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Abstract 

 

The ß1-adrenergic receptor (ß1-AR) is a major cardiac G protein-coupled receptor, which 

mediates cardiac actions of catecholamines and is involved in genesis and treatment of 

numerous cardiovascular disorders. In mammalian cells, catecholamines induce the 

internalization of the ß1-AR into endosomes and their removal promotes the recycling of 

endosomal ß1-AR back to the plasma membrane, but whether these redistributive 

processes occur in terminally differentiated cells is unknown.  Compartmentalization of 

the ß1-AR in response to ß-agonists and antagonists was determined by confocal 

microscopy in primary adult rat ventricular myocytes (ARVM), which are terminally 

differentiated myocytes with unique structures such as t-tubules and contractile 

sarcomeres. In unstimulated ARVM, the fluorescently labeled ß1-AR was expressed on 

the external membrane (the sarcolemma) of cardiomyocytes. Exposing ARVM to 

isoproterenol redistributed surface ß1-AR into small (~225-250 nm) regularly spaced 

internal punctate structures that overlapped with puncta stained by Di-8 ANEPPS, a 

membrane-impermeant t-tubule-specific dye.  Replacing the ß-agonist with the ß-blocker 

alprenolol, induced the translocation of the WT ß1-AR from these punctate structures back 

to the plasma membrane. This step was dependent on two barcodes, namely the type-1 

PDZ binding motif and Ser312 of the ß1-AR, which is phosphorylated by a pool of PKA 

anchored at the type-1 PDZ of the ß1-AR. These data show that redistribution of the ß1-

AR in ARVM from internal structures back to the plasma membrane was mediated by a 

novel sorting mechanism, which might explain unique aspects of cardiac ß1-AR signaling 

under normal or pathological conditions. 
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Introduction 

 

Activation of cardiac ß1- and ß2-AR by synaptic- or by circulating-catecholamines 

increases cardiac cyclic AMP that in turn activates PKA, which mediates catecholamine-

dependent changes in rate, force and speed of myocardial contractions (Lefkowitz et al., 

2000). The activity of cyclic AMP is vectored to specific cellular regions by 

compartmentalized signaling scaffolds that target phosphodiesterases and A-kinase 

anchoring proteins (AKAP) to specific end locations within the cell (Baille, 2009; Ellidson 

and Halls, 2016).  Moreover, spatial distribution of ß1-AR and ß2-AR in cardiomyocytes 

might provide an additional regulatory mechanism for controlling cyclic AMP production 

and action (Valentine and Haggie, 2011). For example, spatial redistribution of cardiac 

ß2-AR in heart failure was associated with altered compartmentalization of cyclic AMP 

and its down-stream signaling in the heart (Nikolaev et al., 2010).  

Given the prominence of ß1-AR in regulating physiologic and pathologic signaling 

of catecholamine in the heart, it is important to know their distribution within the various 

cellular compartments of quiescent and catecholamine-activated adult rat ventricular 

cardiomyocytes. The distribution of many GPCR in mammalian cells is altered by 

exposing these cells to chronic high concentrations of a GPCR agonist, which promotes 

the sequestration of many GPCR, including the ß1-AR from the membrane to intracellular 

endosomes (Ferguson et al., 1996; Lefkowitz, 1998; Li et al., 2013).   The fate of the 

GPCR in endosomes is regulated by barcodes that mediate either their retention and 
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subsequent degradation in endosomes or their sorting out of endosomes and 

redistribution back to the plasma membrane (Hanyaloglu and von Zastrow, 2008).   

A major barcode that governs the fate of the agonist-internalized GPCR in 

endosomes is a C-terminal type-1 PDZ binding motif (PBM) found in many recycling 

GPCR, including the ß1-AR (Romero et al., 2011). In some cases, post-translational 

modifications such as ubiquitination assist the PBM in regulating the fate of a given GPCR 

or override the effect of the PBM on redistribution (Marchese and Trejo, 2013; Shenoy et 

al., 2001).  Unlike other GPCR, translocation of the agonist-internalized ß1-AR from 

endosomes to the plasma membrane was dependent on two barcodes, the PBM and a 

PKA-substrate serine at position 312 (Ser312) in the 3rd intracellular loop of the ß1-AR.  

Inactivation of these barcodes did not affect ß-agonist-mediated translocation of the ß1-

AR to endosomes, but inhibited ß1-AR redistribution from endosomes to the plasma 

membrane of mammalian cells, including cardiomyocytes prepared from neonatal 

rodents (Gardner et al., 2004, Li et al., 2013; Nooh and Bahouth, 2017).  

 In addition to barcodes, several GPCR accessory proteins were implicated in the 

regulatory processes that governed the compartmentalization of the ß1-AR and other 

GPCR.  These proteins are divided into two types. The first are accessory 

“compartmentalizing” proteins such as SAP97 and AKAP5, which are involved in 

regulating the localization of ß-AR in the cell and in compartmentalization of cyclic AMP, 

respectively (Gardner et al., 2006; Gardner et al., 2007; Nooh et al., 2013; Valentine and 

Haggie, 2011). The second class are endosomal proteins such as the PDZ protein sorting 

nexin-27 (SNX27) that are involved in the redistribution of the agonist-internalized GPCR 

from endosomes to the plasma membrane (Seaman et al., 2013).  
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These paradigms were identified in mammalian cells, but their general validity to 

ß1-AR compartmentalization in complex cells such as ARVM is unknown. ARVM contain 

an extensive network of transverse tubules (t-tubules) and their juxtaposed sarcoplasmic 

reticula (SR), as well as an extensive set of sarcomeres, which alone represent 45 to 60% 

of the cardiomyocyte volume (Bers, 2001).  While ARVM express both ß1-AR and ß2-AR, 

the ß1-AR complement was involved in PKA-mediated effects on contractility and in 

inducing hypertrophy and cardiomyocyte apoptosis (Morisco et al., 2001; Xiao, 2001; Zhu 

et al., 2001). A better characterization of the role of barcodes on spatiotemporal 

localization and redistribution of ß1-AR in ARVM would provide crucial new information 

on the factors that regulate compartmentalization and subsequent signaling of cardiac ß1-

AR. 

 

 

Material and methods. 

