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ABSTRACT  The sympathetic nervous system regulates cardiac output by activating adrener-
gic receptors (ARs) in cardiac myocytes. The predominant cardiac ARs, β1- and β2AR, are 
structurally similar but mediate distinct signaling responses. Scaffold protein–mediated com-
partmentalization of ARs into discrete, multiprotein complexes has been proposed to dictate 
differential signaling responses. To test the hypothesis that βARs integrate into complexes in 
live cells, we measured receptor diffusion and interactions by single-particle tracking. Un-
stimulated β1- and β2AR were highly confined in the membrane of H9c2 cardiomyocyte-like 
cells, indicating that receptors are tethered and presumably integrated into protein com-
plexes. Selective disruption of interactions with postsynaptic density protein 95/disks large/
zonula occludens-1 (PDZ)–domain proteins and A-kinase anchoring proteins (AKAPs) in-
creased receptor diffusion, indicating that these scaffold proteins participate in receptor con-
finement. In contrast, modulation of interactions between the putative scaffold caveolae and 
β2AR did not alter receptor dynamics, suggesting that these membrane domains are not in-
volved in β2AR confinement. For both β1- and β2AR, the receptor carboxy-terminus was 
uniquely responsible for scaffold interactions. Our data formally demonstrate that distinct 
and stable protein complexes containing β1- or β2AR are formed in the plasma membrane of 
cardiomyocyte-like cells and that selective PDZ and AKAP interactions are responsible for the 
integration of receptors into complexes.

INTRODUCTION
G-protein–coupled receptors (GPCRs) constitute the largest family 
of membrane-bound receptors, initiate diverse signal processes, 
and are the targets for many drugs (Pierce et al., 2002; Lagerström 

and Schiöth, 2009). In the heart, GPCRs in the adrenergic receptor 
(AR) family bind catecholamines to convert sympathetic nervous sys-
tem stimulation into cardiovascular responses. Cardiac myocytes 
express nine ARs; however, the β1- and β2AR subtypes have been 
demonstrated to largely regulate contractile function (Xiang and 
Kobilka, 2003; Xiao et al., 2006). Although structurally very similar, 
β1- and β2AR initiate different signaling cascades and undergo dif-
ferent trafficking processes in cardiac myocytes (Rockman et al., 
2002; Xiang and Kobilka, 2003; Xiao et al., 2006). For instance, β1AR 
stimulation is manifest by an increase in contraction rate, whereas 
β2AR activation produces a biphasic response, with an initial in-
crease followed by a sustained decrease in contraction rate (Xiang 
and Kobilka, 2003; Xiao et al., 2006). Activated β1AR is retained at 
the cell surface, whereas activated β2AR is internalized to mediate 
desensitization (Xiang et al., 2002a; Xiang and Kobilka, 2003). Fur-
thermore, chronic stimulation of β1AR is proapoptotic, whereas 
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persistent β2AR activation is cardioprotective (Zheng et al., 2005; 
Xiao et al., 2006).

Compartmentalization of βARs in plasma membrane microdo-
mains containing specific proteins with scaffolding and catalytic ac-
tivities has been proposed to explain subtype-specific cardiac 
adrenergic signaling (Hall and Lefkowitz, 2002; Xiang and Kobilka, 
2003; Malbon et al., 2004; Steinberg, 2004; Xiao et al., 2006). Scaf-
fold proteins associate with two or more proteins to increase the 
efficiency or specificity of a signaling pathway and usually contain at 
least one protein–protein interaction domain (Wong and Scott, 
2004; Zeke et al., 2009). In various cell types, association between 
β2AR and scaffolds, including caveolin-3 (CAV3), A-kinase anchoring 
protein 5 (AKAP5; alternative names human AKAP79 and murine 
AKAP150), AKAP12 (human gravin/AKAP250 or murine SSeCKS), 
and postsynaptic density protein 95/disks large/zonula occludens-1 
(PDZ)–domain proteins, including ezrin-binding phosphoprotein of 
50 kDa (EBP50; alternative names NHERF1 or Slc9a3r1), have been 
demonstrated by biochemical and functional assays (Hall et al., 
1998a, 1998b; Fraser et al., 2000; Rybin et al., 2000; Fan et al., 2001; 
Xiang et al., 2002b; Tao et al., 2003; Balijepalli et al., 2006). Similarly, 
functional and biochemical assays have demonstrated association 
between β1AR and AKAP5 and PDZ domain proteins, including 
synapse-associated protein of 97 kDa (SAP97; alternative name 
Dlg1) and postsynaptic density protein 95 (PSD-95) (Gardner et al., 
2006; He et al., 2006). In addition, interaction with the cytoskeleton 
may influence receptor compartmentalization, as many putative re-
ceptor scaffolds, including PDZ-domain proteins, AKAPs, and cave-
olae, interact directly or indirectly with the actin cytoskeleton (Wu 
et al., 1998; Bretscher et al., 2000; Gomez et al., 2002; Pelkmans 
and Zerial, 2005).

Understanding the physical nature of adrenergic receptor com-
plexes has important implications on a basic level and for the design 
of therapeutic approaches for cardiomyopathies (Negro et al., 
2008). Although a large body of data supports the concept of com-
partmentalized signaling in cardiac myocytes, no information is 
available to describe receptor dynamics in the plasma membrane of 
cardiac myocytes or the contribution of potential scaffolds to com-
plex integrity and stability. In addition, studies that support the con-
cept that receptors are compartmentalized are not without caveats. 
For instance, biochemical approaches that demonstrate protein in-
teractions generally provide no information regarding the degree or 
dynamics of protein association and are typically performed in di-
lute, nonphysiological solutions. Similarly, studies that implicate ca-
veolae in receptor scaffolding often use pharmacological maneu-
vers that alter many cellular processes (Hancock, 2006). In this study, 
single-particle tracking (SPT) was applied to test the hypothesis that 
βARs integrate into stable, discrete protein complexes in live cardi-
omyocyte-like H9c2 cells. The involvement of PDZ-domain proteins, 
AKAPs, caveolae, and actin in receptor dynamics was systematically 
investigated using maneuvers that modulated interactions between 
these scaffolds and receptors.

RESULTS
β1AR and β2AR are confined in the plasma membrane  
of H9c2 cells
The diffusion and interactions of unstimulated β1- and β2ARs were 
studied in H9c2 cardiomyocyte-like cells by SPT of engineered re-
ceptors containing amino-terminal hemagglutinin (HA) tags. These 
receptor analogues recapitulate the signaling and trafficking prop-
erties of untagged receptors in a variety of cell systems, including 
cardiac myocytes (Cao et al., 1999; Luttrell et al., 1999; Xiang et al., 
2002a; Shcherbakova et al., 2007). H9c2 cells express endogenous 

β1- and β2AR, and transfection conditions were initially established 
such that overexpression of epitope-tagged receptors did not result 
in substantially increased levels of either receptor. In HA-β1AR–
transfected cells, the total levels of β1AR (β1AR plus HA-β1AR) in-
creased only ∼1.5-fold, and similar increases in β2AR levels were 
observed in HA-β2AR–transfected cells (levels were characterized by 
quantitative immunohistochemistry, as described in Materials and 
Methods). Using these transfection conditions, HA-tagged adrener-
gic receptors expressed in H9c2 cells demonstrate similar proper-
ties as in neonatal cardiac myocytes; for instance, HA-β1AR was re-
tained at the cell surface upon isoproterenol stimulation, whereas 
HA-β2AR was internalized (Supplemental Figure S1; Xiang et al., 
2002a). For SPT, epitope-tagged receptors were labeled by succes-
sive incubation of transfected cells with anti-HA antibody, biotin-
conjugated Fab fragments, and streptavidin conjugated, 655 nm 
emitting quantum dots (Qdots). Qdot attachment was selective 
such that individual fluorophores with intermittent emissions could 
be observed on the surface of HA-β1– or HA-β2AR–expressing cells, 
whereas neighboring, untransfected cells showed near-zero non-
specific labeling (Supplemental Figure S2).

