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Chapter 4

Functional Crosstalk Between a6f34 Nicotinic

Acetylcholine Receptors and P2X Receptors

4.1 Introduction

Nicotinic acetylcholine receptors (nAChRs) and P2X receptors are ligand-
gated cation channels that mediate cholinergic and purinergic fast synaptic
excitation in the nervous system. nAChRs are the member of the Cys-loop
receptor family which includes 5-HT,, GABA, ¢, and glycine receptors. Cys-loop
receptors are composed of five subunits, and each subunit has four
transmembrane domains and extracellular N and C-terminal tails (1). There are
eight neuronal a (a2-a7, a9, a10) and three neuronal f ($2—-B4) nAChR subunits in
mammals (2). nAChRs are activated by the endogenous neurotransmitter
acetylcholine (ACh) as well as nicotine, an alkaloid found in tobacco. P2X
receptors belong to a different family of ligand-gated cation channels and are
activated by extracellular ATP. The receptors are formed by 3 subunits, composed
of one or a combination of the seven (P2X1-P2X7) subunits. Each subunit has two

transmembrane domains and intracellular N and C-terminal tails (3).
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P2X receptors and nAChRs are structurally different, and as such, they
have been assumed to function independently. However, non-independent
receptor function was demonstrated between ATP-gated channels and several
members of the Cys-loop receptor family (4-17). Co-activation of P2X receptors
and either nicotinic, serotonin 5-HT;, or GABA,  receptors, leads systematically
to a cross-inhibitory interaction that translates into non-additivity of the recorded
current (4-17). Because fast neurotransmitters such as ATP and ACh are co-
released in the nervous system (18-20), the interactions between their respective

receptor channels may play a critical role in shaping synaptic currents.

Dorsal root ganglia (DRG) contain neurons of the peripheral nervous
system whose axons convey somatosensory information to the central nervous
system (CNS). DRG neurons express a variety of nAChRs with a pharmacology
consistent with a7, a3f4*, and a4B2* compositions (where the asterisks denote
the possible presence of additional subunits) (21-25). Recently, a6p34* was found
to be among the subtypes expressed by the DRG (26). Meanwhile, P2X2 and
P2X3 subunits are heavily expressed in the DRG neurons, and three types of
ATP-induced P2X currents were recorded that were consistent with the
expression of the homomeric P2X3, homomeric P2X2, and heteromeric P2X2/3
receptors (27). The involvement of the ATP-gated receptors in the DRG neurons

in nociception is well established.

Very recently, expression genetics and behavioral studies on mutant mice
have revealed a negative correlation between expression of a6-nAChR subunit in

the DRG neurons and allodynia (sensation of pain in response to a stimulus that
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does not normally provoke pain).'

The result suggests a functional interaction
between a6-nAChRs and another pain relevant molecular target in the spinal cord

or periphery. We therefore considered the hypothesis that a684* nAChRs interact

functionally with P2X3 or P2X2/3 receptors, known to be involved in pain.

The present work is aimed to investigate the functional interactions
between ATP-activated P2X receptors and a6p4* nAChRs that could potentially
reveal a role of a6-nAChR in the anti-allodynic effect. Studies with recombinant
nAChRs have identified only two subunit combinations of nAChRs thus far to
contain a6 and B4 subunits: a6p4 and a6B4B3 (28-30). The stoichiometry of the
a6B4 composition is currently unknown. B3 was found to assemble with a6 into
nicotinic receptor pentamers at several locations in the brain, and only a single 3
subunit is incorporated into nAChR (31). B3 does not participate in forming the
a:non-a interface that comprises the neuronal ligand-binding site, and other
subunits, either B2 or p4, must be present to form functional nicotinic receptors

(32). Thus, the stoichiometry of the a6B483 composition is likely (a6),(84),(B3);-

