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Cancer cachexia affects up to 80% of patients with
advanced cancers and accounts for nearly 30% of can-
cer-related deaths (Acharyya et al, 2005; Fearon,
2008; Tisdale, 2009). The close association between
chronic illness such as cancer and the deterioration of
nutritional status not only impairs the quality of life
but also increases the risk for morbidity and mortal-
ity (Norman et al., 2008). Cancer cachexia syndrome
is characterized by anorexia and a loss of body weight
associated with reduced muscle mass and adipose
tissue. In addition to a variable contribution from
decreased energy intake, the resting energy expendi-
ture can be elevated in cancer cachexia. It is well
known that advanced stages of cancer are scarcely re-
sponsive to available pharmacological and nutritional
treatments, which suggests that, once a critical point
is reached, it may be difficult to improve the metabo-
lism and the availability of nutrients. Accordingly,
clinicians require more effective treatments.

Recently, cachexia and precachexia were defined by
the Special Interest Group on cachexia—anorexia in
chronic wasting diseases. This group advocates the
new concept that the mechanisms that ultimately
lead to severe wasting in cachexia, that is, late-stage
cachexia, are occurring early during the natural his-
tory of the disease, which suggests that appropriate
interventions in early-stage cachexia might be effec-
tive for preventing the onset of this syndrome (Mus-
caritoli et al., 2010). This underscores the need for
appropriate pharmacological and nutritional interven-

©2012 WILEY PERIODICALS, INC.

stage-dependent cancer cachexia; central melanocortin system;

tions to prevent precachexia from progressing to
cachexia. 4
The central melanocortin system directly controls
nutrient intake and energy metabolism (Garfield
et al., 2009). Melanocortins (a-, B-, and y-melanocyte-
stimulating hormones and adrenocorticotropic - hor-
mone) are peptides derived from the proteolytic cleav-
age of pro-opiomelanocortin (POMC). Five melanocor-
tin receptor (MC1R-MCS5R) subtypes mediate the
diverse actions of these melanocortins. Of these five
MCRs, MCSR and MC4R are predominantly
expressed in the brain and are involved in regulating
energy homeostasis. Extensive localization studies
have shown that MC3R and MC4R are highly
expressed in the paraventricular nucleus (PVN),
including both parvicellular and magnocellular neu-
rons, of the hypothalamus. The activation of MC4R
results in decreased food intake and increased energy
expenditure by inducing the release of brain-derived
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neurotropic factor (BDNF) in the hypothalamus,
which suggests that BDNF is a downstream mediator
of MC4R signaling (Xu et al., 2003).

In the present study, we identified changes in the
expression of MC3R, MC4R, POMC, and BDNF in
the rat hypothalamus in both an early- and late-stage

cancer cachexia model: The present findings may pro-

vide new insight into the mechanisms that underlie
stage-dependent cancer cachexia.

All experiments were conducted in accordance
with the ethical guidelines of the International Asso-
ciation for the Study of Pain (Zimmermann, 1983)
and approved by the Committee for Ethics of Animal
Experimentation of National Cancer Center. Efforts
were made to minimize the numbers and any suffer-
ing of animals used in the following experiments.
The human gastric cancer cell-line 60As6, originat-
ing from the human scirrhous gastric cancer cell line
HSC60, was established as described previously
(Yanagihara et al., 2004). Seven-week-old male F344/
N-mu (mu/mu) rats were used. Rats were purchased
from CLEA Japan (Tokyo, Japan) and held under
standard laboratory conditions (23°C = 1°C with a
12-h light/dark cycle). Food and water were available
ad libitum. Rats were housed singly and, after a
2-week adaptation period, randomly assigned to a
tumor or control group. For tumor implantation, rats
were anesthetized with isoflurane. Approximately 1
x 108 60As6 cells suspended in phosphate-buffered
saline (PBS) were then implanted between the peri-
toneum and the abdominal wall of the central abdo-
men. Non-tumor controls underwent the same proce-
dure but only received PBS injection. Body weight
and food consumption were measured 2, 4, 6, 8, 10,
12, 14, and 16 weeks after tumor implantation. Rats
were decapitated at both 8 weeks, as early-stage can-
cer cachexia, and 16 weeks, as late-stage cancer
cachexia. The weights of epididymal fat and the gas-
trocnemius muscle were measured 8 and 16 weeks
after tumor implantation. For real-time reverse tran-
scription PCR, brains were rapidly removed, and the
hypothalamic area was dissected on an ice-cold
metal plate. Total RNA was isolated from the hypo-
thalamic area using ISOGEN (Niponjine) according
to the manufacturer’s instructions. First-strand
cDNA was reverse transcribed from 5 pg of total
RNA by using a SuperScript™ first-strand synthesis
system (Invitrogen) in a final volume of 100 pL.
Diluted ¢cDNA (2 pL) was amplified in a rapid ther-
mal cycler (LightCycler; Roche Diagnostics) in 10 uL
of LightCycler 480 SYBR Green I Master (Roche)
‘and each oligonucleotide. Primer sequences for the
genes of interest [MC4R, MC3R, POMC, BDNF, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)]
are shown in Table I. To quantify. the PCR products,
LightCycler 480 quantification software was used to
analyze the exponential phase of amplification and
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TABLE I. Primer sequences for the rat genes characterized
in this experiment