To characterize the diffusive properties of Qdot-labeled recep-
tors, image sequences were acquired at 30 frames per second (fps) 
over 20 s. Figure 1A shows frames from representative image se-
quences for Qdot-labeled HA-β1AR (top) and HA-β2AR (bottom) 
(see Supplemental Movies S1 and S2; note that intermittent fluores-
cent emissions confirm that individual Qdots were imaged). Visual 
inspection of image sequences indicated that both receptors were 
confined over the data acquisition period. Time-lapse imaging ac-
quired at 1 fps qualitatively confirmed that receptor confinement 
persisted over a time scale of minutes (Figure 1B). To quantify recep-
tor diffusion, individual trajectories were reconstructed from SPT im-
age sequences. As expected, trajectories for HA-β1AR (Figure 1C, 
left) and HA-β2AR (Figure 1C, right) were highly confined, typically 
being restricted to membrane domains of approximately 200 nm 
diameter. Trajectories derived from Qdot-labeled receptors in live 
cells were more mobile than those derived from fixed cells or from 
Qdots immobilized on a glass surface (Figure 1C, bottom) indicating 
that trajectories in live cells, albeit highly confined, report actual re-
ceptor diffusion. Individual trajectories were analyzed to generate 
mean-squared displacement (MSD) versus time plots, and values of 
short-range diffusion coefficient (D) and range (MSD1/2, a represen-
tation of how far receptors move in 2 s) determined (Haggie et al., 
2006; Crane and Verkman, 2008). Figure 1D summarizes values of D 
(left) and range (right) for all trajectories derived from HA-β1AR–
expressing (blue) or HA-β2AR–expressing (red) H9c2 cells as cumula-
tive distribution functions (the probability distribution of the vari-
ables D and range for complete data sets). The continuous nature of 
cumulative distributions for both receptor populations indicates that 
similar diffusive behavior presumably describes the motion of HA-
β1AR and of HA-β2AR. The median values of D and range for both 
receptors were ∼0.001 μm2/s and ∼0.03 μm, respectively, similar to 
values obtained for other proteins that demonstrate confined diffu-
sion, including the cystic fibrosis transmembrane conductance regu-
lator (CFTR; Haggie et al., 2006) and orthogonal array–associated 
aquaporin-4 (Crane et al., 2008). To verify that the Qdot-labeling 
strategy was not responsible for receptor confinement, experiments 
were performed in which receptors were labeled with monomeric 
anti-HA Fab fragments and DyLight 649–conjugated secondary Fab 
fragments. On the basis of continuous image acquisition (10 fps, 
100 ms exposure), HA-β1AR (Figure 1E) and HA-β2AR (Supplemen-
tal Figure S3) were qualitatively confined. Finally, experiments 
performed at a higher frame rate (60 fps) established that 30 fps 
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data sampling adequately describes receptor diffusion (unpublished 
data).

HA-β1AR and HA-β2AR were expressed in alternative cell types 
to determine whether confinement of these receptors in H9c2 cells 
was a common finding. When expressed in A549 alveolar epithelial 
cells at levels similar to those studied in H9c2 cells, β1AR (Figure 1D, 
black; see Supplemental Movie S3) and β2AR (Figure 1D, gray; see 
Supplemental Movie S4) showed relatively unhindered diffusion. 
Similar receptor mobility was observed in COS7 kidney fibroblasts 
(unpublished data). The median values of D and range for βAR dif-
fusion in A549 and COS7 cells were ∼0.02 μm2/s and ∼0.3 μm, re-
spectively (p < 0.005 for D and range for both HA-βARs in H9c2 cells 
vs. when expressed in A549 or COS7 cells), similar to prior measure-
ments of β2AR diffusion in A549 cells (Hegener et al., 2004) and to 
freely diffusing transmembrane proteins such as aquaporin-1 (Crane 
and Verkman, 2008).

PDZ domain interactions contribute to the confinement 
of β1AR and β2AR
The confined diffusion of HA-β1AR and HA-β2AR is consistent with 
the concept that receptors stably associate with relatively static pro-

tein complexes in the plasma membrane. As such, a series of ex-
perimental maneuvers were performed to investigate the roles of 
putative scaffold proteins in receptor tethering. The carboxy-termini 
of β1AR (residues Glu-Ser-Lys-Val) and β2AR (residues Asp-Ser-
Leu-Leu) constitute class I PDZ-binding motifs (with the consensus 
X-[Ser/Thr]-X-[Val/Ile/Leu], where X is any amino acid) that selec-
tively interact with PDZ-domain proteins. Scaffold proteins with PDZ 
domains are modular and typically contain domains that mediate 
protein complexation and/or cytoskeletal interaction (Hall and 
Lefkowitz, 2002; Feng and Zhang, 2009). If PDZ interactions are in-
volved in βAR confinement, we reasoned that overexpressed PDZ 
domains (lacking protein/cytoskeleton–interacting domains) that se-
lectively bind to β1- or β2AR would compete with endogenous PDZ-
domain proteins to release receptors from complexes and reduce 
receptor confinement (see Figure 2A for schematic representation 
of this strategy). A similar experimental strategy was previously used 
to investigate the role of EBP50 in the confinement of CFTR (Haggie 
et al., 2006).

To probe β1AR PDZ interactions, the third PDZ domain of SAP97, 
which interacts with the carboxy-terminus of β1AR but not β2AR (He 
et al., 2006), was expressed as a green fluorescent protein (GFP) 

Figure 1:  Single-particle tracking of fluorescently labeled adrenergic receptors in H9c2 cardiomyocyte-like cells. 
(A) Individual frames from SPT image sequences acquired continuously at 30 fps for Qdot-labeled HA-β1AR (top) and 
HA-β2AR (bottom). Scale bar, 2 μm. (B) Individual frames from time-lapse image sequences acquired at 1 fps for 
Qdot-labeled HA-β1AR (top) and HA-β2AR (bottom). Scale bar, 5 μm. (C) Representative trajectories of HA-β1AR (left) 
and HA-β2AR (right) diffusion in the plasma membrane derived from SPT experiments. Trajectories from 
paraformaldehyde fixed cells and immobilized Qdots are also shown (bottom). Scale bar (200 nm) applies to all 
trajectories. (D) Cumulative distributions of diffusion coefficient (D, left) and range at 2 s (right) for HA-β1AR (blue) and 
HA-β2AR (red) expressed in H9c2 cells and HA-β1AR (black) and HA-β2AR (gray) expressed in A549 alveolar epithelial 
cells. (E) Individual frames from image sequences of HA-β1AR labeled with anti-HA Fab fragment and DyLight 
649–conjugated secondary Fab fragment acquired continuously at 10 fps with 100 ms exposures. Labeled receptors are 
highlighted with colored circles; photobleaching during image acquisition reduced fluorescence associated with the 
green- and orange-highlighted receptors. Scale bar, 2 μm.
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chimera (GFP-SAP97pdz) together with HA-tagged receptors. GFP-
SAP97pdz distributed through the cytoplasm, as would be pre-
dicted for a soluble protein. Coexpression of GFP-SAP97pdz with 
HA-β1AR reduced receptor confinement such that many trajectories 
covered micron distances (Figure 2B, left, blue trajectories; see Sup-
plemental Movie S5) and cumulative distributions represented 
higher values of D and range (Figure 2B, right, blue curves, median 
values of D and range were 0.018 μm2/s and 0.34 μm, respectively, 
p < 0.005, relative to control data). In a similar manner, the PDZ do-
mains of EBP50 fused to GFP (GFP-EBP50pdz; Haggie et al., 2006), 
which interacts with β2AR but not β1AR (Hall et al., 1998a; He et al., 
2006), was expressed to investigate β2AR-specific PDZ interactions. 
Expression of GFP-EBP50pdz, which also distributed throughout 
the cytoplasm, together with HA-β2AR decreased receptor confine-
ment (Figure 2C, red trajectories and curves; median values of D 

and range were 0.013 μm2/s and 0.25 μm, 
respectively, p < 0.005; see Supplemental 
Movie S6). In contrast, coexpression of GFP-
EBP50pdz with HA-β1AR (Figure 2B, red tra-
jectories and curves) or GFP-SAP97pdz with 
HA-β2AR (Figure 2C, blue trajectories and 
curves) produced no apparent change in the 
diffusive properties of either receptor, indi-
cating that PDZ-domain interactions are 
specific.

