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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 Barr1-C in BHK cells before (A) and 5 min (B) and 10 min (C) after stimulation with 10~ "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 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 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 Barr2 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,
HOR-Venus was found to internalize to the’cytosol on
stimulation by pOR agonist DAMGO, with the forma-
tion of tOR/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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Fig. 5. Confocal imaging of the translocation of pOR-V and Barr2-C in BHK cells expressing pnOR-V, Barr2-C, and GRK2. Visualization
of tOR-V and Barr2-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
Barr2-C on the plasma membranes. Similar results were obtained in at least six independent experiments. Calibration bar = 10 pm.

reports that GABAgR 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
GABAg:R tagged with cyan fluorescent protein and
GABAgsR 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).
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Fig. 6. Time courses of changes in intensities of pOR-V, Barr2-C, or Barrl-C in BHK cells. A: Confocal imaging of the BHK cells express-
ing pOR-V, GRK2, and Barr2-C or Barrl-C. 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 DAMGO (10 7 M) in real time. C: Intensity ratio of Barr2-C
and pOR-V at the indicated points as in (B). D: Intensity ratio of Barrl-C and pOR-V at the indicated points as in (B). Intensity ratio

2

were expressed as ratio of the level at “b” or “c"/the level at “a.

It is also known that B-arrestins are involved in the
internalization steps (Gainetdinov et al., 2004). Once
receptors are phosphorylated by several kinases,
Barr-1 or Barr-2 binds to the receptors, followed by
internalization of the receptor/B-arrestin complex
(Gainetdinov et al., 2004; Luttrell and Lefkowitz,
2002). Previous reports have shown that baclofen
failed to recruit Barr-1 or Barr-2 to the plasma mem-
brane (Fairfax et al., 2004; Perroy et al., 2003). In
this study, with BHK cells coexpressing GBi.R,
GBgR-V, B-arrestins-C, and GRK4, we investigated
the mobility of both GBgR-V and B-arrestins-C on
stimulation by baclofen. This agonist was adminis-
tered at concentrations and durations at which GRK4
translocated to the plasma membranes, formed GBsR/
GRK4 complex, and consequently desensitized the re-
ceptor functions. Our results were in accordance with
previous studies showing that GABAgRs were not
internalized and B-arrestins were not mobilized on
baclofen stimulation, despite their desensitization
under those conditions (Fairfax et al., 2004; Perroy
et al., 2003). In the clinical therapy, intrathecal baclo-
fen therapy' (ITB) is an established treatment for
severe spasticity (Slonimski et al., 2004). Tolerance to
ITB for treatment of spasticity is produced by desen-
sitization of the GABAgR (Kanaide et al., 2007; Niel-
sen et al., 2002). Desensitization of GABAgR by baclo-
fen was mediated by protein complex formation of
GABAgR with GRK4 or GRK5 (Ando et al., 2011;
Kanaide et al., 2007; Perroy et al., 2003). In such

situation, baclofen did not internalize GABAgR as
shown this study, suggesting that GABAgR internal-
ization process by itself may not be involved in the
development of tolerance to ITB by baclofen.

Recent reports have shown that distinct phospho-
rylation sites on G protein-coupled adrenergic Bo
receptors act as a “barcode” for the differential funec-
tions for B-arrestin, including its receptor-internaliza-
tion profiles (Nobles et al., 2011). The authors indi-
cated that the specific and distinct patterns of recep-
tor phosphorylation by .individual GRKs correlate
with different B-arrestin functions. They thus pro-
posed that these distinct phosphorylation patterns
create a “barcode” that imparts distinct conformations
to the recruited B-arrestin, thus regulating its func-
tional activities. Another report-has shown that
GABAgR is internalized by N-methyl-D-asparate
(NMDA) receptor stimulation (but not GABAgR acti-
vation itself) due to site-specific phosphorylation of
the receptor (serine 867 in GBg1R) by calmodulin-de-
pendent protein Kinase II (Guetg et al., 2010). In pre-
vious studies, including our own, GABAgR was not
phosphorylated by GRK4 or GRKS5, even if they
induced GABAgR desensitization (Kanaide et al.,
2007; Perroy et al., 2003). Collectively, these results
seem to suggest that agonist stimulation caused little
or no phosphorylation of GABAgR. Thus, internaliza-
tion of the receptor due to mobilization of B-arrestins
or complex formation with B-arrestins was not caused
by baclofen.
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Fig. 7. A: Comparison of FRET efficiency on the plasma mem-
branes in BHK cells expressing GB1,R, GBoR-V, and GRK4 with
Barr2-C; or pOR-V and GRK2 with Barr2-C on the plasma mem-
branes, with or without stimulation of baclofen or DAMGO for 5
min, respectively.  FRET efficiency was calculated from emission
spectra. Note the increase of the Cerulean peak emission (488 nm)
following photobleaching of Venus (528 nm). Ipy = peak of donor
emission in the presence of acceptor. In = peak of donor emission in
the presence of sensitized acceptor. The combination of Venus + Ce-
rulean or GB1,R + GBsR-V + GRK4-C pairs were used as negative
and positive controls for protein—protein interaction, respectively.
Each bar represents mean = SEM of FRET efficiency in independ-
ent experiments using six cells with three regions of interest per
BHK cell (n 18). B: Changes in the FRET ratio on the plasma
membranes in BHK cells coexpressing GBy,R, GB2R-V, and GRK4
with Barr2-C; or pOR-V and GRK2 with Barr2-C. Photobleaching
assay was performed for the periods indicated, and then FRET effi-
ciencies were calculated (n = 3 at each point). The open circles (O)
or the closed squares (M) represent data obtained from pOR- or
GABAgR-expressing cells, respectively.

On the other hand, some reports with different ex-
perimental methods from our own have shown that
GABAgR was constitutively (without agonist stimula-
tion) internalized into the cytosol (Grampp et al.,
2007). In our study, stimulation by baclofen for up to
90 min failed to cause any detectable, spontaneous
internalization, as determined by laser microscopy.
However, in our experimental system, we are not
aware of the functions of GABAgR. Specifically, we do
not know if these receptors elicit acute internalization
followed by quick (for example, within 1 min) recy-
cling to the plasma membranes. We were unable to
detect basal internalization of GByR-Venus or recy-
cling of the receptors, as shown by the lack of change
in the intensity of GBoR-V at the plasma membranes.
Another report, however, has shown that heterodi-
meric GABAgR internalizes basally and recycles back
to plasma membranes (Vargas et al.,, 2008). The dis-
crepancies between their results and ours are prob-
ably due to the different experimental approaches
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used. The receptor might internalize to the superficial
sites and then recycle quickly to the plasma mem-
brane, and our experimental system may not be able
to detect such movements due to the limitation of re-
solution ability of our laser confocal microscopy.

Further study will be necessary to determine the
involvement of B-arrestins in such quick internalization
and recycling. Although unknown, it is important to
understand their involvement in such short periods of
internalization as well as agonist-induced internaliza-
tion. Such short-term trafficking might play roles in
fundamental functions of GABAgR by activating of mul-
tifunctioning proteins B-arrestins (Nobles et al., 2011).

In conclusion, these findings suggest that GABAgR
fails to undergo agonist-induced and spontaneous
internalization in part because of their failure to
interact with B-arrestins.
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