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y-Aminobutyric acid type A receptors (GABA ,Rs) in the spi-
nal cord are evolving as an important target for drug develop-
ment against pain. Purinergic P2X, receptors (P2X,Rs) are also
expressed in spinal cord neurons and are known to cross-talk
with GABA,Rs. Here, we investigated a possible “dynamic”
interaction between GABA 4Rs and P2X,Rs using co-immuno-
precipitation and fluorescence resonance energy transfer
(FRET) studies in human embryonic kidney (HEK) 293 cells
along with co-localization and single particle tracking studies in
spinal cord neurons. Our results suggest that a significant pro-
portion of P2X,Rs forms a transient complex with GABA ,Rs
inside the cell, thus stabilizing these receptors and using them
for co-trafficking to the cell surface, where P2X,Rs and
GABA,Rs are primarily located extra-synaptically. Further-
more, agonist-induced activation of P2X,Rs results in a Ca**-
dependent as well as an apparently Ca*-independent increase
in the mobility and an enhanced degradation of GABA/Rs,
whereas P2X,Rs are stabilized and form larger clusters. Antag-
onist-induced blocking of P2XRs results in co-stabilization of
this receptor complex at the cell surface. These results suggest a
novel mechanism where association of P2X,Rs and GABA,Rs
could be used for specific targeting to neuronal membranes,
thus providing an extrasynaptic receptor reserve that could reg-
ulate the excitability of neurons. We further conclude that
blocking the excitatory activity of excessively released ATP
under diseased state by P2XR antagonists could simultaneously
enhance synaptic inhibition mediated by GABA 4Rs.

GABA ,Rs” are the major inhibitory transmitter receptors in
the central nervous system and the site of action of benzodiaz-
epines, barbiturates, neuroactive steroids, anesthetics, and con-

* This work was supported by the International Ph.D. Program “Cell Commu-
nication in Health and Disease” of the Medical University of Vienna and the
Austrian Science Fund, INSERM, Ecolé Normale Supérieure, and a grant
from the Pierre-Gilles de Gennes Foundation.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1-6 and Movies 1 and 2.

" To whom correspondence should be addressed: Dept. of Biochemistry and
Molecular Biology, Center for Brain Research, Medical University of Vienna,
Spitalgasse 4, Vienna-1090, Austria. Tel.: 43-1-40160-34065; Fax: 43-1-
40160-934054; E-mail: isabella.sarto-jackson@meduniwien.ac.at.

2 The abbreviations used are: GABA 4R, GABA , receptor; P2X,R, P2X, receptor;
SPT, single particle tracking; EGFP, enhanced GFP; TNP-ATP, 2',3'-O-
(2,4,6-trinitrophenyl)adenosine 5’-triphosphate; DIV, days in vitro; QD,
quantum dot; MSD, mean square displacement; ns, not significant;
ECFP, enhanced cyan fluorescent protein; EYFP, enhanced YFP; 2MeS-ATP,
2-methylthioadenosine-5'-O-triphosphate.

APRIL 22,2011 +VOLUME 286+-NUMBER 16

vulsants. They are ligand-gated chloride channels composed of
five subunits that can belong to different subunit classes. The
majority of these receptors are composed of one v, two «, and
two B subunits (1-3). GABA ,Rs are widely distributed in the
brain (4, 5) and spinal cord (6). Clusters of these receptors can
be found at inhibitory synapses mediating phasic inhibition but
also at extrasynaptic locations where they are mediating tonic
inhibition (7). Using single particle tracking (SPT), it has been
demonstrated that most neurotransmitter receptors, including
GABA ,Rs, are exchanged between synaptic and extrasynaptic
domains by lateral diffusion (8—10). The lateral mobility of
receptors can be modulated by interaction with scaffolding
molecules such as gephyrin for GABA, (7, 11) and glycine
receptors (12, 13). In addition, receptor insertion and removal
are considered major determinants in the regulation of recep-
tor number at the cell surface and the strength of GABAergic
transmission (14, 15).

The P2X receptor superfamily includes seven different sub-
units (P2X,-P2X.) (16). P2X, subunits mainly form homotri-
meric receptors but also assemble with P2X, subunits to form
heterotrimeric P2X, , receptors (P2X,,;Rs) (17). In contrast to
the anion conducting GABA,Rs, P2X,Rs are permeable to
Ca?*, Na*, and K*. Among the various subtypes, P2X,R and
P2X,R are enriched in spinal cord (18, 19), where they play a
role in sensory transmission and modulation of synaptic func-
tion. GABA ,Rs and P2X,Rs have been demonstrated to be
co-localized and to functionally interact with each other in
the spinal cord and dorsal root ganglion (20, 21). Simultane-
ous activation of GABA ,Rs and P2X,Rs results in nonaddi-
tive currents or “cross-talk” of the receptors (22, 23). Similar
cross-talk was also observed between P2X,Rs and other
members of the cys-loop receptor family (24 and references
therein).

As a starting point for clarifying the dynamics of interaction,
here we investigated the interaction of GABA ,Rs and P2X,Rs
in more detail. We demonstrate that a small proportion of
GABA,Rs and P2X,Rs already interact with each other in
intracellular compartments and then presumably co-traffic to
the cell membrane, where they are co-localized extrasynapti-
cally. Activation of P2X,Rs by 2MeS-ATP results in the disso-
ciation of these receptors. Whereas GABA ,Rs are internalized
and degraded, P2X,Rs are stabilized and form clusters. Overall,
our studies identified a novel mechanism by which GABA R
distribution and dynamics can be modulated by P2X,Rs in the
spinal cord.
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EXPERIMENTAL PROCEDURES

Plasmids—Wild-type al, 82, or y2S subunits of GABA,R
from rat brain were cloned into the mammalian expression vec-
tor pCI (Promega) as described previously (25) resulting in con-
structs a1-pCI, B2-pCI, and y2-pCI. For generation of the con-
structs al-ECFP or al-EYFP, the fluorescence tags ECFP or
EYFP were cloned between amino acids +343 and +344 (num-
bering according to the mature peptide) of the intracellular
loop of the al subunit by PCR, respectively, using the “gene
splicing by overlap extension” technique (26). Restriction sites
Nhel and Agel were introduced in the N-terminal part (amino
acids —27 to +343) of the a1 sequence, and Xhol and EcoRI
were introduced in the C-terminal part (amino acids +344 to
+428) of the a1 sequence for subcloning into the pECFP-C1 or
EYFP-C1 vector (Clontech). In analogy, for B2-ECFP or
B2-EYFP, fluorescence tags were cloned between amino acids
+355 and +356 within the loop of the 2 subunit, and for
v2-ECFP or y2-EYFP, fluorescence tags were cloned between
amino acids +361 and +362 within the loop of the y2 subunit.
The fidelity of the final expression constructs was verified by
DNA sequencing. Experiments were performed with each of
these fluorescent constructs with comparable results. The
mutated a1(A160C) construct was generated as described pre-
viously (27). The B3-GLV construct was cloned by the gene
splicing by overlap extension technique (26) replacing the
intracellular loop of the wild-type B3 subunit between amino
acids 323 and 425 (of the mature protein) by the amino acid
sequence (SQPARAAAIDRW) of the short intracellular loop
from the Gloeobacter violaceus protein (GLIC) that is homolo-
gous to GABA , receptor subunits (28). P2X,-ECFP and P2X,-
EYFP were kindly provided by F. Soto (Washington University,
St. Louis). P2X,-FLAG-EGEFP was a kind gift of R. D. Murrell-
Lagnado (University of Cambridge, UK) (29).

Antibodies—The antibodies anti-a1(1-9), anti-B2/B3(1-
13), and anti-y2(1-33) were generated and affinity-purified as
described previously (30 -32). A similar approach was used for
the generation of antibodies against EGFP protein. EGFP was
cloned in pETBlue-2 vector (Novagen) followed by expression
in Tuner (DE3) pLacl cells (Novagen). The animals were immu-
nized with full-length EGFP protein, and antibodies were affin-
ity-purified (33). Mouse monoclonal anti-82/83 subunit-spe-
cific and anti-GFP antibodies were purchased from Millipore
and Roche Diagnostics, respectively. Rabbit anti-FLAG anti-
body was purchased from Sigma. For generation of P2X,R-spe-
cific antibodies, surface-exposed residues were selected based
on a P2X,R homology model (kindly provided by T. Grutter,
Université Louis Pasteur, Illkirch, France) (34). A peptide cor-
responding to amino acid sequence 205-213 (SQKSDYLKH) of
the mature receptor subunit was selected and custom-synthe-
sized (piCHEM, Graz, Austria) with an additional C-terminal
cysteine and was coupled to keyhole limpet hemocyanin. Rab-
bits were immunized with this adduct, and antibodies were
purified from the serum of the rabbits by affinity chromatogra-
phy on a column consisting of the respective peptide coupled to
thiopropyl-Sepharose (33).