To confirm this observation, the car-
boxy-terminal amino acids of HA-β1AR and 
HA-β2AR were mutated to alanines to obvi-
ate association between βARs and interact-
ing scaffold proteins that contain PDZ do-
mains (Hall et al., 1998a; He et al., 2006). 
The diffusion of both HA-β1AR-V477L and 
HA-β2AR-L413A was increased relative to 
that of the wild-type receptors (Supple-
mental Figure S4; p < 0.005 for both recep-
tor populations). Taken together, these ex-
periments indicate that selective PDZ–βAR 
interactions contribute to the tethering of 
βAR receptors in live H9c2 cells.

AKAP interactions contribute to the 
confinement β1AR and β2AR
Cardiac myocytes express numerous AKAPs 
(Ruehr et al., 2004); however, a variety of ex-
perimental approaches have suggested that 
AKAP5 and AKAP12 interact with βARs 
(Nauert et al., 1997; Fraser et al., 2000; Fan 
et al., 2001; Tao et al., 2003; Gardner et al., 
2006; Shcherbakova et al., 2007). Sequences 
within AKAP5 and AKAP12 have been iden-
tified that are responsible for receptor inter-
action (Fraser et al., 2000; Tao et al., 2003). 
Therefore, as for PDZ-type interactions, we 
reasoned that overexpressed receptor-inter-
acting AKAP domains would disrupt recep-
tor–AKAP association and release receptors 
from complexes if AKAPs participate in βAR 
confinement.

The amino-terminus of human AKAP5 
(residues 1–107) interacts with β2AR and, in 
addition, contains basic amino acid–rich re-
gions that mediate plasma membrane asso-

ciation (Dell’Acqua et al., 1998; Fraser et al., 2000). Confocal imag-
ing indicated that a chimera of the amino-terminus of murine AKAP5 
(residues 1–105) and GFP (AKAP5at-GFP) also predominantly local-
ized to the plasma membrane of H9c2 cells (unpublished data), as 
expected, given the high degree of similarity between the human 
and murine protein sequences. The amino-terminus of AKAP12 
(residues 1–920, AKAP12at) also contains residues that mediate in-
teraction with β2AR and membrane localization (Tao et al., 2003; Yan 
et al., 2009) and a GFP chimera of AKAP12at (AKAP12at-GFP) local-
ized to the plasma membrane of H9c2 cells (unpublished data). 
Given the membrane localization of AKAP5at-GFP and AKAP12at-
GFP (as opposed to the cytoplasmic localization of PDZ-domain 
GFP fusion proteins), the mobility of these chimeras was investi-
gated by photobleaching. Fluorescence recovery after bleaching 
was imaged by laser-scanning confocal microscopy at the plane 

Figure 2:  Role of PDZ-interactions in βAR confinement in H9c2 cells. (A) Schematic 
representation of the experimental strategy used to investigate the role of PDZ interactions in 
βAR confinement. Left, the carboxy-terminus of βAR interacts with a (hypothetical) endogenous 
scaffold protein that contains an interacting PDZ domain (red), an additional protein–protein 
interaction domain (green), and an actin-interacting domain (blue), which governs receptor 
confinement. Right, isolated PDZ domains (red) compete for the βAR carboxy-terminus and 
reduce receptor confinement (increased diffusion) if PDZ-type interactions are involved in 
receptor confinement. (B, C) Single-particle trajectories (left) and cumulative distributions (right) 
for D and range for (B) HA-β1AR under control conditions (black) and in the presence of an 
interacting PDZ domain (SAP97pdz, blue) and a noninteracting PDZ domain (EBP50pdz, red) 
and (C) HA-β2AR under control conditions (black) and in the presence of a noninteracting PDZ 
domain (SAP97pdz, blue) and an interacting PDZ domain (EBP50pdz, red). Scale bar (500 nm) 
applies to all trajectories. Integrity of GFP-EBP50pdz and GFP-SAP97pdz was confirmed by 
anti-GFP immunoblot of transfected H9c2 cell lysates (B, inset).
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between cells and coverslips over a large area (∼10 μm diameter) of 
the plasma membrane. Fluorescence recovery for AKAP5at-GFP 
(Figure 3A, top) and AKAP12at-GFP (Figure 3A, bottom) was ob-
served with a recovery half-time of ∼10–20 s. For both AKAP5at-GFP 
and AKAP12at-GFP, fluorescence recovery was ∼75% complete 
within 2 min (Figure 3B). Therefore, as studied, the plasma mem-
brane–associated AKAP domains cover micron distance scales 
within seconds, indicating that their diffusion is unhindered relative 
to that of βARs.

Expression of AKAP5at-GFP together with HA-β1AR increased 
receptor mobility such that many trajectories covered micron dis-
tance scales (Figure 3C, left, blue trajectories) and cumulative dis-
tributions represented higher values of D and range (Figure 3C, 
right, blue curves; median values of D and range were 0.014 μm2/s 
and 0.14 μm, respectively, p < 0.01). Similarly, expression of 

AKAP12at-GFP with HA-β2AR decreased 
receptor confinement (Figure 3D, red tra-
jectories and curves; median values of D 
and range were 0.013 μm2/s and 0.21 μm, 
respectively, p < 0.01). In contrast, coex-
pression of AKAP12at-GFP with HA-β1AR 
(Figure 3C, red trajectories and curves) or 
AKAP5at-GFP with HA-β2AR (Figure 3D, 
blue trajectories and curves) did not 
change the diffusive properties of either 
receptor, suggesting that AKAP domain 
interactions were selective. A soluble 
β2AR-interacting domain from AKAP12 
(residues 554–938; Tao et al., 2003) fused 
to GFP also increased β2AR but not β1AR 
diffusion (unpublished data). As such, se-
lective AKAP–βAR interactions contribute 
to the tethering of βAR receptors in live 
H9c2 cells.

Caveolae do not participate in the 
confinement of β2AR
In cardiac myocytes, caveolae have been re-
ported to compartmentalize signal trans-
duction pathways mediated by β2AR but 
not β1AR (Rybin et al., 2000; Steinberg, 
2004). Myocyte caveolae are composed of 
the structural protein CAV3, which forms 
high-order oligomeric structures (Steinberg, 
2004; Parton and Simons, 2007). In contrast 
to PDZ-domain and AKAP proteins, specific 
CAV3 sequences (or specific intermediary 
proteins) that interact with β2AR have not 
been identified. Maneuvers were designed 
to modulate the surface levels of CAV3, and 
the effects of these perturbations on β2AR 
dynamics were characterized by SPT.

Although various small inhibitory RNA 
approaches were attempted, expression of 
CAV3 in H9c2 cells could not be reduced 
reliably. However, expression of CAV3-
P104L, a dominant-negative CAV3 mutant 
that is retained in the Golgi and causes limb 
girdle muscular dystrophy (Galbiati et al., 
1999), dramatically reduced surface expres-
sion of CAV3 (unpublished data). In H9c2 
cells, a chimera of CAV3-P104L and GFP 

(CAV3-P104L-GFP) was also observed in perinuclear regions that 
colocalized with the Golgi marker GM130 (Figure 4A, top) and 
retained essentially all endogenous CAV3 in the Golgi (Figure 4A, 
bottom; see Supplemental Figure S5B for additional images). Quan-
titative image analysis of CAV3-P104L-GFP–expressing cells immu-
nostained for CAV3 indicated that ∼90% of CAV3 was retained in the 
Golgi (Figure 4B), a value that is comparable to many knockdown 
approaches. Expression of CAV3-P104L-GFP did not result in Golgi 
retention of HA-β2AR (Supplemental Figure S5C). In contrast, ex-
pression of CAV3-P104L-mCherry resulted in Golgi retention of dys-
ferlin (Supplemental Figure S5D), a protein previously shown to in-
teract with CAV3 (Hernández-Deviez et al., 2006).