Gene Primers

GAPDH Forward primer 5'CCCCCRATGTATCCG 3
Reverse primer 5 TAGCCCAGGATGCC T

MC4R Forward primer 5'GCTGCAGGAAGATGAR

L Reverse primer 5'TCCAGAGGTG!

MC3R Forward primer 5'CCGC
Reverse primer 5'GTTA

POMC Forward primer 5'TCCTCAGAGAGCT
Reverse primer 5'TGTAGCAGRATCT

BDNF Forward primer 5'AGCGCGAAT

Reverse primer 5'GCAATTGTTTECCTCTTTTICT 8

the melting curve, as recommended by the manufac-
turer. The amount of target mRNA in the experimen-
tal group relative to that in the control was deter-
mined from the resulting fluorescence and threshold
values (Cy) using the 274" method (Livak and
Schmittgen, 2001).

All data are presented as the mean = SEM. All the
statistical parameters used in the experiments were
calculated using GraphPad PRISM. The statistical
significance of differences between groups was
assessed with Student’s ¢-test.

As shown in Figure 1la, tumor-bearing rats showed
a significant decrease in body weight from 8 to 16
weeks after the inoculation of tumor cells (*P < 0.05,
*#P < 0.01, and ***P < 0.001 vs. control group). Con-
sistent with the data, food intake in tumor-bearing
rats at 8 and 16 weeks was 11 and 23% lower than
that in control rats (*P < 0.05 and **P. < 0.01 vs. con-
trol group; Fig. 1b). At 8 weeks after inoculation, the
weight of epididymal fat tissue, but not that of gastro-
cnemius muscle, was significantly reduced compared
to that in control rats (*P < 0.05 vs. control group;
Figs. 1c and 1d). A 73% decrease in the weight of epi-
didymal fat tissue and a 31% decrease in the weight
of gastrocnemius muscle were observed in tumor-
bearing rats 16 weeks after tumor inoculation (*¥*¥P
< 0.01 vs. control group; Figs. 1c and 1d). At 8 weeks
after inoculation, when rats exhibited slight anorexia
and weight loss, the mRNA levels of MC4R, MC3R,
and BDNF were significantly decreased in the hypo-
thalamus of tumor-bearing rats compared to those in
control rats (8 weeks, *P < 0.05 and ***P < 0.001 vs.
control group; Figs. 2a, 2b, and 2d). In contrast, the
expression of these receptors and BDNF was dramati-
cally increased in the hypothalamus of tumor-bearing
rats 16 weeks after inoculation, when rats exhibited
severe wasting associated with a significant reduction

"of both adipose tissue and muscle mass (16 weeks,

##%P < 0.001 vs. control group; Figs. 2a, 2b, and 2d).
In addition, while the mRNA level of POMC, which
encodes o-MSH, in tumor-bearing mice was not differ-
ent from that in the control at 8 weeks after inocula-
tion, a remarkable decrease in POMC expression was
observed in the hypothalamus of tumor-bearing rats
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Fig. 1. Body weight and food intake of tumor-dnoculated rats. (a)
Body weight in 60As6 tumor-bearing (E) or PBS-control rats (@). (b)
Food intake in 60As6 tumor-bearing (H) or PBS-control rats (@). The
results represent the mean = SEM of five to seven rats. *P < 0.05, **P
< 0.01, *=P < 0.001 versus control group. (¢) Epididymal fat weight

16 weeks after inoculation (16 weeks, ***P < 0.001
vs. control group; Fig. 2¢).