Cell Culture and Transfection—HEK 293 cells (CRL 1573;
American Type Culture Collection, Manassas, VA) were grown
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in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum (BioWhittaker, Lonza), 2
mM glutamine, 50 uMm B-mercaptoethanol, 100 units/ml peni-
cillin G, and 100 pg/ml streptomycin in 75-cm? culture dishes
using standard cell culture techniques. HEK 293 cells (3 X 10°)
were transfected with a total amount of 20 ug of subunit cDNAs
via the calcium phosphate precipitation method (35). For co-
transfection with four different subunits, 5 ug of cDNA was
used for each subunit. The expression of GABA, and P2X,-
EYFP/EGFP receptors was kept constant by co-transfection
with empty pEYFP-N1 vector or pCI vector. The cells were
harvested 48 h after transfection. For live cell confocal imaging
or FRET experiments, 150,000 cells were plated over 15- or
24-mm coverslips (Paul Marienfeld GmbH) pre-coated with
poly-p-lysine (Sigma) in a 6-well culture dish, respectively. Cells
were imaged 24 h after transfection.

Spinal cord neurons from homozygous mrfp-gephyrin
knock-in mice were prepared at embryonic day 13 (E13) as
described previously (36, 37). Briefly, cells were grown in neu-
robasal medium supplemented with B27, 2 mm glutamine, and
antibiotics (Invitrogen) at 36 °C and 5% CO,. Neurons were
transfected 8 -9 days after plating using Lipofectamine 2000
(Invitrogen) with 0.5 ug of P2X,-FLAG-EGEP per coverslip.
SPT experiment on transfected cells was performed 48 h after
transfection.

Co-immunoprecipitation of Total Receptors and Cell Surface
Receptors—The culture medium was removed from transfected
HEK cells, and cells from four culture dishes were extracted
with 1 ml of a C,,E,, extraction buffer (1% polyoxyethylene 10
lauryl ether (Sigma), 0.18% phosphatidylcholine (Sigma), 150
mM NaCl, 5mM EDTA, and 50 mm Tris-HCI, pH 7.4, containing
one “Mini Complete protease inhibitor mixture” tablet (Roche
Diagnostics)) per 10 ml of extraction buffer for 8—12 h at 4 °C.
The extract was centrifuged for 20 min at 45,000 rpm at 4 °C.
The protein concentration of the supernatant was determined
(Pierce, BCA protein assay kit), and the supernatant was then
incubated for 4 h under gentle shaking with 15 ug of al sub-
unit-specific antibodies or 3 ug of mouse monoclonal GFP
(Roche Diagnostics) antibodies.

When GABA , receptors were precipitated from spinal cord
tissue, spinal cords from three animals were pooled, homoge-
nized by an Ultra-Turrax® in artificial cerebrospinal fluid (118
mM NaCl, 3 mm KCl, 1 mm MgCl,, 1.5 mm CaCl,, 1 mm
NaH,PO,, 25 mm NaHCO,, and 30 mm glucose) containing 1
tablet of “complete protease inhibitor mixture” (Roche Diag-
nostics) and 1 phosphatase inhibitor mixture tablet (Roche
Diagnostics) per 50 ml of artificial cerebrospinal fluid, saturated
with carbogen (95% oxygen, 5% carbon dioxide), and centri-
fuged for 40 min at 50,000 rpm at 4 °C. Membranes were
washed twice by suspension and recentrifugation and extracted
for 12 h at 4 °C using a C,,E,, extraction buffer containing 1
tablet of complete protease inhibitor mixture (Roche Diagnos-
tics) per 50 ml of extraction buffer. The extract was centrifuged
for 40 min at 50,000 rpm at 4 °C. The supernatant was then
incubated for 4 h on a roller shaker with a mixture of a1, 82, and
y2 subunit-specific antibodies (15 ug of each).

Proteins bound to antibodies were then precipitated by addi-
tion of Pansorbin (formalin-fixed Staphylococcus aureus cells,
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purchased from Calbiochem) and 0.5% nonfat dry milk powder
and shaking for an additional 2 h at 4 °C. The precipitate was
washed three times with a low salt buffer for immunoprecipi-
tation (IP low buffer) (50 mm Tris-HCl, 0.5% Triton X-100, 150
mM NaCl, and 1 mm EDTA, pH 8.0). The precipitated proteins
were dissolved in sample buffer (NuPAGE LDS sample buffer,
Invitrogen). To determine receptors present in the extracts by
subsequent Western blots, all proteins present in extracts from
spinal cord were precipitated using the chloroform/methanol
procedure (38).

Co-immunoprecipitation of receptors expressed at the cell
surface was performed according to a protocol described pre-
viously (25, 31). For experiments with drug exposure, cells were
preincubated with 2MeS-ATP (30 um, Sigma) or TNP-ATP (10
M, Sigma) for 60 min. The culture medium was removed from
transfected HEK cells, and the cells were washed once with 1X
PBS (2.7 mm KCl, 1.5 mm KH,PO,, 140 mm NaCl, and 4.3 mm
Na,HPO,, pH 7.3). Cells were then detached from the culture
dishes by incubating with 2.5 ml of 5 mm EDTA in PBS for 5 min
at room temperature. The resulting cell suspension was diluted
in 6 ml of cold Dulbecco’s modified Eagle’s medium and centri-
fuged for 5 min at 1500 rpm. The cell pellet from four dishes was
incubated with a1(1-9) (35 ng) or FLAG (18 ug, rabbit poly-
clonal, Sigma) antibodies in 3 ml of the same medium for 45
min at 37 °C. Cells were again pelleted, and free antibodies were
removed by washing twice with 6 ml of 1X PBS buffer. The
receptors were extracted with IP low buffer containing 1% Tri-
ton X-100 for 1 h under gentle shaking conditions that did not
lead to a significant dissociation of antibodies from the recep-
tors (25, 31). Cell debris was removed by centrifugation (45,000
rpm for 20 min at 4 °C). Following protein concentration deter-
mination, Pansorbin and 0.5% nonfat dry milk powder was
added, and after shaking for 2 h at 4 °C, the precipitate was
washed three times and dissolved in sample buffer (NuPAGE
LDS sample buffer, Invitrogen).

To investigate a possible redistribution of the antibodies dur-
ing the extraction procedure, in other experiments HEK cells
were transfected with wild-type a1, B3, and y2 subunits as well
as a truncated form of y2 subunits. After cell surface labeling by
al1(1-9) antibodies, the extracts containing the cell surface-
labeled receptors was divided in two fractions. One fraction was
kept at 4 °C for 2 h, and the other fraction was incubated with
additional a1(1-9) antibodies at 4 °C for the same time period.
Pansorbin was added to both fractions, and the resulting pre-
cipitates were centrifuged, washed, dissolved in sample buffer,
and subjected to SDS-PAGE and Western blot analysis. In both
precipitates, full-length subunits forming complete receptors
could be detected, whereas truncated subunits could only be
detected in the fraction where additional a1(1-9) antibodies
had been added after cell lysis (31).

Western blot analysis was performed using the NuPAGE
electrophoresis system (Invitrogen), and precipitated proteins
were detected using digoxigenin-labeled antibodies (Roche
Diagnostics, DIG protein labeling kit) and sheep anti-digoxige-
nin antibodies conjugated with alkaline phosphatase (Roche
Diagnostics). Secondary antibodies were visualized by the reac-
tion of alkaline phosphatase with CDP Star (Applied Biosys-
tems, Bedford, MA) as described previously (25). To compen-
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sate for a possible heterogeneity of expression in different
dishes, HEK cells from four culture dishes were pooled for each
sample. In addition, four independent experiments were
performed.

The chemiluminescent signal of the protein bands on blots of
the same gel and exposure time were quantified by densitome-
try using the Fluor-S Multilmager (Bio-Rad) and evaluated
using Quantity One® quantitation software (Bio-Rad). The lin-
ear range of the detection system was established by determin-
ing the antibody response to a range of antigen concentrations
following immunoblotting. The experimental conditions were
designed such that immunoreactivities obtained in the assay
were within this linear range, thus permitting a direct compar-
ison of the amount of antigen applied per gel lane between the
samples. Different exposures of the same membrane were used
to ensure that the measured signal was in the linear range.