Single-particle tracking experiments to measure HA-β2AR mobil-
ity in cells expressing CAV3-P104L-GFP reveal that receptor diffu-
sion was not apparently altered by dramatic removal of surface 

Figure 3:  Role of AKAP interactions in βAR confinement in H9c2 cells. (A) Diffusion of AKAP 
amino-terminal domains measured by photobleaching with laser scanning confocal image 
detection of GFP chimeras. Representative image sequences are shown for AKAP5at-GFP (top) 
and AKAP12at-GFP (bottom); bleached regions are highlighted by red circles. Scale bar, 10 μm. 
(B) Fluorescence recovery of AKAP amino-terminal domain–GFP chimeras at 2 min.  
(C, D) Single-particle trajectories (left) and cumulative distributions (right) for D and range are 
shown for (C) HA-β1AR in control conditions (black) and in the presence of AKAP5at-GFP (blue) 
and AKAP12at-GFP (red) and (D) HA-β2AR under control conditions (black) and in the presence 
of AKAP5at-GFP (blue) and AKAP12at-GFP (red). Scale bar (500 nm) applies to all trajectories.
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caveolae (Figure 4C, blue). As such, surface levels of CAV3 can be 
significantly reduced without altering the confinement of β2AR.

A prerequisite for caveolar-mediated β2AR confinement is that 
caveolae would also be largely immobile. A prior study in HeLa 
cells, which express caveolin-1 (CAV1), indicated that CAV1-GFP–
labeled caveolae are relatively static and that increased CAV1-GFP 
expression levels could increase caveolar mobility (Pelkmans and 
Zerial, 2005). Therefore, the plasma membrane dynamics of caveo-
lae and the effect of CAV3 expression levels on caveolar dynamics 
were characterized in H9c2 cells. To visualize caveolae in live cells, a 
CAV3-GFP fusion was generated, similar to an extensively studied 
and functional CAV1-GFP fusion (Pelkmans and Zerial, 2005).

Initially, studies were conducted in which cells were transfected 
to express low levels of CAV3-GFP. Transfected cells were visualized 
using total internal reflection fluorescence (TIRF) imaging that selec-
tively illuminates the plasma membrane and cortical cytoplasm (im-
aging depth is ∼150–200 nm). Caveolae labeled with CAV3-GFP 
could be visualized as discrete, diffraction-limited fluorescent punc-
tae (Figure 5A), consistent with a reported size of ∼100–200 nm 
(Parton and Simons, 2007). The appearance of CAV3-GFP–labeled 
caveolae was similar to that of endogenous immunostained CAV3 in 
H9c2 cells visualized by TIRF, suggesting that the GFP moiety did 
not interfere with CAV3-GFP localization (unpublished data). To 
verify that CAV3-GFP was associated with cholesterol-rich mem-
brane domains by standard biochemical criteria, Triton X-100–
soluble (S) and Triton X-100–insoluble (P) cellular fractions were 
prepared (Song et al., 1997; Galbiati et al., 1999). SDS–PAGE–
resolved extracts from untransfected cells immunoblotted for CAV3 
(Figure 5C, lanes 1 and 2) verified that CAV3 (∼17 kDa) was insoluble 
in Triton X-100, as previously described (Galbiati et al., 1999). In 
cells expressing low levels of CAV3-GFP, both CAV3 and CAV3-GFP 
(∼44 kDa) were also largely isolated in Triton X-100–insoluble frac-
tions (Figure 5C, lanes 3 and 4), indicating that CAV3 and CAV3-GFP 
were present in the same membrane environment. TIRF image se-
quences acquired at 10 fps demonstrated that the majority of la-
beled caveolae (∼80%) were essentially static in the plasma mem-

brane over time scales of tens of seconds (Figure 5A and 
Supplemental Movie S7). A small number of caveolae (∼20%), how-
ever, associated with (Figure 5B, top) or dissociated from (Figure 5B, 
bottom) the plasma membrane (see also Supplemental Movies 8 
and 9). As such, the diffusive behavior of caveolae labeled with 
CAV3-GFP expressed at low levels in H9c2 cells was similar to 
that reported for CAV1-GFP–labeled caveolae in HeLa cells 
(Pelkmans and Zerial, 2005) and consistent with a possible role in 
β2AR scaffolding.

When H9c2 cells were transfected to express high levels of 
CAV3-GFP, the behavior of caveolae was very different. CAV3-GFP–
labeled caveolae were still visible by TIRF imaging as bright fluores-
cent punctae (Figure 5D); however, significant fluorescence was also 
observed diffusely throughout the plasma membrane. CAV3-GFP 
was also detected in both Triton X-100 –soluble and Triton X-100–in-
soluble fractions (Figure 5C, lanes 5 and 6), confirming that excess 
CAV3-GFP was incompletely incorporated into cholesterol-rich 
membrane domains. An approximately threefold increase in Triton 
X-100–soluble endogenous CAV3 was observed in cells with high 
CAV3-GFP levels, indicating that endogenous CAV3 was also mis-
targeted. An anti-GFP immunoblot confirmed the presence of 
CAV3-GFP in Triton X-100–soluble fractions and the absence of 
soluble GFP moieties that could result from proteolytic cleavage of 
CAV3-GFP (Figure 5C, bottom). With the use of TIRF imaging, rapid 
exchange of caveolae between intracellular sites and the plasma 
membrane and movement of caveolae in the plane of the mem-
brane were observed (Figure 5D and Supplemental Movie S10). In 
addition, photobleaching experiments using laser-scanning confo-
cal microscopy were performed in cells expressing high levels 
of CAV3-GFP (Figure 5E). Bleaching was applied over a large area 
(∼15 μm diameter) of the plasma membrane, and relatively rapid 
(t1/2 ∼20 s) and complete (∼90% at 1 min) recovery of CAV3-GFP 
fluorescence was observed in all cells studied. Given that multiple 
processes (including lateral diffusion of caveolar and noncaveolar 
CAV3-GFP and trafficking events) contribute to the recovery of fluo-
rescence, no formal characterization of CAV3-GFP diffusion was 

Figure 4:  Reduced levels of caveolin-3 at the plasma membrane do not alter β2AR confinement. (A) Fluorescence 
micrographs of H9c2 cells expressing CAV3-P104L-GFP (left) immunostained for GM130 (right, top) or CAV3 (which 
identifies endogenous CAV3 and CAV3-P104L-GFP; right, bottom). Inset (right, top), shows untransfected cells 
immunostained for GM130, indicating that CAV3-P104L-GFP expression did not alter Golgi morphology. Green 
fluorescence represents GFP fluorescence from the CAV3-P104L-GFP moieties. Cell outlines (white) were traced from 
transmission images. Scale bar, 10 μm. (B) Quantitative image analysis of CAV3 levels (assessed by 
immunocytochemistry) in non-Golgi regions of control cells and cells expressing CAV3-P104L-GFP; *p < 0.001. 
(C) Cumulative distributions of D (left) and range (right) for β2AR under control conditions (black) and in the presence 
of CAV3-P104L-GFP (blue).
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attempted. However, the general conclusion of these experiments is 
that caveolar and noncaveolar CAV3-GFP are mobile over time 
scales of seconds and distance scales of microns when expressed at 
high levels and unhindered relative to the diffusion of β2AR.

Given the dependence of caveolar dynamics and membrane tar-
geting on CAV3-GFP expression level, we reasoned that high levels 
of CAV3-GFP could also be used to assess the role of caveolae in 
β2AR confinement by reducing the number of stable caveolae in the 
plasma membrane (and/or by competing for as-yet-unidentified 
proteins involved in caveolae–β2AR interactions). The mobility of 
HA-β2AR was not, however, altered by high-level expression of 
CAV3-GFP (Figure 5F, red). Taken together, these studies suggest 
that stable plasma membrane caveolae are not required for β2AR 
confinement.

