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Background: The trans-Golgi network (TGN) has been implicated in G protein-coupled receptor (GPCR) recycling and
proteasomal degradation of endocytosed receptors.
Results: Endocytosed �1AR employs the TGN as a checkpoint for recycling and lysosomal degradation.
Conclusion: The TGN is an important organelle for determining the endocytic fate of �1AR.
Significance: The TGN not only regulates surface expression during GPCR export but also determines the fate of endocytosed
GPCRs.

Receptor down-modulation is the keymechanism by which G
protein-coupled receptors (GPCRs) prevent excessive receptor
signaling in response to agonist stimulation. Recently, the trans-
Golgi network (TGN) has been implicated as a key checkpoint
for receptor endocytosis and degradation. Here, we investigated
the involvement of the TGN in down-modulation of �1-adren-
ergic receptor in response to persistent isoprotenerol stimula-
tion. Immunofluorescent staining showed that �50% of endo-
cytosed�1AR colocalizedwith TGN-46 at 5 h. Disruption of the
TGN by brefeldin A (BFA) led to the robust accumulation of
endocytosed �1AR in Rab11� recycling endosomes, inhibited
�1AR entry into LAMP1� lysosomes, and as a result enhanced
�1AR recycling to the plasma membrane. The lysosomotropic
agent, chloroquine, arrested the majority of endocytosed �1AR
in the TGN by 4 h. Immunoblot analysis showed that either
disruption of the TGN or blockage of the lysosome prevented
�1AR degradation. Co-expression of GFP-arrestin-3 in �1AR
cells increased the endocytosis of �1AR and facilitated its entry
to the TGN but inhibited recycling to the plasma membrane.
Arrestin-3-induced inhibition of �1AR recycling was reversed
by BFA treatment, whereas chloroquine induced the accumula-
tion of arrestin-3 with �1AR in the TGN. These results demon-
strate for the first time that the TGN acts as a checkpoint for
both the recycling and down-regulation of�1AR and that arres-
tin-3 not only mediates �1AR endocytosis but also its recycling
through the TGN.

Upon activation, G protein-coupled receptors (GPCR)2 ini-
tiate a variety of signaling cascades, and subsequently undergo

receptor desensitization to avoid excessive signaling. Desensi-
tization is typically initiated by the binding of arrestins to the
phosphorylated carboxyl terminus ofGPCRs through the catal-
ization of G protein-coupled receptor kinases, which in turn
causes the uncoupling of GPCRs from their G proteins and
subsequent recruitment of receptors into clathrin-coated pits
or caveolar microdormains (1–3). In general, internalized
GPCRs face two endocytic trafficking pathways: either GPCRs
are targeted to lysosomes for degradation via Rab7� late endo-
somes, which results in complete termination of receptor sig-
naling (down-modulation). Alternatively, GPCRs either recycle
to the cell surface and re-couple with their G-proteins directly via
Rab4� and/or Rab5� early endosomes (the “short cycle”), or
slowly recycle to the cell surface via Rab11� recycling endosomes
(the “long cycle”), which results in restoration of functional recep-
tors and signal recovery (resensitization)(2, 4, 5).
Recently, we have reported that G protein-coupled estrogen

receptor-1 (GPER-1) undergoes arrestin-independent endocy-
tosis, traffics in a retrogrademanner to the trans-Golgi network
(TGN), and suffers degradation via an ubiquitin-proteasomal
pathway (6). Interestingly, two other GPCRs, i.e. somatostatin
type 2A receptor (7, 8) and CC chemokine receptor 5 (9) also
have been reported to traffic to the TGN through the early
endosome after endocytosis. However, these two receptors are
neither directed to proteasomes nor lysosomes for degradation,
but rather recycle back to the cell surface after trafficking to the
TGN. Thus, the TGN acts as a regulatory checkpoint in the
retrograde trafficking route for either degradation or recycling
of endocytosed GPCRs, which provides a third pathway for the
endocytic trafficking of GPCRs.

�-Adrenergic receptors are comprised of 3 subtypes: �1
(�1AR), �2 (�2AR), and �3 (�3AR), which mediate epineph-
rine and norepinephrine-promoted cell signaling involved in
regulating synaptic plasticity, memory formation, and cardiac
function (10–14). �1AR couples to Gs proteins, whereas �2AR
and �3AR couple to both Gs and Gi proteins, which confer to
the three subtypes distinct signaling and differential physiolog-
ical and pathological activities. �1AR is the predominant sub-
type in cardiac tissue and also themajor pathologic mediator in
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heart failure (14). Multiple pathological conditions in the heart
augment sympathetic nerve activity, which leads to persistent
stimulation of �1AR and subsequent sustained signaling. Pro-
longed �1AR signaling disturbs cardiac function and facilitates
the development of congestive heart failure (10, 14–16). A
growing body of evidence has demonstrated that endocytosis,
recycling, and degradation of �1AR play critical roles in spatio-
temporal regulation of �1AR signaling that safeguards against
cardiac hypertrophy and the progression of heart failure (14, 17,
18). Upon agonist stimulation, �1AR undergoes both arrestin-
and dynamin-dependent endocytosis via clathrin-coated pits
(19) or caveolar microdomains (3) and then resensitization
through recycling back to the cell surface (19). Endocytosed
�1AR is resistant to down-modulation with measured decay
rates lasting more than 4 h, although ultimately it is targeted to
the lysosome for degradation with persistent agonist stimula-
tion (20, 21). Nevertheless, as compared with �2AR, �1AR has
been less investigated, and the mechanisms mediating the
endocytic trafficking and down-modulation of �1AR have yet
to be fully elucidated.
Herewehave explored the potential role of theTGN inmedi-