 

Adult Rat Ventricular Myocytes Cultures.  Animal experiments were performed 

according to protocols that were approved by the University of Tennessee-HSC 

Institutional Animal Care and Use Committee. Studies conformed to the ‘Guide for Care 

and Use of Laboratory Animals’ published by the US National Institutes of Health (NIH 

publication No. 85-23, revised 1996). Sprague-Dawley rats (200–250 g) were heparinized 

and anesthetized with 4% isoflurane.  The hearts were excised then cannulated on a 

Langendorff apparatus and perfused for 5 min with oxygenated modified perfusion buffer 

composed of:  133 mM NaCl, 4 mM KCl, 11 mM glucose, 1.2 mM NaH2PO4, 1.2 mM 
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MgCl2 and 10 mM HEPES (pH 7.4 with NaOH), supplemented with 0.1% butanedione 

monoxime until the blood cleared (Louch et al., 2011). Thereafter, the heart was perfused 

with perfusion buffer supplemented with 0.1% collagenase Type II (CLS2, Worthington, 

Lakewood, NJ) for 20 min to break down the extracellular matrix. The enzymatically-

digested ventricles were minced, and gently shaken in perfusion buffer supplemented 

with 0.2% bovine serum albumin. Undigested ventricular tissue was removed using a 250-

μm-mesh sieve. Then the concentration of Ca2+ was increased stepwise to 0.5 mM in 

perfusion buffer containing 0.2% bovine serum albumin.  The cells were concentrated by 

centrifugation and resuspended in culture media composed per liter of: 9.3 g of Medium-

199 powder (Sigma, # 90-050-PB), 5 mM creatine, 2 mM carnitine, 5 mM taurine, 10 mM 

NaHCO3 and 10 mM HEPES (pH 7.4), 100 units/ml penicillin plus 100 μg/ml streptomycin. 

Rod-shaped ventricular myocytes were counted with a hemocytometer, and ∼40,000 cells 

were plated onto laminin (10 μg/ml)-coated coverslips in tissue culture dishes.  After 12 

h, the medium was aspirated and the myocytes were infected with 50 multiplicity of 

infection (m.o.i.) with adenoviruses harboring the desired construct for 6 h.  All Confocal 

imaging experiments were conducted on cells that were fixed within 72 h from preparation 

to minimize ongoing morphological changes in cardiomyocytes during culture (Banyasz 

et al., 2008; Pavlovic et al., 2010).  

 

Antibodies, siRNA, and Additional Reagents.  Cy3-labeled anti-FLAG M2 

monoclonal antibody (# A9594) was from Sigma. Polyclonal rabbit anti-FLAG IgG and 

CF-350, CF-543, CF-633 or CF-770-conjugated anti-rabbit IgG or anti-mouse IgG and Di-

8-ANEPPS were from Biotium (Fremont CA). Monoclonal anti-SAP97 was from (Enzo 
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Life Sciences, Farmingdale, NY), while H-89 and myristoylated PKA inhibitor 14-22 amide 

(mPKI) were from EMD-Millipore (Billerica, MA). st-Ht31 and st-Ht31-pro were from 

Promega (Fitchburg, WI). Anti-SNX27(366-415) (ab178388); anti-ß-actin (ab8226 and 

ab8227) were from Abcam (Cambridge, MA). The adenovirus containing short hairpin 

RNA (shRNA) for rat SAP97 (shSAP97) sense 5’-GATATCCAGGAGCATAAAT-3’ was 

kindly provided by M.B. Anumowno, SUNY Upstate Medical University at Syracuse 

(Vaidyanathan et al., 2010). The sequence between 861–881 in AKAP150 

(AAGAAGACAAAATCCAAACTT) or its inactive control 

(GTCTCCACGCGCAGTACATTT) were used to generate the AKAP150-specific shRNA 

(shAKAP5) in adenovirus.   Adenoviruses pAd5CMV-NpA harboring the WT ß1-AR, ß1-

AR∆PDZ, (S312A) ß1-AR, were previously described (Li et al., 2013).  These viruses were 

generated, purified, and tittered at the Vector Core of the University of Tennessee Health 

Sciences Center. 

  

Acid strip confocal microscopy and dual microscopy protocols. 

Cardiomyocytes in serum-free culture medium were incubated with either Cy3-

conjugated to monoclonal anti-FLAG M2 IgG or with unconjugated rabbit anti-FLAG IgG 

(4 μg/ml) for 1 h at 37°C. In some experiments, diluents or 0.3 μM H-89 or mPKI or 50 

µM st-Ht-31 peptides were added in the middle of the antibody incubation step. ARVM 

were exposed to 10 μM isoproterenol (ISO) for 30 min at 37°C to activate the receptor 

and to promote the redistribution of the agonist-mediated ß1-AR. Then, the slides were 

chilled on ice and exposed to 0.5 M NaCl, 0.2 M acetic acid (pH 3.5) for 4 min on ice to 

strip antibody bound to the FLAG-tag of extracellularly oriented FLAG-tagged ß1-AR 
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(Delos Santos et al., 2006; Ehlers, 2000; Snyder et al., 2001).  Cultures were quickly 

rinsed in warm culture medium and incubated in culture medium supplemented with 100 

µM of the ß-antagonist alprenolol at 37˚C for 60 min to promote the redistribution of the 

agonist-exposed ß1-AR.  After each time period, cover slips were either acid stripped as 

described earlier, or rinsed and fixed in PBS containing 4% paraformaldehyde and 4% 

sucrose (pH 7.4) for 10 min at room temperature. To permeabilize the myocytes, fixed 

slides were incubated in HEPES buffered saline solution containing 0.2% Triton X-100 

for 10 min at 4˚C (Li et al., 2013).  

At this stage, coded slides that were incubated with Cy3-anti-FLAG IgG were examined 

by confocal microscopy using Cy3 (lex 550 nm, lem 570 nm) and DAPI (lex 358 nm, lem 

461) channels and their pseudo fluorescence “red” for Cy3 and “violet” for DAPI is 

presented in the figures. To label the ß1-AR in cells that were incubated with rabbit anti-

FLAG IgG, the slides were exposed to a 1:500 dilution of fluorescent anti-rabbit IgG for 

30 min in blocking buffer prior to their examination by confocal microscopy. Permeabilized 

slides for dual confocal microscopy were incubated with 1:1000 dilution of the primary 

antibody under study (such as anti-SAP97 or anti-SNX27) for 30 min at 37˚C, washed 

and incubated with 1:500 dilution of fluorescent anti-mouse or anti-rabbit IgG and then 

analyzed by confocal microscopy. Confocal fluorescence microscopy was performed at 

room temperature on coded slides and optical section thickness of 1.0 µm images were 

acquired using Olympus FV1000 confocal microscope equipped with 40 or 60 Å oil 

immersion (N.A. 1.30) objective lens, using FV10-ASW 3.1 acquisition software (Nooh 

and Bahouth, 2017). Tiff files of each image were exported and analyzed for pixel intensity 

and distribution by image J software (NIH.gov). Each cell was partitioned by a line every 
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point of which was at a distance of 400-nm from the outer periphery of the ARVM, using 

image J software. This line formed the outer limit of the area used to index pixel intensity 

of internal ß1-AR in a given cell, while the area formed between the peripheral cell 

membrane and this line was used to index the distribution of pixels associated with cell 

surface ß1-AR (Gardner et al., 2004, Gardner et al., 2006; Gardner et al., 2007; Li et al., 

2013; Nooh and Bahouth, 2017).  