The actin cytoskeleton contributes to β1AR and β2AR 
confinement, and the binding capacity of β1AR and β2AR 
scaffold proteins can be saturated
The studies so far indicate that selective PDZ and AKAP interactions 
are involved in the confinement of βARs, and further experiments 
were performed to characterize these interactions. Several PDZ-
domain proteins and AKAPs that associate with βARs also interact 
with the actin cytoskeleton, including SAP97, EBP50 (via ezrin), 

AKAP5, and AKAP12 (Wu et al., 1998; Bretscher et al., 2000; Gomez 
et al., 2002; Malbon et al., 2004). To assess the role of cytoskeletal 
interactions in receptor confinement, cells were treated with the 
actin-disrupting agent latrunculin using conditions that did not 
grossly alter cell morphology. The confinement of HA-β1AR 
(Figure 6A, red curves and trajectories; median values of D and 
range were 0.012 μm2/s and 0.20 μm, respectively, p < 0.01) and 
HA-β2AR (Figure 6B, red curves and trajectories; median value of D 
and range were 0.006 μm2/s and 0.12 μm, respectively, p < 0.05) 
was reduced by latrunculin treatment. Frick et al. (2007) demon-
strated that latrunculin-mediated actin fragmentation does not alter 
the diffusive properties of proteins that do not interact with actin 
(thus confirming that this experimental maneuver specifically identi-
fies proteins that interact with actin). We confirmed this finding in 
H9c2 cells by demonstrating that the diffusive properties of CD4-
GFP, a chimeric transmembrane protein that contains no sites of 
actin interaction, were not altered by latrunculin treatment (Supple-
mental Figure S6). As such, our data indicates that the actin cy-
toskeleton participates in the tethering of βARs.

A prior study that investigated the plasma membrane dynamics 
of CFTR indicated that scaffold protein–binding capacity was satu-
rable, such that overexpressed CFTR was not coupled to EBP50, 
ezrin, and the actin cytoskeleton (Haggie et al., 2006). To test 

Figure 5:  Caveolar dynamics and the role of caveolae in β2AR confinement in H9c2 cells. Individual frames from TIRF 
image sequences are shown for cells expressing low levels of CAV3-GFP to illustrate (A) caveolar dynamics and (B) 
caveolae association (top) and dissociation (bottom) events. In A, stable caveolae are highlighted with circles, and in B, 
the positions of membrane association (top) and dissociation (bottom) events are highlighted. (C) Biochemical analysis 
of caveolin-3 solubility. Triton X-100–soluble (S) and Triton X-100–insoluble (P) cellular fractions were prepared, resolved 
by SDS–PAGE, and immunoblotted with anti-CAV3 antibodies (top) and anti-GFP antibodies (bottom). With anti-CAV3 
antibodies, both CAV3 (∼17 kDa) and CAV3-GFP (∼44 kDa) were identified, whereas with anti-GFP antibodies only 
CAV3-GFP was identified. (D) Individual frames from TIRF image sequences are shown for a cell expressing high levels 
of CAV3-GFP. Contrast enhancement was applied to highlight membrane-associated caveolae, although membrane 
fluorescence was increased relative to cells expressing low levels of CAV3-GFP. (E) Individual frames from 
photobleaching experiments for cells expressing high levels of CAV3-GFP. Images were collected using confocal image 
detection from plasma membrane proximal to the coverslip. The bleached region is highlighted by a red circle. 
(F) Cumulative distributions of D (left) and range (right) for β2AR under control conditions (black) and in the presence of 
high levels of CAV3-GFP (red). Scale bars, 1 μm in A, B, and D and 15 μm in E.
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whether the binding capacity of βAR-specific scaffold interactions 
could also be saturated, receptors levels were increased by altering 
transfection conditions (see Materials and Methods). In the pres-
ence of high levels of HA-tagged receptor (>25-fold overexpression 
of receptor), the diffusive mobility of both HA-β1AR (Figure 6A, 
blue curves and trajectories; median values of D and range were 
0.012 μm2/s and 0.3 μm., respectively, p < 0.01) and HA-β2AR 
(Figure 6B, blue curves and trajectories; median value of D and 
range were 0.009 μm2/s and 0.18 μm, respectively, p < 0.05) was 
increased, indicating that a finite number of receptors can be ap-
propriately coupled to scaffold proteins in H9c2 cells. To determine 
the relative capacity of receptor scaffold in H9c2 cells, increasing 
levels of epitope-tagged receptors were expressed and receptor 
mobility was determined (Supplemental Figure S7). For both 
HA-β1AR and HA-β2AR, cells were able to effectively tether recep-
tors up to at least about threefold endogenous level.

The carboxy-terminal domains of β1AR and β2AR 
are responsible for confinement
Finally, the domains within βARs that interact with scaffold proteins 
in live cells were identified. Prior biochemical analysis has indicated 
that the carboxy-terminal domain and the third intracellular loop of 
βARs associate with PDZ-domain proteins and AKAPs, as well as 
with other proteins, including potassium channels and endophilin 
(Tang et al., 1999; Fraser et al., 2000; Fan et al., 2001; Lui et al., 
2004). Therefore, intracellular receptor domains were expressed as 
soluble GFP fusions to compete with receptors for association with 
cytoplasmic scaffold proteins (see Figure 7A for description of the 
receptor regions that were expressed as GFP chimeras). Isolated 
cytoplasmic regions of GPCRs have been used in a variety of ex-
perimental strategies, including biochemical approaches to identify 
βAR-binding partners (Fraser et al., 2000; Fan et al., 2001), in func-
tional assays to inhibit desensitization (Krupnick et al., 1994; 

Mukherjee et al., 1999), and in whole-cell 
systems to disrupt signal transduction 
(Borroto-Escuela et al., 2010). As such, 
the strategy applied here to investigate βAR 
interactions is analogous to prior ap-
proaches, albeit with receptor diffusion used 
as a readout of interactions.

We initially focused on the carboxy-ter-
minal domains of βARs, which contain PDZ-
binding domains and AKAP interaction sites 
(Hall et al., 1998a, 1998b; Fraser et al., 2000; 
Fan et al., 2001; He et al., 2006). As ex-
pected, coexpression of HA-β1AR with the 
soluble β1AR carboxy-terminus domain 
fused to GFP (GFP-β1ARct) resulted in re-
duced confinement of HA-β1AR (Figure 7B, 
blue trajectories and curves; median val-
ues of D and range were 0.018 μm2/s 
and 0.30 μm, respectively, p < 0.01), pre-
sumably in part due to competition for PDZ-
binding partners. Expression of a soluble 
GFP chimera containing the C-terminus of 
β1AR with no PDZ-binding domain (GFP-
β1ARctΔPDZ) also increased the diffusion of 
HA-β1AR (Figure 7B, red; median values of 
D and range were 0.009 μm2/s and 0.15 μm, 
respectively, p < 0.01), confirming that 
AKAP–β1AR interactions mediate receptor 
confinement. In a similar manner, coexpres-

sion of HA-β2AR with the β2AR carboxy-terminus (GFP-β2ARct; 
Figure 7C, blue; median values of D and range were 0.019 μm2/s 
and 0.16 μm, respectively, p < 0.01) and the β2AR carboxy-terminus 
with no PDZ-binding domain (GFP-β2ARctΔPDZ; Figure 7C, red; 
median values of D and range were 0.007 μm2/s and 0.16 μm, re-
spectively, p < 0.01) resulted in reduced confinement of HA-β2AR, 
confirming that both PDZ and AKAP interactions participate in β2AR 
tethering. The cytoplasmic loop 3 region of β2AR has been shown to 
interact with AKAP5 in biochemical assays (Fraser et al., 2000). How-
ever, the confined diffusion of HA-β2AR was not altered by coex-
pression of the β2AR cytoplasmic loop 3 regions, suggesting that 
this interaction is not relevant for receptor tethering in live cells 
(GFP-β2ARcl3; Figure 7C, green). Similarly, coexpression of the β1AR 
cytoplasmic loop 3 regions (GFP-β1ARcl3) did not effect the confine-
ment of HA-β1AR (Figure 7B, green). The cytoplasmic loop 1 and 2 
regions of β1- and β2AR show high degrees of sequence similarity 
(Figure 7A), and neither region would thus be predicted to consti-
tute a potential site of receptor-specific scaffold interactions. There-
fore, the roles of these loops in receptor confinement were assessed 
only for β1AR; however, neither region altered receptor diffusion 
(unpublished data). Coexpression of GFP-β2ARct with HA-β1AR 
(Figure 7D, left, red) or GFP-β1ARct with HA-β2AR (Figure 7D, right, 
red) did not alter the diffusion of receptors, confirming the specific-
ity of interactions in receptor confinement. Taken together, these 
studies indicate that specific interactions with the cytoplasmic-ex-
posed, carboxy-terminal regions of βARs, but not other receptor 
regions, mediate receptor tethering in H9c2 cells.

