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Abstract
Glucagon levels are elevated in diabetes and some liver diseases. Increased glucagon secretion
leads to abnormal stimulation of glucagon receptors (GRs) and consequent elevated glucose
production in the liver. Blocking glucagon receptor signaling has been proposed as a potential
treatment option for diabetes and other conditions associated with hyperglycemia. Elucidating
mechanisms of GR desensitization and downregulation may help identify new drug targets besides
GR itself. The present study explores the mechanisms of GR internalization and the role of PKCα,
GPCR kinases (GRKs) and β-arrestins therein. We have reported previously that PKCα mediates
GR phosphorylation and desensitization. While the PKC agonist, PMA, did not affect GR
internalization when tested alone, it increased glucagon-mediated GR internalization by 25–40%
in GR-expressing HEK-293 cells (HEK-GR cells). In both primary hepatocytes and HEK-GR
cells, glucagon treatment recruited PKCα to the plasma membrane where it colocalized with GR.
We also observed that overexpression of GRK2, GRK3, or GRK5 enhanced GR internalization. In
addition, we found that GR utilizes both clathrin- and caveolin-mediated endocytosis in HEK-GR
cells. Glucagon triggered translocation of both β-arrestin1 and β-arrestin2 from the cytosol to the
perimembrane region, and overexpression of β-arrestin1 and β-arrestin2 increased GR
internalization. Furthermore, both β-arrestin1 and β-arrestin2 colocalized with GR and with Cav-1,
suggesting the possible involvement of these arrestins in GR internalization.
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INTRODUCTION
Glucagon plays an important role in the regulation of blood glucose homeostasis.
Dysregulation of glucagon metabolism is associated with several diseases, most importantly
with diabetes, where the basal level of glucagon is elevated and the bihormonal insulin-to-
glucagon relationship is altered [1–3]. Chronic hyperglucagonemia leads to increased
hepatic production of glucose, aggravating hyperglycemia in diabetic patients. Suppression
of glucagon secretion by somatostatin improves the condition of diabetic subjects. In recent
years there has been an increased interest in the glucagon receptor (GR) as a therapeutic
target in diabetes management [4]. However, application of GR antagonists in the chronic
treatment of diabetes has had limited success thus far [5]. Therefore, gaining a better
understanding of the mechanisms of GR desensitization is critical for evaluation of drug
efficacy and identification of novel drug targets for diabetes.

The GR is a prototypical, Family B heptahelical G protein-coupled receptor (GPCR).
Prolonged agonist stimulation attenuates signaling through GPCRs. This phenomenon,
termed homologous desensitization, ensures precise spatiotemporal regulation of signal
transduction by filtering input from multiple receptors and protecting against acute and
chronic over-stimulation [6,7]. The first phase of desensitization involves phosphorylation
of receptors by GPCR kinases (GRKs). GRK-mediated phosphorylation promotes binding of
β-arrestins, which results in uncoupling of receptors from G proteins. In addition, it has been
suggested that GRK2 and GRK3 can mediate GPCR desensitization through interaction with
receptors in a phosphorylation-independent manner [8,9]. Other kinases, such as PKC and
PKA, mediate desensitization and downregulation of some GPCRs, even in the absence of
respective ligands (heterologous desensitization).

Previous studies from other laboratories and ours have shown that glucagon-stimulated
cAMP production is diminished upon treatment of cells with glucagon and other hormones,
such as angiotensin and vasopressin, as well as with PKC activating agents, suggesting that
GRs undergo both homologous and heterologous internalization [10,11].

Desensitized receptors are sequestered in the cytoplasm within minutes of agonist
stimulation. Internalization of receptors is the primary mechanism of signal transduction
attenuation and is also crucial for receptor resensitization. Whereas most GPCRs utilize
clathrin-mediated endocytosis, utilization of clathrin-independent pathways, including
caveolar endocytosis, has been reported [12].

We and others have previously shown that, upon 30 minutes of glucagon stimulation, GRs
are internalized in vitro [13,14] and in vivo [15]. The receptor’s carboxyl terminus is
required for internalization of both the human [13]and rat GR [14]. Phosphorylation of
certain Ser residues has been shown to be necessary for GR internalization [15]. However,
the precise mechanisms of GR internalization are largely unknown. Therefore, the aim of the
present study was to identify the key pathways of GR internalization. In this study, we have
investigated (i) the role of PKC and GRK in GR internalization, (ii) utilization of different
internalization pathways by GR, and (iii) ability of β-arrestin1 and β-arrestin2 to promote
GR internalization.

MATERIALS AND METHODS
Materials

Cell culture media, Penicillin/Streptomycin, L-glutamine and amino acids were from
Cellgro (Kansas City, MO). Nystatin, Filipin III, DABCO, Poly-L-lysine, phenylarsine
oxide, Geneticin/G418, Tetracycline, Sodium-butyrate, bovine serum albumin (BSA), 1,4-
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diazobicyclo[2,2,2]octane (DABCO), paraformaldehyde, phenylmethylsulphonyl fluoride
(PMSF), phosphate-buffered saline (PBS), Tris-buffered saline, and Di(N-succinimidyl)
3,3′-dithiodipropionate were from Sigma (St Louis, MO). Glucagon was purchased from
Bachem (King of Prussia, PA). 125I-glucagon was purchased from Linco (St. Charles, MO).
Phorbol 12-myristate 13-acetate (PMA), Forskolin, Phorbol 12,13-Dibutyrate (PDBu), 4α-
phorbol ester, and Mowiol were purchased from Calbiochem (San Diego, CA). The
transfection reagents Lipofectamine 2000 and OptiMEM were from Invitrogen (Rockville,
MD). Lysotracker and Texas Red – Phalloidin and Hoescht 33258, as well as the
fluorescently labeled secondary antibodies, goat anti-rabbit Alexa fluor 568, goat anti-mouse
Alexa fluor 350, goat anti-mouse Alexa fluor 568 and goat anti-mouse Alexa fluor 488 were
from Molecular Probes (Carlsbad, CA). The mouse anti-clathrin heavy chain antibody and
the rabbit anti-EEA1 antibody were from Affinity Bioreagents (Golden, CO). The GR
antibody (ST-18) was generated in rabbit for an epitope in the last 18 amino acids as
previously reported [16]. The rabbit anti-caveolin (Cav)-1 antibody and the mouse anti-
FLAG antibody were from Sigma (St. Louis, MO). The rabbit anti-PKCα antibody used for
Western blots was from Research Diagnostics (Concord, MA). The rabbit anti-PKCα
antibody used for immunoprecipitation experiments was from Cell Signaling Technology
(Danvers, MA). The rabbit anti-PKCδ antibody was from Santa Cruz Biotechnology (Santa
Cruz, CA). The rabbit anti-GAPDH antibody was from Trevigen (Gaithersburg, MD).