 

Radioligand binding and Western blotting procedures.  Radioligand binding 

was carried out on whole cell homogenates prepared from ARVM that were infected with 

either the empty adenoviral vector or with the WT ß1-AR expressing virus.  ARVM were 

scrapped, concentrated by centrifugation and homogenized in hypotonic lysis buffer (50 

mM HEPES, pH 7.4 and 10 mM MgCl2) supplemented with 1X cOmplete™ protease 

inhibitor cocktail (Roche Reagents). Saturation binding experiments involved mixing 

equal amounts of protein (5 µg) prepared from different ARVM with 5-200 pM 

(125I)Iodocyanopindolol in duplicates in the absence or presence of 100 µM ISO as 

described (Delos Santos et al., 2006). The KD and the Bmax for (125I)Iodocyanopindolol 

binding were estimated by parametric fitting of the data using the Prism 7 software 

(Graph-Pad Corporation, San Diego, CA).  

For Western blotting, ARVM expressing the appropriate construct were lysed in 

lysis buffer composed of: 150 mM NaCl, 50 mM Tris, pH 8.0, 5 mM EDTA, 0.2% triton X-

100, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 10 μg/ml chymostatin and 1 mM phenyl 

methyl sulfonyl fluoride for 1h at 4°C. Then insoluble cellular debris was removed by 

centrifugation at 14,000gav for 15min at 4°C. After equalizing protein concentrations 
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across all samples, lysates in 2X-Laemmli sample buffer were subjected by SDS-

polyacrylamide gel electrophoresis under denaturing conditions and electroblotted to 

nitrocellulose. Identical gels were run and transferred for separate detection of the desired 

protein by Western blotting, as described (Nooh and Bahouth, 2017). 

 

Statistics. Data were derived from image analysis that determined specific total 

pixels and pixels outside vs. inside the 400-nm partition that was drawn around the inner 

circumference of cardiomyocytes. The ratios of pixels residing outside the 400-nm 

partition to that of total pixels in % was calculated for each image.  The average ± S.E. of 

percentile pixel ratios from 3 separate experiments derived from 10 images/experiment 

(n = 30 images) is presented. Statistical comparison between two groups was performed 

by unpaired t-tests and for multiple groups by ANOVA followed by Bonferroni`s test with 

a single pooled variance test in which FWER was set at 0.05, using GraphPad Prism 7 

software (GraphPad Software Inc, San Diego, CA). 

 

 

Results 

         Spatiotemporal localization of the human ß1-AR in ARVM.  The ARVM used in 

this study were maintained in defined media without serum to minimize their 

transformation and all experiments were carried out within 72 h after their isolation 

(Banyasz et al., 2008).  Under these conditions, cardiomyocytes maintained their rod 

shaped appearance and their parallel myofibrillar architecture for several days (Simpson 

et al., 1999). Our studies were carried out by adenoviral-mediated expression of an N-
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terminally modified WT ß1-AR that expressed the FLAG epitope (FLAG-tagged WT ß1-

AR) because there were no antibodies we could find that would detect native ß1-AR in 

mammalian cells. Radioligand binding studies indicated that infection of ARVM with 50 

m.o.i. of either control or WT ß1-AR-expressing adenovirus increased the Bmax of ß-AR 

from 112 ± 19 to 216 ± 43 fmoles/mg protein with a KD of 19 ± 6 pM (n = 5). 

Cardiomyocytes infected with the WT FLAG-ß1-AR adenovirus were incubated with Cy3-

labeled anti-FLAG IgG to label the ß1-AR, then fixed and monitored by confocal 

microscopy (Fig. 1).  The images were exported as Tiff files into image J software and 

analyzed for pixel distribution outside and inside a 400-nm partition drawn around the 

inner circumference of ARVM.   

           In quiescent ARVM, 79 ± 12% Cy3-conjugated anti-FLAG IgG pixel intensities 

(pseudo-red fluorescence in Fig. 1A, images a and a’) were localized outside the 400-nm 

partition (P< 0.05 compared to inside the partition), indicating that WT ß1-AR were 

expressed at the plasma membrane of ARVM. The orientation of Cy3 fluorescence, which 

indexes the orientation of the FLAG epitope, was determined by an acid wash procedure 

applied to intact cells prior to fixing (Fig. 1A, image b).  This procedure would strip the 

fluorescent anti-FLAG antibody bound to extracellular FLAG epitope.  The acid wash 

procedure expunged 73 ± 9% of total Cy3 fluorescence, indicating that the majority of ß1-

AR were confined at the surface sarcolemma membrane of ARVM.  

Exposing ARVM to a high concentration of the ß-agonist ISO, resulted in 

redistribution of membranous Cy3 fluorescence into numerous small punctate structures 

throughout the cell (Fig. 1A images c and c’).  The fluorescence of the Cy3 puncta outside 

vs. inside the 400-nm divider accounted for 13 ± 5% vs. 86 ± 11% of the total pixel 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 30, 2018 as DOI: 10.1124/mol.118.112045

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL	#112045	

	 13	

intensities, respectively and these differences were statistically significant (P <0.05).  

Treatment of these cells with a mild acid wash removed 8.7 ± 3% of the pixels, indicating 

that Cy3 pixels were intracellularly or in an acid inaccessible compartment (Fig. 1A, image 

d).   

Replacing ISO with the ß-blocker alprenolol induced the translocation of the WT 

ß1-AR from inside to outside the 400-nm partition (Fig. 1A, images e and e’). Under these 

conditions, fluorescence outside the 400-nm partition accounted for 74 ± 9 % of total pixel 

intensity (P <0.05, compared to inside the divider). The amount of Cy-3 fluorescence that 

was stripped by acid wash in these ARVM amounted to 66 ± 8%, indicating that alprenolol 

induced the redistribution of punctal WT ß1-AR to the surface membrane (Fig. 1A, image 

f). Statistical comparisons between Cy3 pixel distribution by the partition method vs. the 

acid-strip procedure in untreated ARVM by ANOVA followed by Bonferroni’s test (Fig. 