DISCUSSION
The primary conclusion of this study is that unstimulated β1- and 
β2ARs are confined in the plasma membrane of live H9c2 cardiomyo-
cyte-like cells expressing relevant concentration of proposed recep-
tor complex constituents. Interactions with PDZ-domain–containing 

Figure 6:  Role of the actin cytoskeleton and receptor concentration in βAR confinement. 
Single-particle trajectories (left) and cumulative distributions (right) for D and range are shown 
for (A) HA-β1AR and (B) HA-β2AR in the presence of latrunculin (red trajectories and curves) and 
under conditions in which receptor is overexpressed relative to control conditions (blue 
trajectories and curves). Scale bar (500 nm) applies to all trajectories.
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proteins, AKAPs, and the actin cytoskeleton were largely responsible 
for the immobilization of receptors. For instance, the expression of 
dominant-negative PDZ domains was able to disrupt receptor com-
plexes, indicating that PDZ-type interactions tether receptors. PDZ 
interactions that mediated β1- and β2AR confinement were selective, 
as predicted from biochemical approaches (Hall et al., 1998a, 1998b; 

He et al., 2006). In a similar manner, overex-
pression of AKAP domains shown to interact 
with βARs was able to disrupt receptor com-
plexes, suggesting that AKAPs participate in 
receptor complexation. In cardiac myocytes, 
AKAP interactions that confined β1 and 
β2ARs were selective, such that β1AR inter-
acted with AKAP5, and β2AR associated with 
AKAP12. This finding contrasts with prior 
functional and biochemical studies that 
demonstrated AKAP5 association with β2AR, 
albeit in different cell types (Fraser et al., 
2000). Treatment of cells with the actin-
disrupting agent latrunculin also reduced 
βAR confinement, consistent with associa-
tion of receptors with the actin cytoskeleton 
presumably via PDZ or AKAP interactions. 
The carboxy-terminal domain of receptors 
was shown to be largely responsible for re-
ceptor tethering, whereas other receptor 
domains were of much less or no importance 
in confining receptors. Prior biochemical 
studies indicated that the intracellular loop 3 
region of β2AR interacts with AKAP5; how-
ever, in H9c2 cells no evidence was found to 
support such an interaction. Our study indi-
cates that β1- and β2AR are compartmental-
ized in live H9c2 cells at the level of their in-
teractions with PDZ-domain proteins, AKAPs, 
and the actin cytoskeleton.

Previous studies implicated caveolae 
in the compartmentalization of β2AR. In 
live H9c2 cells, caveolae were found to be 
largely immobile, consistent with a possible 
role in β2AR tethering. Reduction of surface 
caveolae (by ∼90%) by overexpression of a 
dominant-negative CAV3 mutant had no ef-
fect on β2AR dynamics. Furthermore, the 
mobility and cellular distribution of caveo-
lin-3 were dramatically altered when a 
CAV3-GFP fusion was overexpressed; how-
ever, this perturbation did not alter β2AR 
confinement. Taken together, these findings 
suggest that in unstimulated H9c2 cells con-
finement of β2AR does not depend on cave-
olae. A number of caveats exist with the in-
terpretation of prior studies that reported 
β2AR–caveolin association. Biochemical ap-
proaches generally provide no information 
regarding the degree or dynamics of pro-
tein association. Similarly, techniques such 
as isopycnic centrifugation offer limited res-
olution and in many instances actually dem-
onstrate that both β1- and β2AR exist in 
overlapping membrane fractions with CAV3 
(Rybin et al., 2000; Balijepalli et al., 2006). 

Functional assays in which caveolae are proposed to be disrupted 
selectively use compounds (e.g. filipin, cyclodextrin) that alter many 
cellular properties and processes and interrogate multiple steps in 
adrenergic signaling pathways (Hancock, 2006; Pontier et al., 2008). 
The diffusive properties of raft-associated and non–raft-associated 
membrane proteins are reduced by cyclodextrin treatment, further 

Figure 7:  Identification of βAR domains involved in receptor confinement. (A) Schematic 
representation of receptor domains (left) and the specific protein sequences (right) that were 
expressed as soluble GFP chimeras to investigate cytoplasmic receptor domains required for 
scaffold interactions. Representative single-particle trajectories (left) and cumulative distribution 
functions (right) for D and range are shown for (B) HA-β1AR under control conditions (black), 
coexpressed with a GFP chimera of the β1AR carboxy-terminus (GFP-β1ARct, blue), coexpressed 
with a GFP chimera of the β1AR carboxy-terminus without a PDZ-binding motif (GFP-
β1ARctΔpdz, red), and coexpressed with a GFP chimera of the β1AR cytoplasmic loop 3 region 
(GFP-β1ARcl3, green) and (C) HA-β2AR under control conditions (black), coexpressed with a GFP 
chimera of the β2AR carboxy-terminus (GFP-β2ARct, blue), coexpressed with a GFP chimera of 
the β2AR carboxy-terminus without the PDZ-binding motif (GFP-β2ARctΔpdz, red), and 
coexpressed with a GFP chimera of the β2AR cytoplasmic loop 3 region (GFP-β2ARcl3, green). 
(D) Cumulative distribution functions and trajectories (insets) for HA-β1AR coexpressed with a 
GFP chimera of the β2AR carboxy-terminus (GFP-β2ARct; left, red) and HA-β2AR coexpressed 
with a GFP chimera of the β1AR carboxy-terminus (GFP-β1ARct; right, red). Scale bar (500 nm) 
applies to all trajectories. Integrity of soluble GFP-β1/β2AR domain chimeras was confirmed by 
anti-GFP immunoblot of transfected H9c2 cell lysates (B and C, insets).
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associated coreceptor) is mediated by protein–protein association 
with scaffold proteins and does not involve actin (Douglass and Vale, 
2005). Lipid microdomains have been proposed to mediate protein 
confinement; however, several biophysical approaches such as FRET 
and photobleaching have provided evidence against this hypothe-
sis (Glebov and Nichols, 2004; Kenworthy et al., 2004; Douglass and 
Vale, 2005). In the case of β1- and β2AR, the present study suggests 
that receptor confinement is determined by the affinities, number, 
and association/dissociation rates of specific scaffold proteins. Over-
expression of β1- and β2AR in H9c2 cardiomyocyte-like cells resulted 
in increased receptor diffusion, presumably due to saturation of the 
binding capacity of scaffold proteins. This observation suggests that 
receptor–scaffold interactions are unlikely to be fully recapitulated in 
cell systems in which receptors are highly overexpressed. When 
studied in A549 and COS7 cells, β1- and β2ARs demonstrated rela-
tively unhindered mobility, most likely due to the absence or re-
duced concentration of scaffold proteins. For instance, COS7 and 
A549 cells express EBP50 and SAP97 but lack many AKAPs (Naren 
et al., 2003; Oliveria et al., 2003; Pieretti et al., 2003; Bossard et al., 
2006).

In summary, our study provides direct evidence that unstimu-
lated β1- and β2AR are immobilized in the plasma membrane of 
H9c2 cardiomyocyte-like cells. Complexation is mediated by car-
boxy-terminal PDZ domain and AKAP interactions and not by asso-
ciation with caveolae. Immobilization of βARs presumably contrib-
utes to the spatial segregation of signal transduction components 
and consequent specificity of cardiac adrenergic pathways.