The key finding in the present study was that dra-
matic increases in the expression of both MC3R and
MC4R were observed in the hypothalamus of tumor-
bearing rats 16 weeks after tumor inoculation, when
rats exhibited severe wasting associated with a signif-
icant reduction of both adipose tissue and muscle
mass, that is, so-called late-stage cachexia. In addi-
tion, a remarkable increase in BDNF expression and
a decrease in POMC expression in the hypothalamus
of tumor-bearing rats were also observed. Central
MC3R and MC4R are involved in the regulation of
body weight and have been shown under many para-
digms to reduce food intake and/or increase energy
expenditure (De Jonghe et al., 2011). BDNF in the
hypothalamus is thought to regulate the energy bal-
ance as a downstream effector of MC4R (Xu et al,,
2003). In our preliminary experiments, we found that
the locomotor activity of tumor-bearing rats during
the dark period was significantly decreased without
any changes in the resting energy expenditure, which
suggests that the energy expenditure in the dark pe-
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in 60As6 tumor-bearing or PBS-control rats at 8 and 16 weeks after
the inoculation of tumor. cells. (d) Gastrocnemius muscle weight in
60As6 tumor-bearing or PBS-control rats at 8 and 16 weeks after the
inoculation of tumor cells. Each column represents the mean = SEM of
five to seven rats. *P < 0.05, ***P < 0.001 versus control group.

riod was increased in rats with late-stage cachexia
(data not shown). Furthermore, MC4R-knockout mice
have been shown to exhibit marked hyperphagia and
obesity (Huszar et al., 1997), which were blocked by
selective MC4R re-expression in the PVN and amyg-
dala (Balthasar et al., 2005). In addition, mice with a
double knockout of both MC3R and MC4R exhibit a
higher weight gain than those with the deletion of
either receptor alone (Chen et al., 2000). Taken
together, our present findings raise the possibility
that the dramatic up-regulation of MC3R/MC4R sig-
naling, possibly due to the down-regulation of POMC
in the hypothalamus, may contribute to the metabolic
alterations and reduced availability of nutrients
under late-stage cancer cachexia.

At 8 weeks after tumor inoculation, when rats
exhibited slight anorexia and weight loss, so-called
early-stage cachexia, the expression levels of MC3R,
MC4R, and BDNF in the hypothalamug were signifi-
cantly reduced without any changes in POMC expres-
sion. The “adiposity negative-feedback” model of
energy homeostasis is based on the premise that cir-
culating signals inform the brain of changes in body
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BDNF in the hypothalamus induced by tumor inoculation, Expres-
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thalamus of tumor-bearing rats on 8 and 16 weeks. The mRNA lev-
els were normalized to those for GAPDH (housekeeping gene), and
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=P < .05, ***P < 0.001 versus control group. :

fat mass and, in response to this input, the brain
makes adaptive adjustments to the energy balance to
stabilize fat stores (Rousso-Noori et al., 2011). The cri-
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teria that have been proposed for a negative-feedback
signal include that it circulates at levels proportion-
ate to body fat content and that it promotes weight
loss by acting on neuronal systems implicated in
energy homeostasis. Many hormones have been impli-
cated in the regulation of central melanocortin signal-
ing, including many nutrients (free fatty acids, glu-
cose), cytokines (interleukin-6, tumor necrosis factor-
«), and the adipocyte-secreted hormone leptin (Deboer
and Marks, 2006). In the present model, early-stage
cachexia model rats exhibited a significant but slight
decrease in epididymal fat. Although additional stud-
ies will be required to clarify the mechanism of the
downregulation of MC3R, MC4R, and BDNF in early-
stage cachexia model rats, decreased MC3R/MC4R
signaling in the hypothalamus may be responsible for
the adiposity negative-feedback signal due to a slight
decrease in body fat mass.

In conclusion, our present data provide the first
evidence that opposite changes in MC3R/MC4R
expression and possible downstream signaling in the
hypothalamus occur between the early and late
stages in the development of cancer cachexia. Our
findings may be important for studying the pathoge-
nesis of stage-dependent cancer cachexia and for the
future development of effective treatments for cancer
cachexia.
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ABSTRACT The mechanism of agonist-induced GABAg receptor (GABAgR) inter-
nalization is not well understood. To investigate this process, we focused on the
interaction of GABAgR with B-arrestins, which are key proteins in the internalization
of most of the G protein-coupled receptors, and the agonist-induced GABAgR internal-
ization and the interaction of GABAgRR with B-arrestinl and B-arrestin2 were investi-
gated in real time using GABAgR and B-arrestins both of which were fluorescent
protein-tagged. We then compared these profiles with those of p-opioid receptors
(1OR), well-studied receptors that associate and cointernalize with B-arrestins. When
stimulated by the specific GABAgR agonist baclofen, GABAgR composed of GABAg1,R
(GB1,R) and fluorescent protein-tagged GABAgoR-Venus (GBgR-V) formed functional
GABAgR; they elicited G protein-activated inwardly rectifying potassium channels as
well as nontagged GABAgR. In cells coexpressing GB1,R, GB2R-V, and B-arrestinl-Ce-
rulean (Barrl-C) or B-arrestin2-Cerulean (Barr2-C), real-time imaging studies showed.
that baclofen treatment neither internalized GBsR-V nor mobilized Barrl-C or Barr2-
C to the cell surface. This happened regardless of the presence of G protein-coupled re-
ceptor kinase 4 (GRK4), which forms a complex with GABAgR and causes GABAgR
desensitization. On the other hand, in cells coexpressing pOR-Venus, GRK2, and
Barrl-C or Barr2-C, the HOR molecule formed pOR/Barrl or pOR/Barr2 complexes on
the cell surface, which were then internalized into the cytoplasm in a time-dependent
manner. Fluorescence resonance energy transfer assay also indicated scarce associa-
tion of GB,R-V and B-arrestins-C with or without the stimulation of baclofen, while ro-
bust association of pOR-V with B-arrestins-C was detected after 1OR activation. These
findings suggest that GABAgRs failure to undergo agonist-induced internalization
results in part from its failure to interact with B-arrestins. Synapse 66:759-769,
2012. <2012 Wiley Periodicals, Inc. '