1B).  These analyses showed statistically insignificant differences (P>0.05) between the 

percentile distribution of pixels outside the 400-nm partition (image a condition in Fig. 1A) 

as compared to the percentile of fluorescence stripped by the acid wash method in 

untreated control (image b condition in Fig. 1A) ARVM.  Moreover, no statistically 

significant difference (P>0.05) occurred when the percentile of Cy3 pixels outside the 

400-nm partition in ISO/ALP ARVM were compared to the percentile of fluorescence 

stripped by the acid wash method in ISO/ALP treated ARVM (Fig. 1B). These findings 

indicate that the partition method is a valid approach for compartmental analysis of GPCR 

distribution in ARVM.  
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We conducted additional studies to determine the distribution of the WT ß1-AR in 

intact vs. permeabilized naïve or ISO-treated ARVM (Fig. 1C, images g and h, 

respectively).  Staining permeabilized naïve ARVM with Cy-3 anti-FLAG revealed 

additional limited amounts of ß1-AR staining around the nuclei (Fig. 1C, arrows in image 

h).  The mild acidic wash stripped the Cy3 fluorescence from these cells, indicating that 

Cy3 staining was limited to the plasmalemmal membrane in intact or permeabilized naïve 

ARVM (Fig. 1C, images i and j).  Staining ISO-exposed intact or permeabilized 

cardiomyocytes with Cy3-anti-FLAG IgG revealed that ß1-AR staining in permeabilized 

ISO-exposed ARVM, but not in intact ISO-exposed ARVM (Fig. 1C, compare image k to 

i).  These findings suggest that ISO induced the redistribution of the WT ß1-AR into 

compartments in ARVM that were inaccessible to staining with Cy3-labeled anti-FLAG 

IgG.  As expected, the acid wash procedure stripped Cy3 fluorescence from 

permeabilized ISO-treated ARVM (Fig. 1C, images m and n).  Finally, we determined the 

effect of alprenolol on the distribution of the WT ß1-AR in intact ISO-exposed vs. 

permeabilized ISO-exposed ARVM (Fig. 1C, images o-r). Cy-3 staining of intact or 

permeabilized ISO/alprenolol-treated myocytes was limited to the surface cell membrane 

(Fig. 1C, images o and p, respectively), and was stripped by mild acid treatment (Fig. 1C, 

images q and r).  Therefore, it appears that WT ß1-AR redistributed from an acid-

inaccessible compartment to an extracellularly exposed compartment in response to 

alprenolol.  

 

Characterization of the compartment harboring the WT ß1-AR in agonist-exposed 

ARVM.  Membranous GPCR translocate from their membranous compartment to 
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intracellular early endosomes in response to agonist via two main redistribution pathways, 

namely clathrin-coat mediated endocytosis and by caveolar mechanisms (Baig et al., 

2002; Pelkman et al., 2004; Wolfe and Trejo, 2007) and Fig. 2A. The average diameter 

of the puncta harboring the ISO-activated WT ß1-AR in ARVM was ~230 ± 50 nm (n = 30, 

Fig. 1).  This diameter is smaller than the diameter of early endosomal vesicles, which 

varies from 250-400 nm for small diameter smooth vesicles to ~600-900 nm for large 

endocytic vesicles with tubular extensions (Wileman et al., 1985; Frederic et al., 2014).   

We conducted colocalization studies between the WT ß1-AR and the PDZ protein SNX27, 

which is an early endosome resident protein that is expressed in ARVM (Fig. 2B).  SNX27 

is universally involved in recycling of PBM containing cargoes, such as ß1-AR, ß2-AR and 

many other GPCRs from early endosomes to the plasma membrane (Lauffer et al., 2010; 

Steinberg et al., 2013). Distribution of SNX27 and the WT-ß1-AR in control vs. ISO-treated 

and permeabilized ARVM revealed that while SNX27 was colocalized with the WT ß1-AR 

in naïve ARVM, it distribution was significantly different from that of the WT ß1-AR in ISO-

exposed ARVM (Fig. 2C and Fig. 2D). In ISO-exposed ARVM, SNX27 was confined to 

the cytosolic side of the cardiac plasmalemmal membrane (pseudo green in Fig. 2C), 

while the WT ß1-AR was distributed in puncta throughout the ARVM (pseudo red in Fig. 

2C).  

 The diameter of ß1-AR puncta however, was close to the diameter of transverse 

tubules (t-tubules), which are plasma membrane tubular invaginations that rapidly 

propagate excitatory signals to inside cardiomyocytes through tubules with diameters 

between 180 and 280 nm (Soeller and Cannell, 1999). To find out if these structures were 

co-localized, we performed dual-fluorescence microscopy on ARVM that expressed the 
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WT ß1-AR and the t-tubule specific fluorescent dye Di-8 ANEPPS (Lyon et al., 2009).  A 

problem encountered in using Di-8 ANEPPS was its broad excitation/emission spectra 

(lex = 498 nm and lem = 713 nm), which overlapped with the wavelengths maxima of Cy3 

(lex = 550 nm and lem = 570 nm) and many other fluorescent dyes.  Therefore, we used 

fluorescent dyes with non-overlapping excitation and emission spectra, such as CF-350 

(Abs/Em Maxima: 347/448 nm) or CF-770 (Abs/Em Maxima: 770/797 nm) that were 

conjugated to goat anti-rabbit IgG. We verified by Western blotting that the polyclonal 

rabbit anti-FLAG IgG selectively and quantitatively recognized the Mr = 66-70 kDa mature 

form of the FLAG-tagged WT ß1-AR in cell lysates prepared from HEK-293 cells stably 

expressing the FLAG WT ß1-AR (Fig. 2E).  

          To detect the ß1-AR and Di-8 ANEPPS by dual-fluorescence confocal microscopy 

in ARVM, cell expressing FLAG-ß1-AR were exposed to ISO, fixed and incubated with Di-

8 ANEPPS for 10 min.  The slides were washed, permeabilized and incubated with rabbit 

anti-FLAG IgG to the label the ß1-AR, followed by CF-350 or CF-770-conjugated to goat 

anti-rabbit IgG.  In ISO-treated ARVM, CF-350-labeled WT ß1-AR (pseudo violet in Fig. 

2F, image a) and Di-8 ANNEPS (pseudo green in Fig. 2F, image b) were largely 

colocalized by >87 ± 12% (P>0.05 from 30 images derived from n = 3 experiments). 

Similar findings were obtained with the CF-770 conjugated anti-FLAG IgG as well (Fig. 

2F, images a’-d’).  