MATERIALS AND METHODS
Plasmid constructs
cDNA constructs containing β1AR and β2AR with amino-terminal 
HA-epitope tags have been used extensively and previously de-
scribed (Cao et al., 1999; Xiang et al., 2002a). Receptor mutants in 
which the C-terminal residue was mutated to an alanine residue 
were generated using standard PCR-based techniques, and the 
complete sequence of mutants was confirmed. The GFP-EBP-
50pdz construct has been previously described (Haggie et al., 
2006) and consists of GFP ligated to the two PDZ domains of 
EBP50 (residues 1–325) but lacks the C-terminal ezrin-binding do-
main of EBP50 (residues 326–355). To generate GFP-SP97pdz, the 
third PDZ domain of SAP97 (residues 459–607, provided as a 
6-his-tagged domain by Randy Hall, Emory University School of 
Medicine, Atlanta, GA; He et al., 2006) was PCR amplified and 
inserted in pEGFP-C1 (Clontech, Mountain View, CA). To generate 
AKAP5at-GFP, the N-terminus of AKAP5 (residues 1–105) was PCR 
amplified (using a plasmid containing full-length AKAP5-GFP as 
template, a generous gift from Brigitte Blackman, University of 
California, San Francisco, San Francisco, CA) and inserted in 
pEGFP-N1 (Clontech). The AKAP12at-GFP plasmid (AKAP12 resi-
dues 1–920 fused to the N-terminus of GFP) was a generous gift 
from Bryon Grove (University of North Dakota, Grand Forks, ND) 
and has been described (Yan et al., 2009). cDNA for murine CAV3 
was purchased from the American Type Culture Collection (ATCC, 
Manassas, VA), PCR amplified, and ligated into pEGFP-N1 
(Clontech) to generate CAV3-GFP. The CAV3-P104L and CAV3-
P104L-GFP mutants of CAV3 were generated using the QuikChange 
II Site-Directed Mutagenesis Kit (Stratagene, Santa Clara, CA). To 
generate soluble GFP chimeras of cytoplasmic-facing regions of 
β1AR and β2AR, appropriate receptor sequences were identified 
(based on crystallographic data and literature precedents), PCR 
amplified, and ligated into pEGFP-C1 (Clontech). The location of 
these regions, which represent the three intracellular loop regions, 

indicating that this treatment nonselectively alters plasma mem-
brane properties (Kenworthy et al., 2004). Finally, in a study using 
superresolution imaging of βARs in H9c2 cells, the vast majority of 
β2ARs (∼85%) were not associated with caveolae, although these 
data were interpreted to support the hypothesis that β2AR–
caveolae association promotes specificity in adrenergic signaling 
(Ianoul et al., 2005). The present study does not rule out the par-
ticipation of caveolae in adrenergic signaling responses upon 
receptor stimulation.

Increased efficiency and specificity are proposed outcomes of 
compartmentalized signal transduction processes; however, only a 
limited number of studies have directly studied spatial organization 
within signaling pathways. Several studies have indicated that re-
ceptors and scaffolds demonstrate relatively unhindered diffusion, 
inconsistent with their participation in stable multiprotein com-
plexes. Endogenous and transfected β2AR has been shown to be 
largely mobile in several cell types (Barak et al., 1997; Hegener 
et al., 2004; Yudowski et al., 2006), in addition to the COS7 and 
A549 cells used in this study. Other GPCRs (Sergé et al., 2002; 
Suzuki et al., 2005; Hern et al., 2010) and the epidermal growth fac-
tor (EGF) receptor (Lidke et al., 2005; Chung et al., 2010) also dem-
onstrate relatively unhindered diffusion or short periods of immobi-
lization (seconds) in the plasma membrane. Several neuronal 
receptors and PDZ scaffolds have been shown to be mobile over 
seconds to minutes (Choquet and Triller, 2003; Gray et al., 2006; 
Zheng et al., 2010). Protein kinase A (PKA) catalytic subunits in neu-
rons are mobile over seconds despite AKAP-mediated confinement 
to dendritic shafts, suggesting low affinity of PKA–AKAP association 
in live cells (Zhong et al., 2009). Conversely, a number of studies 
support the concept of compartmentalized signal transduction, par-
ticularly in activated pathways. Imaging of cAMP and Ca2+ transients 
with fluorescence resonance energy transfer (FRET)–based probes 
has demonstrated that second messenger concentrations can in-
crease in localized regions of cardiac myocytes and other cell types 
(Zaccolo et al., 2002). Live-cell imaging studies of immune cells have 
provided evidence that signaling molecules become clustered 
and immobilized upon cellular activation (Huppa and Davis, 2003; 
Douglass and Vale, 2005). Similarly, fluorescence imaging studies 
have demonstrated that activation of signaling pathways initiated 
by Ras, a lipidated G protein, and CD59, a glycosylphosphati-
dylinositol–anchored receptor, proceeds via transient immobiliza-
tion (seconds) and nanoscale clustering of signaling molecules 
(Murakoshi et al., 2004; Kholodenko et al., 2010). Together, these 
studies provide evidence that compartmentalization of signaling is a 
physiologically relevant phenomenon, but that confinement of sig-
naling components is not a default mechanism. These studies also 
suggest that dynamic analysis of receptors and scaffolds in live cells, 
in addition to biochemical and functional studies, may be necessary 
to formally conclude that confinement mechanisms occur within sig-
naling pathways.

Spatial confinement of proteins can be mediated by several 
mechanisms. Interactions with actin-associated PDZ and/or AKAP 
scaffolds have been shown to confine the diffusion of CFTR (Haggie 
et al., 2006), in addition to the βARs studied here. The actin cy-
toskeleton has also been shown to participate in the confinement of 
caveolae and nanoscale protein clusters such as those observed 
during Ras activation (Murakoshi et al., 2004; Pelkmans and Zerial, 
2005). The M23 form of the aquaporin-4 water channel forms largely 
immobile oligomeric complexes; however, confinement of these 
structures (over minutes) is not influenced by actin but does in-
volve PDZ-type interactions (Crane et al., 2008). In activated T-cells, 
the confinement of protein clusters containing CD2 (a non–raft-
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Cells transiently transfected to express CAV3-P104L-GFP were 
fixed, permeabilized, and immunostained with anti-CAV3 antibody 
(ab30750; Abcam) and Alexa Fluor 555–conjugated secondary anti-
body to quantitatively determine the effects of CAV3-P104L-GFP 
expression on non-Golgi CAV3 levels. Analysis of images acquired 
by wide-field fluorescence microscopy was used to calculate back-
ground-corrected, area-integrated Alexa Fluor 555 intensities in 
non-Golgi regions (areas 6–10 μm away from the nucleus; see Sup-
plemental Figure S5A) of cells that expressed and did not express 
CAV3-P104L-GFP. Given that wide-field fluorescence imaging was 
used and that CAV3-associated fluorescence could be detected 
from all cellular compartments (including the plasma membrane, 
trafficking vesicles, and compartments in which CAV3 is synthe-
sized), the ∼90% reduction in CAV3 levels in non-Golgi regions of 
CAV3-P104L-GFP–expressing cells potentially represents an overes-
timate of the CAV3 levels present at the cell surface.

Triton X-100–soluble and Triton X-100–insoluble cell fractions 
were prepared as described (Song et al., 1997), and equal amounts 
of soluble and insoluble proteins were resolved on Bis-Tris PAGE 
gels (Invitrogen). To verify the integrity of GFP chimeras used in ex-
periments, transfected cells were lysed using RIPA buffer and re-
solved on Bis-Tris PAGE gels. CAV3 was immunoblotted using anti-
body ab30750 (Abcam). GM130 was immunostained using antibody 
ab52649 (Abcam). GFP was immunoblotted with polyclonal anti-
body ab290 (Abcam).