B-arrestin; GABAg receptor; internalization; endocytosis; GRK

INTRODUCTION

GABAg receptors (GABAgRs) play important roles
in controlling inhibitory neurotransmission by GABA
in the central and peripheral nervous system (Bettler
et al., 2004). The receptors belong to the G protein-
coupled receptor (GPCR) family and are the first dis-
covered obligatory heterodimer consisting of GABAg,
receptor (GB;R) and GABAg, receptor (GB2R) (Agnati
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et al., 2003; Bettler et al., 2004; Gainetdinov et al.,
2004; Uezono et al., 2006). This GB;R/GBsR heterodi-
merization is indispensable for the molecule to locate
within the plasma membrane (Couve et al., 1998).
Additionally, the two molecules have different func-
tions within the dimers: agonists bind only to GB;R,
while GB2R transduces the signal though the trimeric
G proteins (Ga and GBvy subunits) to downstream
molecules (Galvez et al., 2001; Uezono et al., 2006).
Desensitization and subsequent internalization of
these receptors by agonist stimulation is important to
avoid their overstimulation and to terminate their
agonist-induced signaling (Kelly et al., 2008). The ini-

tial step in this process is thought to involve phospho-

rylation of the receptors by G protein-coupled recep-
tor kinases (GRKs) or second-messenger-regulated ki-
nases, such as protein kinase C or A (Kelly et al,
2008). B-arrestins, composed of B-arrestinl (Barrl)
and B-arrestin2 (Barr2), were identified as proteins
that have the ability to desensitize GPCR, and fur-
ther recognized as endocytic adapters and trafficking
mediators of a variety of cell-surface receptors,
including GPCRs (Shenoy and Lefkowitz, 2011). Once
receptors are phosphorylated by several kinases,
Barrl or Barr2 bind to the phosphorylated receptors,
forming the receptor/B-arrestin complex, which is
then internalized (Gainetdinov et al., 2004).

Phosphorylation of GABAgR is unique compared
with that of common GPCRs such as B-adrenergic re-
ceptor and the y-opioid receptors (LOR). We and
others have previously shown that GRK4 and GRK5
but not GRK2, GRK3, or GRK6 are involved in the
GABA- or baclofen-mediated GABAgR desensitization
processes (Ando et al., 2011; Kanaide et al., 2007; Per-
roy et al., 2003). However, the receptors were not
phosphorylated by these kinases (Kanaide et al,
2007; Perroy et al., 2003). Accordingly, GRK4 and
GRK5 seem to function solely as anchoring proteins,
not as kinases (Kanaide et al., 2007; Perroy et al,,
2003; Terunuma et al., 2010).

There are contradictory reports regarding agonist-
induced GABAgR internalization, with recent studies
demonstrating that GABAgR is not internalized by
agonist stimulation (Fairfax et al., 2004; Grampp
et al., 2007; Perroy et al., 2003; Vargas et al., 2008),
while earlier studies showed the opposite. In addition,
one report has shown that GABAgR is constitutively
internalized and that this process is accelerated by
GABAgR-agonist stimulation (Wilkins et al., 2008).

Although B-arrestins are key proteins in most
GPCR internalization, baclofen did not recruit -
arrestins to the plasma membrane and failed to form
a complex with GABAgR (Fairfax et al., 2004; Perroy
et al., 2003). However, the studies reporting these
results were not performed in real time. More recent
reports have shown that GABAgR is constitutively
internalized into the cytosol without receptor activa-

Synapse

Y. SUDO ET AL.

tion (Grampp et al., 2007; Vargas et al., 2008; Wilkins
et al., 2008). Although investigation of activation and
inactivation steps of GABAgR are necessary to under-
stand GABA-induced regulation in the central and pe-
ripheral nervous systems, one of the most important
receptor-mediated signaling such as interaction of
GABAgR and B-arrestins is not well understood.