ating the recycling and degradation of endocytosed �1AR. Our
results show that endocytosed �1AR re-enters the TGN in
HEK-293 cells, and that the TGN acts as a regulatory check-
point for both recycling and degradation of endocytosed �1AR,
as disruption of the TGNenhances�1AR recycling and inhibits
its degradation. Additionally, transient expression of arrestin-3
increases �1AR endocytosis but inhibits �1AR recycling back
to the cell surface via the TGN.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—Human embryonal kid-
ney 293 cells (HEK-293) were purchased from the American
Tissue Culture Collection (Manassas, VA). HEK-293 cells that
stablyexpressamino-terminaltagged,hemagglutinin-�1adren-
ergic receptor (HA-�1AR) were previously described (22). All
cells were grown at 37 °C in phenol red-free DMEM/Ham’s
F-12 media (Invitrogen) supplemented with 5% fetal bovine
serum and 50 �g/ml of gentamicin.
Antibodies—Commercial antibodies included: rabbit

anti-HA epitope monoclonal antibody (Cell Signaling, MA;
1:1000); mouse anti-LAMP1 (Santa Cruz Biotechnology; IgG1
at 1:40); FK2 anti-ubiquitin mAb (Millipore; 1:300); sheep anti-
TGN-46 (AbDSerotec; 1:1000);mouse anti-Rab11 (1:200); rab-
bit anti-ubiquitin (Santa Cruz; 1:200); mouse anti-Rab-7 (Cell
Signaling; 1:200); mouse anti-EEA-1 (1:500, Abcam); rabbit
anti-calnexin (1:200, Cell Signaling); goat anti-rabbit Alexa
Fluor 594 and anti-mouse Alexa Fluor 488 (Molecular Probes;
1:1000); donkey anti-sheepAlexa Fluor 647 and 555 (Molecular
Probes; 1:1000); donkey anti-rabbit Alexa Fluor 555 and anti-
mouse Alexa Fluor 488 (1:1000) and 647 (1:500) (Molecular
Probes).
Plasmids—A molecular construct for GFP-arrestin-3 was

kindly provided by Dr. Jeffrey L. Benovic (Thomas Jefferson
University).
Endocytosis Analysis—HA-�1ARHEK-293 cells were seeded

onto glass coverslips (0.3 � 106/35-mm dish) and washed with
serum-free medium several times before use. In some

instances, cells were transiently transfected with cDNAs
encoding GFP-arrestin-3, using Lipofectamine 2000 (Invitro-
gen). Cells were chilled in cold medium and then incubated
with rabbit anti-HA antibody or rabbit IgG alone in ice-
cold serum-free media for 25 min. Cells were washed with cold
serum-free media to remove excess antibody, and then treated
in media prewarmed to 37 °C with vehicle or isoproterenol
(ISO, 100 �M) and/or reagents (cycloheximide, 10–20 �g/ml;
MG132, 10 �M; BFA, 5 �g/ml; chloroquine, 100 �M) and incu-
bated at 37 °C for various times. Cells were fixed in 4% parafor-
maldehyde in PBS and then processed for immunofluorescence
or ELISA analysis.
Immunofluorescene—Fixed cells were permeabilized in

blocking buffer containing 0.1% Triton X-100, 3% BSA, and 3%
normal goat or donkey serum in PBS (pH 7.4) or incubated in
blocking buffer without Triton X-100 for 25 min at room tem-
perature. Cells were then incubated for 1 h in primary antibod-
ies diluted in blocking buffer. Unbound primary antibody was
removed by washing in PBS. Cells were incubated at room tem-
perature in secondary antibodies for 1 h, washed in PBS, and
mounted in anti-quenchmountingmediumwithDAPI (Vector
Laboratories, Inc., Burlingame, CA). Immunofluorescent
images were visualized with a Nikon Eclipse 80i microscope
(Nikon, Inc., Melville, NY) equipped with a Nikon Plan Fluor
100X0.5–1.3 Oil Iris with differential interference contrast and
epifluorescent capabilities using a QImaging Retiga 2000R dig-
ital camera and Nikon imaging software (NIS-Elements-BR
3.0), or with the Zeiss LSM 710 confocal laser scanning micro-
scope with ZEN 2009 software (Zeiss). Captured images were
processed with brightness/contrast adjustment using Photo-
shop CS2 (Adobe).

�1AR Recycling Assay—Surface HA-�1AR was prelabeled
with rabbit HA mAb as described above. Cells were incubated
at 37 °C with ISO and vehicle or BFA for the indicated time
periods, and then chilled in ice-cold medium followed by sev-
eral washes. To remove receptor-bound antibody at the plasma
membrane, cells were incubated for 10 min with 0.1 M glycine-
HCl (pH 3.0) on ice. After several washes with cold media, the
cells were further incubated for 0.5 or 1 h at 37 ºC with warm
medium containing vehicle or BFA alone, fixed, and processed
for immunofluorescence or ELISA. To discriminate surface
versus endocytosed �1AR, anti-rabbit Alexa 594 or -Alexa 488
antibodies were sequentially applied prior to permeabilization
and post-permeabilization, respectively.
Quantitative Analysis of Colocalization andMeasurement of

the Pixel Intensity of Surface �1AR—Quantitative colocaliza-
tion analysis was performed on raw data using a line scan in
NIS-Elements-BR 3.0 software (Nikon, Japan). Line scan dis-
plays the plot of the pixel intensity in each channel versus the
position along a straight line drawn across the image. A super-
imposition of the peaks of pixel intensity between channels
indicates the extent of co-localization of two signals along the
line. Line scan was also performed to measure the intensity of
surface �1AR staining by showing the profile of pixel intensity
of one channel along a line across the plasmamembrane. Semi-
quantitation for percentage of endocytosed �1AR colocalized
with organelle markers including TGN46, Rab11, and LAMP1
was performed by counting the number of endocytosed �1AR
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particles colocalized with various markers and total endocyto-
sed �1AR particles.
ELISA—HA-�1AR cells were seeded onto poly-L-lysine-