Herein, we studied both the a6B4 and a6B4B3 combinations of nAChRs
with three combinations of P2X receptors: homomeric P2X2, homomeric P2X3,
and heteromeric P2X2/3 receptors. We report for the first time a functional
crosstalk between a6p4* nAChR and P2X receptors in Xenopus oocytes. Further
studies on the molecular mechanisms reveals two distinct classes of the

interaction. The first class is inhibitory and only occurs during the receptor co-

!Jeffrey S. Wieskopf, Ardem Patapoutian, and Jeffrey S. Mogil. Personal Communication.
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activation by both ACh and ATP. The second class of interaction is pre-
organized and constitutive, in which a biophysical property of one channel is
modulated by the other. Our finding supports the notion that the a6p4* nAChR

may play a role in nociceptive signal transmission in DRG neurons through the

cross interaction with P2X receptors.

4.2 Results

4.2.1 Expression of a6f34 and a6B433 nAChRs in Xenopus oocytes

Most a6-containing nAChRs yield very small agonist-induced currents in
heterologous expression experiments, vitiating accurate measurements (28-30,
33, 34). We found that to be true for both a6p4* and a6p2* subtypes with human,
rat and mouse a6 subunits. We overcame these problems by using a gain-of-
function a6 subunit, a6(L9’S), for a6B4 expression (35-38), or a gain-of-function
B3 subunit, B3(V13’S), for a6B4B3 expression (31, 38). The wild-type a6p4
produced essentially no current when expressed in oocytes, even when co-
expressed with P2X subunits (data not shown). Larger currents were observed
from oocytes expressing a6f4B3(V13’S) than a6(L9’S)B4. However, the
a6B4B3(V13’S) oocytes were less healthy, frequently displaying less negative
resting potentials and larger leak currents when clamped at —60 mV. The leak
current could be blocked by mecamylamine, a nicotinic antagonist, suggestive of

constitutive activity from the a6B4B3(V13’S) receptor. The observation is
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consistent with the spontaneous opening previously reported for the

a6B4B3(V13’S) receptor (38).

4.2.2 Cross interaction between a6f34* and homomeric P2X2 receptors

While obtaining sufficient a6B4* currents from Xenopus oocytes was
challenging, the expression of P2X2 receptor was very robust, frequently
producing current > 20 pA. When we co-expressed P2X2 with a6(L9’S)p4 or
a6B4B3(V13’S) in oocytes, we observed both ACh-evoked current (I,¢,) and ATP-
evoked current (I,;p) from the same cell. We found only minor (< 2-fold) changes
in the EC;, values for both ACh and ATP when two types of receptors are co-
expressed (Table 4.1). The presence of ATP had only a weak effect on the ACh

dose-response relation, and vice versa.

As an initial step, we probed the interaction between the two types of
receptors by applying a series of saturating doses of agonists in the following
sequence: 100 pM ACh, 1 mM ATP, and 100 puM ACh + 1 mM ATP
simultaneously. The resulting peak current observed during the co-application
of ACh and ATP (I,cy.a1p) Was compared to the arithmetic sum of the individual
ACh- and ATP-induced currents (I,¢, and I, respectively) at the same agonist
concentrations on the same cell. If the two families of receptors are functionally
independent, i.e., if there is no interaction between them, I,,.A1p is expected to be

identical to the predicted sum of I, and I, of the same cell.
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Table 4.1. ACh dose-response results, with or without ATP, from oocytes
expressing a6B4* alone or a6p4* with P2X2. ATP dose-response results, with or
without ACh, from oocytes expressing P2X2 alone or a6p4* with P2X2