 

          Barcoding of ß1-AR trafficking in ARVM.  In mammalian cells, specific barcodes, 

such as the PBM and PKA-substrate Ser312 were involved in translocating endosomal WT 

ß1-AR back to plasma membrane, but whether these barcodes are also involved in the 
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redistribution of ß1-AR in ARVM is unknown (Nooh and Bahouth, 2017).  ARVM were 

infected with adenovirus harboring either the PBM inactivated ß1-AR (ß1-AR∆PDZ) or a 

ß1-AR construct with a Ser312 to Ala312 ((S312A) ß1-AR) inactivating point mutation 

(Gardner et al., 2004; Gardner et al., 2006, Li et al., 2013). In untreated myocytes, Cy3 

labeled ß1-AR∆PDZ or (S312A) ß1-AR were localized by 79 ± 12% and by 83 ± 14%, 

respectively at the surface membrane of naïve ARVM (Fig. 3A, images a-a’ and c-c’, 

respectively and Fig. 3B) and their fluorescence was expunged after exposing these cells 

to a mild acid treatment (Fig. 3A, images b and d, respectively).  Exposing these ARVM 

to ISO, redistributed 83 ±13% of ß1-AR∆PDZ and 86 ± 15% of (S312A) ß1-AR into puncta 

inside the 400-nm partition (Fig. 3A, images e-e’ and g-g’, respectively and Fig. 3B).  The 

fluorescence of these cells was resistant to mild acid exposure (Fig. 3A, images f and h, 

respectively). The distribution of ß1-AR∆PDZ or (S312A) ß1-AR overlapped with the 

distribution of Di-8 ANEPPS in ISO-treated ARVM (Fig. 3C, images m-o and q-s, 

respectively, from 30 images derived from n = 3 separate experiments). Punctal 

distribution of ß1-AR∆PDZ or (S312A) ß1-AR did not change significantly (P>0.05) upon 

replacing ISO with alprenolol (Fig. 3A, images i-i’ and k-k’, respectively and Fig. 3B), and 

their fluorescence was not affected by exposure to a mild acid solution (Fig. 3A, images j 

and l, respectively).  Therefore, these two mutations in the ß1-AR markedly inhibited its 

redistribution from the acid-resistant compartment back to the surface sarcolemmal 

membrane. 

 

           Involvement of PKA and PKA-AKAP interactions in ß1-AR trafficking in 

ARVM.  The involvement of PKA or AKAP-PKA interactions on the distribution of ß1-AR 
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in ARVM was determined using PKA or PKA-AKAP interaction inhibitors (Fig. 4). 

Inhibition of PKA with the myristoylated PKA inhibitory peptide (mPKI) or disruption of 

PKA-AKAP interactions with the cell-permeable st-Ht31 peptide did not affect the 

localization of Cy-3 labelled WT ß1-AR in naïve ARVM (84 ± 12% and 79 ± 11%, of the 

pixels were distributed outside the partition, respectively as illustrated in Fig. 4B and 4C.   

These pixels redistributed towards the inside of this partition (84 ± 16% and 83 ± 15%, 

respectively) in response to ISO (Fig. 4, images a-b, d-e, g-h and j-k and Fig. 4B and 4C).  

However, inactivation of PKA prevented the translocation of the ISO-exposed WT ß1-AR 

from inside to outside the partition in response to alprenolol (Fig. 4, compare pixel 

distribution in image c to that in images f and I and the graphical data in Fig. 4B). In ARVM 

that were pretreated with st-Ht31-pro, which is the inactive counterpart of st-Ht31, 

alprenolol induced the redistribution of WT ß1-AR pixels from inside (88 ± 16%) into the 

region outside the 400-nm barrier by 84 ± 13% (Fig. 4, image i and Fig. 4C).  However, 

internal pixels in ARVM that were pretreated with st-Ht31 did not redistribute to the cell 

surface membrane in response to aplrenolol (compare images k to l in Fig. 4A). In buffer 

or st-Ht31-pro pretreated myocytes, replacing ISO with alprenolol induced significant 

redistribution of ß1-AR pixels from inside to outside the 400-nm partition (Fig. 4B and 4C, 

P<0.001 by one-way ANOVA followed by Bonferroni`s analysis).  However, alprenolol 

failed to induce the translocation of WT ß1-AR from inside to outside the 400-nm partition 

in mPKI or st-Ht-31 pre-treated myocytes (Fig. 4B and 4C, P>0.05 by one-way ANOVA 

followed by Bonferroni`s analysis).  
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             Involvement of the PDZ protein SAP97 on ß1-AR redistribution in ISO-

exposed ARVM.  In addition to PKA-AKAP interactions, the PDZ protein SAP97 was 

involved in translocation of the agonist-internalized ß1-AR from endosomes to the plasma 

membrane of mammalian cells (Li et al., 2013; Nooh et al., 2014; Nooh and Bahouth; 

2017). SAP97 is a PDZ scaffolding protein that is localized at the cytoplasmic side of the 

surface membrane of ARVM (Shcherbakova et al., 2007).  SAP97 is expressed in ARVM 

cells as a ~110 kDa protein (Fig. 5A), and its expression was effectively reduced by >85% 

after infecting these cells with an adenovirus harboring a highly-effective and validated 

shRNA to SAP97 (Fig. 5A, compare lane 2 with lane 3).  In naïve ARVM expressing either 

the scrambled Ad-shRNA or the SAP97 Ad-shRNA, 88 ± 15% and 80 ± 13% of WT ß1-

AR pixels were distributed outside the 400-nm partition, respectively (Fig. 5B, images a 

and d, respectively). These findings indicate that down-regulation of SAP97 did not affect 

the compartmentalization of WT ß1-AR in ARVM.  ISO induced the redistribution of the 

WT ß1-AR from the surface plasmalemmal membrane into puncta inside the 400-nm 

partition by 85 ± 15% in scrambled Ad-shRNA-infected ARVM and by 88 ± 13% in SAP97 

Ad-shRNA-infected ARVM (P>0.05 derived from 30 images/condition similar to those in 

Fig. 5B, images b and e, respectively).  In ARVM infected with scrambled Ad-shRNA, 85 

± 10% of WT ß1-AR puncta redistributed back to the cell membrane (outside the 400-nm 

partition) upon replacing ISO with alprenolol (Fig. 5B, image c).  However, in ARVM that 

were infected with SAP97 Ad-shRNA, more than 85% of the WT ß1-AR fluorescence 

remained inside the 400-nm partition. Comparisons of pixels distribution between 30 

images per condition, indicated that knock down of SAP97 significantly inhibited the 
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redistribution of ß1-AR puncta to the cell membrane of ARVM as compared to its 

scrambled control Ad shRNA (Fig. 5C).  

 

 Dual-fluorescence microscopy indicated that in permeabilized ARVM, SAP97 was 

confined to the cytosolic side of the surface membrane in buffer or in ISO-treated ARVM 

(pseudo green in Fig. 5D) and colocalized with the WT ß1-AR in naïve ARVM (Fig. 5E). 

However, in ISO-exposed ARVM, the WT ß1-AR was localized in puncta distributed 

throughout the ARVM (pseudo red in Fig. 5D) and its distribution was significantly different 

(P < 0.05) from that of SAP97 (Fig. 5E).  