Plasmids
β-arrestin1-GFP and β-arrestin2-GFP plasmids were a generous gift of Dr. Cornelius Krasel
(University of Würzburg, Würzburg, Germany). Dominant negative (DN) β-arrestin1
(V53D), β-arrestin2 DN (arr2 319–418), GRK2, GRK3 and GRK5 were a generous gift
from Dr. Jeffrey L. Benovic (Thomas Jefferson University, Philadelphia, PA). PKCα and
PKCα DN were kindly provided by Dr. Jae-Won Soh (Inha University, Incheon, South
Korea). PKCα-YFP was kindly provided by Dr. R. Kubitz (Heinrich-Heine University,
Dusseldorf, Germany). Plasmid pcDNA 3.1, used as an empty vector control, was purchased
from Invitrogen (Rockville, MD).

Cell culture and transfection
Hepatocytes were isolated by the collagenase perfusion technique as previously described
[17] from male Golden Syrian hamsters (Harlan Sprague Dawley, Indianapolis, IN, 100–
130g body wt) fed a rodent chow diet ad libitum. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, L-
glutamine (200 μM), MEM non-essential and MEM essential amino acids, Penicillin (5000
I.U./mL) and Streptomycin (5000 μg/mL). HEK-293 cells stably expressing the rat glucagon
receptor (HEK-GR, [18] were maintained under the culture conditions described above.
HEK-293 cells stably expressing a tetracycline-inducible FLAG-tagged GR (HEK-FLAG-
GR) [16]were maintained in DMEM/F-12 (50:50) supplemented with 200 μg/mL Geneticin/
G418, 10% fetal calf serum and Penicillin/Streptomycin. The GR expression was induced by
incubation of cells in an induction medium, DMEM/F-12 supplemented with sodium
butyrate, tetracycline, 10% serum and Penicillin (5000 I.U./mL) and Streptomycin (5000 μg/
mL) for 24–48 hours. The cells were transfected with 4–8 μg plasmid DNA using
Lipofectamine 2000, following the manufacturer’s instructions. Control cells were
transfected with the equivalent amount of vector plasmid (empty vector). Twenty-four hours
after transfection, the cells were seeded onto poly-L-lysine coated coverslips and glass-
bottom dishes (for microscopy) or onto 24-well plates (for binding). On average, the
transfection efficiency was between 60–80%.
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GR-GFP C-Terminus Fusion Plasmid Construction
The consecutive stop codons of the GR cDNA inserted in pGEM-2 plasmid were abolished
by site-directed mutagenesis (QuikChange XL, Stratagene Corp., La Jolla, CA) using
PAGE-purified primers (sense: 5′-GACAGCCCCACCTGTAAGCGGCCGCAGCTTCC-3′/
antisense 5′-GGAAGCTGCGGCCGCTTACAGGTGGGGCTGTC-3′) (Sigma Genosys,
The Woodlands, TX). The modified GR cDNA was amplified by PCR using primers
(forward: 5′-CATCATCCATCTGACATTGGGACGCGTCG-3′, reverse: 5′-
GAATACACGGAATTCCACCATGCTCCTCACC-3′) (Sigma Genosys, The Woodlands,
TX). PCR products were resolved on a 1% TBE agarose gel and the mutated GR cDNA
insert band was excised, purified and ligated into the pcDNA3.1/CT-GFP-TOPO expression
vector (Invitrogen/Life Technologies, Carlsbad, CA) following the manufacturer’s protocol
to create TOPO/GR. Ligation reactions were verified by EcoRI/NotI digestion as well as by
sequencing.

Confocal and fluorescence microscopy
The cells were seeded onto poly-L-lysine coated multi-chambered coverglass, coverslips or
glass-bottom 35-mm dishes (for live cell microscopy). The cells were washed twice and
serum-starved for one hour prior to treatment with drugs. After treatment, the cells were
washed twice with PBS, fixed in 3.7% paraformaldehyde for 10 min, permeabilized with 1%
Triton X-100 (Sigma, St Louis, MO), according to previously reported methods [19]. The
cells were incubated with blocking buffer (8% BSA/PBS) for 1 hour. Primary and secondary
antibodies were diluted in 2% BSA/PBS buffer and incubated with the cells for 1 hour,
respectively. Between primary and secondary antibody incubations, the coverslips were
washed 3 times for 5 min. The coverslips were mounted onto glass slides using Mowiol with
DABCO. Images were taken either on a confocal laser scanning microscope (Olympus
IX-70 microscope and Bio-Rad MRC 1024 confocal laser scanning system) or on a
fluorescence microscope (Olympus IX-81 fluorescence microscope with a Cool Snap HG
Photometrics CCD camera). For each frame, four to eight planes were acquired and the
projection images were deconvolved using Slidebook 4.1 software (Intelligent Imaging
Innovations, Denver, CO). In live cell time lapse experiments, the cells were maintained at
37°C using a heated microscope stage, and the images were acquired at 0.5–2 minute
intervals.

Cell fractionation
Crude membrane and cytoplasmic fractions were purified from freshly isolated Golden
Syrian hamster hepatocytes. Briefly, cells were washed twice on ice in cold PBS,
centrifuged and resuspended in membrane isolation buffer (50 mM Tris HCl, pH 7.4, 2.5
mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol (DTT), 5 mM NaF, 1 mM Na3VO4),
supplemented with protease inhibitors (Roche Bioscience, Palo Alto, CA), and passed
through a 26-gauge needle at least 10 times. Samples were cleared of unbroken cells and
nuclei by centrifugation at 1000 × g for 5 minute and at 4°C. Crude membrane fractions
were separated from cytoplasmic fractions by ultra-centrifugation at 100,000 × g for 50 min
and at 4°C. Crude membrane fractions were resuspended in membrane isolation buffer and
all samples were stored at −80°C.

