of selected proteins

GFP (4) shBAG3 (5)

BAG3 2.651 ± 0.558 1.211 ± 0.224*

NCX1 0.076 ± 0.019 0.086 ± 0.015

Cav1.2 0.228 ± 0.008 0.216 ± 0.011

SERCA2 0.918 ± 0.173 0.877 ± 0.152

p2808RyR2 0.527 ± 0.036 0.508 ± 0.036

p2814RyR2 0.107 ± 0.023 0.104 ± 0.027

RyR2 0.204 ± 0.066 0.216 ± 0.020

α1-subunit, Na+-K+-ATPase 0.170 ± 0.002 0.173 ± 0.003

α2-subunit, Na+-K+-ATPase 0.045 ± 0.003 0.047 ± 0.001

Values (in arbitrary units) are means ± SE of protein band intensities normalized to respective calsequestrin loading controls. Adv-GFP or Adv-
shRNA BAG3 + Adv-GFP was injected into LV of WT mice. Homogenates were obtained from green fluorescent LV slices 10 days post-injection 

(Methods). Number of hearts is given in parentheses. BAG3, Bcl2-associated athanogene 3; Cav1.2, α1c-subunit of L-type Ca2+ channel; GFP, 

green fluorescent protein; NCX1, cardiac Na+/Ca2+ exchanger; p2808RyR2 and p2814RyR2, cardiac ryanodine receptor phosphorylated at 

Ser2808 and Ser2814, respectively; RyR2, total RyR2; SERCA2, sarco(endo)plasmic reticulum Ca2+-ATPase; shRNA, short hairpin RNA.

*
p<0.045, GFP vs. shRNA-BAG3
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Table 2

Effects of LV-injected shBAG3 on single myocyte contraction and [Ca2+]i dynamics

Iso GFP shBAG3

Maximal contraction amplitude, % − 5.52 ± 0.45 (12/4) 5.74 ± 0.49 (11/4)

+ 17.92 ± 0.47 15.18 ± 0.73*

[Ca2+]i transient amplitude, % − 20.2 ± 1.6 (14/3) 18.7 ± 1.7 (14/3)

+ 81.6 ± 5.1 64.7 ± 4.1*

t1/2 of [Ca2+]i transient decline, ms − 117 ± 6 (14/3) 121 ± 7 (14/3)

+ 72 ± 4 83 ± 3

SR Ca2+ content, fM/fF − 7.3 ± 0.6 (5/3) 6.7 ± 0.1 (6/3)

+ 21.2 ± 1.3 19.5 ± 0.7+

t1/2 of INaCa decline, ms − 927 ± 65 (5/3) 887 ± 248 (6/3)

+ 782 ± 186 929 ± 161

Values are means ± SE. Numbers (x/y) in parentheses are numbers of myocytes (x) isolated from numbers of mice (y). Adv-GFP or Adv-GFP + 
Adv-shRNA- BAG3 was injected into LV of WT mice and myocytes were isolated from the green fluorescent portions of the LV 10 days post-

injection (Methods). Contraction amplitudes and [Ca2+]i transients were measured at 1.8 mM [Ca2+]o, 2 Hz, 37°C. Contraction amplitudes are 

given in % resting cell length; [Ca2+]i transient amplitudes are in % increase in fura-2 signal.

*
p<0.03 (group x Iso interaction effect);

+
p<0.05 (group effect).
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Table 3

Effects of isoproterenol, forskolin and dibutryl cAMP on maximal ICa amplitude

Drug GFP shBAG3

1μM isoproterenol − 8.03 ± 0.53 (5/3) 6.98 ± 0.36 (8/5)

+ 15.96 ± 1.35 11.02 ± 1.36*

10 μM forskolin − 6.66 ± 0.82 (4/2) 6.88 ± 0.36 (7/5)

+ 13.32 ± 1.00 13.13 ± 0.41#

5 mM DBcAMP − 7.73 ± 0.28 (3/1) 7.26 ± 0.60 (6/3)

+ 14.39 ± 0.08 14.85 ± 0.72#

Values are means ± SE of ICa amplitudes measured at −10 mV. Numbers (x/y) in parentheses are numbers of myocytes (x) isolated from numbers 

of mice (y).

*
p<0.02, GFP vs. shBAG3;

#
p<0.02, shBAG3-Iso vs. shBAG3-forskolin or shBAG3-DBcAMP.
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