Live Cell Confocal Imaging and FRET Imaging— The expres-
sion of ECFP- and EYFP-tagged receptors in HEK cells were
visualized by confocal microscopy using a Zeiss Axiovert 200-
LSM 510 confocal microscope (argon laser, 30 milliwatts; heli-
um/neon laser, 1 milliwatt) equipped with an oil immersion
objective (Zeiss Plan-NeoFluar X63/1.3) as described previ-
ously (39). Fluorescent protein-tagged constructs were de-
tected with a band pass filter (475-525 nm) using the 458-nm
(CFP) or 488-nm (YFP) laser lines. Images were captured
sequentially, and overlay images were produced with Zeiss
imaging software. Fluorescence resonance energy transfer
was measured as described previously (39 —41). Briefly, FRET was
performed using an epifluorescence microscope (Carl Zeiss
Axiovert 200) using the “three-filter method” (39). The images
were taken using a X63 oil immersion objective and Ludl filter
wheels to allow for rapid switching between the fluorescence
excitation and emission filters for CFP (I.pp, excitation 436 nm
and emission 480 nm and dichroic mirror 455 nm), YFP (Iypp,
excitation 500 nm and emission 535 nm and dichroic mirror
515 nm), and FRET (/g . excitation 436 nm and emission 535
nm and dichroic mirror 455 nm). The images were captured by
a CCD camera and analyzed using PixFRET plugin of Image]
(rsbweb.nih.gov) (42, 43). This program allows the determina-
tion of the spectral bleed through of the images generated using
ECFP and EYFP filters. A threshold value of 2 was selected, and
the FRET images were generated using the following formula:
Nirer = (Ieger = BTcpp X Iepp = BTypp X Lypp)/(Icpp X
Iypp)'’?, where BT indicates bleed through and I indicates
intensity (44). The computed FRET images are visualized on
256 bit color level; the minimum value displayed is in black and
maximum value is in white.

Immunocytochemistry, Image Acquisition, and Analysis—
The 11-12 DIV neurons were fixed for 15 min in 4% (w/v)
paraformaldehyde in PBS. Cells were then incubated for 30 min
in 5% (w/v) bovine serum albumin (BSA, Sigma) to block non-
specific staining and then incubated for 2 h with primary anti-
bodies in 5% BSA. After washing, cells were incubated for 45
min with secondary antibodies conjugated to appropriate fluo-
rophores. Following washes, the coverslips were mounted on
slides with Vectashield (Vector Laboratories). For experiments
involving drug treatment, cells were incubated with 2MeS-ATP
(100 um) or TNP-ATP (100 um) for 2 h at 37 °C before fixation.
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The primary antibodies used were mouse monoclonal anti-
B2/B3 subunit-specific (extracellular, clone bd17, 1:100, Milli-
pore) and rabbit anti-P2X, receptor-specific (extracellular, 5
pg/ml). Inhibitory synapses were labeled by mrfp-gephyrin
clusters. Secondary antibodies were Cy5-conjugated goat anti-
mouse or FITC-conjugated donkey anti-rabbit (1:400, Jackson
ImmunoResearch). Fluorescent images were acquired under
identical conditions using Leica DM5000B spinning disk
microscope using 491-nm laser (Cobolt Calypso™, 50 milli-
watts), 561-nm laser (Cobolt Jive™, 50 milliwatts), and
633-nm laser (Coherent Cube, 25 milliwatts).

Images were processed using Metamorph software (Meta
Imaging, Downington, PA). For quantitative analysis, GABA,R,
P2X,R, and gephyrin images were processed with multidimen-
sional image analysis interface that employs two-dimensional
object segmentation by wavelet transformation (11). Fluores-
cence intensity was normalized by determining the pixel with
highest intensity under control conditions. All other pixels
either under control conditions or after drug treatment were
divided by this value. Objects composed of =3 pixels were
defined as clusters. GABA R clusters were considered synaptic
when at least 1 pixel overlaps with mrfp-gephyrin clusters.

Live Cell Staining and Quantum Dot Imaging—Labeling of
receptors for SPT of GABA ,Rs was performed as described
previously (11). Neurons were incubated with anti-GABA 4R y2
subunit-specific antibodies (1:100; Alomone Labs) for 5 min
and then washed and incubated for 5 min in biotinylated anti-
rabbit Fab antibody (1:200; Jackson ImmunoResearch). Follow-
ing washes, coverslips were then incubated for 1 min with 1 nm
streptavidin-coated QDs emitting at 655 nm (Invitrogen) in
borate buffer (45). Incubation with antibodies and washes was
performed at 37 °C in the imaging medium. Cells were washed
and imaged in the presence of appropriate drugs. For SPT anal-
ysis of P2X,Rs, P2X,-FLAG-EGFP-transfected neurons were
incubated with low concentrations of anti-FLAG antibody
(1:1500, rabbit polyclonal, Sigma) for 5 min followed by second-
ary and QD labeling similar to GABA 4R labeling.

Neurons were imaged at 37 °C using an inverted microscope
(IX71, Olympus) equipped with an oil immersion objective
(Olympus, 60X, NA 1.45), a xenon lamp, and cooled CCD cam-
era Cascade+128 (Roper Scientific). Fluorescent signals were
detected using appropriate filter sets (QD: D455/70x and
HQ655/20; GEP, HQ500/20 and HQ535/30; mrfp, D535/50
and E590lpv2). The movement of QDs on the dendrites was
recorded with an integration time of 75 ms with 500 consecu-
tive frames (37.5 s). The recording was done maximum up to 20
min after drug addition.

Single Particle Tracking and Analysis—Tracking and analysis
of QDs has been well described recently (11, 46). Briefly, QDs
were detected by cross-correlating the image with a Gaussian
model of the point spread function, and the diffusion parame-
ters were calculated using custom software (13, 47, 48) using
Matlab (The Mathworks Inc., Natick, MA). Single QDs were
identified by intermittent fluorescence (i.e. blinking). The spots
in a given frame were connected with the maximum likely tra-
jectories estimated on previous frames of the image sequence.
Only trajectories with at least 15 consecutive frames were used
for further analysis. Synaptic area was defined by processing
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mrfp-gephyrin images with the multidimensional image analy-
sis interface. GABA ,R QDs were classified as “synaptic” when
the trajectories overlapped with synaptic area. The trajectories
were considered “extrasynaptic” when they are =2 pixels away
from the synapse. P2X,R QDs were rarely observed at/near
mrfp-gephyrin clusters, so the analysis was performed inde-
pendent of inhibitory synapse localization. The mean square
displacement (MSD) was calculated using Equation 1,

MSD(ndt) = (N — n) ™" DM "[{x; 1 o(dt) — x(dt)}?
+{yi 4 o(dt) — y(dt)}]* (€q.1)

where x; and y, are the coordinates of an object on frame i; N is
the total number of steps in the trajectory; dt is the time interval
between two successive frames; and ndt is the time interval over
which displacement is averaged. The diffusion coefficient D
was calculated by fitting the first two to five points of the MSD
plot versus time with Equation 2,

MSD(t) = 4D, _ st + 40,2 (Eq.2)

where o, is the spot localization accuracy in one direction (13).
Given the resolution, trajectories with D <10* um?/s for QDs
were classified as immobile. The size of the average confine-
ment area was calculated fitting the average MSD plot with the
equation proposed in Ref. 46. Dwell time was calculated as
described previously (48, 49).

Statistics and Image Preparation—Statistical analysis was
performed using GraphPad Prism 4 (GraphPad Software Inc.)
and Microsoft Excel (Microsoft Corp.). Images were prepared
using Microsoft PowerPoint 2007 (Microsoft Corp.), Adobe
Photoshop CS2 (Adobe Systems),and CorelDraw X3 (Corel
Corp.). The supplemental movies were prepared using After
Effects CS5 (Adobe System).

RESULTS

Intracellular Oligomerization and Co-trafficking of GABA ,Rs
and P2X,Rs—We first investigated whether GABA,Rs and
P2X,Rs are able to interact directly. For that, receptors were
extracted from HEK cells transfected as indicated in Fig. 14 and
were subjected to immunoprecipitation using antibodies
against the al subunit of GABA,Rs. Precipitated receptors
were subjected to SDS-PAGE and Western blot analysis.
Because the al antibodies were not able to directly precipitate
B2 or y2 subunits (experiments not shown), co-precipitation of
B2 and 72 subunits indicated their assembly with a1 subunits
(Fig. 14, 1st lane). The al antibodies did not directly precipitate
EYFP-labeled P2X,Rs (Fig. 1A, 2nd lane). Their precipitation
from cells co-transfected with GABA,Rs and EYFP-tagged
P2X,Rs (Fig. 1A, 3rd lane) thus indicates an association of these
receptors with GABA ,Rs. Interestingly, however, the total
amount of GABA,Rs precipitated by al antibodies was
increased on co-expression with P2X,Rs (Fig. 14, Ist and 3rd
lanes).