Radioligand binding
In HEK-GR cells, two methods (Method A and B) were used to measure GR internalization
by radioligand binding, as described previously [20]; [21]. These methods were used as
complementary approaches. A third method (Method C), which is similar to Method A and
to those described previously [20,21], was used with minor modifications in hepatocytes
since these cells were in suspension rather than attached (as were HEK-GR cells) and thus,
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required a modified protocol. Method A: HEK-GR cells were washed twice and serum-
starved in binding buffer for 1 hour and treated with 100 nM glucagon for the indicated time
at 37°C. The cells were washed and binding was performed as previously described [14].
Each set of glucagon-treated cells was matched with a set of non-treated cells and the
percentage GR internalization was calculated as the ratio of specific surface binding of 125I-
glucagon in glucagon-treated and non-treated cells under the same conditions. Method B:
HEK-GR cells seeded onto 24-well plates were washed twice and serum-starved in binding
buffer (DMEM containing 0.1% BSA and 20 mM HEPES, pH 7.4) for 1 hour at 37 °C. 125I-
glucagon was added (30,000 cpm per well) and incubated with the cells for 2 hours at 4°C to
establish equilibrium. The labeled cells were then placed at 37°C for 30 min to allow for GR
internalization. The unbound ligand was removed by washing with binding buffer on ice and
surface-bound 125I-glucagon was stripped with a 5-minute incubation in cold glycine buffer
(pH 3) and collected. The cells were then lysed in 0.8 M NaOH to collect the
intracellular 125I-glucagon fraction. Nonspecific binding was determined as described
above. The percentage of internalized receptors was calculated as a ratio of
intracellular 125I-glucagon and the sum of intracellular and surface 125I-glucagon. Method
C: Hepatocytes in suspension were serum starved for 1 hour in binding buffer and then
treated with glucagon, PMA, or forskolin for the indicated time at 37°C. The cells were
washed twice on ice in binding buffer, and then labeled with 125I-glucagon and binding was
performed as previously described[14]. GR internalization was calculated as in Method A.
Measurements for the three Methods were performed in triplicate or quadruplicate. All
values were corrected for nonspecific binding, which accounted for 10–30% of total
binding.

Immunoprecipitation and Western blotting
Immunoprecipitation and Western blotting were performed as previously described [14].
Briefly, after drug treatment, the cells were washed twice with cold PBS and then incubated
with the cross-linker 1.25 mM di(N-succinimidyl) 3,3′-dithiodipropionate in serum-free
culture medium for 30 min at room temperature. The cells were then washed twice, scraped
and centrifuged. Cell pellets were resuspended in lysis buffer. The lysates containing 400 μg
of protein were precleared with 50 μL of anti-mouse agarose beads (eBiosciences, San
Diego, CA) for 30 min. Supernatants were incubated with the rabbit anti-GR (ST-18),
mouse anti-FLAG or anti-PKCα antibodies and immunoprecipitation was performed.
Immunoprecipitated proteins were separated on an 8–16% Tris-Glycine gradient gel
(Invitrogen, Rockville, MD), and transferred to nitrocellulose Hybond membranes
(Amersham Biosciences, Piscataway, NJ). Membranes were blocked in 5% milk dissolved
in wash buffer containing 25 mM Tris, 150 mM NaCl and 0.1% Tween-20 for 1 h. Alkaline
phosphatase activity was visualized with Western Lightning ECL detection reagent (Perkin
Elmer, Boston, MA). The images were scanned and analyzed using ImageQuant software
(GE Healthcare, Piscataway, NJ).

Statistical Analysis
The statistical significance was determined by one-way analysis of variance (ANOVA)
followed by either Tukey post-hoc test or Bonferroni’s multiple comparison post-test. All
calculations were performed using GraphPad Prism 4 (GraphPad Software, San Diego, CA).
A p value of <0.05 was considered to be statistically significant.

RESULTS
Glucagon receptor internalization involves GRKs and PKCα

PKA and PKC mediate desensitization of many GPCRs through direct phosphorylation of
receptors or indirectly through activation of GRKs [22,23]. GR’s C-terminus contains
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putative consensus sites for PKA and PKC. We have previously shown that PKCα promotes
GR phosphorylation and desensitization [10]. To examine the respective roles of PKC and
PKA in glucagon-stimulated GR internalization, we incubated HEK-293 cells stably
expressing rat GR (HEK-GR cells) [18] in the presence or absence of phorbol 12-myristate
13-acetate (PMA), a PKC agonist that activates classical (α, β and γ) and novel (δ, ε, η and
θ) PKC isoforms, or forskolin (FK), an adenylyl cyclase activator and indirect activator of
PKA.

GR internalization after 30 min of glucagon treatment was measured by 125I-glucagon
radioligand binding (Method A) as described in Materials in Methods. Treatment of HEK-
GR cells with either PMA (200 nM) or forskolin (1 μM) in the absence of glucagon did not
trigger GR internalization (data not shown). While activation of PKC with PMA increased
glucagon-mediated GR internalization by approximately 20%, indirect activation of PKA
with forskolin had no effect on glucagon-mediated GR internalization (Figure 1A). The data
suggest that PKA does not play a role in GR internalization. To further explore the role of
PKC, we treated HEK-GR cells with the PMA analog phorbol 12,13-dibutyrate (PDBu). The
effect of PDBu was similar to that of PMA. In contrast, the inactive PMA analog, 4α-
phorbol, had no effect (Figure 1B). As we have previously shown specific involvement
PKCα in GR desensitization, we suspected that it may also play a role in internalization.
Expression of a dominant negative (DN) mutant construct, PKCα DN, attenuated glucagon-
induced GR internalization in HEK-GR cells, indicating that PKCα contributes to glucagon-
stimulated GR internalization. In contrast, overexpression of PKCα DN did not affect the
ability of PMA to enhance GR internalization induced by glucagon, suggesting that
additional PKC isoforms that are activated by PMA may be involved in enhancing
glucagon-stimulated GR internalization (Figure 1C). To further explore the involvement of
PKCα in GR internalization, HEK-GR cells were transfected with PKCα-YFP and
visualized by time-lapse fluorescence microscopy in live cells. At 10 and 20 min of
glucagon treatment we observed translocation of PKCα-YFP from the cytoplasm to the
plasma membrane, suggesting that glucagon triggers recruitment of PKC to the vicinity of
GRs (Figure 1D). In HEK-293 cells stably expressing FLAG-GR (HEK-FLAG-GR), we
observed colocalization of endogenous PKCα with GR in the plasma membrane at 5 and 10
min of glucagon treatment and in the perimembrane region at 10 and 20 min of treatment
(Figure 1E, arrows). We confirmed that PKCα interacts with GR by co-immunoprecipitation
of PKCα and GR from HEK-FLAG-GR cells. Relative to control conditions (untreated
cells), association of PKCα with GR increased by 50% and 80% upon 30 min treatment with
100 nM glucagon and 200 nM PMA, respectively (Figure 1F). Taken together, these data
support the hypothesis that PKCα interacts with GR after glucagon stimulation and after
PMA stimulation in the absence of glucagon. It is worth mentioning that under basal
conditions (control), there is already a certain level of interaction between PKCα and GR in
HEK-GR cells, consistent with previous studies reporting the presence of PKCα in both the
plasma membrane and cytoplasmic fractions of these cells [10].

