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Reciprocal functional inhibition between P2X and GABA,c receptors represents a novel mechanism fine-
tuning neuronal excitability. However, the participating receptors and underlying mechanisms are not
fully understood. P2X, receptor is widely found in neurons that express GABAc p1 receptor. Thus, we

co-expressed P2X, and p1l receptors in HEK293 cells and, using patch-clamp recording, examined
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whether they have mutual functional inhibition. Currents evoked by simultaneous application of ATP
and GABA (Iatp+caa) Were significantly smaller compared to the addition of Iarp and Igapa. Furthermore,
Iatp Were strongly suppressed during p1 receptor activation. Similarly, Icaga Were greatly attenuated dur-
ing P2X, receptor activation. Such mutual inhibition was absent in cells only expressing P2X, or p1
receptor. Taken together, these functional data support negative cross-talk between P2X, and p1

© 2008 Elsevier Inc. All rights reserved.

Neurotransmitters ATP and GABA contribute to fast cell-to-cell
communication in the nervous system by activating their ionotropic
receptors, P2X and GABA,c, respectively [1-5]. P2X receptors are
cationic channels assembled as homo/hetero-trimers from seven
P2X subunits (P2X;-P2X7). Each subunit comprises intracellular N-
and C-termini, two transmembrane domains and a large extracellu-
lar loop (Fig. 1A). Activation of P2X receptors results in membrane
depolarization and/or elevation in intracellular Ca%* concentration.
On the other hand, GABAx/c receptors are homo/hetero-pentamers
with each subunit composed of extracellular N- and C-termini and
four transmembrane domains (Fig. 1B). GABAxc receptors function
as ClI~ channels and activation mainly leads to membrane hyperpo-
larization. The GABA¢ subtype receptors form from three subunits
(p1-p3). Therefore, P2X and GABA, c receptors fundamentally differ
in both structure and function, and therefore were long considered
to operate independently.

However, a recurring theme in recent years is that P2X receptors
interact with distinctive ionotropic neurotransmitter receptors,
including GABA4 receptors [6-8], nACh receptors [9-13], serotonin
receptors [14,15]. P2X, receptor is widely expressed throughout
the nervous system [16-22], including neurons or regions that also
express p1 GABA( receptor, such as bipolar cells of retina [23-29],
neurons of spinal cord [30,31], neurons of pyramidal and granule
layer of hippocampus [32-34], superficial gray layer of superior col-
liculus [27,35] and dorsal lateral geniculate nucleus [27,36-38]. Co-
existence of neuronal P2X, and p1 receptors raises an interesting
question of whether they talk to each other. However, expression
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of multiple P2X and GABA( receptors and current lack of means to
separate them render intriguingly difficult to address such a ques-
tion. Studies of molecularly defined receptors in heterologous cells
have been proved useful in dissecting the interacting receptors and
underlying mechanisms. Thus, previous studies show that P2X,
receptor can interact with GABA¢ p1 receptor and GABA, receptors
containing several types of o and B subunits [39,40], nACh a3p4
and a4B2 receptors [13,41], and 5-HT34 receptor [15]. Arecent study
has demonstrated that P2X; and P2X,3 receptors interact with GA-
BA4 023 receptor [8]. In the present study, we co-expressed P2X,
and GABA p1 receptors in HEK293 cells and, using patch clamp
recording, investigated whether they communicate with each other.
Our data provide functional evidence suggesting an inhibitory inter-
action between P2X, and p1 receptors.

Materials and methods

Molecular and cell biology. Clones encoding rat P2X,, P2X,4, and
P2X;s subunits with a C-terminal EE epitope and rat p1l subunit
with a Myc or FLAG epitope were used. HEK293 cell culture and
transfection with plasmids were described previously [42].

Patch clamp recordings. Whole cell current recordings were per-
formed using an Axopatch 200B amplifier or an EPC-10 HEKA ampli-
fier at a holding potential of —60 mV. Patch pipette was fabricated
from borosilicate glass capillaries. Series resistance (2-15MQ)
was compensated (60-70%) [43]. Extracellular solution contained
(inmM) 147 NacCl, 2 KCI, 1 MgCl,, 2 CaCl,, 10 HEPES, and 13 glucose.
Intracellular solution contained (in mM) 145 NacCl, 10 EDTA and 10
HEPES. Both solutions were maintained pH7.3 and 300-
315 mOsm/l. Agonists were applied with 2-4 min intervals via a
RSC160 system (Bio-Logic Science Instruments). Agonist concentra-
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Fig. 1. Characterization of P2X and p1 receptors. (A,B) Schematics illustrating P2X subunit (A) or GABAc p subunit (B). (C) Images showing immunostaining in cells expressing
the indicated receptors. (D,E) Representative currents evoked by ATP or GABA, and ATP concentration-current curves for P2X, alone (n = 6) or P2X4 and p1 (n=6) (D), and