coated 6-well plates (1 � 106/well) and prelabeled with rabbit
anti-HA antibody as described above. After removal of excess
antibody, cells were incubatedwith ISO (100�M) and vehicle or
BFA for 4 h at 37 °C. Cells were fixed in 4% paraformaldehyde,
incubatedwith or without 0.1%TritonX-100 in blocking buffer
containing 3% BSA and 3% normal donkey serum in PBS for 30
min at room temperature, and then for 1 h with HRP-conju-
gated donkey anti-rabbit IgG (1:8000) diluted in 3% BSA in PBS
at room temperature. After several rinses, cells were incubated
with the HRP substrate 3,3�,5,5�-tetramethylbenzidine (Sigma)
for 30 min. The reaction was stopped by the addition of hydro-
chloric acid and absorbance of the reaction product was mea-
sured at 450 nm. Nonspecific background was determined by
omission of primary antibody and subtracted from raw scores.
Decay Rate Analysis—HA-�1AR cells were prelabeled with

HA antibody as described above. Cells were then directly har-
vested (0 min) or incubated at 37 °C with cycloheximide (20
�g/ml) and vehicle or BFA (5 �g/ml) or chloroquine (100 �M)
orMG132 (10 �M) for 5 h. Cells were harvested and solubilized
in RIPA-buffered detergent supplemented with protease inhib-
itors as described previously (23). Insoluble proteins were clar-
ified from detergent lysates by centrifugation at 12,000 � g for
20 min. Samples were prepared for electrophoresis by mixing
20–30�g of detergent soluble protein in 2� reducing Laemmli
sample buffer (Bio-Rad) for 10 min at room temperature prior
to gel loading. The remainder of the lysate was incubated with
proteinA-coupled agarose beads overnight at 4 °C. Immunoab-
sorbed proteins were pelleted by centrifugation at 1,000� g for
2 min and the supernatant was collected again for immunoen-
richment of total receptor (below). Protein A beads containing
surface-labeled receptors were washed 6 times with lysis buffer
and then the captured proteins were eluted from the beads
using 1� reducing Laemmli sample buffer for 10 min at room
temperature.
Immunoblotting Analysis—Samples were resolved by 10%

SDS-PAGE according to standard procedures (23). Equivalent
amounts of total protein, as determined using the BCA protein
assay, were resolved by electrophoresis, and proteins were
transferred to nitrocellulose membrane. Membranes were
blocked with 5% nonfat milk in TBS-T buffer for 30 min, and
then themembranes were incubated overnight in primary anti-
body, diluted in 3 or 5% BSA in TBS-T buffer, at 4 °C. The
membrane was washed three times with the same buffer and
detected using HRP-conjugated donkey anti-rabbit IgG and
enhanced chemiluminescence substrate (SuperSignal, Pierce).

RESULTS

Colocalization of Endocytosed �1AR with TGN-46—Prior
studies demonstrate that �1AR undergoes prolonged down-
regulation (�4 h) with lysosomal degradation in response to
persistent ligand stimulation (6, 20, 21). To investigate whether
endocytosed �1AR traffics to the TGN with persistent agonist
stimulation, we employed the broadly applied procedure of
monitoring endocytosed GPCRs by surface labeling with anti-
body (6). HEK-293 cells stably expressing amino-terminally

tagged HA-�1AR (HA-�1AR cells) were prelabeled with HA
antibody at 4 °C, incubated with ISO at 37 °C after removal of
excess antibody, and then fixed at various time points. Cells
were then permeabilized and immunostained with antibodies
specific for TGN-46, a marker for the TGN. ISO treatment
resulted in surface-labeled �1AR appearing in small- to medi-
um-sized vesicles that redistributed throughout the cytoplasm
from the cell surface by 30 min (Fig. 1A). Endocytosed �1AR
tended to traffic toward, and be concentrated in, the perinu-
clear area by 1 h. By 5 h, most �1AR was accumulated in the
perinuclear compartment (Fig. 1A). Although a few endocyto-
sed �1AR colocalized with TGN-46 at early time points (e.g.
5–30 min), a small portion of the receptors (�5%) colocalized
with the TGN-46 at 1 h after agonist treatment. However, per-
sistent agonist stimulation for 5 h caused approximately 50% of
the endocytosed �1AR to colocalize with TGN-46 (Fig. 1A).
Quantitative analysis of these epifluorescent images by mea-
suring pixel intensity profiles showed precise coincidence of
intensity peaks for �1AR and TGN-46 (Fig. 1A).
To ensure that co-localization of HA-�1AR and TGN-46 is

not due to overlap in the captured epifluorescent images, con-
focal scanning images were also captured at 0.8-�m thick opti-
cal sections (Fig. 1B). The results using confocalmicroscopy are
consistent with those obtained by epifluorescence, and clearly
show that�1AR concentrates in theTGNover time in cells that
receive persistent isoprotenerol stimulation.
Given that many endosomal organelles are concentrated in

the perinuclear compartment, the possibility that endocytosed
�1AR might be colocalized with other endosomal organelles
that overlap with TGN-46was considered. To exclude this pos-
sibility, cells were treated with the microtubule disruptor,
nocodazole, a strategy previously employed to disperse endo-
somes and Golgi membranes from the perinuclear compart-
ment (9). Surface-labeled�1AR cells were treatedwith nocoda-
zole at 37 °C for 1 h after a 3-h ligand stimulation.
Co-immunostaining showed that nocodazole treatment
resulted in diffuse distribution of TGN-46 throughout the cyto-
plasm (Fig. 2), which is in contrast to the compact distribution
of TGN-46 in untreated cells (Fig. 1). Intensity profiles showed
co-alignment of pixel peaks for �1AR and TGN-46 signals after
nocodazole treatment (Fig. 2), demonstrating that �1AR and
TGN-46 are coassociated.
Endocytosed �1AR Returns to TGN through the Recycling