In parallel experiments, the extracted receptors were immu-
noprecipitated with mouse monoclonal anti-GFP antibodies.
These antibodies did not directly precipitate GABA 4R subunits
(Fig. 1A, 4th lane). Co-precipitation of a1, 82, and y2 subunits
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FIGURE 1. Co-immunoprecipitation and co-trafficking of GABA ,Rs and P2X,Rs. HEK cells were co-transfected with GABA,R a1, 82, and y2 subunits and/or
EYFP-tagged P2X,R subunits (P2X,-EYFP) or a P2X,-FLAG-EGFP receptors having the FLAG tag in the extracellular region and EGFP at the C terminus, as
indicated. GABA,Rs or P2X,Rs were immunoprecipitated with rabbit anti-a1 subunit-specific antibodies or mouse anti-GFP antibodies, respectively. This was
followed by SDS-PAGE and Western blot analysis using digoxigenin-labeled a1-Dig, 82-Dig, y2-Dig, and EGFP-Dig antibodies. A, co-immunoprecipitation of
GABA ,Rs and P2X,Rs from total cell extracts. Results are from a typical experiment analyzed on a single SDS gel and performed four times with comparable
results. Co-expression of GABA,Rs and P2X,Rs caused an increase in total GABA 4Rs but notin P2X,Rs as determined from the same gel and blots using the same
exposure time. Because of the different precipitation and detection efficiencies of the antibodies used, however, staining intensity cannot be used for
estimating the extent of co-association of receptors. Because of the low extent of co-localization of the receptors, Western blots sometimes also had to be
exposed for different time periods to allow visualization of weakly stained co-precipitated bands. Different exposures were then cut and recombined to
generate the figure shown. B, co-immunoprecipitation of cell-surface GABARs and P2X,Rs. The quantification of surface receptors was performed in blots
from the same gel and exposure time. The surface expression of GABA,Rs (left upper three lanes, left bar graphs) but not that of P2X,Rs (right lower three lanes,
right bar graphs) decreased on co-expression of GABA,Rs with P2X,Rs. Co-transfection with the trafficking-deficient «1(A160C) GABA 4R subunit caused a 91%

reduction of GABA, and a 21% reduction of P2X,Rs at the cell surface (***, p < 0.001, t test, n = 4 independent experiments). ns, not significant.

(Fig. 1A, 6th lane) thus again indicates association of GABA ,Rs
with EYFP-tagged P2X,Rs. Interestingly, the amount of P2X,Rs
precipitated was comparable in the absence or presence of
GABA ,Rs (Fig. 14, 5th and 6th lanes). It is also important to
note that only a very small fraction of GABA ,Rs was associated
with P2X,Rs and vice versa (Fig. 14, 3rd and 6th lanes).

To investigate whether the two receptors also interact at the
cell surface, receptors were first labeled with antibodies
directed against the extracellular N terminus of the GABA R
a1 subunit or against the FLAG tag in the extracellular loop of
P2X,Rs (P2X,-FLAG-EGEFP) followed by protein extraction
and precipitation of the antibody-labeled receptors by Pan-
sorbin (see under “Experimental Procedures”). Results from a
typical experiment are shown in Fig. 1B. Western blotting indi-
cated that expression of GABA ,Rs was reduced at the cell sur-
face by 25.6 £ 0.7% (mean * S.E., p < 0.0001, n = 4 indepen-
dent experiments; Fig. 1B, Ist and 2nd lanes) when P2X,Rs
were co-expressed, even though we observed an increase in
total GABA ,Rs under these conditions (Fig. 1A).

P2X,Rs and GABA ,Rs could also be co-precipitated at the
cell surface when antibodies against the extracellular FLAG tag
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were used (Fig. 1B, 5th lane). In contrast to GABA,Rs, we
observed no significant change in the surface expression of
P2X,Rs on co-expression of GABA ,Rs (surface level reduced
by 5.3 = 3.3%, mean = S.E., p = 0.14, n = 4 independent exper-
iments; Fig. 1B, 4th and 5th lanes). As observed for total recep-
tors, only a small fraction of GABA ,Rs and P2X,Rs associate
with each other.

The observed down-regulation of surface GABA ,Rs in the
presence of P2X,Rs (Fig. 1B) might have been caused by an
overexpression-induced altered maturation of GABA R in the
endoplasmic reticulum. To investigate this possibility, we
aimed to co-express P2X,Rs with another membrane protein
that does not interact with this receptor. For that, we generated
amutated 33 subunit (83-GLV) in which the large intracellular
loop between transmembrane domains 3 and 4 was replaced by
the loop of the related G. violaceus subunit sequence (28).
Because the intracellular loop between the third and fourth
transmembrane domain of B-subunits has been reported to
prevent cross-talk between the two receptors (22), it might rep-
resent the site of interaction of GABA 4R with P2X,R. We thus
argued that its absence might prevent the interaction of these
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receptors. As 33 wild-type subunits (83-WT) form homopen-
tameric receptors, we compared the change in surface expres-
sion of B3-WT and B3-GLV GABA,Rs in the presence of
P2X,Rs (supplemental Fig. 1). Co-expression of B3-WT
GABA ,Rs with P2X,Rs resulted in a reduced surface expres-
sion of these GABA Rs as observed for co-expression with
alB2vy2 receptors, whereas this effect was not observed with
B3-GLV GABA,Rs. This indicates that the reduction of
GABA ,Rs at the cell surface was not caused by an overexpres-
sion-induced slow maturation of proteins in the endoplasmic
reticulum but by a direct interaction between the two receptors.

To investigate whether the two receptors co-traffic to the cell
surface, we generated a trafficking-deficient GABA R where
the al subunit had an alanine to cysteine mutation (al-
A160C). This mutant assembles with other subunits of
GABA Rs (supplemental Fig. 2) but does not reach the cell
surface (surface level reduced by 91.4 * 0.4%, p < 0.0001, n = 4
independent experiments; Fig. 1B, Ist and 3rd lanes). We
hypothesized that if the two receptors are co-trafficking, the
intracellular retention of GABA ,Rs should also retain the asso-
ciated P2X,Rs. In fact, trafficking-deficient GABA ,Rs reduced
the cell surface expression of P2X,Rs by 21 = 2.7% (p < 0.0001,
n = 4 independent experiments; Fig. 1B, 4th and 6th lanes).
Under these conditions, no associated GABA ,Rs and P2X,Rs
were detectable at the cell surface (Fig. 1B, 3rd and 6th lanes).
Together, we conclude that GABA,Rs and P2X,Rs associate
with each other in intracellular compartments and co-traffic to
the cell surface.

Intracellular and Surface Co-localization of GABA ,Rs and
P2X,Rs, Indicated by Confocal Microscopy and FRET—To fur-
ther characterize this interaction, we generated fluorescent
constructs of GABA 4Rs having ECFP or EYFP tags in the large
intracellular loop of subunits (supplemental Fig. 3). P2X,Rs
having ECFP or EYFP tags in the intracellular C-terminal
domain have been described previously (50). HEK cells were
then co-transfected with P2X,-ECFP and P2X,-EYFP subunits
or with GABA R al-ECFP, B2 and 2 subunits, and P2X,-
EYFP subunits. 24 h after transfection, receptor expression and
distribution in living cells were imaged using a confocal micro-
scope (supplemental Fig. 4). As expected, P2X,-ECFP and
P2X,-EYFP subunits were strongly co-localized at the cell
membrane, as well as in intracellular compartments. For cells
expressing GABA ,-ECFP and P2X,-EYFP receptors, we also
observed co-localization in the intracellular compartment as
well as at the cell surface. Apparently, co-transfection of single
subunits of GABA ,Rs (a1-ECFP, B2-ECEP, or y2-ECFP) with
P2X,-EYFP subunits resulted in a differential localization of the
two fluorophores. Whereas, P2X,-EYFP receptors were mainly
localized at the cell surface, single subunits were confined to the
endoplasmic reticulum (supplemental Fig. 4). In addition,
cell surface precipitation experiments indicated that single
GABA R subunits do not traffic to the cell surface in the
absence or presence of P2X,R (experiments not shown). This
indicates that only fully assembled GABA ,Rs seem to associate
with P2X,Rs and are co-transported to the cell surface.