Live-cell imaging experiments and analysis
For all live-cell imaging, cells were mounted in custom fabricated 
chambers, bathed in phosphate-buffered saline supplemented with 
6 mM glucose and 1.1 mM pyruvate, and maintained at 37°C with a 
microincubator (Harvard Apparatus, Holliston, MA) and objective 
lens heater (Bioptechs, Butler, PA). SPT experiments with Qdot) la-
beling were performed using a Nikon TE2000U microscope 
equipped with an EXFO X-Cite light source, Nikon 100× NA-1.45 
TIRF objective lens, and Hamamatsu (Hamamatsu City, Japan) 
C9100 EM-CCD camera. Data were typically acquired at 30 fps, and 
the lateral resolution of the system, defined as the standard devia-
tion of centroid positions derived from immobilized Qdots, was ∼14 
nm. HA-β1AR–, HA-β2AR–, HA-β1AR-V477A–, and HA-β2AR-L413A–
expressing cells were labeled with anti-HA antibody (HA.11 Clone 
16B12; Covance), biotin-conjugated goat anti–mouse Fab fragment 
(Jackson ImmunoResearch Laboratories, West Grove, PA), and 
streptavidin-conjugated Qdots emitting at 655 nm (Invitrogen). 
CD4-GFP–expressing cells were labeled with anti–human CD4 anti-
body (Invitrogen), biotin-conjugated goat anti–mouse Fab fragment 
(Jackson ImmunoResearch), and streptavidin-conjugated Qdots 
emitting at 655 nm (Invitrogen). Trajectories describing receptor 
motions were reconstructed from image sequences using IDL algo-
rithms, and quantitative analysis of trajectories was performed using 
LabView algorithms (Haggie et al., 2006; Crane and Verkman, 2008). 
For all SPT experiments, data presented in this study were derived 
from two to six independently transfected sets of cells, and cumula-
tive distributions are compiled from 62–315 individual trajectories 
generated from >10 cells (for HA-β1AR–expressing cells, the aver-
age number of trajectories per maneuver was 173, and for HA-
β2AR–expressing cells, the average number of trajectories per ma-
neuver was 132). In all instances, cumulative distribution plots 
represent complete data sets. Statistical analysis was performed us-
ing the nonparametric Kolmogorov–Smirnov test. For maneuvers 
that produced statistically significant data relative to control condi-
tions, D and range were always both significant (and often identical); 
as such, p values of lowest significance are quoted for either D or 

the full carboxy-terminus, and the carboxy-terminus lacking the 
PDZ-binding domain (four residues), within the βARs and the pre-
cise protein sequences that were considered are presented in 
Figure 7A. CD4-GFP was a generous gift from Gergely Lukacs 
(McGill University, Montreal, Canada) and contains the extracellu-
lar and transmembrane domains of CD4 ligated to GFP. A con-
struct encoding GFP fused to the amino-terminus of dysferlin was 
a generous gift from Kate Bushby (Newcastle University, Newcas-
tle upon Tyne, United Kingdom; Hernández-Deviez et al., 2006).

Cell culture, transfection, and treatments
Rat H9c2(2-1) cells, which show myoblast morphology and were 
originally isolated from embryonic heart myocardium, were pur-
chased from the ATCC (ATCC number CRL-1446). This cell type 
shares several phenotypic properties with cardiac myocytes and was 
used in several prior studies that investigated adrenergic signaling 
complexes or processes in heart cells (for example, see Ianoul et al., 
2005). Cells were cultured on 18-mm coverglasses in 12-well plates 
for experiments and were transfected using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA) with 1 μg of plasmid. Expression levels 
of HA-βARs and CAV3-GFP were controlled by using defined 
amounts of receptor (0.01–0.02 μg) or CAV3-GFP (0.05 μg) encod-
ing plasmids together with pcDNA3.1 or plasmids encoding GFP 
chimeras (as described in Results) in a total of 1 μg of DNA. To over-
express HA-βARs or CAV3-GFP, cells were transfected with 50-fold 
more plasmid encoding HA-tagged receptor or 20-fold more plas-
mid encoding CAV3-GFP in a total of 1 μg of plasmid. To fragment 
the actin cytoskeleton, cells were treated with 0.5 μM latrunculin B 
for 10 min before and during tracking experiments. A549 human 
alveolar epithelial cells and COS7 monkey kidney fibroblast cells 
were acquired from the University of California, San Francisco, Cell 
Culture Facility and cultured using standard conditions.

Immunostaining and biochemistry
To establish levels of adrenergic receptor overexpression in H9c2 
cells expressing either HA-β1AR or HA-β2ARs, a two-step immunos-
taining protocol was established. For cells expressing HA-β1AR, 
transfected cells were identified by immunostaining with anti-HA 
antibody (16B12; Covance, Berkeley, CA) and Alexa Fluor 555–con-
jugated secondary antibody and β1AR levels were assessed with 
anti-β1AR antibody (ab3546; Abcam, Cambridge, MA) and Alexa 
Fluor 488–labeled secondary antibody. For HA-β2AR–expressing 
cells, transfected cells were also identified with anti–HA antibody/
Alexa Fluor 555–conjugated secondary antibody staining, and total 
β2AR was assessed with anti-β2AR antibody (ab13989; Abcam) and 
Alexa Fluor 488–labeled secondary antibody. Given that overall 
transfection efficiencies were relatively low in H9c2 cells, this proto-
col allowed comparison of adrenergic receptor levels in adjacent 
transfected (containing HA-β1 or 2AR and endogenous β1 or 2AR 
[Alexa Fluor 555 and Alexa Fluor 488 fluorescence]) and nontrans-
fected (endogenous β1 or 2AR only [Alexa Fluor 488 fluorescence 
only]) cells. Standard image analysis methods were applied to quan-
tify receptor levels in transfected and nontransfected cells by com-
parison of background-corrected Alexa Fluor 488 intensities, and 
data were derived from 30–40 cells. Images were acquired using a 
Nikon TE2000E microscope equipped with an EXFO X-Cite, Nikon 
60× numerical aperture (NA)–1.45 TIRF objective lens and high-
sensitivity QuantEM:512SC charge-coupled device (CCD) camera 
(Photometrics, Tucson, AZ). Given the low levels of HA-tagged re-
ceptors and high levels of cellular autofluorescence, the ∼50% in-
crease (1.5-fold total receptor levels in transfected cell) represented 
a minimal level that could be accurately quantified.
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Huppa JB, Davis MM (2003). T-cell-antigen recognition and the immuno-
logical synapse. Nat Rev Immunol 3, 973–983.

Ianoul A, Grant DD, Rouleau Y, Bani-Yaghoub M, Johnston LJ, Pezacki JP 
(2005). Imaging nanometer domains of β-adrenergic receptor com-
plexes on the surface of cardiac myocytes. Nat Chem Biol 1, 196–202.
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Zimmerberg J, Lippincott-Schwartz J (2004). Dynamics of putative 
raft-associated proteins at the cell surface. J Cell Biol 165, 735–746.

Kholodenko BN, Hancock JF, Kolch W (2010). Signalling ballet in space and 
time. Nat Rev Mol Cell Biol 11, 414–426.

range for all significant data sets. Time-lapse imaging was per-
formed at 1 fps using 100 ms acquisitions and shuttered illumina-
tion, and experiments were performed on >12 cells. Imaging of re-
ceptor labeled with anti-HA Fab fragment (generated from HA.11 
antibody using Fab Preparation Kit; Pierce, Thermo Fisher Scientific, 
Rockford, IL) and DyLight 649–conjugated secondary Fab (Jackson 
ImmunoResearch) was performed using a Nikon TE2000E micro-
scope equipped with an EXFO X-Cite, Nikon 100× NA-1.49 TIRF 
objective lens, Cy5 filter set (Chroma Technology, Bellows Falls, VT), 
QuantEM:512SC CCD (Photometrics), and autofocus system. Data 
were acquired continuously at 10 fps (100 ms acquisitions) over 20 s 
from 7–10 cells. As was observed with Qdot-labeling strategies, 
nonspecific labeling of untransfected cells with anti-HA Fab frag-
ments was near zero. Total internal reflection fluorescence was per-
formed using a Nikon TE2000E microscope with a 488 nm argon-
ion laser, 60× NA-1.49 TIRF objective lens, Z488/10X, Z488RDC, 
and ET525/50M filters (Chroma), QuantEM:512SC CCD, and auto-
focus system. The point spread function of this microscope system 
was determined using 40 nm FluoSpheres emitting at 515 nm (Invit-
rogen). Data for caveolae dynamics were acquired from 10–12 cells. 
Laser scanning confocal microscopy was performed using a Nikon 
FN-S2N microscope equipped with a Nikon D-Eclipse CI confocal 
module, 488 nm argon-ion laser, and Nikon 100× NA-1.49 TIRF ob-
jective lens. Data for AKAP diffusion were derived from 8–10 indi-
vidual cells.
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