Endosome—Prior studies have shown that endocytosed �1AR
recycles back to the plasmamembrane upon removal of agonist
(19). Here, we hypothesized that the Rab11� recycling endo-
somal compartment in the perinuclear area is the most likely
site from which endocytosed �1AR traffics to the TGN as
reported for GPER-1 (6). To test this idea, surface-labeled
�1ARwas followed over time after disruption of the TGNusing
BFA, and cells were co-immunostained for endocytosed �1AR
and Rab11. Co-immunostaining showed that BFA treatment
preferentially destroys the structure of TGN as the compact
TGN-46 staining compartments was destroyed by BFA (sup-
plemental Fig. S1). No apparent difference was observed in
receptor internalization between BFA- and vehicle-treated
cells prior to 30 min, suggesting that BFA does not influence
�1AR endocytosis (supplemental Fig. S2). In vehicle-treated
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cells, a small portion of endocytosed �1AR colocalized with
Rab11 between 30 min and 5 h. However, in BFA-treated cells
most of the endocytosed �1AR accumulated in the perinuclear
area and colocalized with Rab11, which became readily appar-
ent at 2 and 4 h. A high degree of colocalization of �1AR with
Rab11 in BFA-treated cells was also confirmed by quantitative
colocalization analysis using line scan (Fig. 3A).
To exclude the possibility that endocytosed �1AR might be

colocalized in other endosomal organelles that overlap with
Rab11 in the perinuclear area after BFA treatment, surface-
labeled �1AR and markers for perinuclear endosomes and
organelles, including EEA-1 (early endosome), or Rab7 (late
endosome), or calnexin (endoplasmic reticulum), were co-
immunostained. Epifluorescence and intensity profile anal-
yses revealed that BFA treatment influenced neither the dis-
tribution patterns of all three markers nor caused the
accumulation of �1AR in the late endosome or endoplasmic
reticulum (supplemental Figs. S3–S5). In addition, BFA treat-

ment did not influence the co-localization of endocytosed
�1AR with EEA-1 (supplemental Fig. S3), which also supports
the above observation that BFA does not impact �1AR
endocytosis.
By comparison, a 4-h BFA treatment resulted in higher levels

of both intracellular and surface�1AR than observed in control
cells (Fig. 3A). ELISA revealed approximately twice as much
surface-labeled �1AR remaining in BFA-treated cells as com-
pared with control cells (Fig. 3B). Together, these data dem-
onstrate that endocytosed �1AR preferentially accumulates
in Rab11� recycling endosomes after TGN uncoupling, and
that TGN disruption prevents endocytosed �1AR from
degradation.
To further determine whether �1AR that accumulates in

Rab11 endosomes recycles back to the plasma membrane after
removal of the agonist, surface-labeled HA-�1AR cells were
stimulated with agonist in the absence or presence of BFA for
4 h. After removal of receptor-bound antibodies at the cell sur-

FIGURE 1. Endocytosed �1AR colocalizes with the TGN over time course. HA-�1AR cells were prelabeled with HA antibody at 4 °C. After removal of excess
antibody, cells were incubated with ISO (100 �m) at 37 °C and fixed at indicated time points. The cells were permeabilized and incubated with sheep anti-TGN
antibody. Surface-labeled HA-�1AR and the TGN were visualized with donkey anti-rabbit Alexa 555 (red) and anti-sheep Alexa 488 (green) antibodies, respec-
tively. Images were captured by epifluorescence (A) and confocal scanning microscopy (B). Colocalization of HA-�1AR with TGN46 (arrows) is shown in yellow
(arrows) in the merged images. The right panels in A show the intensity profiles versus the position alone with two lines drawn across the merged images (arrows
show the direction of scanning). The superposition of peaks for each channel indicates the degree of colocalization between the two channels. Nuclei were
detected with DAPI (blue). Results are representative of 200 cells from 5 independent experiments.
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face by glycine acid washes, cells were further incubated at
37 °C with warm media containing vehicle or BFA alone for
0.5 h or 1 h. Surface recycled and endocytosed receptors were
distinguished by sequentially applying goat anti-rabbit Alexa
594 antibodies prior to permeabilizaton and anti-rabbit Alexa
488 antibodies post-permeabilization, respectively. Negligible
amounts of surface antibody-bound receptors were detected
after glycine acid washing (data not shown). Prior to warming,
immunostainingwas observed only at the cell surface but not in
the cytoplasm, indicating that dissociation of primary antibody
and subsequent nonspecific binding in the cytoplasm did not
occur during the staining procedure (Fig. 4A).
No obvious difference in the recycling of endocytosed �1AR

between vehicle- andBFA-treated cells was detected prior to 30
min (data not shown). However, a striking difference in �1AR
recycling was observed by 1 h between vehicle- and BFA-
treated cells (Fig. 4, B–I). At 4 h, the majority of �1AR was
recycled back to the cell surface in BFA-treated cells 30 min
after removal of agonist, as the tuft of endocytosed �1AR
became smaller in the cytoplasm, and the intensity of surface
�1AR became stronger (Fig. 4,H and I). In contrast, most of the
�1AR remained in the cytoplasm in vehicle-treated cells with
only few receptors recycling back to the cell surface during 30
min after agonist wash-out (Fig. 4C). At 4 h, more recycled
receptors were observed after allowing receptor recycling for a
longer time (from 0.5 to 1 h) (Fig. 4,D, E,H, and I). Quantitative
analysis by ELISA revealed that at 4 h nearly twice as much
�1AR was recycled to the cell surface in BFA-treated cells
(90.4 � 7.2%) as compared with control cells (48.8 � 2.6%)
during 0.5 h after removal of agonist (Fig. 4J). These results

imply that �1AR, which accumulates after TGN disruption, is
capable of recycling back to the cell surface from the recycling
endosomes upon removal of agonist, which may also explain
why high levels of surface �1AR are detected in BFA-treated
cells at 4 h (Fig. 3A).
TGN Acts as Checkpoint for HA-�1AR Lysosomal Deg-