Receptor(s) Dose-response Additional Agonist EC;, Hill Constant n
uM
a6(L9’S)B4 ACh 3.3+0.11 1.4+0.05 8
a6B4p3(V13’S) ACh 1.3+ 0.06 0.84+0.03 10
P2X2 ATP 24+1.2 1.5+0.10 18
a6(L9’S)B4 + P2X2 ACh 4.3+0.10 1.3+0.03 11
ACh 32uM ATP 45+0.26 1.4+0.09 14
ACh 100uM ATP 6.0 +0.82 1.5+0.23 14
ATP 22+1.1 1.6 £0.11 11
ATP 100pM ACh 33+3.6 1.3+0.15 11
a6B4p3(V13'S) + P2X2 ACh 1.6 £0.09 0.84+0.03 12
ACh 32uM ATP 24+1.1 0.75+0.18 19
ACh 100uM ATP 1.6 £ 0.45 0.67 £0.09 8
ATP 23+1.7 1.6 £0.15 11
ATP 100uM ACh 24+3.1 1.8+ 0.35 12

In oocytes co-expressing P2X2—a6(L9’S)B4 or P2X2-a6B4B3(V13’S), we
found that when 100 pM ACh and 1mM ATP were applied simultaneously, the
total current was approximately 20% less than the sum of the currents elicited by
the individual agonist at the same concentrations (Figure 4.1), which is the
conventional definition of “cross inhibition.” The difference between the
predicted current and the observed I, orp is denoted A throughout this chapter.
In the case of P2X2-a6(L9’S)B4 oocytes, the mean I, orp Was only slightly larger

than the mean I, (Figure 4.1). Consequently, the mean A was nearly the size of
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the average I, When the analogous experiments were performed on cells
expressing only a6p4* or only P2X2, we found that ATP did not activate or
modulate the a6(L9’S)B4 or a6B4p3(V13’S) nAChRs, and ACh did not activate or
modulate the P2X2 receptors (data not shown). The current inhibition suggests
that P2X2 and a6B4* receptors were functionally dependent when they were co-
expressed, supporting the interaction between the two families of ligand-gated

ion channels.

P2X2 + a6(L9’S)p4
1,
ACh ATP ACh + ATP n=14
— = 076 080
c 0.84 1
L | s 1
‘ 3 06l
Observed b
\ % 0.4 o -
0.24 E |2
4 pA A{ . E : < || % |02
= ¢ Predicted S 0.24 s o % § i
s A = “Cross Inhibition” NESIESIE: a || A
P2X2 + a6B4B3(V13’S)
1,
ACh ATP ACh + ATP R L Y
c 0.84 I
—L/’—‘ - g 0.66
‘ 3 06l *
| k]
8 04) 0.34
= 0449 0. c
4 A | ~ E I E g 0.19
. Observed & Predicted zs 024 o + % Yy
20s o |le|lc|| 2
Ll ]ja A

Figure 4.1. Functional interaction between a6B4* nAChRs and P2X2 receptor.
Both P2X2-a6(L9’S)B4 oocytes (top) and P2X2-a6B4B3(V13’S) oocytes (bottom)
displayed cross inhibition. Representative current traces from one cell in each
case are shown. The predicted waveform is the point-by-point arithmetic sum of
the I, and I, waveforms. Mean normalized currents + s.e.m. are shown on the
right. A is the difference between the prediction and the observed I,cn.arp-
Currents were normalized to the prediction from the individual cell, and then
averaged. ***, p <0.0001.
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From the current traces, we noticed that the oocytes expressing both P2X2
and a6(L9’S)B4 consistently produced ATP-evoked current with a sign of
receptor desensitization unlike the oocytes expressing P2X2 alone (Figure 4.2) or
the a6p4B3(V13'S)-P2X2 oocytes. This observation prompted us to speculate that
the desensitized state of P2X2 could be involved in the functional interaction
between a6(L9’S)B4 and P2X2 receptors. Further experiments were performed in

order to investigate this hypothesis, as discussed later in this chapter.