In this study, we focused on the interaction of
GABAgR with B-arrestins. We used a real-time analy-
sis with and without stimulation of the agonist. Addi-
tionally, we visually analyzed protein-complex forma-
tion using fluorescent protein-fused GABAgR with flu-
orescent protein-fused B-arrestins in a fluorescence
resonance energy transfer (FRET) assay developed by
our laboratory (Ando et al.,, 2011; Kanaide et al.,
2007; Uezono et al., 2006). FRET is a useful tool to
quantify molecular dynamics in biophysics and bio-
chemistry, such as protein—protein interactions and
protein conformational changes (Miyawaki and Tsien,
2000). We compared results from real-time visualiza-
tion and FRET efficiency of fluorescent protein-tagged
GABAgR complexed to B-arrestins with corresponding
results from fluorescent protein-tagged HOR combined
to B-arrestins. pOR is well known to interact with
B-arrestins and consequently be internalized (Gainet-
dinov et al., 2004; Groer et al., 2011). This analysis
showed that GABAgR did not associate with
B-arrestin, regardless of agonist stimulation.

MATERIALS AND METHODS
Drugs and chemicals

Baclofen was purchased from Tocris Cookson
(Bristol, UK). DAMGO ([D-Ala%, N-MePhe*, Gly-ol]-
enkephalin) was purchased from Sigma (St. Louis,
MO). All other chemicals used were of analytical grade
and were obtained from Nacalai Tesque (Kyoto, Japan).

Construction of ¢cDNAs

Human GB;,R and GB3;R clones were generously
provided by Dr. N.J. Fraser (Glaxo Wellcome, Steven-
age, UK). Cerulean, a brighter variant of cyan fluores-
cent protein (Rizzo et al., 2004) was provided by Dr.
D.W. Piston (Vanderbilt University, Nashville, TN), and
Venus, a brighter variant of yellow fluorescent protein
(Nagai et al., 2002), was provided by Dr. T. Nagai (Hok-
kaido Univ., Sapporo, Japan). Human GRK4 was pro-
vided by Dr. A. De Blasi (Neuromed, IRCCS, Pozzilli,
Ttaly); bovine GRK2 were provided by Dr. J.L. Benovic
(Thomas- Jefferson University, Philadelphia, PA). Rat
Barrl and Barr2 were provided by Dr. Nagayama (Na-
gasaki Univ., Nagasaki, Japan). Rat pOR was provided
by Dr. N. Dascal (Tel Aviv Univ., Tel Aviv, Israel).
Venus-fused GABAgR and pOR, and Cerulean-fused
Barrl and Barr2 were created by ligating their cDNA
sequences into the NotI I sites of the corresponding
Venus or Cerulean sites, as reported previously (Ando
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et al., 2011; Kanaide et al., 2007; Uezono et al., 2006).
All ¢cDNAs for transfection into cells were subcloned
into pcDNAS3.1 (Invitrogen, San Diego, CA).

Cell culture and transfection

BHK cells were grown in Dulbecco’s modified eagle
medium supplemented with 10% fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 pg/ml) at
37°C and 5% CO,. For transfection experiments, BHK
cells were seeded at a density of 1-2 X 10° cells/35-
mm in glass-bottomed culture dishes (World Precision
Instrument, Sarasota, FL) for 24 ‘h. Transient trans-
fection was then performed with Hilymax transfection
reagent (Dojindo, Kumamoto, Japan) using a total of
0.6 pg ¢cDNA, according to the manufacturer’s proto-
col. Cells were analyzed under confocal microscopy 24
h after transfection.

Real-time monitoring of the mobilization
of receptors and p-arrestins fused to
fluorescence proteins

We constructed fluorescent-protein-fused GBoR-V,
HOR-V, Barrl-C, and Barr2-C molecules to visually
monitor mobilization of receptors and B-arrestins.
BHK cells that coexpressed GByR-V with parrl-C or
Barr2-C were treated with baclofen for the indicated
periods, then placed in 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES)-buffered saline. Trans-
location or complex formation of GBgoR-V and Barr-C
was observed for 120 min. Cells coexpressing: tOR-V
and Parrl-C or Barr2-C were treated with the LOR
agonist DAMGO in the same manner. For visualiza-
tion, a 63X magnification and 1.25 numerical aperture
0il immersion objective with pinhole was used. Both,
Cerulean and Venus were excited by a 458-nm laser,
and images were obtained by placing the dish onto a
stage in a Zeiss LSM510 META confocal microscope
(Carl Zeiss, Jena, Germany), as described previously
(Kanaide et al., 2007; Uezono et al., 2006).