 

 

Discussion 

 Characterization of the compartmentalization of ß1-AR in ARVM.  Spatial 

localization of ß-AR and vectoring their signaling to specific intracellular compartments 

through compartmentalization are thought to play a major role in the development of heart 

diseases, such as heart failure (Head et al., 2005; Fischmeister et al., 2006; Lyon et al., 

2009; Nikolaev et al., 2010). Assessment of the precise distribution of ß-AR in the heart 

by direct visualization is hampered by technical hurdles, chief among them is low 

densities of ß-AR in the heart and insufficient sensitivity of currently available antibodies 

to detect these receptors in intact tissue or in ARVM.  We overcame these difficulties by 

expressing N-terminally FLAG-tagged ß1-AR constructs at relatively low levels and 

minimized serum-induced cellular differentiation and ß1-AR activation by culturing the 

ARVM in serum-free media (Banyasz et al., 2008; Pavlovic et al., 2010; Louch et al., 
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2011). Our results indicate that in quiescent ARVM, ß1-AR were localized (>85%) to non-

tubular external membrane (surface sarcolemma) and to structures around the nucleus 

that were described earlier (Boivin et al., 2006). Activation of the ß1-AR by ISO induced 

the redistribution of surface ß1-AR into acid and antibody-inaccessible vesicles.  These 

findings are significant on several fronts.  First, they correlate findings made by other 

techniques that selective local stimulation of ß1-AR in the crest region or around t-tubules 

of ARVM induced robust wide-spread activation of cyclic AMP signals, while stimulation 

of ß2-AR in t-tubules generated restricted cyclic AMP signals (Nikolaev et al., 2010). Other 

studies using similar techniques to those described here have shown that ß1-AR were 

uniformly distributed at the cell surface membrane and t-tubules, resulting in a striated 

fluorescence pattern (Zhou et al., 2000).  We attribute differences in ß1-AR distribution to 

the use of fetal bovine serum, which contains catecholamines that can significantly 

activate ß-AR in some cells lines (Dibner and Insel, 1981; Patrizio et al., 1996), which 

might alter the cellular distribution of the ß1-AR in naïve ARVM.  Finally, we wish to point 

out that results similar to those described here were obtained by [3H]CGP-12177 binding 

to cell-surface ß-AR in mouse ventricular myocytes (Cheng et al., 2005).  In this study, 

[3H]CGP-12177 binding was reduced by >60% upon exposing the myocytes to ISO, 

followed by restoring the density of cell-surface ß-AR by >80%, within 1 h after ISO 

washout. 

 

Novel aspects of ß1-AR redistribution in ARVM.  Distribution of ß1-AR in ARVM under 

ß-agonist activating conditions indicated that ß1-AR redistributed to small round structures 

and were no longer exposed to the extracellular milieu.  These findings raise a question 
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on the nature of the punctate vesicular structures harboring the ß1-AR in agonist-exposed 

ARVM?  Our findings indicate that these small diameter vesicles overlapped by >90% 

with Di-8 ANEPPS staining, a widely used fluorescent dye that specifically labels t-tubules 

in muscle tissue (Lyon et al., 2009; Pérez-Treviño et al., 2015; Schobesberger et al., 

2017). Since t-tubules are continuous with the plasma membrane (Soeller and Cannell, 

1999), we did not refer to this process as agonist-mediated internalization of the GPCR, 

rather as redistribution/translocation of the GPCR into t-tubules. We speculate that 

redistribution of ß1-AR in ISO-exposed ARVM into the t-tubular membrane might occur 

either by vesicular budding (pathways 1 and 2 in Fig. 2A) or by translocation of outer 

membrane structures into t-tubules as illustrated as pathway 3 in Fig. 2A.  In this regard, 

we determined that SNX27 was not colocalized with ß1-AR-containing vesicles in ISO-

treated ARVM (Fig. 2C).   This was surprising because SNX27 is an early endosomal 

PDZ protein that is universally involved in endosome to plasma membrane recycling of 

PBM containing cargoes, such as ß1-AR, ß2-AR and many other GPCRs (Lauffer et al., 

2010; Steinberg et al., 2013). We interpret this finding as an indication that the agonist-

activated ß1-AR did not migrate into classical endosomes, but might have redistributed to 

deep invaginations that are continuous with the plasma membrane of cardiac myocytes, 

such as t-tubules or caveolae (Soeller and Cannell, 1999) and Fig. 2C.   

           Finally, we determined that ISO washout promoted the translocation of ß1-AR from 

these punctate structure back into the plasma membrane, in line with observations 

concerning the distribution of WT ß1-AR in other mammalian cells (Gardner et al., 2004; 

Li et al., 2013; Nooh and Bahouth, 2017).  While these results indicate significant 

similarities in compartmentalization of ß1-AR in terminally-differentiated ARVM to those 
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in established cell lines (Valentine and Haggie, 2011; Bahouth and Nooh 2017; Nooh and 

Bahouth, 2017), it also reveals some major differences in redistribution that will be 

discussed in the subsequent sections.   

 

Role of barcodes in setting the trafficking itinerary of the ß1-AR in ARVM. A 

consistent finding in GPCR trafficking studies is the paramount role of barcodes in 

dictating the trafficking itineraries of GPCR.  Barcodes are either short amino-acid 

sequences found in the C-tail of the GPCR or reversibly-modified amino acids (either by 

phosphorylation or by ubiquitination), which dictate the trafficking outcome of a given 

GPCR (Marchese and Trejo, 2013; Bahouth and Nooh, 2017). We concentrated on the 

roles of the PBM in the C-tail and Ser312 in the 3rd intracellular loop in regulating the 

redistribution of the agonist-activated ß1-AR from intracellular punctate vesicles to the 

surface membrane of ARVM because these barcodes were also involved in ß1-AR 

trafficking in mammalian cells (Gardner et al., 2004; Gardner et al., 2007; Nooh et al., 

2013; Nooh and Bahouth, 2017).  This study confirmed that these domains mediated their 

effects on the distribution of the WT ß1-AR in ARVM by a cross-talk mechanism centered 

around the PBM of the ß1-AR and its binding partner SAP97 (Fig. 4-5).  Bipartite binding 

of SAP97 to the PBM of the ß1-AR and to an AKAP5/PKA complex tethered a multi-protein 

complex to the PBM of the ß1-AR in the surface membrane of quiescent ARVM (Fig. 6A). 

Mechanistically, increased cyclic AMP in response to agonist-mediated activation of the 

ß1-AR activates the pool of PKA bound to the PBM of the ß1-AR to phosphorylate Ser312 

and other substrates such as L-type Ca2+ channels and others (Fig. 6B). In addition, 

activation of the ß1-AR promotes GRK-mediated phosphorylation of the C-tail of ß1-AR 
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and binding of ß-arrestin, which serves as a primary node for GPCR sequestration (Fig. 