To investigate a possible direct interaction of GABA ,Rs and
P2X,Rs, we performed FRET experiments on appropriately
transfected HEK cells. FRET images obtained were processed
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using pixFRET plugin of Image] to visualize the FRET signal in
pseudo-color (Fig. 2A4) (42, 43). Co-transfection of P2X,-ECFP
and P2X,-EYFP subunits generated homotrimeric P2X,Rs
where the donor (ECFP) and the acceptor (EYFP) are suffi-
ciently close to resulting in an intense FRET signal (50). Simi-
larly, an intense FRET signal was observed for the GABA ,-
ECFP/P2X,-EYFP pair, whereas a negligible signal was
observed when ECFP and EYFP were co-transfected without
being bound to receptor subunits (Fig. 24). Similar to previous
observations from confocal imaging, FRET between P2X,-
ECFP/P2X,-EYFP pair was not only observed at cell mem-
branes (identified by their intense signal at the border of the
cells) but also in intracellular regions (identified by a diffuse
signal distributed within the cell). The average FRET intensity
(*S.E.) measured for P2X,-ECFP/P2X,-EYFP pair in the cyto-
sol (130.9 = 5.1 arbitrary units, n = 48 cells) and at cell mem-
branes (131.6 £ 5.4 arbitrary units, n = 48 cells) was similar
(p = 09, t test). Similarly, FRET between donor protein,
GABA ,-ECFP, and acceptor P2X,-EYFP was observed at cell
membranes as well as in intracellular compartments. The FRET
intensities for GABA ,-ECFP/P2X,-EYFP receptors in the cyto-
sol (104.4 = 5.3 arbitrary units, n = 46 cells) and at the cell
surface (104.9 £ 4.2 arbitrary units, n = 46 cells) were compa-
rable (p = 0.9, t test) (Fig. 2B). The FRET intensity measured for
cells expressing ECFP/EYFP was negligible (data not shown,
Fig. 24).

To rule out that the similar FRET intensity values resulted
from averaging data from different cells, we performed cell-by-
cell FRET intensity analysis. This allowed us to calculate possi-
ble changes in FRET intensity between cytosol and membrane
receptors due to a change in distance between fluorophores
during co-trafficking. However, cell-by-cell intensity analysis
revealed no significant difference between intracellular and
membrane FRET for both P2X,-ECFP/P2X,-EYFP pair (p =
0.429, n = 38, paired t test) and GABA ,-ECFP/P2X,-EYFP pair
(p = 0.197, n = 38, paired ¢ test) (Fig. 2, C and D). Altogether,
these results suggest that GABA ,Rs associate with P2X,Rs
before reaching the cell surface, possibly in the endoplasmic
reticulum. Moreover, the comparable FRET intensity in the
cytosol and at the cell membrane suggests that there was no
significant change in the distance between the donor and
acceptor during trafficking from the cytosol to the cell
membrane.

Extrasynaptic Co-localization and Co-immunoprecipitation
of GABA ,Rs and P2X,Rs in Spinal Cord Neurons—P2X,Rs are
highly expressed in spinal cord either as homotrimeric P2X,Rs
or as heterotrimeric P2X, ;Rs. To study whether these recep-
tors interact with endogenous GABA , Rs, we performed immu-
nolabeling of receptors at the surface of spinal cord neurons.
Such neurons were cultured from mrfp-gephyrin knock-in
mice (36, 37) where the inhibitory synapses can be identified by
visualizing mrfp-gephyrin clusters. 10—11 DIV neurons were
stained using rabbit antibodies against the extracellular region
of P2X,Rs (supplemental Fig. 5) and mouse monoclonal anti-
B2/B3 subunit-specific antibodies to label the extracellular
domain of 32/83 subunits of GABA 4Rs. Immunostaining was
performed in the absence of detergent to label only surface
receptors. The images were acquired by a spinning disk confo-
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FIGURE 2. Intracellular and surface FRET between GABA ,Rs and P2X,Rs. HEK cells were co-transfected with P2X,-ECFP and P2X,-EYFP, pECFP and pEYFP,
or al-ECFP, B2, vy2, and P2X,-EYFP subunits. A, FRET images obtained are depicted in pseudo-color code. Results indicate a clear FRET signal between
P2X,-ECFP and P2X,-EYFP or GABA ,-ECFP and P2X,-EYFP subunits. Examples of region of interest (white) on cell surface to compute FRET are shown. ***, p <
0.05. B, average FRET intensity (*S.E.) for P2X,-ECFP/P2X,-EYFP receptors is not significantly different at the cell membrane and in the intracellular compart-
ment (ns, p = 0.922, n = 48 cells, t test). Similarly, a strong FRET signal was measured for GABA ,-ECFP/P2X,-EYFP receptors at the cell membrane and in the
intracellular compartment (ns, p = 0.992, n = 48 cells, t test). Cand D, cell-by-cell analysis indicated that the FRET intensity at the membrane of individual cells
and in their intracellular compartment did not vary significantly for cells transfected with P2X,-ECFP/P2X,-EYFP receptors (ns, p = 0.429, n = 38 cells, paired t
test) and GABA ,-ECFP/P2X,-EYFP receptors (ns, p = 0.197, n = 38 cells, paired t test).

cal microscope using a X63 magnification objective. Cells
showing good fluorescence signal for both P2X,Rs and
GABA ,Rs were imaged, and acquisition conditions were kept
constant during the experiment. P2X,Rs show a clear labeling
over the surface of the cell body as well as over dendrites. In
contrast, GABA ,Rs are highly enriched in dendrites and much
less over the cell body. Merged images demonstrate that indeed
the two receptors co-localize with each other as indicated by
the tightly associated red and green dots shown in Fig. 34, top
panel. Quantitative analysis (=S.E.) shows that 7.1 = 0.5% of
B2/B3 subunit containing GABA,R clusters co-localize with
P2X,R clusters, whereas 20.6 * 0.9% of P2X,R clusters overlap
with GABA 4R clusters (n = 55 cells, four independent experi-
ments from four different cultures). Multidimensional image
analysis images (see under “Experimental Procedures”) for a
section of dendrite is shown for P2X,Rs, GABA ,Rs, and over-
laid channels (Fig. 3A, bottom panel). The mrfp-gephyrin
(shown in Fig. 3, B-D, blue) images were also acquired simul-
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taneously along with the two receptors. Quantitative analysis of
the merged images for gephyrin/P2X, (Fig. 3B), gephyrin/
GABA , (Fig. 3C), and gephyrin/P2X,/GABA , (Fig. 3D) dem-
onstrate that only 3.4 = 0.3% (=S.E.) of P2X,Rs exist at inhib-
itory synapses (n = 40 cells, four independent experiments
from four different cultures). Altogether, we demonstrate co-
existence of GABA ,R/P2X,R clusters in cultured spinal cord
neurons. Furthermore, as P2X,Rs are very rare at inhibitory
synapses, we conclude that GABA ,Rs and P2X,Rs co-localize
mainly at extrasynaptic localizations.

In the experiments of Fig. 3, GABA, receptors were not
extensively co-localized with gephyrin. To further investigate
this low co-localization, we performed double labeling of spinal
cord neurons from mrfp-gephyrin knock-in mice with
GABA ,Rs and GlyRs (supplemental Fig. 6). In agreement with
previous reports (7, 51), results indicate that the majority of
inhibitory post-synaptic gephyrin clusters in spinal cord neu-
rons are associated with GlyRs and not with GABA ,R. A large
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(see “Experimental Procedures”). Two representative co-localized clusters depict GABA ,Rs and P2X,Rs that co-localize at synaptic (/ine arrow) and extrasynaptic
(block arrow) locations. B-D, overlaid images for P2X,Rs and gephyrin, GABA,Rs and gephyrin, and all three channels. Line arrow represents all three proteins
co-localized, and other arrows depict co-localization of only two proteins. Scale bar, 10 wm. E, co-immunoprecipitation (/P) of P2X,Rs along with GABA ,Rs from
spinal cord protein extract. Spinal cord extract was subjected to precipitation using a mixture of rabbit anti-a1, anti-B2, and anti-y2 antibodies followed by
precipitation of the antibody-bound receptors using Pansorbin cells (4th lane). For negative control, only Pansorbin cells but no primary antibodies were used
(3rd lane). P2X,Rs were detected using digoxygenized rabbit anti-P2X,R (P2X,-Dig) antibodies. Dioxygenation drastically reduced the affinity of the rabbit

P2X,R-antibodies, explaining the weak signal of these receptors on co-precipitation with GABA, receptors (4th lane) as well as in total extract (2nd lane).

fraction of GABA Rs was localized extrasynaptically, where
they are partially co-localized with P2X,Rs.

To additionally confirm that GABA ,Rs and P2X,Rs interact
in vivo, we performed co-immunoprecipitation experiments of
the two receptors from spinal cord tissue (Fig. 3E). For that, we
immunoprecipitated spinal cord extracts with a combination of
rabbit antibodies directed against the a1, 82, and y2 subunits to
pull down the majority of GABA ,Rs containing these subunits.
The antibodies used had been demonstrated previously to not
directly precipitate P2X,Rs (see also Fig. 1). Co-precipitation of
P2X,Rs was then demonstrated in Western blots using digoxi-
genin-labeled P2X,R antibodies (Fig. 3E, 4th lane). The protein
band labeled was identical in molecular mass to that of P2X,R
identified by these antibodies in brain extracts (Fig. 3E, 2nd
lane). The results of the 4th lane in Fig. 3E were not due to
unspecific adsorption to the Pansorbin used in these immuno-
precipitation experiments, because no protein band was de-
tected in the absence of the GABA 4 R subunit antibodies during
immunoprecipitation experiments (3rd lane). Because of the
poor precipitation capability of our P2X,Rs antibodies, we
could not perform the reverse co-precipitation.

