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Receptors expressing on the enteric plexus and clinically used drugs acting on their receptors
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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 GABAgR 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
(uOR), well-studied receptors that associate and cointernalize with B-arrestins. When
stimulated by the specific GABAgR agonist baclofen, GABAgR composed of GABAg;.R
(GB1,R) and fluorescent protein-tagged GABAp;R-Venus (GB3R-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-arrestini-Ce-
rulean (Barrl-C) or B-arrestin2-Cerulean (Barr2-C), real-time imaging studies showed
that baclofen treatment neither internalized GB,R-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 nOR 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 GBoR-V and B-arrestins-C with or without the stimulation of baclofen, while ro-
bust association of fOR-V with B-arrestins-C was detected after pOR activation. These
findings suggest that GABAgRs failure to undergo agonist-induced internalization
results in part from its failure to interact with B-arrestins. Synapse 00:000-000,
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 (GB;R) (Agnati
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et al., 2003; Bettler et al., 2004; Gainetdinov et al.,
2004; Uezono et al., 2006). This GB;R/GB2R 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 GByR transduces the signal though the trimeric
G proteins (Ga and GRvy 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 p-opioid receptors (LOR). We and
others have previously shown that GRK4 and GRK5
but not GRK2, GRKS3, 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 B-
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

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 OR 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-oll-
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 GBoR 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,
Italy); 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 fOR was provided
by Dr. N. Dascal (Tel Aviv Univ., Tel Aviv, Israel).
Venus-fused GABAgR and pOR, and Cerulean-fused
Barrl and PBarr2 were created by ligating their ¢cDNA
sequences into the Notl 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 ¢DNAs for transfection into cells were subcloned
into pcDNAS.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 $-arrestins fused to
fluorescence proteins ;

We constructed fluorescent-protein-fused GBoR-V,
uOR-V, Barrl-C, and Parr2-C molecules to visually
monitor mobilization of receptors and B-arrestins.
BHK cells that coexpressed GBoR-V with Barrl-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 GBgsR-V and Parr-C
was observed for 120 min. Cells coexpressing pOR-V
and Barrl-C or Barr2-C were treated with the pOR
agonist DAMGO in the same manner. For visualiza-
tion, a 63X magnification and 1.25 numerical aperture
oil 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 ahalysis

For the analysis of protein-complex formation of
GByR-V and pOR-V with B-arrl-C or B-arr2-C, we used
the FRET assay. GB;,R or GBR-V was coexpressed
with either B-arrl-C or B-arr2-C in BHK 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-

tobleaching analysis in BHK cells that coexpressed
GB1.R, GB2R-V, Barr2-C, and GRK4, or cells that
coexpressed pOR-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 photobleaching 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 — Ipa/lp, where Ipa is the peak of donor (Cerulean)
emission in the presence of the acceptor, and I 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.

Stétistical 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 GBoR-Venus behave like non-
tagged, wild type GABAgR. That is, they display G

Synapse
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A
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Fig. 1.
alization of GByR-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 GB2R-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
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GB,R-Venus

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

GB1,R/GB2R-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). GBgR-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/GB3R-V, Barr2-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 Barrl-C from the cytosol to plasma
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GB,R-Venus

parr2-Cerulean

A

Before

5 min

10 min

Fig. 2. Confocal imaging of the translocation of GB;R-V and Barrl-C in BHK cells expressing GB,.R, GB2R-V, Barrl-C, and GRK4.
Visualization of the GByR-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
GBoR/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 Barr2-C instead of Barrl-C (Fig. 2).

For the real-time critical measurement of the inten-
sity of GB2R-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 107* M,

intensities of both GBgR-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 GByR-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 parrl-
C (Fig. 3D). We also examined constitutive internaliza-
tion of GBgR in BHK cells coexpressing GB;,R/GB2R-
V, Barr2-C, and GRK4; for up to 120 min, we were
unable to detect any internalization profiles of GBoR-V
or any mobilization of Barr2-C (data not shown).

Synapse
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Fig. 3. Time courses of changes in intensities of GByR-V, Barr2-C, or Barrl-C in BHK cells. A: Confocal imaging of the BHK cells express-
ing GB{,R, GB2R-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 GByR-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 pOR internalization induced by
the pOR agonist DAMGO. In cells expressing pOR-V,
GRK2, and Barrl-C or Barr2-C, we applied DAMGO at
10~" M for 5 min, the concentration and duration that
cause submaximal pOR activation and receptor desensiti-
zation. This resulted in dramatic translocation of Barrl-C
and Barr2-C into the plasma membranes and subsequent
internalization with pOR-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 uOR-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 pOR-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 pOR-V, GRK2, and
Barrl-C instead of Barr2-C (Fig. 6D).

FRET and acceptor photobleaching analysis
of BHK cells coexpressing GB{,R and GB2R-V
with parr2-C

Because Barrl-C or Barr2-C was translocated into
the plasma membranes following nOR 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 GBsR. We used BHK
cells that coexpressed GB1,R, GBgsR-V, Barr2-C, and
GRK4 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
uOR recruited both Barrl and Barr2 to the tOR 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 PBarrl/Barr2 knockout mice. Further-
more, Barrl or Barr2 reintroduction into these mef
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Fig. 4. 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 107" M DAMGO. Arrowheads show pOR
and Barrl-C on the plasma membranes. Similar results were obtained in at least six independent experiments. Calibration bar = 10 pm.

rescued DAMGO-induced pOR  internalization
(Groer et al., 2011), demonstrating that interaction
of Barrl or Barr2 with uOR 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 Barrl, 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 PBarr2 were able
to form a GByR-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,
uOR-Venus was found to internalize to the cytosol on
stimulation by ptOR 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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