GRK-mediated phosphorylation is a critical step in GPCR desensitization. GRKs are
involved in homologous desensitization, as well as internalization of many GPCRs [24].
Recent reports have shown that GRKs regulate receptors that are structurally similar to GR.
For example, GRK isoforms 2, 3 and 5 desensitize the vasoactive intestinal polypeptide
type-1 receptor [25]. GRKs represent a novel target for treatment of diabetes. Synthetic
peptides have been used to block GRK2 and GRK3 and restore glucose homeostasis in
mouse models of diabetes [26]. In order to investigate their possible role in GR
internalization, we transfected GRK2, GRK3, and GRK5 into HEK-GR cells. Radioligand
binding assays with 125I-glucagon demonstrated a significant increase (~10%) in glucagon-
stimulated GR internalization in cells transfected with GRK2, GRK3, or GRK5 compared
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with glucagon-stimulated cells transfected with empty vector (control) (Figure 2). These
findings suggest that GRKs are involved in internalization in HEK-GR cells.

Glucagon receptor utilizes both clathrin- and caveolin-mediated endocytosis
Disruption of clathrin-mediated endocytosis by well-established methods, including
cytosolic acidification, treatment with 0.45 M sucrose and treatment with phenylarsine oxide
(PAO), decreased GR internalization at 30 min by up to 70% in 125I-glucagon binding
experiments (Figure 3A). Trypan blue staining was used to verify that the cell viability was
not affected under these conditions. Furthermore, GR colocalized with clathrin as early as 5
min after glucagon treatment (Figure 3B). Given that the clathrin-disrupting agents failed to
completely abolish GR internalization, we suspected that GR might utilize additional
internalization pathway(s). To explore the involvement of clathrin-independent endocytosis,
we used the cholesterol depleting agents, Filipin III and Nystatin, which are known to
disrupt caveolae [27]. In our experiments, each reagent decreased GR internalization by 10–
25% (Figure 3C).

To confirm the involvement of caveolae in GR endocytosis, HEK-FLAG-GR cells were
treated with glucagon and immunostained with the anti-caveolin (Cav)-1 antibody (Figure
4A and B). While in untreated cells Cav-1 colocalized with GR at the membrane, in
glucagon-treated cells, it also colocalized with internalized GRs (Figure 4A). Furthermore,
Cav-1 co-precipitated with GR when GR was immunoprecipitated using anti-FLAG, which
we have previously shown to be specific for GR IP in HEK-FLAG-GR cells [14](Figure
4B). The association transiently increased, with a maximum observed at 5 min of glucagon
stimulation (Figure 4B). This association of the GR and Cav-1 returned to the basal level by
20 min glucagon stimulation (Figure 4B).

Glucagon induces GR internalization and association of GR with PKCα and caveolin-1 in
primary hepatocytes

To investigate the physiological relevance of our findings, we performed radioligand
binding assays with 125I-glucagon in primary hamster hepatocytes. In these studies, 30-
minute incubation with glucagon (0.1–160 nM) resulted in a concentration-dependent
decrease in cell surface GR (up to approximately 40%), indicating receptor internalization
(Figure 5A). Hepatocytes were also incubated with 200 nM PMA in the presence or absence
of glucagon (Figure 5A). PMA increased glucagon-stimulated GR internalization from 40%
to 70% (Figure 5A), consistent with our results in HEK-GR cells (Figure 1A–C). As we
found PKCα and Cav-1 translocation and association with the GR upon glucagon
stimulation in HEK-GR cells (Figures 1E–F, 4A–B), we next examined whether Cav-1 and
PKCα translocate to the membrane in hepatocytes upon glucagon stimulation. Upon
incubation of the hepatocytes without and with either 100 nM glucagon or 200 nM PMA,
the cytoplasmic and crude membrane fractions were separated and the membrane levels of
Cav-1 and PKCα were determined by immunoblotting (Figure 5B). After a 5- to 10-min
incubation of the cells with glucagon, the Cav-1 and PKCα membrane levels were increased
by 2- to 3-fold and 1.5- to 2.5-fold, respectively (Figure 5B–D). Further, incubation of the
hepatocytes with glucagon for 30 and 60 min led to increased membrane levels of PKCα,
PKCδ and Cav-1, and decreased cytoplasmic levels of PKCα (Figure 5E, 6 right-hand
lanes). Of note, Cav-1 was detectable in the cytoplasmic fraction only after an extended
exposure time of the chemiluminescent signal. The blots were also probed with an antibody
against the cytosolic marker glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to assess
the purity of the cellular fractionation procedure, as has been reported by others [28,28]. In
order to verify whether the accumulation of PKCα in the membrane leads to its interaction
with the GR, the receptor was immunoprecipitated from the crude membrane (CM) fraction.
PKCα and β-actin, but not PKCδ or Cav-1, co-immunoprecipitated with GR (Figure 5E, 3

Krilov et al. Page 7

Exp Cell Res. Author manuscript; available in PMC 2012 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



left-hand lanes). In these experiments, PKCδ was examined to verify the specificity of
involvement of PKCα in co-immunoprecipitation of the GR. The association of GR with
PKCα peaked 30 min after the addition of glucagon, whereas the association with β-actin
decreased over time and was undetectable after 60 min. The latter is possibly due to β-actin
and F-actin distribution changes occurring with glucagon treatment, as we have previously
reported [14]. As in HEK-GR cells (Figure 1F), a moderate level of interaction between
PKCα and GR was observed under basal conditions in hepatocytes (Figure 5E), which is
consistent with previous studies reporting the presence of PKCα in both the plasma
membrane and cytoplasmic fractions of these cells [17]. To further examine the kinetics of
GR association with PKCα in hepatocytes, we conducted an additional time-course
experiment. After respective 20 and 30 min stimulation with 100 nM glucagon, the
association of PKCα with GR reached a maximum of 40 and 70% above control (Figure 5F).