radation—The above experiments show that disruption of the
TGN results in the accumulation of endocytosed �1AR in the
recycling endosome, suggesting a role for TGN in the down-
modulation of endocytosed �1AR. To further address this
issue, it was determined whether blockage of the lysosome
arrests endocytosed �1AR in the lysosome or its upstream
organelle, TGN, because prior studies have identified the lyso-
some as a major degradation organelle for �1AR (6, 20, 21).
Surface-labeled HA-�1AR cells were treated with the lyso-
somotropic agent, chloroquine, in the presence of ISO for var-
ious lengths of time and cells were then immunostained for
LAMP1 or TGN-46 (Fig. 5). Colocalization of endocytosed
�1AR with LAMP1 was not observed, whereas the integrity of
LAMP1-marked lysosome was destroyed by chloroquine (data
not shown). In contrast, �30% of endocytosed �1AR colocal-
ized with TGN-46 by 30 min and the majority of the receptors
with TGN-46 at 4 h. Interestingly, by 5 h, only a small portion of
�1AR colocalized with TGN-46, instead a large number of
receptors appeared at the plasma membrane as confirmed by
the intensity profile measurement, suggesting that long-term
blockage of the lysosome forces accumulated receptors from
theTGN to recycle back to the plasmamembrane (Fig. 5). Next,
it was examined whether disruption of the TGN inhibited
endocytosed �1AR entry to the lysosome. Surface-labeled

FIGURE 2. Co-distribution of �1AR with TGN46 after nocodazole treatment. HA-�1AR cells were prelabeled with rabbit HA mAb at 4 °C, incubated at 37 °C
with ISO for 3 h and then for another 1 h with nocodazole (10 �M) and ISO. A, permeabilized cells were immunostained for TGN46 (green) and surface-labeled
�1AR (red). Co-localization of HA-�1AR with TGN46 is shown in yellow (arrows) in the merged images. B, quantitative analysis of co-localization of HA-�1AR with
TGN46 using a line scan. Results are representative of 52 cells from 2 independent experiments.
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HA-�1AR cells were treated with ISO and BFA or vehicle for
various lengths of time and immunostained for LAMP1. Co-
immunostaining results showed that less than 5% of the sur-
face-labeled �1AR colocalized with LAMP1 at 30 min, but

receptor colocalizationwith LAMP1was increased at later time
points. In vehicle-treated control cells, by 4 h, about 30% of
�1AR was observed to colocalize with LAMP1 (Fig. 6, A–C). In
contrast, in BFA-treated cells, colocalization of �1AR with

FIGURE 3. Disruption of the TGN results in the accumulation of endocytosed HA-�1AR in the recycling endosome. A, HA-�1AR cells were prelabeled with
rabbit HA antibody at 4 °C, incubated with ISO and vehicle or BFA (5 �g/ml) at 37 °C, and fixed at the indicated time points. Cells were then permeabilized and
immunostained for HA-�1AR (red) and Rab11 (green). Co-localization of HA-�1AR with Rab11 was shown in yellow in the merged images. The right panels in A
show the intensity profiles versus the position alone with two lines drawn across the merged images (arrows show the direction of scanning). Nuclei were
detected with DAPI (blue). Results are representative of 98 cells in 3 independent experiments. B, ELISA showing the amount of surface-labeled �1AR remaining
in BFA- (55.2 � 4.9%) versus vehicle-treated (27.5 � 0.67%) cells at 4 h. The data were presented as mean � S.E. (n � 3).
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LAMP1was not easily detected at 4 hwith a large number of the
receptors appearing at the plasma membrane, reflecting an
increase in �1AR recycling after TGN disruption (Fig. 6D).
Similar results were also observed when surface-labeled �1AR
and Rab7-marked late endosomes were co-immunostained
(supplemental Fig. S4).

Finally, we tested the hypothesis that disruption of the TGN
might directly protect the degradation of endocytosed �1AR in
the lysosome by immunoblot analysis (Fig. 6E). Surface-labeled
HA-�1AR cells were treated for 5 h with ISO and vehicle, or
BFA, chloroquine, or MG132 (a specific inhibitor of protea-
some) under inhibition of protein synthesis using cyclo-
hexmide. Probing the immunoprecipitates of surface-labeled
receptor proteins prepared by pull-down with protein A beads
revealed that after persistent agonist treatment for 5 h less than
one-fifth of the surface-labeled �1AR remained. Treatment
with chloroquine or BFA blocked the degradation of endocy-
tosed receptor with greater than 95 and 80%, respectively, of
endocytosed receptor measured relative to control. MG132
imparted only a slight protective effective on the degradation of
endocytosed �1AR (Fig. 6F). Reprobing the same blots with
FK2 anti-ubiquitin mAb showed negative results, suggesting
that�1AR is not directly ubiquitinated (data not shown), which
is in agreement with a prior finding (20). These results indicate
thatmost of endocytosed�1AR is degraded in the lysosome and

disruption of the TGN similarly blocks its degradation, which is
consistent with the results from immunofluorescent and the
ELISA shown in Fig. 3.
Arrestin-3 Co-trafficks with �1AR to TGN—Arrestins play

pivotal roles in endocytic trafficking and down-modulation of
many GPCRs (reviewed in Refs. 1, 2, and 28). Prior studies have
shown that arrestins are required for endocytosis of �1AR and
are involved in the degradation of �2AR (19). To explore the
role of arrestin in the sorting of endocytosed �1AR to the TGN
and �1AR degradation, �1AR endocytosis was monitored in
cells that were transiently transfected with GFP-arrestin-3
in the presence of persistent agonist stimulation. Although in
unstimulated cells surface-labeled �1AR and arrestin-3 were
uniformly distributed at the cell surface and throughout the
cytoplasm, respectively, upon persistent ISO stimulation GFP-
arrestin-3 exhibited a punctuate staining pattern throughout
the cytoplasmwith GFP-arrestin-3 concentrated in the perinu-
clear area (supplemental Fig. S6). This agonist-induced redis-
tribution of arrestin was observed prior to �1AR endocytosis as
early as 2 min after stimulation (supplemental Fig. S6). At 2
min, surface-labeled �1AR only colocalized with arrestin-3 at
the cell surface, reflecting �1AR recruitment into clathrin-
coated pits. By 30 min, most of the endocytosed �1AR colocal-
ized with GFP-arrestin-3, although some GFP-arrestin-3 was
clustered in the absence of receptor in the cytoplasm, which