Modulation of GABA 4R and P2X ,R Distribution by Puriner-
gic Drugs in Spinal Cord Neurons—W e were interested to see if
activation or deactivation of P2X,Rs has any effect on the
strength of this association. 10—11 DIV spinal cord neurons
were first incubated with the P2XR agonist 2MeS-ATP, or the
antagonist TNP-ATP, for 2 h followed by immunostaining. A
section of dendrites stained for GABA ,Rs 32/33 subunit (red)
and P2X,Rs (green) is shown for all conditions (Fig. 44). 2MeS-
ATP treatment had no visible effect on GABA 4R fluorescence
intensity, but at the same time P2X,R clusters showed
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increased fluorescence intensity (Fig. 44, 2nd row). Quantita-
tive analysis indicated no significant change in the intensity
of both synaptic and extrasynaptic GABA ,Rs but a signifi-
cant up-regulation of the fluorescence intensity of total
P2X,Rs (Fig. 4B).

However, the competitive P2XR antagonist TNP-ATP
strongly elevated the fluorescence signal for both GABA  Rs
and P2X,Rs (Fig. 44, 3rd row). Quantitative analysis of fluores-
cence intensity of GABA,R and P2X,R clusters shows that
TNP-ATP treatment significantly enhanced the fluorescence
intensity of both receptors (Fig. 4B). Even though pharmaco-
logical modulation resulted in re-distribution of GABA ,Rs and
P2X,Rs, we observed no significant change in the percentage of
co-localized receptor clusters (data not shown). Together,
these results suggest that purinergic receptors can directly
modulate the distribution of not only P2X,Rs but also of
GABA ,Rs.

Regulation of GABA 4R Diffusion Dynamics by Drugs Acting
on Purinergic Receptors—We performed single particle track-
ing using the quantum dot technique to evaluate the effects of
P2XR agonists or antagonists on the lateral diffusion of
GABA ,Rs. The experiments were performed on spinal cord
neurons from mrfp-gephyrin knock-in mice allowing the direct
visualization of inhibitory synapses. The drugs were added to
the imaging medium after labeling the receptors with quantum
dots (GABA ,R-QD). The effect of drugs on receptor diffusion
could be evaluated from the area explored by GABA ,R-QD
trajectories. The activation of P2XRs by 2MeS-ATP (100 um)
increased, whereas the antagonist TNP-ATP (100 um)
decreased the surface explored by GABA ,Rs (Fig. 54 and sup-
plemental movie 1). The cumulative frequency distribution of

VOLUME 286+NUMBER 16+ APRIL 22,2011


http://www.jbc.org/cgi/content/full/M110.165282/DC1
http://www.jbc.org/cgi/content/full/M110.165282/DC1

GABA,R

P2X,R

&

GABA , and P2X, Receptor Interaction

OVERLAY

[
€
o
O
a
<
0
[}
=
N
o
<
o
Z
= .
A
1.25
;:\ 1.00
)
~ 0.75
=
2 0.50
L
é 0.25
0.00
S KR K QEENIRN
S T
(§® &é q/@@ «é
Total Synaptic
B GABA,R GABA,R

> R K > R K
SR S5
& S &
& < Dl
Extrasynaptic Total
GABA,R P2X,R

FIGURE 4. Regulation of GABA, and P2X,Rs immunoreactivity by purinergic drugs. Spinal cord neurons (10-11 DIV) were treated for 2 h with 2MeS-ATP
(100 wm) or TNP-ATP (100 um) and stained for GABALRs (82/B3 subunit, red, cy5) and P2X,Rs (green, FITC). Inhibitory synapses were identified based on
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(***, p < 0.0001); TNP-ATP, 1.24 = 0.05, n = 31 (***, p < 0.0001). Scale bar, 10 um.

diffusion coefficient (D) for extrasynaptic (p < 0.05) and syn-
aptic (not significant) receptors (Fig. 5B) indicated an overall
but weak increase in the diffusion rate in the presence of the
P2XR agonist 2MeS-ATP. In contrast, the antagonist strongly
reduced the diffusion of both synaptic (***, p < 0.001) and
extrasynaptic (***, p < 0.001) GABA ,R-QD (Fig. 5B, green).
Synaptic and extrasynaptic trajectories of GABA, Rs were
further analyzed using the MSD plotted as a function of time
(Fig. 5C). The negative bent of the MSD curve indicates the
level of confinement of receptors in a given subdomain (11, 52).
2MeS-ATP treatment slightly increased the slope of the aver-
age MSD for both synaptic and extrasynaptic receptors (Fig. 5C,
red). On the other hand, TNP-ATP decreased the average slope
of the MSD for synaptic receptors, and this effect was even
more dramatic for extrasynaptic GABA,Rs (Fig. 5C, green).
These changes in the GABA ,R QDs MSD curves are consistent
with the modulations observed for the diffusion coefficients
(Fig. 5B). The size of the microdomains in which receptors are
confined can be calculated from the MSD curves (see under
“Experimental Procedures”) (11,49). At synapses, the size of the
GABA R confinement domain was not modified by drug treat-
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ment (control: 0.18 = 0.02 um, # = 93; 2MeS-ATP: 0.19 *+ 0.02
pm, 7 = 111; TNP-ATP: 0.16 = 0.02 um, n = 69) (Fig. 5D,
black). At extrasynaptic locations, agonist treatment had no
effect on the confinement domain, but it is significantly
reduced by the antagonist indicating that the receptors were
more confined (control: 0.26 = 0.01 wm, n = 545; 2MeS-ATP:
0.29 £ 0.01 wm, n = 615; TNP-ATP: 0.12 + 0.01 wm, n = 718)
(Fig. 5D, gray). These observations are in line with the modifi-
cation of the shape of the MSD plots (Fig. 5C). The reduction in
the size of the confinement domain suggested that some extra-
synaptic receptors may be stabilized in the presence of TNP-
ATP. This can also be estimated by the proportion of immobile
(D <10~* um?/s) receptors. As expected, only TNP-ATP treat-
ment increased the number of immobile extrasynaptic recep-
tors, which almost doubled (Fig. 5E, gray).

Modulation of P2X,R Diffusion Properties by Purinergic
Drugs—We then explored how the membrane dynamics of
P2X,Rs itself could be modulated by purinergic drugs. SPT
experiments were performed using P2X,-FLAG-EGFP recep-
tor transfected in spinal cord neurons (see under “Experimental
Procedures”). P2X,R-QDs were only rarely observed at gephy-
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FIGURE 5. Modulation of GABA ,R membrane dynamics by purinergic drugs. The y2 subunit of GABA,Rs was labeled with QD in spinal cord neurons (DIV
11-12) from mrfp-gephyrin mice. A, examples of surface exploration by GABA,R-QDs (green) for 38.4 s in the presence of 2MeS-ATP (100 um) and TNP-ATP (100
um). mrfp-gephyrin (red clusters) represents inhibitory synapses. Notably, GABA ,R-QDs explored a larger surface area in the presence of agonist, although their
surface exploration is greatly diminished in the presence of antagonist (supplemental movie 1). B, cumulative frequency distribution of diffusion coefficient D
for GABA,R-QD trajectories in the synapse (control, n = 293; 2MeS-ATP, n = 279; TNP-ATP, n = 150) and outside the synapse (control, n = 858; 2MeS-ATP, n =
1016; TNP-ATP, n = 1206). Agonist accelerated extrasynaptic receptors, although antagonist slowed down both synaptic and extrasynaptic receptors. Values
are from four independent experiments from four different cultures (¥, p < 0.05; ***, p < 0.005; Kolmogorov-Smirnov test). C, average (£S.E.) MSD over time for
GABA ,R-QDs at synaptic and extrasynaptic sites. D, average confinement size (uwm) of synaptic and extrasynaptic GABA ,R-QDs indicates that TNP-ATP-treated
extrasynaptic receptors were more confined in a microdomain. £, percentage of immobile (D <10~* um?/s) synaptic and extrasynaptic receptors. The number
of immobile (=S.E.) synaptic receptors was 8.3 = 3.4% for control (n = 134), 9.4 = 3.8% for 2MeS-ATP (n = 139), and 5.2 = 2.7% for TNP-ATP (n = 97)-treated
cells, and extrasynaptic receptors was 11.8 == 0.9% for control (n = 858), 11.7 = 1.9% for 2MeS-ATP (n = 1016),and 18.1 £ 1.9% for TNP-ATP (n = 1377)-treated
cells. Note that the agonist had no distinct effect on the proportion of immobile GABA,R-QDs, whereas the antagonist significantly increased the number of

immobile extrasynaptic GABA,R-QDs. (***, p < 0.001, t test.) Scale bar, 5 um.