Confocal microscopy for FRET analysis
For the analysis of protein-complex formation of
GB3yR-V and nOR-V with B-arr1-C or B-arr2-C, we used
the FRET assay. GB1,R or GBoR-V was coexpressed

with either B-arrl-C or B-arr2-C in BHXK cells. These

BHK cells were cultured in 35-mm glass-bottomed
dishes and cotransfected with each of DNA. Both, Ce-
rulean and Venus were excited by a 458-nm laser, and
images were obtained by placing the dish onto a stage
in a Zeiss LSM510 META confocal microscope.

Photobleaching and calculation of
FRET efficiency

To confirm FRET to find association of Cerulean-
and Venus-fused proteins, we monitored acceptor pho-
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tobleaching analysis in BHK cells that coexpressed
GB1.R, GBoR-V, Barr2-C, and GRK4, or cells that
coexpressed HOR-V, Barr2-C, and GRK2. FRET was
measured by imaging Cerulean before and after pho-
tobleaching Venus with 100% intensity from a 514-
nm argon laser for 1 min, a duration that efficiently
bleached Venus with little effect - on Cerulean. An
increase of donor fluorescence (Cerulean) was inter-
preted as evidence of FRET from Cerulean to Venus. .
All experiments were analyzed from at least six cells
with three independent regions. from their plasma
membranes. As a control, we examined the FRET effi-
ciency of the unbleached area of plasma membranes
from at least three areas in the same cell. In some
cases, we performed the phbtobleaching assay using
BHK ' cells coexpressing Venus + Cerulean, or
GBlaR-C + GB2R-V + Barr2 +GRK4 as negative
and positive controls of FRET, respectively. The pho-
tobleaching - assay ~was performed as previously
described (Kanaide et al., 2007).

FRET efficiency was calculated using emission spec-
tra before and after acceptor photobleaching of Venus
(Miyawaki and Tsien, 2000). According to this proce-
dure, if FRET is occurring, then photobleaching of the
acceptor (Venus) should yield a significant increase in
fluorescence of the donor (Cerulean). Increase of do-
nor spectra due to desensitized acceptor was meas-
ured by the Cerulean emission (at 488 nm) from spec-
tra before and after acceptor photobleaching. FRET
efficiency was then calculated using the equation E =
1 — Ipallp, where Ipa is the peak of donor (Cerulean)
emission in the presence of the acceptor, and Ip is the
peak in the presence of the sensitized acceptor, as
previously described (Riven et al.; 2003). Before and
after this bleaching, Cerulean images were collected
to assess changes in donor fluorescence.

Statistical analysis

Data are expressed as mean * SEM. Differences
between two groups were examined for statistical sig-
nificance using paired ¢ test. GraphPad Prism soft-
ware (San Diego, CA) was used to analyze data for
statistical significance and to fit curves. For compari-
sons between multiple groups, one-way analysis of
variance was used, followed by Scheffe’s test.” A P
value of less than 0.05 was classified as statistically
significant. :

RESULTS
Fluorescence-tagged GABAgR activation
of GIRK channels
In this study, we used fluorescence protein-tagged
GABAgR instead of wild type GABAgR. This is
because, as we previously showed, fluorescence-
tagged GB;,R-Venus or GB3R-Venus behave like non-
tagged, wild type GABAgR. That is, they display G
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merge

Confocal imaging of the translocation of GB3R-V and Barr2-C in BHK cells expressing GB,,R, GB;R-V, parr2-C, and GRK4. Visu-

alization of GB,R-V and Barr2-C in BHK cells before (A), and 5 min (B) and 10 min (C) after stimulation with 10 * M baclofen. Arrowheads
show GBzR-V on the plasma membranes. Similar results were obtained in at least six independent experiments. Calibration bar = 10 pm.

protein-activated inwardly rectifying potassium-chan-
nel activation, channels known to be activated by
GABAgR stimulation (Ando et al.,, 2011; Kanaide
et al., 2007; Uezono et al., 1998, 2006).

Activation of GABAgR did not induce
receptor internalization
We first determined the distribution and transloca-
tion of functional GABAgR and B-arrestins in BHK
cells and examined whether B-arrestins were able
to associate with GABAgR in response to receptor
stimulation. In living BHK cells, coexpressing

Synapse

GB,.R/GB:R-V and GRK4 with Barrl-C or Barr2-C,
both Barrl and Barr2 proteins were diffusely distrib-
uted in the cytosol (Figs. 1 and 2). GB2R-V was
expressed exclusively on the plasma membrane (Figs.
1 and 2). Although expression of GB1,R on the plasma
membrane was not found, our previous reports showed
that GB;,R and GBsR formed heterodimers on the
plasma membranes during the same experimental pro-
cedure (Uezono et al., 2006). In this study, when cells
expressing GB;,R/GBoR-V, parr2-C, and GRK4
received baclofen at 10~ * M for 5 min or GABA at 10™*
M for 5 min (data not shown), both agonists failed
to mobilize Parrl-C from the cytosol to plasma
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Fig. 2. Confocal imaging of the translocation of GB;R-V and Barrl-C in BHK cells expressing GBi, R, GB:zR-V, Barrl-C, and GREK4.
Visualization of the GB3R-V and Barrl-C in BHK cells before (A), and 5 min (B) and 10 min (C) after stimulation with 10 *M baclofen.
Arrowheads show GB3R-V on the plasma membranes. Similar results were obtained in at least six independent experiments. Calibration

bar = 10 pm.