FIGURE 4. Disruption of the TGN regulates the recycling of HA-�1AR to the plasma membrane after removal of isoprotenerol. Cells were prelabeled with
rabbit HA mAb at 4 °C, and incubated at 37 °C with ISO and vehicle or BFA for 0, 1, 2, and 4 h. After agonist and surface receptor-bound antibody were removed,
cells were further incubated with vehicle or BFA for 0.5 h (B–D and F–H) or 1 h (E and I). A–I, fixed cells were incubated with goat anti-rabbit Alexa 594 for
visualizing total surface-labeled HA-�1AR (A, red) or recycled HA-�1AR (B–I, red) prior to permeabilization, and then incubated with goat anti-rabbit Alexa 488
for visualizing endocytosed HA-�1AR (green) post-permeabilization. Results are representatives from 3 independent experiments. J, ELISA showing the
quantitative results of experiments similar to D and H.
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likely represents internalized unlabeled surface receptors (sup-
plemental Fig. S6). Co-expression of GFP-arrestin-3 did not
alter the surface expression of�1ARbefore agonist stimulation,
as the surface levels of �1AR were similar between nontrans-
fected versus transfected cells. However, GFP-arrestin-3
increased the disappearance of �1AR from the cell surface,
especially at 2 h with ligand stimulation, suggesting that arres-
tin-3 overexpression increases the endocytosis of �1AR and/or
inhibits �1AR recycling back to the cell surface (Fig. 7A).
Intriguingly, disruption of TGN by BFA blocked the effect of
arrestin-3 on the surface disappearance of �1AR, as no appar-
ent difference in the levels of surface or endocytosed �1AR
was observed between nontransfected and transfected cells
between 1 and 5 h (Fig. 7A). Additionally, immunoblot analysis
revealed that overexpression of arrestin-3 did not alter ligand-
induced degradation of endocytosed �1AR despite the increase
in �1AR endocytosis (Fig. 7B). To determine whether arrestin-
3-induced �1AR endocytosis facilitates �1AR entry to the
TGN, �1AR trafficking to the TGNwas measured in arrestin-3
transfected cells. As shown in Fig. 8, forced expression of arres-
tin-3 slightly enhanced the colocalization of endocytosed
HA-�1AR with TGN-46 at 30 min. Interestingly, a number of
�1AR- and GFP-arrestin-3-labeled vesicles were easily ob-
served to colocalize with TGN-46, suggesting that arrestin-3
co-traffics with �1AR to the TGN. To further validate this con-
cept, the capacity of �1AR- or arrestin-3-labeled vesicles to
accumulate in the TGN after blockage of the lysosome using
chloroquine was examined. Indeed, triple labeling experiments
indicated that chloroquine treatment resulted in the robust

colocalization of both �1AR and arrestin-3 with TGN-46
(Fig. 9).
Arrestin-3 Inhibits Recycling of Endocytosed �1AR via TGN—

To further clarify whether arrestin-3 inhibits �1AR recycling
back to the plasma membrane, the levels of recycled �1AR at
the cell surface of arrestin-3-transfected versus mock trans-
fected cells were monitored after removal of ISO at 4 h. Recy-
cled and endocytosed �1AR were distinguished by sequential
incubation of cells with Alexa 555 antibody prior to permeabi-
lization and with Alexa 647 antibody post-permeabilization,
respectively.With vehicle treatment, only a few �1AR are recy-
cled back to the cell surface of arrestin-3-expressing cells as
compared with nontransfected cells on the same coverslips.
In contrast, BFA treatment restored the capability of �1AR
recycling in arrestin-3-expressing cells to a similar extend to
that in nontransfected cells on the same slides (Fig. 10). These
data suggest a role for arrestin-3 in the inhibition of�1AR recy-
cling back to the plasma membrane via the TGN after �1AR
endocytosis.

DISCUSSION

In this study, we report a novel endocytic trafficking route for
�1AR, in which the TGN acts as a checkpoint for modulating
both degradation and recycling of endocytosed �1AR. We fur-
ther show that arrestin-3 regulates �1AR endocytosis and its
recycling via the TGN.
To date, the molecular events regulating the endocytosis,

recycling, and degradation of �1AR are not yet fully under-
stood. Liang and colleagues (19–21) compared the endocytic