β-arrestins are involved in GR internalization
Clathrin-mediated internalization of most GPCRs requires β-arrestins. We have recently
reported that, also referred to as arrestin-2 and -3, respectively [29], are required for
recycling of GRs to the plasma membrane in HEK-GR cells [14]. Furthermore, co-
transfection of dominant-negative constructs of β-arrestin1 and β-arrestin 2 decreased the
amount of glucagon-stimulated GR internalization as compared to cells transfected with an
empty vector. In the present study, to further examine their involvement in GR
internalization. β-arrestin1-GFP and β-arrestin2-GFP were transfected into HEK-FLAG-GR
cells. Upon 5–20 min of glucagon treatment, colocalization of FLAG-GR with both
transfected β-arrestins was observed at the plasma membrane level and in the cytoplasm
(Figure 6A, arrows), suggesting that the interaction with β-arrestins is maintained after
receptor internalization. It appeared that, at 10 and 20 min of glucagon treatment, β-arrestins
and GR colocalized predominantly in the perinuclear region (Figure 6A, arrows). This
observation was supported by labeling the nuclei with DAPI (Figure 6B, right panel). Time-
lapse fluorescence microscopy in live HEK-GR cells transfected with β-arrestins indicated
that both β-arrestin1-GFP and β-arrestin2-GFP translocated from the cytoplasm to the
perinuclear region after treatment with glucagon (Figure 6B, left panels). Binding
experiments were conducted to further assess the involvement of β-arrestin isoforms in GR
internalization (Figure 6C). GR internalization was significantly increased in cells
transfected with either β-arrestin1 WT or β-arrestin2 WT, as compared to cells transfected
with an empty vector (EV). However, co-transfection of β-arrestin1 WT and β-arrestin2 WT
did not result in a further increase in GR internalization (Figure 6C).

The role of β-arrestins in caveolae-mediated internalization is unknown. Given that our
findings indicated that both clathrin- and caveolin-mediated pathways are utilized by GR,
we considered the possibility that β-arrestins could be a common component of the two
internalization routes. We observed colocalization of Cav-1 with both β-arrestin1 and β-
arrestin2 by fluorescence microscopy at 10 and 20 min after treatment with glucagon for 10
and 20 min (Figure 7A, arrows). Co-immunoprecipitation (Co-IP) experiments in total cell
lysates confirmed an interaction between β-arrestins and Cav-1. In these experiments,
glucagon stimulation for 10 or 15 min induced a time-dependent 2- to 3-fold increase in Co-
IP of Cav-1 with β-arrestin1 (Figure 7B). Similar results were observed in Co-IP
experiments with Cav-1 with β-arrestin2 following glucagon stimulation (2-fold increase
following 10 and 15 min stimulation; data not shown). As expected, Co-IP experiments with
an IgG control did not result in appreciable detection of Cav-1 (Figure 7B).

Based on the results of our study, we propose the following hypothetical model for GR
internalization in GR-expressing HEK-293 cells (Figure 8). Upon treatment with glucagon,
PKCα is recruited to the plasma membrane to facilitate GR desensitization and
internalization. GRK2, GRK3, and GRK5 may all play a role in GR desensitization. PKCα
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possibly facilitates recruitment of GRK2 to the membrane, as has been suggested in the
literature [24]. Desensitized GRs interact with β-arrestin1 and/or β-arrestin2, and the
complexes are internalized via clathrin-coated pits and eventually targeted to early
endosomes. Internalized receptors are recycled to the plasma membrane in a β-arrestin-
dependent manner, as we have previously established [14]. Alternatively, GRs are
internalized through caveolae. The two internalization pathways are either utilized in
parallel or the receptors shuttle from one pathway to the other. The possible point of
interaction between the two endocytic routes might be vesicles in which β-arrestins and
Cav-1 colocalize.

DISCUSSION
In the present study, we confirmed that the GR is internalized upon stimulation with
glucagon in GR-transfected HEK-293 cells and in cultured hepatocytes. We found that GR
utilizes both clathrin- and caveolin-mediated endocytosis in HEK-GR cells. Our observation
that both β-arrestin1 and β-arrestin2 colocalize with GR suggests that these β-arrestins are
involved in GR internalization. The two arrestins also colocalized with caveolin-1 upon
treatment of cells with glucagon. To our knowledge, this is the first reported putative
interaction between the caveolin- and clathrin-mediated receptor internalization pathways.
We have previously shown that PKC plays a role in GR phosphorylation and desensitization
[19]. The results of the present study suggest that PKC also enhances glucagon-stimulated
GR internalization. GRKs are known to promote internalization of GPCRs through
enhancing β-arrestin recruitment and binding to clathrin, but their role in GR internalization
has not been explored to date. We found that overexpression of either GRK2, GRK3, or
GRK5 enhanced glucagon-stimulated GR internalization in HEK-GR cells, indicating that
these three kinases may be important for GR internalization.

In both HEK-GR cells and hepatocytes, significant GR internalization was observed with 30
min of glucagon (100 nM) stimulation. We and others have reported that PMA stimulates
GR desensitization in cultured hepatocytes as well as in HEK-293 cells [10], but the effect
of PMA on GR internalization has not been addressed. In the present study we determined
that PMA alone did not affect GR internalization, but it enhanced glucagon-stimulated GR
internalization in cultured hepatocytes. This phenomenon can be interpreted as a positive
feedback mechanism through PKC, which is activated through GR coupling to Gq. Another
feedback pathway could take place through coupling of GR to Gs and activation of PKA.
Previous studies suggested that PKA does not play a role in GR desensitization [30]. These
earlier findings are supported by the present study, in which PKA stimulation, mediated by
adenylyl cyclase activation by forskolin, also does not affect GR internalization.