rin-positive synapses (data not shown); this is why we have ana-
lyzed the global pool of P2X,Rs on the neuronal membrane
independent of inhibitory synaptic localization. The surface
explored by QDs over the acquisition period emphasizes the
effects of the drug on lateral diffusion (Fig. 6A and supplemen-
tal movie 2) and showed that the overall explored surface area
was reduced with both the agonist and the antagonist (Fig. 6A).
The distribution of diffusion coefficient, D, was not signifi-
cantly different between the 2MeS-ATP and the control exper-
iments (not significant, p = 0.226, n = 495 for control and n =
481 for 2MeS-ATP, Kolmogorov-Smirnov test) (Fig. 6B, blue
and red). However, as indicated by the MSD plot, the confine-
ment of P2X,R-QDs increased in the presence of 2MeS-ATP
compared with the control (Fig. 6C, blue and red). The antago-
nist treatment lowered the diffusion of P2X,R-QDs (***, p <
0.005, n = 495 for control and n = 475 for TNP-ATP) (Fig. 6B,
blue and green) and also increased the confinement (Fig. 6C,
blue and green). Thus, the mechanisms leading to reduced dif-
fusion of P2X,Rs in the presence of 2MeS-ATP or TNP-ATP
are different (53). In both cases there is an increase in confine-
ment, but the decrease in diffusion coefficient was observed only
for the latter. In the case of 2MeS-ATP, this indicates that the
diffusion rate was not affected by the binding of agonist but that
the surface area in which diffusion take place was reduced. This is
in favor of multiple binding events of short dwell time with unbi-
ased diffusion between them. In the case of TNP-ATP, the antag-
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onist rather led to long binding events that reduced the overall
lateral diffusion and increased the confinement.

Calcium-dependent and an Apparently Calcium-indepen-
dent Regulation of GABA,R Dynamics by P2X,Rs—In the
hippocampus, GABA R diffusion dynamics is known to be
regulated by Ca®" influx through N-methyl-p-aspartic acid
receptors (11). To investigate whether in spinal cord neurons
P2XR-mediated Ca®* influx can regulate GABA R diffusion
dynamics, we performed SPT experiments in the absence or
presence of the Ca®>"* chelator EGTA (0.5 mm). The increased
mobility of GABA 4R induced by 2MeS-ATP (Fig. 5) could be
reduced in the presence of EGTA (Fig. 7), indicating that this
effect is Ca®>" -dependent. In the absence of 2MeS-ATP, EGTA
even further reduced the mobility of GABA ,Rs, possibly dem-
onstrating an additional Ca®*-independent effect of this com-
pound on GABA ,Rs. We cannot exclude, however, that this
additional Ca®*-independent effect was also caused by a
P2X,R-mediated influx of Ca’>* that was not chelated by
EGTA.

Modulation of GABA 4R and P2X ,R Interaction by Purinergic
Drugs—SPT experiments suggested that an agonist of P2X,Rs
increased but an antagonist decreased the mobility of extrasyn-
aptic GABA ,Rs at the cell surface. To further study this effect,
we investigated whether the pharmacological regulation of
P2X,Rs by purinergic drugs alters the amount of associated
GABA ,Rs at the surface of HEK cells. Cell surface co-immuno-
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FIGURE 6. Regulation of P2X,R diffusion dynamics by purinergic drugs. Spinal cord neurons (DIV 9) were transfected with P2X,-FLAG-EGFP receptors
having the FLAG tag in the extracellular region and EGFP at the C terminus. EGFP was used to identify transfected cells, and single particle QD tracking of P2X,Rs
was performed by labeling the FLAG tag of the receptor. A, examples of surface explored by P2X,R-QDs (red) over transfected cell (green) for different
conditions (supplemental movie 2). B, cumulative frequency distribution of diffusion for P2X,R-QDs trajectories shows no significant change in receptor
diffusion on agonist treatment, whereas antagonist treatment significantly slowed down the receptors (***, p < 0.001, Kolmogorov-Smirnov test). C, average
MSD plot for trajectories of P2X,R-QDs shows that 2MeS-ATP as well TNP-ATP increased the confinement of the P2X,Rs. These are typical results from three

independent experiments.
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FIGURE 7. Role of Ca™ in regulation of GABA,R dynamics. The y2 subunit
of GABA,Rs was labeled with QD in spinal cord neurons (DIV 11-12) from
mrfp-gephyrin mice. Cumulative frequency distribution of diffusion coeffi-
cient D for GABA,R-QD trajectories are shown independent of localization
(2MeS-ATP, n = 126; EGTA, n = 119; 2MeS-ATP + EGTA, n = 123). ***, p <
0.005; Kolmogorov-Smirnov test.

precipitation was performed as described in Fig. 1. Cells
expressing GABA 4R a1, 2, and y2 subunits as well as P2X,-
EYFP subunits were incubated with either 2MeS-ATP (30 um)
or TNP-ATP (10 um) for 1 h. Surface GABA ,Rs were immu-
nolabeled by a1 subunit-specific antibodies followed by extrac-
tion and precipitation of antibody-labeled receptors by adding
Pansorbin cells. The remaining intracellular GABA ,Rs were
subsequently precipitated by incubating with a1 subunit-spe-
cific antibodies. Changes in surface expression were then mea-
sured by Western blotting. 2MeS-ATP treatment reduced the
level of surface GABA ,Rs by 17% (control: 100 * 0.3; 2MeS-
ATP: 83.0 £ 14.6; mean = S.E., not significant, Student’s ¢ test,
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n = 3), but due to experimental variability, presumably caused
by various amounts of endogenous ATP present in the culture,
these changes were not significant. At the same time, we
observed increased degradation of intracellular receptors (Fig.
8, Ist and 2nd lanes). The co-associated P2X,Rs were detected
using digoxigenin-labeled anti-EGFP antibodies. Similar to
previous observation (Fig. 1B, 2nd lane), we observed a very
weak association of P2X,Rs with GABA ,Rs for control and
2MeS-ATP-treated cells. (Fig. 8, 1st and 2nd lanes). TNP-ATP
treatment had no effect on the surface level of GABA ,Rs (con-
trol: 100 = 0.3; TNP-ATP: 110.9 * 23.6; not significant, ¢ test,
n = 3) but up-regulated the associated P2X,Rs by 100% (Fig. 8,
Ist and 3rd lanes (control: 100 * 0.3; TNP-ATP: 199.6 + 36.7,
p <0.05, ttest, n = 3). These data seem to indicate that agonist
binding on P2X,Rs shows a tendency to reduce the surface
expression of GABA ,Rs and targets it for degradation, whereas
antagonist binding highly stabilizes the interaction, probably by
preventing the action of ATP present in the culture medium.

DISCUSSION

Intracellular Association and Co-trafficking of GABA 4,Rs and
P2X,Rs Ensures Specific Targeting of P2X ,Rs—Several lines of
evidence indicate that GABA ,Rs and P2X,Rs directly associate
with each other intracellularly. First, both receptors could be
co-immunoprecipitated from the cell surface or from a total
extract of appropriately transfected HEK cells, using antibodies
directed against either one of these receptors (Fig. 1). Second,
both receptors are co-localized in membranes and the cyto-
plasm of HEK cells co-transfected with ECFP-tagged GABA ,Rs
and EYFP-tagged P2X,Rs as demonstrated by confocal micros-
copy (supplemental Fig. 4). Third, FRET experiments per-
formed in these cells resulted in a similar FRET signal in the
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FIGURE 8. Modulation of direct association of GABA,Rs and P2X,Rs by
purinergic drugs. HEK cells were co-transfected with GABA,R a1, B2, and y2
subunits and EYFP-tagged P2X,R subunits. 48 h after transfection, cells were
treated with either 2MeS-ATP (30 um) or TNP-ATP (10 um) for 1 h followed by
surface precipitation of GABA 4R using a1 subunit-specific antibodies. Precip-
itated GABA,Rs were detected using digoxigenin (Dig)-labeled a1 antibod-
ies, and co-precipitated P2X,Rs were detected using digoxigenin-labeled
EGFP antibodies. 2MeS-ATP, but not TNP-ATP treatment, showed a tendency
to decrease the surface level of GABA,Rs. Although we detected very weak
association of P2X,Rs with GABA ,Rs for control and agonist-treated cells, we
observed a very strong association when the cells were treated with TNP-ATP.

cytosol and at the membrane, suggesting that the same type of
association of the GABA ,-P2X,R complex is observed in these
compartments (Fig. 2). Fourth, transfecting HEK cells with
P2X,Rs and a trafficking-deficient GABA , R mutant resulted in
91% reduction of GABA ,Rs and a 21% reduction of P2X,Rs at
the cell surface, providing direct evidence for co-trafficking of
these receptors (Fig. 1B).