P2X2 P2X2 + a6(L9’S)B4

2uA 2uA|

10s 10's
Desensitization

Figure 4.2. Apparent desensitization of ATP-evoked current from P2X2-
a6(L9’S)B4. Representative current traces from oocyte expressing P2X2 only
(left), and oocyte co-expressing a6(L9’S)B4 and P2X2 (right)

4.2.3 Cross interaction between a6f34* and homomeric P2X3 receptors

P2X3 receptor desensitizes very rapidly and recovers very slowly from the
desensitized state, requiring > 30 minutes for a full recovery (39, 40). Previous
work reported that an arginine mutation at the Lys65 residue near the agonist-
binding site slightly reduced the rate of desensitization and greatly enhanced the

rate of current recovery for the P2X3 receptor expressed in HEK293 cells (40).
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We mutated this lysine residue to Arg, Gln, Leu, and Ala, and we examined the
current traces produced by these mutant receptors expressed in Xenopus oocytes.
We finally decided to employ the K65A mutation, which produced the most
consistent current level (data not shown), as a background mutation for all
studies involving the P2X3 receptors. ATP EC;, of the P2X3(K65A) receptor was
~ 14 pM, approximately 5-fold higher than the wild-type value, which was

reasonable as this residue is located near the ATP-binding site (41).

Even in the presence of the K65A mutation, the P2X3 receptors still open
and close very rapidly. When ACh and ATP were co-applied to cells expressing
a6B4* nAChR and P2X3(K65A), we observed two separate events of inward peak
current, presumably arising first from P2X3(K65A) and then a6p4* nAChR
openings. This means, most of the P2X3(K65A) receptors opened and
desensitized before the opening of the nAChR reached its maximum. The fast
desensitization kinetics of the P2X3(K65A) channels did not allow us to perform
application of ACh and ATP at the same time, and therefore, the cross interaction

protocol described for the P2X2 above could not be used here.

A different protocol was developed to evaluate the cross interaction
between the P2X3(K65A) receptors and the a6p4* nAChR (Figure 4.3). ATP-
evoked current when ATP was applied alone (I,;) was compared to the ATP-
evoked current when 100 pM ACh was applied before ATP (I,;p*). The
difference between I,r, and I,p* (A*) would directly indicate cross interaction

between the two receptors.
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Figure 4.3. The protocol used for probing cross inhibition between a6f4* nAChR
and fast-desensitizing P2X receptor. ATP was applied alone or after a pre-
application of ACh. The resulting ATP-evoked currents from both cases were

compared. A*is a measurement of cross inhibition.

At 100 pM ACh and 320 pM of ATP, cross inhibition was observed

between a6(L9’S)B4 and P2X3(K65A) receptors, in which I,;, was smaller than
Iy by 23% (Figure 4.4). Control experiments on cells injected with only
P2X3(K65A) mRNA confirmed that ACh did not activate or modulate
P2X3(K65A) receptors (data not shown). Cross interaction experiments between
a6B4B3(V13’S) and P2X3(K65A) receptors were performed at 100 pM of both
ACh and ATP. The observed inhibition was smaller than the case of
P2X3(K65A)—a6(L9’S)B4, with ~ 17% current reduction from I, to I " (Figure
4.4). Both the p value and A* are smaller than what we typically considered
meaningful for establishing a receptor-receptor cross interaction. Thus, we
cannot validate the functional interaction between a6B4B3(V13’S) and

P2X3(K65A).
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Figure 4.4. Cross inhibition between P2X3(K65A)-a6(L9’S)B4 and P2X3(K65A)-

a6B4B3(V13’S). A* is the difference between I, and I,,*.  Currents were
normalized to I, from the individual cell, and then averaged. *, p <0.01; **, p <
0.005.

In both P2X3(K65A)-a6(LYS)B4 and P2X3(K65A)-a6B4B3(V13’S) cases,
ACh-evoked current when ATP was pre-applied is essentially identical to the
ACh-evoked current in the absence of ATP. This means the cross inhibition does

not occur when P2X3(K65A) receptor is already desensitized (data not shown).