Our immunoblotting and time-lapse fluorescence microscopy studies demonstrated that
glucagon triggered the accumulation of PKCα in the plasma membrane of HEK-GR cells
and in the isolated crude membrane fraction of cultured hepatocytes. The significance of this
translocation is twofold: first, it represents a step in the activation of PKCα mediated by the
interaction with membrane-bound phosphatidylserine and diacylglycerol, and second, it
brings PKCα into proximity of GR, allowing for interaction of the two proteins. Indeed, we
verified that GR associated with PKCα under basal conditions in both HEK-GR cells and
hepatocytes. The association transiently increased to a maximum observed 30 min after
stimulation with glucagon. In HEK-GR cells PMA alone also triggered translocation of
PKCα and its association with GR in the plasma membrane. Given that our binding assays
show lack of effect of PMA on GR internalization, it appears that, in the absence of
glucagon, PKCα does not facilitate GR internalization.
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We observed no association of GR with PKCδ in hepatocytes, suggesting that PKCδ is not
directly involved or associated with GR during glucagon stimulation. Furthermore, we also
did not observe any increase in glucagon-stimulated GR internalization when PKCδ and
PKCζ, representative of novel and classical PKCs, respectively, were overexpressed in
HEK-GR cells (data not shown). At this time, we cannot rule out involvement of other
classic and atypical PKC isoforms in GR internalization following glucagon treatment alone
or in combination with PMA.

GRKs are indispensable for homologous desensitization of GPCRs. Recent studies have
shown that GRKs not only phosphorylate receptors but also modulate signaling through
interaction with numerous other proteins, including Gα, Gβγ, caveolin, clathrin, PI3K, MEK
and Akt [24]. The effect of GRKs on GR desensitization has been addressed to a certain
extent [31,32]. These reports examined the role of GRK2 in GR desensitization in the liver
in vivo and the roles of GRK2 and GRK3 in PMA-mediated GR desensitization in vitro. To
our knowledge, this is the first report implicating the GRK2, GRK3 and GRK5 in GR
internalization.

Depending on the interplay between the receptor, cell type, receptor ligand, and the nature of
desensitization, receptors may utilize multiple internalization pathways and even switch
from one pathway to another during endocytosis. Most GPCRs utilize a clathrin-mediated
internalization pathway, although usage of alternative pathways, such as internalization
through caveloae/lipid rafts, has been described [6,33] and may be associated with different
receptor functions, e.g., promotion of cell signaling versus receptor degradation,
respectively, as reported for the EGF receptor [34]. In the present study, pharmacological
disruption of clathrin-coated pits resulted in only partial inhibition of GR internalization in
HEK-GR cells, suggesting that the receptor utilizes additional internalization routes. It
should be noted that the use of pharmacological agents to characterize GR internalization
should be interpreted with caution as they may lack selectivity and may affect membrane
structure and function. Examined under a light microscope, the cell shape appeared normal
after pharmacological disruption of clathrin-coated pits. While the pharmacological
inhibition regimens chosen in our study are widely used in the literature, hypertonic sucrose
and PAO are considered non-selective inhibitors of clathrin-mediated endocytosis [35]. The
cholesterol-depleting agents Nystatin and Filipin III disrupt caveolae and have been utilized
to demonstrate the role of caveolae in GPCR internalization. A significant reduction of GR
endocytosis/degradation in the presence of these drugs was observed.

We found that in HEK-FLAG-GR cells, GR colocalizes with Cav-1, a major constituent of
caveolae, at the plasma membrane and, after stimulation with glucagon, in the cytoplasm. A
similar interaction pattern with Cav-1 was previously observed for the structurally related
glucagon-like peptide 1 (GLP-1) receptor expressed in HEK-293 cells [36]. Glucagon
triggered recruitment of Cav-1 to the membrane in both hepatocytes and HEK-GR cells,
with the same peak time of Cav-1 plasma membrane accumulation (5 min). Additionally, in
co-immunoprecipitation studies in HEK-FLAG-GR cells, we found that GR associates with
Cav-1 in a time-dependent manner. However, under the conditions tested, co-
immunoprecipitation of GR and Cav-1 was not found in hepatocytes. This discrepancy could
be due to the use of different time points examined in HEK-GR cells (5, 10 and 20 min)
versus hepatocytes (30 and 60 min) and different fractions analyzed (total lysate for HEK
cells versus crude membrane for hepatocytes).

As a scaffolding protein, Cav-1 directly interacts with several signaling molecules, including
PKA, PKC, and Gαs [12,37]. At the plasma membrane, receptors that interact with caveolae
are often part of lipid rafts, which serve as distinct signaling platforms. Our results suggest,
for the first time, that GR may be partitioned between lipid rafts and non-raft plasma
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membrane domains. Further studies are needed to assess the importance of putative lipid raft
localization for downstream signaling, in particular ERK1/2 activation, as observed with the
GLP-1R [36].

β-arrestins are required for clathrin-mediated internalization and many GPCRs are
desensitized and internalized in a β-arrestin-dependent manner [38]. Our results suggest that
GR interacts with both β-arrestin1 and β-arrestin2 in HEK-GR cells at the plasma membrane
and in the cytoplasm. Of note, Merlen et al. [15] did not find evidence of β-arrestin1 or β-
arrestin2 involvement in GR internalization in liver cells isolated from rats injected with
glucagon. The authors suggested that clathrin-independent internalization pathways (such as
lipid rafts) may be relevant in vivo. While there are earlier reports on the requirement for β-
arrestins in clathrin-independent internalization [39,40], this is the first study to demonstrate
colocalization of β-arrestin1 and β-arrestin2 with Cav-1. These results are intriguing,
however, we recognize that β-arrestins cannot be definitively linked to caveolae-mediated
internalization through colocalization and co-immunoprecipitation experiments alone. As an
example, desensitization, but not internalization, of the M2 muscarinic acetylcholine
receptor was found to require arrestins [41] Therefore, it is possible that the interaction of
caveolin with β-arrestins occurs at the level of receptor desensitization. However, the fact
that the proteins appear to colocalize in the cytosol, suggests that β-arrestins may indeed be
involved in caveolae-mediated internalization, at least under conditions of β-arrestin
overexpression. We do recognize that it is plausible that alternate internalization pathways
predominate under β-arrestin1 and β-arrestin2 basal expression levels, as has been seen for
the M2 muscarinic acetylcholine receptor [42].

In the present studies, β-arrestins rapidly accumulated in the perinuclear region in response
to glucagon treatment, which presumably denotes a recycling compartment, as reported for
the N-formyl peptide receptor [43]. Moreover, we recently reported that recycling of GR is
abolished by downregulation of β-arrestin1 and β-arrestin2 [14]. Perinuclear targeting of β-
arrestins may also be correlated with their ability to act as signaling scaffolds and facilitate
activation of ERK1/2 by glucagon, which has been reported to require clathrin-dependent
GR internalization [44]. We also speculate that β-arrestins could mediate GR signaling that
is independent of G protein activation, as recently reported for the beta2-adrenergic receptor
[38].