GABA concentration-current curves for p1 alone (n=13) or P2X4 and p1 (n=5) (E).

tion-current curves were fit to the Hill equation: I/l ,x =100/
(1 +(ECso/[A])"), where I represents currents expressed as percent-
age of the maximal currents, n is the Hill coefficient, and ECsq is
the agonist concentration evoking 50% of the maximal current.
ECso and n values were obtained by fitting the data from individual
cells. All the figures, where appropriate, show mean + SEM values
and curves fitted to the pooled data. Statistical analysis was per-
formed using Student’s t-test.

Immunocytochemistry. Transfected cells were stained as detailed
previously [42] using primary mouse anti-EE antibody (1:1000;
BAbCo), anti-cMyc (1:1000; Santa Cruz) or anti-FLAG antibody
(1:1000; Sigma), and secondary rabbit fluorescein isothiocyanate-
conjugated anti-mouse IgG antibody (1:200; Sigma) or goat Cy3
anti-mouse IgG antibody (1:1000; Stratech Scientific).

Co-immunoprecipitation and Western blotting. These experiments
were performed as described previously [44]. In brief, transfected
cells were lysed in 200 pl lysis buffer (50 mM Tris-HCl pH8.0,
150 mM NaCl, 2 mM EGTA, 1% Triton X-100, and 5% glycerol, supple-
mented with a cocktail of protease inhibitors (Roche)). Cell lysate
was mixed with 20 pl pre-equilibrated Ezview red anti-FLAG M2
affinity beads (Sigma), and agitated at 4 °C for 2 h. Proteins were re-
solved on 10% SDS-PAGE gels and transferred to nitrocellular mem-
branes. After blocked with 5% non-fat milk in TBST solution (10 mM
Tris—-HCI pH 8.0, 150 mM Nacl, and 0.05% Tween 20), membranes
were incubated for 1h with primary rabbit anti-EE antibody

(1:2000; Bethyl) and then incubated for 50 min with horseradish
peroxidase-conjugated goat anti-rabbit IgG antibody (1:2000; Santa
Cruz).Proteins were visualized using supersignal west pico chemilu-
minescent substrates according to the manufacturer’s protocol
(Pierce) and captured on Kodak X-ray films.

Results
Characterization of expression and properties of P2X and p1 receptors

We first examined by immunocytochemistry protein expression
in cells expressing individual receptors. Cells expressing EE-tagged
P2X,, P2X,4 or P2Xg receptors were strongly labelled using anti-EE
antibody. Similarly, cells expressing Myc-tagged p1 receptor were
stained using anti-Myc antibody (Fig. 1C). The immunoreactivity
was predominately localized to the plasma membrane. No immu-
nostaining was observed in non-transfected cells (data not shown).
Next, we measured, using patch-clamp recording, agonist-evoked
currents in those cells. ATP evoked strong currents in cells express-
ing P2X; or P2X, receptor (Fig. 1D) in a concentration-dependent
manner, but no current in cells expressing P2Xg receptor (n =10).
The ATP ECs values were 7.2 and 2.4 uM for P2X; and P2X, recep-
tors, respectively (Table 1). None of these cells responded to GABA.
Conversely, GABA but not ATP elicited currents in cells expressing
p1 receptor (Fig. 1E). The GABA ECsq value is 2.8 uM (Table 1). P2X,4
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Table 1
Summary of agonist sensitivity of P2X and p1 receptors

Receptors ATP ECsp; n (No. of cells) GABA ECsp; n (No. of cells)
P2X, 7.2+0.6 uM; 1.8 +0.3 (3)

P2X4 24+03uM; 1.6 £ 04 (6)

pl 2.8+0.3 uM; 3.3£0.3(13)
P2X; + p1 12.7+£3.4 uM; 2.4+0.3 (4) 3.6+1.0 uM; 3.1 £0.3 (4)
P2X, + pl 2.7+0.4 uM; 1.4 £0.09 (6) 2.5+0.4uM; 3.6 £04 (5)

Note. No significant difference in ATP ECso values between P2X;, and P2X; + p1,
between P2X4 and P2X, + p1, or in GABA ECsq values between p1, p1 + P2X,, and
pl +P2X,.

receptors exhibited fast activation and modest deactivation kinet-
ics whereas p1 receptor activation and particularly deactivation
were noticeably slow (Fig. 1D-E). In summary, these properties
are similar to those reported previously [17,18,28,42,45,46].