While co-expression of a6(L9’S)B4 and P2X3(K65A) did not change the
ACh EC;, we found that the co-expression caused a rightward shift in the ATP
dose-response curve for the P2X3(K65A) receptor. The EC;, of the P2X3(K65A)
receptor is approximately 3-fold higher, and the response has decreased
apparent cooperativity, revealed by a reduced Hill coefficient (Figure 4.5). As a
result, responses to ATP in the concentration range 10-100 pM are reduced by

approximately half, when normalized to maximal responses. Furthermore, this



107

shift is independent of ACh (Figure 4.5). Co-expression of a6p4p3(V13’S) and
P2X3(K65A) did not meaningfully change the EC;, of ACh (1.1 +0.10 uM, n =7)
or ATP (7.6 + 0.33 pM, n = 11) compared to when each individual receptor was

expressed alone (ACh EC,, 1.3 £ 0.06 pM, n =10; ATP EC;, 13.6 £ 1.3 uM, n =12).
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Figure 4.5. ATP dose-response curves for P2X3(K65A) oocytes (ECs, 13.6 £+ 1.3
uM, Hill constant 1.4 + 0.16, n = 12), P2X3(K65A)-a6(L9’S)B4 oocytes in the
absence of ACh (37.8 + 6.1 uM, Hill constant 0.94 + 0.11, n = 14) and in the
presence of 100 uM ACh (32.8 + 5.0 uM, Hill constant 1.0 + 0.12, n =11)

Concerning with the accuracy of measuring the fast-desensitizing current,
we sought a positive control. Having established that the wild-type P2X2 and
the a6(L9’S)B4 receptors interact functionally, we performed parallel experiments
on a fast-desensitizing P2X2(T18A) mutant receptor to confirm the validity of our
measurement. This alanine mutation at Thr18, which is a phosphorylation site
near the N-terminus of P2X2, was previously reported to drastically increase the

rate of receptor desensitization, producing an apparently similar current trace to
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the P2X3 current (42-44). Another previous study showed that the fast-
desensitizing P2X2(T18A) receptor exhibited the cross-inhibition behavior with
a3B4 nAChR similar to the wild-type P2X2 receptor (41), suggesting that the

mutation did not interfere with the interaction between the P2X receptor and the

nAChR.

At saturating concentrations of ATP (1 mM) and ACh (100 uM), we
observed cross inhibition between a6(L9’S)B4 and P2X2(T18A), using the same
protocol as the P2X3(K65A) experiment. The ATP-evoked current was 28%
smaller in the presence of ACh (Figure 4.6A). We also found that the
P2X2(T18A) receptor produced an ATP dose-response relation that is similar to
the wild-type P2X2 receptor, despite very different desensitizing kinetics (Figure
4.6B). In contrast to what was seen with the P2X3(K65A), co-expressing the
a6(L9’S)B4 receptor with the P2X2(T18A) receptor did not affect the ATP EC;,
(Figure 4.6), which is consistent with the results from the wild-type P2X2 receptor
shown in Table 4.1. The data confirm the validity of our protocol for probing fast-
desensitizing current, and the rightward shift in the ATP dose-response curve is

specific to the interaction between P2X3(K65A) and a6(L9’S)B4.

Overall, the results support the functional interaction between a6(L9’S)p4
and the P2X3(K65A) receptors. At saturated concentration of ATP, reduction in
ATP-evoked current was observed in the presence of ACh, indicating a cross
inhibition. We did not observe any cross inhibition when P2X3(K65A) was

already desensitized. Moreover, oocytes co-expressing a6(L9’S)B4 and P2X3(K65A)
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exhibited lower ATP sensitivity in relation to the oocytes expressing P2X3(K65A)
alone, independent of a6(L9’S)p4 activation by ACh. In contrast, the interaction
between a6B4B3(V13’S) and the P2X3(K65A), if it exists, is much weaker and is

not firmly established by our data.
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Figure 4.6. Functional interaction between P2X2(T18A) and a6(L9’S)B4. (A)
Cross inhibition was observed between P2X2(T18A) and a6(L9’S)B4. A* is the
difference between I, and I,;p*. Currents were normalized to I,y from the
individual cell, and then averaged. **, p < 0.005. (B) ATP dose-response curves

for wild-type P2X2 oocytes (ECs, 23.9 + 1.5 pM, Hill constant 1.5 + 0.10, n = 18),
P2X2(T18A) oocytes (24.1 + 4.8 pM, Hill constant 1.0 + 0.15, n = 11), and

P2X2(T18A)-a6(L9’S)B4 oocytes (22.9 + 2.7 uM, Hill constant 1.1 + 0.12, n = 11).
Only the curve fit is shown for the wild-type P2X2 oocytes for clarity.