FIGURE 5. Lysosomal inhibition induces the accumulation of endocytosed �1AR in the TGN. Surface-labeled HA-�1AR cells were incubated with ISO and
chloroquine, fixed at various time points, and immunostained for TGN-46. Surface-labeled HA-�1AR and TGN-46 were visualized with donkey anti-rabbit Alexa
594 (red) and anti-sheep Alexa 488 (green), respectively. Co-localization of HA-�1AR with TGN-46 (arrows) is shown in yellow in the merged images. Nuclei were
detected with DAPI (blue). Note: whereas the majority of endocytosed HA-�1AR co-localizes with the TGN-46 at 4 h, less HA-�1AR co-localizes with the TGN-46
but more HA-�1AR appears at the plasma membrane at 5 h. The right panels show the pixel intensity profiles of red channels (�1AR staining) along the lines
across the plasma membrane. Results are representative of 120 cells from 3 independent experiments.
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trafficking and degradation between �1AR and �2AR during
persistent ISO stimulation in a series of studies and showed that
both subtypes undergo agonist-promoted endocytosis, which is
dependent upon recruitment of both arrestin and dynamin into
clathrin-coated pits. These studies showed that both subtypes
traffic to distinct endosomal compartments at early time inter-
vals following persistent agonist stimulation with �1AR con-
centrating in small, peripheral vesicles, and �2AR accumulat-
ing in the perinuclear area (19). In our study, we monitored
agonist-promoted trafficking of �1AR over 5 h. We found a
redistribution pattern of endocytosed �1AR that was similar to
that reported by Liang et al. (19) at early time points. However,
by 5 h endocytosed �1AR also accumulated in the perinuclear
area, with 40–50% of the receptors colocalized with TGN-46,
indicating that endocytosed �1AR returns to the TGN. This
finding was further reinforced by the following evidence: (i)
endocytosed �1AR still remained colocalized with TGN-46
after dispersing endosomal compartments in the perinuclear
area; (ii) blockage of the lysosome induced the arrest of the bulk
of endocytosed �1AR in the TGN; and (iii) co-expression of
arrestin-3 facilitated �1AR entry to the TGN.

Immunostaining, ELISA, and immunoblotting experiments
demonstrated that disruption of the TGN inhibited the entry of

endocytosed �1AR into the late endosomes or lysosomes, and
prevented �1AR degradation. These results indicate that endo-
cytosed �1AR is mainly sorted to the lysosome for degradation
via the TGN at late time points of agonist stimulation. Prior
studies have demonstrated the resistance of �1AR to degrada-
tion with persistent agonist stimulation in several cell lines and
identified the cytoplasmic tail of �1AR as the determinant for
this resistance (21). Prolonged colocalization of �1AR with the
TGN and lysosome observed in the present study may be asso-
ciated with the mechanisms mediating prolonged degradation
of �1AR. Interestingly, the Gs-coupled receptor, GPER-1, also
utilizes the TGNas a checkpoint for degradation but undergoes
rapid degradation in the proteasome (6) rather than the slow
degradation times that we report here for �1AR in the lyso-
some. At present, it is unclear why there is a significant differ-
ence in the decay rate of endocytosed GPER-1 versus �1AR.
However, GPER-1 internalization fromclathrin-coated vesicles
was not influenced by dominant-negative versions of arrestin-2
that lacked �-adaptin and/or clathrin binding sites (6).
Together these data may suggest that fundamentally distinct
mechanisms may employ the TGN as a common node for
receptor sorting to distinct destinations for degradation. Addi-
tionally, it should be noted that previous studies and our cur-

FIGURE 6. Brefeldin A treatment prevents HA-�1AR from entering the lysosome for degradation. Surface-labeled HA-�1AR cells were incubated with ISO
and vehicle or BFA, chloroquine, or MG132 and fixed or harvested at the indicated time points. A–D, cells were immunostained for LAMP1, a specific marker of
the lysosome. Surface-labeled HA-�1AR and LAMP1 were visualized with goat anti-rabbit Alexa 594 (red) and anti-mouse Alexa 488 (green), respectively.
Colocalization of HA-�1AR with LAMP1 is shown in yellow in the merged image. E, Western blotting showing that treatment of BFA or chloroquine inhibits the
degradation of HA-�1AR. The immunoprecipitates prepared by pull-down with protein A-agarose beads were subjected to 10% SDS-PAGE separation. Results
are representatives from 3 independent experiments. F, quantitative analysis from 3 independent Western blots by measuring the band density with ImageJ
(NIH) indicated that only 26.7 � 14.2% of surface-labeled �1AR for vehicle treatment remained in contrast to 41.4 � 24.1% for MG132 treatment, 80.3 � 27.4%
for BFA treatment, and 96.1 � 25.5% for chloroquine treatment. The results shown represent the mean � S.E. of 3 independent experiments.
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rent work failed to detect agonist-promoted ubiquitination of
�1AR, suggesting the existence of chaperone proteins that may
be associated with�1AR in response to agonist stimulation and
subsequently envoy �1AR to the lysosome for degradation.
Further study showed that endocytosed �1AR return to the

TGN through Rab11� recycling endosomes, as evidenced by
the findings that disruption of the TGN resulted in the perinu-

clear accumulation of endocytosed �1AR preferentially in
Rab11� recycling endosomes, but not in other organelles
including the early and late endosomes, lysosomes, and endo-
plasmic reticulum. Analysis of recycled receptors revealed that
�1AR that accumulated in the recycling endosomes due to
TGN disruption was capable of returning to the cell surface.
These results imply that TGN may also influence �1AR recy-

FIGURE 7. GFP-arrestin-3 increases the endocytosis of �1AR, but does not facilitate the degradation of �1AR. HA-�1AR cells were mock transfected or
transfected with cDNA encoding GFP-arrestin-3, surface-labeled with rabbit HA antibody, incubated at 37 ºC with ISO and vehicle or BFA and then fixed (A) or
lysed for Western blotting (B) at 0, 2, and 4 h. A, surface-labeled (red) and endocytosed HA-�1AR (blue) were discriminated by incubation of the cells with goat
anti-rabbit Alexa 594 prior to permeabilization and goat anti-rabbit Alexa 488 post-permeabilization, respectively. Arrows indicate GFP-arrestin-3-expressing
cells (green). The right panels in A show the pixel intensity profiles of red channels (�1AR staining) along the lines across the plasma membrane. Lines 1 and 2
were drawn across the plasma membrane of arrestin-expressing cells and nontransfected cells, respectively. Results are representatives of 128 cells from 3
independent experiments. B, Western blotting (IB) for �1AR. Solublized samples were immunoprecipitated (IP) with mouse HA mAb-conjugated agarose
beads, subjected to 10% SDS-PAGE separation, and then probed with rabbit HA mAb. Results are representative of 210 cells from 3 independent experiments.
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cling by down-regulation. Prior work has reported that overex-
pression of Rab4 in HL-1 cardiac myocytes increases the recy-
cling of �1AR back to the cell surface (17). Here, we speculated

that overexpression of Rab4 may facilitate the trafficking of
�1AR through Rab4-containing rapid recycling endosomes to
Rab11-containing slow recycling endosomes, from which