Secondly, we examined functional expression and agonist
sensitivity in cells co-expressing P2X and p1 receptors. Cells co-
expressing P2X, or P2X, with p1 receptors responded nicely to
both ATP and GABA. The mean currents evoked by ATP (Iarp) or
GABA (Igasa) Were not significantly different from those in cells
expressing only P2X (Iatp) or p1 receptor (Igapa) (Supplementary
Figure 1, and data not shown). We also performed co-immunopre-
cipitation to test whether P2X and p1 receptors show protein-pro-
tein interaction. Indeed, we observed such interaction in cells
co-expressing P2X, and p1, or P2X, and p1, but not P2X, and
empty vector (Supplementary Figure 2). As summarized in Table
1 and Fig. 1D-E, co-expression had no significant effect on the
agonist sensitivity for P2X and p1 receptors.

Non-additive currents evoked by simultaneous activation of P2X and
p1 receptors

We employed the widely used protocol to study functional
interaction between P2X and p1 receptors. The principal assump-
tion is that currents from simultaneous activation of two receptors

A P2X, + pl ATP + GABA
—
ATP GABA Actual Pred
[ | [ =]
-
1
P > 2s
P2Xy+ pl ATP + GABA
—A—
ATP GABA Actual Pred
[} =

=
=
>

(@}

are additive if they function independently. In cells co-expressing
P2X, and p1, currents evoked by co-application of saturating con-
centrations of 100 uM ATP and 10 pM GABA (Iatpscapa) Were
3.8 £0.3 nA (n =4), which were significantly lower than predicted
(4.8+0.4nA; n=4; p<0.05; Fig. 2A), confirming the negative
cross-talk between P2X; and p1 receptors [39]. In cells co-express-
ing P2X; and p1 receptors, Iarpscasa (3.1 +0.3nA, n=5) were
approximately 65% of predicted currents (4.6+0.6nA, n=5;
p <0.01) (Fig. 2B), indicating occurrence of inhibitory interaction
between P2X, and p1 receptors. In cells co-expressing P2Xg and
p1 receptors where there was no detectable Iarp, however, Iarp+capa
(1.6 £ 0.3 nA) were virtually the same as Igaga (1.7 £ 0.3 nA, n=4).

Reciprocal inhibition between P2X, and p1 receptors

We further characterized the inhibitory interaction between
P2X,4 and p1 receptors by comparing the currents from activation
of one receptor in the absence and presence of activation of the
other receptor. The Iarp were markedly attenuated during p1
receptor activation (Fig. 3A). Similarly, the Igaga Were strongly re-
duced during P2X, receptor activation (Fig. 3B). These results sug-
gest the existence of reciprocal inhibition.

No allosteric or indirect modulation of P2X, receptor by GABA or p1
receptor by ATP

Inhibition of p1 receptor by ATP could result from direct alloste-
ric modulation as reported for NMDA receptors [47] or indirect
modulation via endogenous P2Y receptors in HEK293 cells [48].
Similar mechanisms may be responsible for inhibition of P2X,
receptor by GABA [49]. To examine these possibilities, we com-
pared Iatp+capa With Ia7p in cells expressing P2X, alone, or with Iga-
Ba in cells expressing p1 alone. In cells expressing P2X, alone, Iatp+casa
(1.2+0.1 nA) were not different from Iarp (1.320.1nA, n=3;
p>0.5) (Fig. 3C). In cells expressing pl1 alone, Iarp+caBa
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Fig. 2. Non-additive currents of co-activation of P2X and p1 receptors. Left, Representative currents in a cell co-expressing P2X, and p1 (A) or P2X,4 and p1 (B) evoked by
100 uM ATP, 10 M GABA, or both agonists. The predicted currents (Pred) are arithmetic addition of the currents by separate application of ATP and GABA in the same cells.

Right, Summary of agonist-evoked peak currents from all the cells.
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Fig. 3. Reciprocal inhibition between P2X,4 and p1 receptors. (A,B) Left, Representative currents in cells co-expressing P2X, and p1 evoked by 100 uM ATP in the absence or
presence of p1 receptor activation (A), or by 10 pM GABA in the absence or presence of P2X, receptor activation (B). Right, Summary of agonist-evoked currents. (C, D), Left,
Representative currents evoked by 100 uM ATP or co-application of 100 uM ATP and 10 M GABA in a cell expressing P2X, alone (C), or evoked by 10 uM GABA or
co-application of 10 pM GABA and 100 pM ATP in a cell expressing p1 alone (D). Right, Summary of currents from all the cells.