membranes (Fig. 1) for up to 120 min (data not
shown). The concentration of baclofen and GABA and
duration chosen were those causing submaximal cellu-
lar responses and the translocation of GRK4 to the
plasma membrane, with subsequent formation of the
GBsR/GRK4 complex that would desensitize GABAgR
(Ando et al., 2011; Kanaide et al., 2007; Uezono et al.,
1998, 2006). Similar results were observed in cells
coexpressing parr2-C instead of Barrl-C (Fig. 2).

For the real-time critical measurement of the inten-
sity of GBxR-V combined with Barr2-C or Barrl-C, we
calculated the intensity strength within the cytosolic
area, shown as the red line in Figure 3A. Results
showed that, when activated by baclofen at 10™* M,

intensities of both GB2R-V and Barr2-C gradually
decreased. This was possibly due to quenching by ex-
posure to laser power (Fig. 3). As shown in Figure 3C,
there were almost no changes, for up to 120 min, in
the intensities of GB3R-V and Barr2-C after stimula-
tion by baclofen (data not shown), indicating no inter-
nalization of GB2R-V into the cytosol and no move-
ment of Barr2-C at any time examined. Similar results
were observed in cells expressing GB;R-V with Barrl-
C (Fig. 3D). We also examined constitutive internaliza-
tion of GBgR in BHK cells coexpressing GB;,R/GB2R-
V, parr2-C, and GRK4; for up to 120 min, we were
unable to detect any internalization profiles of GBsR-V
or any mobilization of Barr2-C (data not shown).
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Fig. 3. Time courses of changes in intensities of GB;R-V, Barr2-C, or Barrl-C in BHK cells. A: Confocal imaging of the BHK cells express-
ing GB1,R, GB:R-V, Barr2-C, and GRK4. For calculation, intensities of the areas within the red line (cytosol) were measured. B: Changes in
intensities before (a), and 5 min (b) and 10 min (c) after stimulation of baclofen (10 * M) in real time. C: Intensity ratio of Barr2-C and GB,R-
V at the indicated points as in (B). D: Intensity ratio of Barrl-C and GBzR-V at the indicated points as in (B). Data were expressed as inten-

sity ratio of the level at “b” or “c"/the level at “a.”

We then investigated pHOR internalization induced by
the nOR agonist DAMGO. In cells expressing pOR-V,
GRK2, and Barrl-C or parr2-C, we applied DAMGO at
10°7 M for 5 min, the concentration and duration that
cause submaximal n1OR activation and receptor desensiti-
zation. This resulted in dramatic translocation of Barrl-C
and Barr2-C into the plasma membranes and subsequent
internalization with nOR-V (Figs. 4 and 5). In the same
cells, Barrl-C or Barr2-C were translocated and concen-
trated into dot-like shapes on the plasma membranes
for the first 4~5 min stimulation by DAMGO, as indicated
by arrowheads. Consequently, Barrl-C or Barr2-C was
eventually internalized into the cytosol (Figs. 4 and 5).

DAMGO-induced Barrl-C or Barr2-C internalization
and translocation into the cells were also measured, as
shown in Figure 6. The intensity of pOR-V was
increased by application of DAMGO, and small gran-
ules were observed, shown within the area of the red
line (Fig. 6A). In addition, corresponding decreases of
Barr2-C intensity were also detected. As shown in Fig-
ures 6B and 6C, increases in the intensities of nfOR-V
and decreases in Barr2-C were detected in a time-de-
pendent manner (Figs. 6B and 6C). Similar results
were observed in cells expressing pnOR-V, GRK2, and
Barrl-C instead of Barr2-C (Fig. 6D).

FRET and acceptor photobleaching analysis
of BHK cells coexpressing GB,,R and GB:R-V
with parr2-C

Because Barrl-C or Barr2-C was translocated into
the plasma membranes following pOR activation, but
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not following GABAgR activation, we used FRET
analysis to determine whether Barr2-C interacts and
forms a protein complex with GB;R. We used BHK
cells that coexpressed GB{,R, GBpsR-V, Barr2-C, and
GREK4 or cells that coexpressed pOR-V, Barr2-C, and
GRK2.