Interestingly, co-expression of P2X,Rs resulted in an up-reg-
ulation in the expression of GABA ,Rs in HEK cells (Fig. 1A4),
whereas the number of P2X,Rs expressed was not significantly
influenced by the co-expression of GABA ,Rs. This seems to
indicate that P2X,Rs might have a stabilizing or chaperone
function on a GABA 4R subpopulation, preventing them from
degradation. Such an intracellular function of P2X,Rs is sup-
ported by the fact that these receptors are highly enriched in the
cytoplasm of the cell body of spinal cord neurons (data not
shown). Once associated, the complex is then co-trafficked to
the cell surface where it is predominantly co-localized extrasyn-
aptically (Fig. 3). Previously, it was demonstrated that co-ex-
pression of P2X,Rs resulted in distal targeting of GABA and
GABA Rs (22, 54). Together with our results, this indicates
that GABA ,Rs stabilized by P2X,, receptors help to traffic these
receptors to specific localizations at the cell surface.
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Purinergic Transmission Decreases GABAergic Inhibition in
Spinal Cord Neurons—It is possible that associated GABA ,Rs
and P2X,Rs become enriched at inhibitory synapses. Actually,
however, we observed only a very small fraction of co-localized
receptors at inhibitory synapses (Fig. 3). This is consistent with
previous studies indicating that P2X,Rs are mainly enriched at
glutamatergic synapses in the brain (55, 56). These observations
indicate that the two associated receptors either function at
extrasynaptic regions or they dissociate and subsequently
exhibit functions independent from each other. In fact, several
lines of evidence indicate that upon activation of P2X,Rs by an
agonist the co-associated GABA ,Rs dissociate and are inter-
nalized and degraded, whereas P2X,Rs are stabilized. First,
application of the P2X,R agonist 2MeS-ATP increased the
mobility of extrasynaptically located GABA ,Rs (Fig. 5) but did
not change the mobility of P2X,Rs and instead increased their
confinement (Fig. 6) and cluster size (Fig. 4). This is consistent
with a previous study where it was reported that ATP treatment
resulted in hot spots of P2X,-GFP receptors (57). Second,
immunoprecipitation of receptors at the surface and intracel-
lular compartments of HEK cells co-transfected with GABA ,
and P2X,Rs indicated that incubation with 2MeS-ATP reduced
the number of GABA ,Rs at the cell surface and increased the
formation of GABA R degradation products in the cytosol (Fig.
8). The amount of P2X,Rs was not changed under these condi-
tions (Fig. 8), indicating that the increased clustering of these
receptors (Fig. 4) on 2MeS-ATP treatment was not caused by
newly incorporated receptors but by an increased confinement
(Fig. 6) of freely diffusing P2X,Rs at pre-existing P2X,R clus-
ters. Third, co-transfection of HEK cells with GABA ,Rs and
P2X,Rs increased the expression of GABA ,Rs in intracellular
compartments but caused a reduction of GABA ,Rs at the cell
surface (Fig. 1). Because there was no change in the number of
P2X,Rs in intracellular compartments and at the cell surface
under these conditions, the increased amount of GABA ,Rs in
the intracellular compartments did not result in an increase of
P2X,R incorporation into the cell membrane. The reduced
number of GABA ,Rs at the cell membrane then probably was
caused by a dissociation of GABA,Rs from the associated
P2X,Rs mediated by endogenous ATP present in the cell cul-
ture medium, followed by their internalization and degrada-
tion. In a similar line, TNP-ATP-induced increase in clustering
of GABA, receptors can be explained by a blockade of the
actions of ATP endogenously present in the cultures and by
trapping of nonclustered and freely diffusing receptor pairs by
the available clusters.

Dissociation of GABA ,Rs from associated P2X,Rs can either
be elicited by an ATP-induced conformational change in
P2X,Rs or by the subsequent P2X,R-mediated Ca®" influx into
the cell. SPT experiments indicated that the effects of 2MeS-
ATP on GABA ,R mobility were drastically reduced in presence
of the Ca®" -chelator EGTA, suggesting a Ca”"-dependent reg-
ulation of GABA R dynamics (Fig. 7). In addition, GABA,R
mobility was even further reduced by EGTA when no 2MeS-
ATP was present, possibly indicating an additional Ca**-inde-
pendent regulation of GABA ,R dynamics. We cannot exclude,
however, that this effect was at least partially due to P2XR-
mediated influx of Ca>" that was not chelated by EGTA. Inter-
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estingly, an N-methyl-p-aspartic acid receptor-induced Ca>"
influx was not sufficient to increase GABA 4R dynamics in spi-
nal cord neurons (7). This discrepancy might be explained by
the apparently Ca”>"-independent effect of 2MeS-ATP on
GABA ,R dynamics and/or by the tight association of GABA ,R
and P2X,Rs. Agonist-induced Ca®>" influx might drastically
enhance the local Ca®>" concentration in the immediate sur-
roundings of the intracellular domains of the associated recep-
tors, thus allowing their dissociation that would not be possible
when Ca”" influx occurs via opening of more distant channels.

Rapid dissociation and internalization of GABA,Rs of
course could be one of the mechanisms playing a role in the
cross-talk of GABA , and P2X,Rs. But this for certain is not the
only mechanism involved, and it has to be emphasized that
the present results describe the effects of 2MeS-ATP on
GABA , and P2X,R distribution in neurons or HEK cells after
2 h of treatment with high drug concentrations. In addition, the
single particle tracking experiments were also performed over a
time period of 5-20 min during drug application. These data
therefore describe long term effects of drugs and cannot neces-
sarily provide explanations for a possible mechanism of the
cross-talk between GABA , and P2X,Rs as determined by elec-
trophysiological measurements.

As members from the P2XR family have been demonstrated
to show cross-talk with not only GABA ,Rs (20, 22, 23, 58) but
also with several other members of Cys loop receptors, which
includes 5-hydroxytryptamine/serotonin type 3 receptors (59,
60), GABA receptors (54), and nicotinic acetylcholine recep-
tors (61, 62), association of P2X,Rs with other receptors and
co-trafficking to specific locations at the cell surface in fact may
be a general phenomenon. Indeed, such Cys loop receptor-me-
diated recruitment to the cell surface is possibly not restricted
to P2X,Rs as several other members of P2XR family are now
known to interact with GABA,Rs (P2X,, P2X,, and P2X,,
experiments not shown; P2X; (20, 58)) and nicotinic receptors
(P2X,, P2X,, and P2X, (61)). Such a receptor-mediated target-
ing of P2XRs might be important due to the lack of specifically
defined synapses for these receptors. In any case, in the absence
of P2X,R-selective drugs, we cannot exclude that part of the
agonist- or antagonist-induced changes observed were elicited
via other P2XR subtypes present in the spinal cord.

Blocking P2XRs as a Dual Therapeutic Strategy for Spinal
Pain Processing—Inflammatory diseases and neuropathic
injury are frequently accompanied by severe and debilitating
pain. Loss of synaptic inhibition by GABAergic and glycinergic
spinal dorsal horn neurons has been proposed as one of the key
pathways in propagation of nociceptive and neuropathic infor-
mation (63—65). A key molecule involved in spinal pain pro-
cessing is ATP. It was established previously that exogenously
applied ATP can induce pain sensation (66, 67) by activating
P2XRs in lamina II of spinal cord (68 —70). Our study demon-
strates that the two pathways mediated by P2X and GABA ,Rs
overlap, and a fine balance between the two systems is essential
to maintain homeostasis. Excess ATP released in diseased
states will not only activate P2XR but also result in a dissocia-
tion, internalization, and degradation of P2XR-associated sur-
face GABARs, thus further strengthening P2XR activity by
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spinal dis-inhibition. Future experiments with spinal cord slices
will have to strengthen this hypothesis.

The present finding that treatment with the competitive
P2XR antagonist, TNP-ATP (71), resulted in increased cluster-
ing and slowing down of both GABA,Rs and P2X,Rs (Figs.
4 -6) suggests a dual mechanism of action as follows: blockade
of the excitatory actions of P2XRs and strengthening of
GABAergic inhibition by preventing degradation (Fig. 8). In
fact, TNP-ATP has been shown to suppress the ATP-induced
effect in acute inflammatory or visceral pain following injury
(72, 73). The short half-life of TNP-ATP, however, does not
make it suitable for therapeutic studies (74). P2X,R antagonists
exhibiting a longer half-life, however, might be useful candi-
dates for preventing spinal excitation as well as GABAergic
disinhibition.
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