(2.7 £ 0.3 nA) were the same as Igapa (2.7 £ 0.3 pA; n = 4) (Fig. 3D).
Furthermore, there was no noticeable difference in the kinetics of
activation, inactivation and deactivation (Fig. 3C-D). These results
largely exclude the possibilities that direct allosteric modulation
and indirect G-protein coupled receptor-mediated modulation
contribute to the inhibitory interaction between P2X, and p1
receptors.

Biased inhibition of P2X, and p1 receptors by cross-receptor
interaction

To investigate whether receptor activation and/or expression
influences the functional interaction, we repeated the above exper-
iments in cells co-expressing P2X, and p1 receptors that showed
small currents in response to submaximal concentrations of ATP
(10 uM) and GABA (3 uM). The mean Iarp and Igapa were
0.8+0.2nA and 0.5+0.2nA (n=5), respectively. In those cells,
receptor co-activation still resulted in significant non-additive cur-
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rents (Fig. 4A) and the Iarp were strongly inhibited during p1
receptor activation (Fig. 4B). However, the Igapa Were not sup-
pressed during P2X, receptor activation (Fig. 4C). The results sug-
gest that the cross-receptor interaction is biased, showing stronger
inhibition of P2X, receptor.

Discussion

This study has shown that co-activation of P2X, and p1 recep-
tors produced non-additive currents and such occlusion appears to
result from reciprocal inhibition. Co-immunoprecipitation pro-
vides additional supporting evidence for their interaction. Taken
together, the data show an inhibitory interaction between P2X,
and p1 receptors.

Previous studies illustrate co-existence of P2X, and p1 recep-
tors in many neurons and regions in the CNS (see introductory par-
agraph), suggesting that they may interact as the P2X and GABA,
receptors in peripheral neurons [6-8]. However, P2X, receptor is
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Fig. 4. Biased inhibition of P2X4 and p1 receptors by cross-receptor interaction. (A) Summary of currents evoked by 10 pM ATP, 3 M GABA, or co-application of both in cells
expressing P2X4 and p1 receptors. (B,C) Summary of currents evoked by ATP in the absence or presence of p1 receptor activation (B) and currents evoked by GABA in the
absence or presence of P2X, receptor activation (C) in cells expressing P2X, and p1 receptors.
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often co-expressed with several other P2X receptors [5] and cur-
rently no tools, including pharmacology [4], are available to distin-
guish them. Thus it remains intriguingly difficult to explore the
interaction of native P2X, and p1 receptors. We used heterologous
expression cells and provided functional evidence for inhibitory
interaction between P2X, and p1 receptors (Fig. 2). The interaction
between P2X, and p1 receptors is reciprocal as the one between
P2X, and p1 receptors (Fig. 3) [39]. Nonetheless, the interaction
between P2X, and p1 receptors seems biased, resulting in stronger
inhibition of P2X, receptor (Fig. 4). Such information will help to
better understand the P2X receptors interacting with GABAa/c
receptors and, more importantly, to appreciate the physiology of
P2X receptors.

There are two candidate explanations for the inhibitory interac-
tion between P2X, and p1 receptors. The first one is that two
receptors are closely associated and ion flux through one receptor
inhibits activation of the other, as proposed for the interactions be-
tween P2X and GABA, receptors [6] and between P2X and nACh
receptors [10]. The second possibility is that two receptors are cou-
pled so that activation of one receptor induces allosteric conforma-
tional change in the other and consequently inhibits its activation.
Such a mechanism governs the interactions between P2X and GA-
BA/c receptors [8,39,40], between P2X, and 5HTs, receptors [15],
and between P2X, and nACh receptors [13,41]. The protein-pro-
tein interaction between P2X4 and p1 receptors, as shown by co-
immunoprecipitation (Supplementary Figure 2), is compatible with
both interpretations, and further studies are thus needed to distin-
guish them.

In summary, we provide functional evidence for an inhibitory
interaction between P2X, and GABAc p1 receptors. These two recep-
tors are widely expressed in the central nervous system, and there-
fore such negative cross-talk implies a potential novel mechanism
modulating neuronal signaling mediated by these receptors.
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