In conclusion, the present study demonstrates that GRK2, GRK3, GRK5, and PKCα
stimulate agonist-induced GR internalization in HEK-GR cells. PKCα interacts with the GR
in both hepatocytes and HEK-293 cells. Endocytosis of GRs proceeds through both clathrin-
and caveolae- dependent pathways. However, further experiments are needed to clarify
whether the receptor shuttles between the two pathways, as has been observed for the AT1
receptor [45,46] and the β2-adrenergic receptor [47]. GR internalization in HEK-GR cells
involves both β-arrestin1 and β-arrestin2. The intracellular components of GR
desensitization and internalization identified in this study represent potential drug targets for
novel diabetes therapies focused on antagonizing GR signaling.
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Figure 1. Involvement of PKC-α in GR internalization
A, HEK-GR cells were serum-starved and incubated without (control) and with 200 nM
PMA or 1 μM Forskolin (FK) plus 25 μM IBMX for 30 min, followed by 30 min incubation
with 100 nM glucagon. GR internalization was determined by binding (Method A). Data
represent the mean ± s.e.m. of 6 experiments. ***, p < 0.001, glucagon vs. glucagon+PMA.
B, HEK-GR cells were serum-starved for 1 h and incubated without (control) and with 200
nM PMA, 1 μM phorbol-12-13-dibutyrate (PDBu), or 4α-phorbol for 15 min, followed by
30 min incubation with 100 nM glucagon. The internalization was determined by binding
(Method B). Data represent the mean ± s.e.m. of 3 experiments. *, p < 0.05 vs. control, **; p
< 0.01 vs. control; #, p < 0.05, 4α-phorbol vs. PMA. C, HEK-GR cells were transfected with
dominant negative (DN) PKCα (checkered bars) or empty vector (EV; white bars). The cells
were serum-starved for 1 h, incubated in the absence (−) or presence (+) of 200 nM PMA,
and treated with 100 nM glucagon for 30 min. The GR internalization was determined by
binding (Method A). Data represent the mean ± s.e.m. of 4–6 experiments. *, p < 0.05 vs.
EV (−); **, p < 0.01 vs. EV (−); ###, p < 0.001 vs. PKCα DN (−). D, HEK-GR cells were
transfected with PKCα-YFP and seeded onto glass-bottom 35-mm dishes. The cells were
serum-starved for 1h and then treated with 100 nM glucagon. Translocation of PKCα-YFP
was observed by time-lapse fluorescence microscopy. The cells were maintained on a heated
stage during the time-lapse experiment. Images were taken at 0.5–2 minute intervals. Each
fluorescence image is a deconvolved projection of 5–6 planes acquired using a 60 ×
objective. Data shown are representative of 3 independent experiments. E, HEK-FLAG-GR
cells grown on coated glass coverslips were treated with 100 nM glucagon for the time
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indicated. The cells were then fixed, permeabilized and immunostained with anti-FLAG
(green) and anti-PKCα (red) antibodies. Each fluorescence image is a deconvolved
projection of 5–6 planes acquired using a 60 × objective. Representative images from 3
independent experiments are shown. Arrows indicate colocalization. F, HEK-FLAG-GR
cells were incubated without (ctrl) or with either 100 nM glucagon (gluc) or 200 nM PMA
for 30 min. Immunoprecipitation of PKCα and immunoblotting were performed as described
in Materials and Methods. The mean values within parentheses represent the fold increase
above control determined in the absence of either glucagon or PMA. The value for control
was arbitrarily set as 1. The image shown is representative of 3 independent experiments.
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Figure 2. Involvement of GRKs in GR internalization
HEK-GR cells transiently transfected with GRK2, GRK3, GRK5 or empty vector plasmids
(control) were serum-starved for 1 h and treated with 100 nM glucagon for 30 min. Receptor
internalization was assessed by binding (Method B). Data represent the mean ± s.e.m. of 4
experiments. **; p < 0.01 vs. control; ***, p<0.001 vs. control.
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Figure 3. GR internalization involves clathrin and caveolae
A, HEK-GR cells were serum-starved for 1 h and treated with inhibitors of clathrin-
mediated endocytosis: acidic medium (pH 5.5), hypertonic medium (0.45 M sucrose), or 20
μM phenylarsine oxide (PAO) for 30 min, followed by 30 minute incubation with 100 nM
glucagon. Control cells were incubated with glucagon alone. GR internalization was
determined by binding (Method B). Data represent the mean ± s.e.m. of 3 independent
experiments.*, p < 0.05 vs. control, **, p < 0.01 vs. control. B, HEK-293 transfected with
GR-GFP were serum-starved for 1 h and incubated with or without (control) 100 nM
glucagon for 5 min, fixed, permeabilized and immunostained for clathrin using an anti-
clathrin heavy chain antibody. Each fluorescence image is a deconvolved projection of 5–6
planes acquired using a 60 × objective and is representative of 3 experiments. Arrows
indicate colocalization of clathrin and GR-GFP. C, HEK-GR cells were pre-treated for 30
min with filipin III (Fil., 5 μM or 12 μM), 0.45 M sucrose or 5 μg/mL nystatin (Nyst). GR
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internalization after 100 nM glucagon incubation for 30 min was measured by binding
(Method A). The data represent the mean ± s.e.m. of 4–5 independent experiments. *, p <
0.05, **, p < 0.01; ***, p < 0.001 vs. control.
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Figure 4. GR associates with caveolin-1
A, HEK-FLAG-GR cells were serum-starved for 1 h and treated with 100 nM glucagon for
the time indicated, fixed, permeabilized and immunostained for GR using anti-FLAG
antibody (FLAG-GR, green) and Cav-1 using the anti-Cav-1 antibody (cav-1, red). Each
fluorescence image is a deconvolved projection of 5–6 planes acquired using a 60 ×
objective. Representative images of 3 independent experiments are shown. Arrows indicate
colocalization of caveolin and FLAG-GR. B, HEK-FLAG-GR were treated with 100 nM
glucagon for 0, 5, 10, or 20 min. FLAG-GR was immunoprecipitated using the anti-FLAG
antibody. The immunoprecipitated proteins were analyzed by immunoblotting with the anti-
GR antibody and the anti-Cav-1 antibody, respectively. The image shown is representative
of 3 independent experiments.