4B and Wolfe and Trejo, 2007; Walther and Ferguson, 2013).  Our findings show that 

chronic stimulation of ARVM with ISO, induced the redistribution of the majority of WT ß1-

AR into punctate structures that overlapped with the structures stained by the t-tubule 

specific dye Di-8 ANEPPS (Fig. 2F and Fig. 6C). In this regard, the WT ß1-AR 

translocated away from the SAP97/AKAP5/PKA complex, which remained in its original 

compartment at the inner leaflet of the plasma membrane (Fig. 6C).  The data in figures 

3-5 confirm that the type-1 PDZ and its associated receptosome, as well as phospho-

Ser312 played a major role in translocating the WT ß1-AR from intracellular structures to 

the surface plasmalemma of ARVM (Fig. 6D).  This report introduces the (S312A) ß1-AR 

point mutant as a novel easy-to-use tool for analyzing compartmentalized ß1-AR signaling 

in intracellular puncta vs. the cell surface membrane.  These studies would be best carried 

out by adenoviral-mediated expression of the (S312A) ß1-AR in ß1/ß2-AR knockout mouse 

cardiomyocytes (Rohrer et al., 1999; Zhou et al., 2000).  For example, acute activation of 

the (S312A) ß1-AR in naïve vs. ISO-exposed and then rested ß1/ß2-AR–/–cardiomyocytes 

might provide clues on the dynamics of ß1-AR signaling to cyclic AMP from the surface 

membrane or from intracellular structures, respectively in normal or experimental 

pathological conditions. 

 

Summary and significance of our findings in ARVM.  Sustained elevation of circulating 

catecholamines is common theme in many pathological conditions such as cardiac 

hypertrophy, heart failure and hypertension (Prichard et al., 1991; Keys and Koch, 2004).  

In heart failure, increased sympathetic nervous system activity is associated with 
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selective down-regulation of cardiac ß1-AR and in worsening prognosis (Bristow et al., 

1982; Bristow et al., 1993; Brodde, 1993; Keys and Koch, 2004).  In addition, loss or 

remodeling of t-tubules is a common observation in several cardiovascular diseases such 

as myocardial infarction and heart failure (Balijepalli et al., 2003; Lyon et al., 2009; 

Schobesberger et al., 2017).  In this report we show that ß-agonists induced the 

redistribution of the ß1-AR to what appears to be t-tubules or caveolae, which is a novel 

observation with significant potential for regulating the stability of signaling outputs of 

cardiac ß1-AR. Whether these combined structural and biochemical abnormalities work 

cooperatively in altering the compartmentalized signaling outputs or stability of cardiac 

ß1-AR is not known.  But, these changes could provide another investigative dimension 

for understanding the basis for selective down-regulation, desensitization of cardiac ß1-

AR seen in heart failure and other pathological conditions.  
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Figure legends 

Figure 1.  Compartmentalization of WT ß1-AR in adult rat ventricular myocytes (ARVM).  
A) ARVM expressing the FLAG-tagged human wild-type (WT) ß1-AR were prelabeled for 
1 h with Cy3-anti-FLAG antibody and fixed (a).  The rest of the slides were exposed to 10 
µM ISO for 30 min, fixed (c) or washed and incubated with 100 µM alprenolol for 1 h, and 
fixed (e). Slides corresponding to images a, c, e were subjected to a mild acid wash prior 
to fixing (b, d, f).  Cells were imaged and pseudo fluorescence of Cy3 (red) and DAPI 
(blue) is presented.  Nomarski image or Cy3-superimposed to the Nomarski image are 
presented in the upper left or in the right lower quadrant, respectively. B) Cy3 pixel 
distribution (mean ± SE from a total of 30 images derived from 3 separate experiments) 
in ARVM that were untreated, exposed to ISO or exposed to ISO/ALP by the microscopic 
partition vs. the acid-strip procedure were analyzed by one-way ANOVA followed by 
Bonferroni’s test with a single pooled variance test. NS, indicates non-significant 
differences between the column pairs. C) Intact or permeabilized ARVM prepared as in 
A, were incubated with buffer (g-j), ISO 30’ (k-n), or ISO/alprenolol (o-r) as described in 
the Methods section.  These Slides were incubated with Cy3-anti-FLAG IgG for 1h and 
exposed to neutral (g, h, k, l, o, p) or acidic buffer (i, j, m, n, q and r), then fixed and 
visualized by confocal microscopy. Each scale bar in A or B represents 15 µm.  Small 
arrows indicate nuclear fluorescence.  
 
Figure 2. Fluorescence colocalization microscopy between WT ß1-AR and intracellular 
markers in ARVM. A) Cartoon representing modes of agonist-mediated GPCR 
internalization.  The majority of GPCR are endocytosed from the surface membrane to 
early endosomes by clathrin mediated endocytosis into early endosomes (1), or from 
caveolae into early endosomes (2).  The cartoon also indicates that GPCR may 
translocate to t-tubules, which are continuous with the plasma membrane in agonist-
exposed ARVM (3). Specific markers for early endosomes and t-tubules, such as SNX27 
and Di-8 ANEPPS, respectively may provide clues about the intracellular compartment 
harboring the ß1-AR in ISO-exposed ARVM.  The figure also depicts possible 
mechanisms for GPCR recycling from their intracellular compartment back to the surface 
membrane (4) or caveolae (5). B) Western blotting of 10 or 20 µg of ARVM cell lysates 
with anti-SNX27.  C) Colocalization between CF-770 labeled WT ß1-AR (pseudo red) and 
GFP-labeled SNX27 (pseudo green) in ISO-exposed ARVM. The scale bar, represents 
20 µm. D) Statistical comparison of CF-770 vs. GFP pixel overlap (mean ± SE from 30 
images derived from 3 separate experiments) in ARVM that were untreated (buffer) or 
exposed to ISO for 30 min. Statistical comparison in the percentile of overlapping pixels 
between the two groups were carried out by student’s t-test.  P values were expressed 
as NS to indicate no significant difference or *, **, and *** to indicate P<0.05, P<0.01, and 
P< 0.001, respectively.  E) Western blotting of increasing amounts of cell lysates prepared 
from HEK-293 stably expressing FLAG-ß1-AR that were probed with rabbit polyclonal 
anti-FLAG IgG. F) ARVM expressing the WT FLAG ß1-AR were incubated with 5 µg/ml 
of rabbit anti-FLAG IgG for 1 h and then to buffer or ISO for 30 min as described in Fig. 
1A.  These slides were incubated with 10 µM Di-8 ANEPPS washed and then fixed.  
Slides were permeabilized and incubated with CF350- (a-d) or CF770-goat anti-rabbit IgG 
(a’-d’) for 30 min and visualized by confocal microscopy. Di-8 ANEPPS staining (pseudo 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 30, 2018 as DOI: 10.1124/mol.118.112045

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL	#112045	

	 34	

green in images b and b’) and Nomarski images (d and d’) are shown. Distribution of 
fluorescent pixels for CF-350 (pseudo violet in image a) or CF-770 (pseudo red in image 
a’) were superimposed on Di-8 ANEPPS staining (pseudo cerulean or yellow in images c 
and c’, respectively). Each scale bar in A or B represents 10 µm. 
 