In such cells, photobleaching analysis of baclofen-
stimulated cells demonstrated that FRET efficiency at
the cell membranes was not remarkably changed at 5
min after stimulation with baclofen at 10™* M (Fig.
7A). FRET efficiency before stimulation, and 1, 2, 5,
10, 30, and 60 min (and 120 min, data not shown) af-
ter stimulation was not significantly changed (Fig.
7B). Similar results were obtained when we used
Barrl-C instead of Barr2-C (data not shown). In con-
trast, photobleaching analysis of DAMGO-stimulated
BHK cells demonstrated that FRET efficiency was
increased 1 min after stimulation and reached maxi-
mal value at 5 min, then gradually decreased for 30
min (Fig. 7B), demonstrating that the receptor/B-
arrestin complex was formed by stimulation of the
agonist.

DISCUSSION

Recent study has shown that DAMGO activation of
HOR recruited both Barrl and Barr2 to the uOR then
cause robust internalization in mouse embryonic
fibroblasts (mef; Groer et al., 2011). They showed no
internalization profiles of pOR by DAMGO in mef
derived from Barrl/Barr2 knockout mice. Further-
more, Barrl or Parr2 reintroduction into these mef
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uwOR-Venus

Confocal imaging of the translocation of pOR-V and Barrl-C and in BHK cells expressing pOR-V, Barrl-C, and GRK2. Visualization

of pOR-V and Barrl-C in BHK cells before (A) and 5 min (B) and 10 min (C) after stimulation with 10 7 M DAMGO. Arrowheads show pOR
and Parrl-C on the plasma membranes. Similar results were obtained in at least six independent experiments. Calibration bar = 10 pum.

rescued DAMGO-induced pOR  internalization
(Groer et al., 2011), demonstrating that interaction
of Barrl or PBarr2 with pOR is required for pOR
internalization.

In this study, we showed that fluorescent protein-
tagged GABAgR failed to internalize on stimulation
by the GABAgR agonist baclofen or GABA. This was
true in the presence of parrl, Barr2, and even GRK4,
one of the kinases that causes GABAgR desensitiza-
tion (Kanaide et al., 2007; Perroy et al.,, 2003). We
also showed that neither Barrl nor Parr2 were able
to form a GB3gR-V/B-arrestins-C complex on the
plasma membrane before or after stimulation with

baclofen, which was determined by FRET analysis.
By contrast, using the same experimental system,
nOR-Venus was found to internalize to the ‘cytosol on
stimulation by pOR agonist DAMGO, with the forma-
tion of pOR/B-arrestin complex on the cell surface in
the presence of GRK2, as previously shown by Groer
et al. (2011). These results suggest lack of B-arrestin
association with GABAgR correlated with in the lack
of internalization of GABAgR by baclofen.

We further showed, with a real-time assay, that
stimulation with baclofen for up to 120 min failed to
cause the internalization of GABAgR into the cytosol.
This result is in accordance with several previous
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nOR-Venus

Confocal imaging of the translocation of pOR-V and parr2-C in BHK cells expressing pOR-V, Barr2-C, and GRK2. Visualization

of yOR-V and parr2-C in BHK cells before (A) and 5 min (B) and 10 min (C) after stimulation with 10 7 M DAMGO. Arrowheads show yOR and
parr2-C on the plasma membranes. Similar results were obtained in at least six independent experiments. Calibration bar = 10 pm.

reports that GABAgRR does not internalize on stimula-
tion with GABAgR agonists (Fairfax et al., 2004;
Grampp et al., 2007; Laffray et al., 2007; Perroy et al.,
2003). One early study, by contrast, showed that
GABAp; R tagged with cyan fluorescent protein and
GABAg:R tagged with yellow fluorescent protein were
both internalized after treatment with baclofen. How-
ever, this happened at only one time point (2 h after
stimulation of GABA at 10™* M), and the study did
not monitor the intensities of the fluorescence in both
the plasma membrane and cytosol (Gonzalez-Maeso
et al., 2003). The discrepancy of this result compared
with other studies probably results from the different
cell types and experimental designs used.
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We also studied the role of phosphorylation in these
processes. Specifically, phosphorylation of GPCRs by
several protein kinases, such as the GRKs, plays a
role in the desensitization and internalization of most
of these receptors (Kelly et al., 2008; Luttrell and Lef-
kowitz, 2002). GABAgR phosphorylation is unique in
that, though some GRKs are involved in GABA- or
baclofen-mediated GABAgR desensitization (espe-
cially GRK4 and 5 but not GRK2, 3, or 6), these ki-
nases do not phosphorylate the receptors (Kanaide
et al., 2007; Perroy et al., 2003). These results suggest
that GRK4 and GRK5 may behave as anchoring
proteins instead of as kinases (Kanaide et al., 2007,
Perroy et al., 2003; Terunuma et al., 2010).