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Figure 5. Glucagon induces GR internalization, PKC-α and caveolin-1 translocation, and
association of PKC with GR in cultured hepatocytes
A, Golden Syrian hamster hepatocytes were incubated in the absence or presence of
increasing concentrations (0.1–160 nM) of glucagon, 1 μM Forskolin (FK) + 50 μM IBMX,
200 nM PMA or PMA + 100 nM glucagon for 30 min at 37 °C. GR internalization was
determined by binding (Method C). Data represent the mean ± s.e.m. of 3–5 experiments.
***, p < 0.001. B, Hepatocytes were incubated in the absence (NT, control) or presence of
either 100 nM glucagon (G) or 200 nM PMA for up to 30 min and the crude membrane and
cytoplasmic fractions were separated. The expression of caveolin (Cav)-1, PKCα and β-actin
in the crude membrane (CM) fraction was determined by immunoblotting using specific
antibodies. The image shown is representative of at least 3 independent experiments. C and
D, Densitometric graphs for Cav-1 and PKC-α for combined results of at least 3 independent
experiments for the representative Western blot shown in Figure 5B. Each bar represents the
mean percent change for Cav-1 or PKC-α for each treatment relative to control (no
treatment, NT), which was arbitrarily set as 100. The membrane-associated Cav-1 and
PKCα values were calculated by dividing the Cav-1 or PKC-α band intensity obtained by
densitometry by that of βactin. *, p < 0.05. E, Hepatocytes were incubated for 30 and 60 min
with 100 nM glucagon and the crude membrane (CM) and cytoplasmic (CYTO) fractions
were separated. The GR was immunoprecipitated (GR IP) from the CM fraction using the
anti-GR antibody ST-18. The precipitated proteins as well as the proteins from the
membrane and cytoplasmic fraction were analyzed by immunoblotting with anti-PKCα,
anti-PKCδ, anti-GAPDH, anti-caveolin-1 and antiβ-actin antibodies. The blot shown is
representative of 3 independent experiments. F, Hepatocytes were incubated for up to 30
min with 100 nM glucagon. GR from the crude membrane fraction was immunoprecipitated
with the anti-GR antibody ST-18 and the precipitated proteins were analyzed by
immunoblotting. The mean values within parentheses represent the fold increase above
control (no glucagon stimulation), and were calculated as the ratio of PKCα to GR
intensities determined by densitometry. The value for control was arbitrarily set as 1. The
blot shown is representative of 3–4 independent experiments.
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Figure 6. GR internalization involves β-arrestins
A, HEK-FLAG-GR cells were transfected with either β-arrestin1-GFP (β-arr1, green) or β-
arrestin2-GFP (β-arr2, green). The cells were serum-starved for 1 h prior to treatment with
100 nM glucagon for 0, 5, 10, or 20 min. At the indicated time, the cells were fixed,
permeabilized and immunostained with anti-FLAG antibody (FLAG-GR, red).
Representative images from 3 independent experiments are shown. Arrows indicate
colocalization of GR and β-arrestin. Each fluorescence image is a deconvolved projection of
5–6 planes acquired using a 60× objective. B, HEK-GR cells were transfected with either β-
arr1-GFP or β-arr2-GFP and seeded onto glass-bottom 35 mm dishes. The cells were serum-
starved for 1 h and treated with 100 nM glucagon. β-arr1-GFP and β-arr2-GFP translocation
were observed by time-lapse fluorescence microscopy. During the experiment, the cells
were maintained on a heated stage. Images were taken at 0.5–2 minute intervals. The panel
on the right shows β-arr1-GFP and β-arr2-GFP (green) colocalizing with FLAG-GR
(immunostained with anti-FLAG antibody, red) near the nucleus labeled with DAPI (blue)
in fixed and permeabilized HEK-FLAG-GR cells after a 10 min treatment with glucagon.
Each fluorescence image is a deconvolved projection of 5–6 planes acquired using a 60×
objective. Data shown are representative of 3 independent experiments. C, HEK-GR cells
were transiently transfected with β-arr1 wild type (wt), β-arr2 wt, and β-arr1 wt + β-arr2 wt
(β-arr1+2 wt) plasmids. Control cells were transfected with an empty vector (EV). After 1 h
serum starvation, the cells were treated with 100 nM glucagon for 30 min. GR
internalization was determined by radioligand binding (Method A). Data shown are the
mean ± s.e.m. of quadruplicate determinations from 3–5 independent experiments. *, p <
0.05 vs. EV.
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Figure 7. Caveolin-1 colocalizes with β-arrestins
HEK-FLAG-GR cells were transfected with either β-arrestin1-GFP (β-arr1, green) or β-
arrestin2-GFP (β-arr2, green). The cells were starved for 1 h prior to treatment with
glucagon. A, After treatment, the cells were fixed, permeabilized and immunostained with
anti-Cav-1 antibody (cav-1, red). Each fluorescence image is a deconvolved projection of 5–
6 planes acquired using a 60× objective. Representative images from 3 independent
experiments are shown. Arrows indicate colocalization of caveolin-1 and β-arrestins. B,
After treatment, cells were lysed and β-Arr1 was immunoprecipitated with an anti-GFP
antibody. Immunoprecipitated lysates were immunoblotted for caveolin-1 (CAV1). In
parallel experiments, an IgG control was used for immunoprecipitation followed by
immunoblotting for CAV1. Top panel is a representative blot; bottom panel represents the
mean + S.E.M. of 3 independent experiments. *Significantly different from the 0 time point
(P < 0.05).
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Figure 8. Hypothetical model of GR internalization
Upon ligand binding, GRs are desensitized and targeted for internalization through either a
clathrin-mediated pathway or through caveolae. The internalization involves β-arrestins,
which colocalize with the receptors at the membrane and intracellularly. The internalized
receptors rapidly enter early endosomes. Second messengers GRK2, GRK3 and GRK5 as
well as PKCα stimulate receptor internalization. Abbreviations: G, glucagon; GR, glucagon
receptor; AR, β-arrestins; CCP, clathrin coated pit; CCV, clathrin-coated vesicle; EE, early
endosome; CAV, caveolae; CS, caveosome; GRK, G protein-coupled receptor kinase; PAO,
phenylarsine oxide; N, nucleus; DN, dominant negative.
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