Figure 3.  Compartmentalization of ß1-AR∆PDZ and (S312A) ß1-AR in ARVM. A) 
Confocal microscopy of FLAG ß1-AR∆PDZ or FLAG (S312A) ß1-AR in ARVM were 
carried as previously described in Fig. 1A.  Each scale bar in A represents 15 µm. B) Pixel 
distribution of Cy3 ß1-AR ∆PDZ (PDZ) or Cy3-((S312A) ß1-AR) (S-A) outside the 400-nm 
partition (mean ± S.E.) of ARVM that were untreated, exposed to ISO or exposed to 
ISO/ALP by the microscopic partition procedure from 30 images/condition that were 
derived for 3 separate experiments) is presented. Statistical comparisons were carried 
out by one-way ANOVA followed by Bonferroni’s test.  NS, indicates non-significant 
differences between the column pairs or *, **, and *** to indicate P<0.05, P<0.01, and P< 
0.001, respectively.  C) ARVM expressing FLAG-ß1-AR ∆PDZ or FLAG (S312A) ß1-AR 
were processed as described in the legend of Fig. 2F.  Slides were permeabilized and 
incubated with CF770-goat anti-rabbit IgG and visualized.  ß1-AR∆PDZ staining (pseudo 
red, image n) or (S312A) ß1-AR (pseudo red, image r) and that of with Di-8 ANEPPS 
(images m and q) were superimposed (images o and s, respectively).  Each scale bar in 
A or B represents 15 µm. 
 
Figure 4.  Effect of myristoylated PKI (mPKI) and st-Ht-31/pro on compartmentalization 
of WT ß1-AR in ARVM.  ARVM expressing the FLAG-tagged WT ß1-AR were exposed to 
Cy3-anti-Flag antibody and pretreated for 30 min either with buffer (images a-c), 0.3 µM 
mPKI (images d-f), 50 µM st-Ht-31 (images g-i) and 50 µM st-Ht-31pro (images j-l).  The 
indicated slides were exposed to ISO or ISO/ALP as described in the legend of Fig 1A. 
The distribution of fluorescent pixels in confocal images (pseudo red) is shown alone or 
superimposed on the Nomarski image in the right lower quadrant.  Each scale bar 
represents 15 µm. B) Pixel distribution of Cy3 WT ß1-AR outside the 400-nm partition 
(mean ± SE) in ARVM that were untreated or pre-treated with mPKI, st-Ht31 or st-Ht31-
pro is presented. Statistical comparisons were carried out by one-way ANOVA followed 
by Bonferroni’s test.  NS, indicates non-significant differences between the column pairs 
or *, **, and *** to indicate P<0.05, P<0.01, and P< 0.001, respectively.   
 
Figure 5.  Characterization of the role and distribution of SAP97 on ISO-mediated 
translocation of WT ß1-AR in ARVM. A) Western blotting of cell lysates (50 µg) prepared 
from ARVM that were infected with scrambled Ad. shRNA or Ad. SAP97 shRNA and then 
probed with anti-SAP97 IgG. B) Effect of SAP97 knockdown on WT ß1-AR 
compartmentalization in ARVM. ARVM infected simultaneously with 50 moi of Ad. WT 
FLAG ß1-AR and with either 50 moi Ad. scrambled shRNA (images a-c) or Ad. SAP97 
shRNA (images d-f) were used.  These slides were incubated with buffer (images a, d), 
ISO 30 min (images b, e) or ISO/ALP (images c, f) and processed as described in the 
legend of Fig. 1A. Each scale bar in B represents 15 µm. C) Effect of scrambled vs. 
SAP97 shRNA on the mean ± S.E. for the distribution of WT ß1-AR pixels outside the 
400-nm partition in ARVM exposed to buffer, ISO, and ISO/ALP is presented. These data 
were derived from 10 images/condition for 3 separate experiments, n = 30 images). 
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Statistical comparisons were carried out by one-way ANOVA followed by Bonferroni’s 
test.  NS, indicates non-significant differences between the column pairs or *, **, and *** 
to indicate P<0.05, P<0.01, and P< 0.001, respectively.  D) Dual-fluorescence confocal 
microscopy between WT ß1-AR (pseudo red) and SAP97 (pseudo green) in ISO-exposed 
ARVM. E) Statistical comparison in the percentile of overlapping pixels between the two 
groups were carried out by student’s t-test.  P values were expressed as NS to indicate 
no significant difference or *, **, and *** to indicate P<0.05, P<0.01, and P< 0.001, 
respectively.  
 
Figure 6. Effect of isoproterenol (ISO) on WT ß1-AR compartmentalization in ARVM.  A) 
In naive “NO ISO” ARVM, WT ß1-AR are confined to the surface plasmalemmal 
membrane.   In this compartment, the ß1-AR associates with the PDZ protein SAP97 via 
its type-1 PDZ.  SAP97 in turn binds to the AKAP5/PKA (Gardner et al., 2007) complex. 
B) Exposing ARVM to ISO activated the ß1-AR signaling pathway, increased cyclic AMP, 
which in turn activated PKA bound to the ß1-AR microdomain.  The activated catalytic 
subunits of PKA phosphorylate many proteins including the ß1-AR on Ser312, L-type 
calcium channels (LTCC) and many others.  In conditions associated with chronic ISO, 
the agonist-activated ß1-AR translocated away from the SAP97/AKAP5/PKA complex on 
the surface membrane to punctate invaginations that appear to correspond to t-tubules 
by as yet an undetermined mechanism.  C) Our results show that under chronic ISO 
condition, the ß1-AR resided exclusively in these intracellular structures that overlapped 
with the t-tubule specific dye Di-8 ANEPPS.  D) Upon replacing ISO with the ß-blocker 
alprenolol, internal ß1-AR recycled in a type-1 PDZ- and phospho-Ser312-dependent 
manner from their intracellular compartment to the surface plasmalemmal membrane to 
restore the organization depicted in the “NO ISO” condition shown in Panel A.  LTCC, L-
type Ca2+ channels, RyR: Ryanodine receptors. 
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