FIGURE 8. GFP-arrestin-3 has a modest effect on entry of endocytosed �1AR into the TGN. HA-�1AR cells were transfected with GFP-arrestin-3 (GFP-Arr3),
surface-labeled with HA mAb, incubated at 37 ºC with ISO, and fixed at 30 min. Surface-labeled �1AR (red) and TGN-46 (cyan) were visualized with donkey
anti-rabbit Alexa 555 and anti-sheep Alexa 647, respectively. Arrows indicate the colocalization of �1AR with GFP-Arr3 and TGN-46. Arrowheads indicates the
nontransfected cell. Results are representatives of 146 cells from 3 independent experiments.

FIGURE 9. Blockage of the lysosome leads to accumulation of arrestin-3 and �1AR in the TGN. HA-�1AR cells were transfected with cDNA encoding GFP-
arrestin-3, surface-labeled with rabbit HA antibody, and then incubated at 37 °C with ISO and chloroquine for 4 h. Cells were immunostained for surface and
endocytosed �1AR and TGN-46. Arrows point to colocalization of �1AR, arrestin-3, and TGN-46. Arrowheads point to colocalization of �1AR and arrestin-3.
Asterisks indicate nontransfected cells.
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�1AR recycles back to the cell surface. This also supports a
previous finding that �1AR undergoes a slower recycling
time than �2AR (the latter via rapid recycling endosomes)
(19). Interestingly, at 5 h after blockage of the lysosome,
�1AR was largely observed to disassociate with TGN-46 and
recycle back to the cell surface with persistent agonist stim-
ulation (Fig. 5), which suggests that �1AR that accumulates
in the TGN due to blockage of the lysosome alternatively
recycles back to the cell surface through the TGN. This may,
in part, explain why the endosomal recycling inhibitor,
monesin, blocked �2AR recycling but not �1AR recycling as
reported elsewhere (19).
Arrestins play multiple roles in mediating the endocytosis,

recycling, ubiquitination, and degradation of GPCRs, and as
well as G-protein-independent signaling (26–31). Here, we
found that arrestin-3 overexpression increased �1AR endocy-

tosis and subsequently facilitated the entry of �1ARwith arres-
tin-3 to theTGNafter agonist stimulation.However, consistent
with prior work (21), immunoblot analysis revealed no differ-
ence in the rate of �1AR degradation between arrestin-3 and
control cells. Intriguingly, in untreated cells, arrestin-3 overex-
pression resulted in very little recycling of �1AR to the cell
surface relative to control cells. In contrast, disruption of the
TGN blocked the arrestin-3-induced inhibition of �1AR recy-
cling. These data suggest that arrestin-3 inhibits �1AR recy-
cling through the TGN-associated mechanism. This finding is
at odds with prior work, which has shown that arrestin-2 and -3
increase the recycling of the formyl peptide receptor (26, 27),
and may suggest that arrestins regulate the recycling of GPCRs
in a receptor-specific fashion.
Studies by others have shown that CC chemokine receptor

5 (9) and somatostatin type 2A (7, 8) receptor also return to

FIGURE 10. Brefeldin A blocks arrestin-induced inhibition of �1AR recycling. HA-�1AR cells were transfected with cDNA encoding GFP-arrestin-3 and
surface-labeled with rabbit HA antibody. Cells were either fixed at 0 (A) or incubated at 37 °C with ISO and vehicle or BFA for 4 h and with vehicle or BFA alone
for 30 min after removal of ISO, and then fixed (B and C). Recycled and endocytosed receptors were discriminated by goat anti-rabbit Alexa 555 (red) and goat
anti-mouse Alexa 647 (cyan), respectively. The bottom panels show the pixel intensity profiles of red channels (�1AR staining) along the lines across the plasma
membrane. Lines 1 and 2 were drawn across the plasma membrane of arrestin-expressing cells and nontransfected cells, respectively. Asterisks indicate the cells
expressing GFP-arrestin-3. Results are representative of 187 cells from 3 independent experiments.
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the TGN from the cell surface and recycle back to the cell
surface via the TGN rather than undergoing proteasomal
destruction. It is noteworthy that endocytosed CC chemo-
kine receptor 5 was initially thought to accumulate in the
perinuclear region (9), but the TGN was identified later as
the perinuclear organelle where CC chemokine receptor 5
retrotranslocated (9). Interestingly, other GPCRs such as
�2AR (19), CXCR2 (C-X-C chemokine receptor type 2 (24),
somatostatin receptor 3 (25), N-formyl peptide receptor
(26), and vasopressin 2A receptor (5) also accumulate in the
perinuclear area after endocytosis. Thus, it is possible that
these receptors might also return to the TGN after
desensitization.
Taken together, retrotranslocation of GPCRs via the

trans-Golgi network plays a previously unappreciated role in
receptor down-modulation and/or recycling. Our data pre-
sented here provides a broader appreciation of the role of the
TGN in GPCR trafficking and shows that �1AR also employs
the TGN as a regulatory checkpoint for mediating its lyso-
somal down-modulation and as a result, influencing its recy-
cling. Thus, the TGN not only regulates surface expression
of GPCRs during exocytosis but also plays a role in determin-
ing their endocytic fate. Dysfunctional regulation of endocy-
tosis, recycling, and degradation of �1AR is associated with
cardiac hypertrophy and heart failure (14, 17, 18). The exis-
tence of a novel endocytic pathway through the TGN for
�1AR may provide alternative targets for developing new
strategies to treat �1AR-related disorders such as cardiac
hypertrophy.
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