4.2.4. Cross inhibition between a6B4* and heteromeric P2X2/3 receptors

Co-injecting a mixture of P2X2 and P2X3 mRNA into oocytes is known to
produce the heteromeric P2X2/3 receptor, along with the homomeric P2X2 and

P2X3 receptors (45). To exclusively differentiate the P2X2/3 current, we used the
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agonist a,B-methylene-ATP (afmeATP), an ATP analog known to selectively
activate the P2X3 and P2X2/3 receptor populations. We employed the wild-type
P2X3 subunit, not the K65A mutant, to produce the heteromeric P2X2/3 receptor.
The current signal from the homomeric P2X3 receptor was minimized by its
intrinsically rapid desensitization. In oocytes co-injected with P2X2 and P2X3
mRNAs, afmeATP-evoked current traces were distinct from what was seen for
the P2X3 oocytes, displaying slower apparent desensitization kinetics. The
mRNA injection ratio could be adjusted to favor more heteromeric P2X2/3
receptor expression relative to P2X3 (Figure 4.7C). Nearly pure ofmeATP-
evoked current from the P2X2/3 receptors was obtained at the 1:10 P2X2:P2X3
injection ratio by mass; the fast-desensitizing current characteristic of P2X3 was
absent (Figure 4.7). Therefore, this was the mRNA ratio used in all studies

involving P2X2/3.
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Figure 4.7. Representative current traces as a result of P2X receptor activation by
oafmeATP. (A) apmeATP application did not produce any current in oocytes
expressing P2X2 alone. (B) afmeATP activated the P2X3 receptor, and the
current traces show rapid opening and desensitization similar to what was seen

when the receptor was activated by ATP. (C) apmeATP-evoked current traces
from oocytes expressed with P2X2 and P2X3 at three different mRNA injection
ratios are shown. The heteromeric P2X2/3 receptor desensitizes less than the
homomeric P2X3 receptor. The P2X2:P2X3 mRNA ratios (by mass) are indicated
below the traces.

The heteromeric P2X2/3 receptors produced current traces with a
reasonably normal rate of desensitization, permitting us to investigate the cross
interaction by simultaneous application of ACh and afmeATP. Cross-inhibitory
behavior was observed when P2X2/3 was co-expressed with a6(L9’S)B4 or

a6B4B3(V13’S). In both cases, the current observed when 100 uM afmeATP and
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100 uM ACh were co-applied (Ixcpn,amearr) Was diminished by > 20% compared to
the predicted value based on the individual agonist applications (Figure 4.8).

Control experiments showed that ACh did not activate or modulate the P2X2/3
receptors in oocytes without a64* nAChR. The results support the functional

interaction between the a6p4* nAChRs and the heteromeric P2X2/3 receptor.
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Figure 4.8. Functional interaction between a6f4* nAChRs and P2X2/3 receptor.
Both P2X2/3-a6(L9'S)B4 oocytes (top) and P2X2/3-a6B4B3(V13’S) oocytes
(bottom) show cross inhibition. Representative current traces from one cell in
each case are shown. The predicted waveform is the point-by-point arithmetic
sum of the I, amp and I,o, waveforms. Mean normalized currents + s.e.m. are
shown on the right. A is the difference between the prediction and the observed

Inchiomearr- Currents were normalized to the prediction from the individual cell,
and then averaged. **, p < 0.005; ***, p < 0.0001.
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4.2.5 Role of P2X C-terminal domains in the cross inhibition

The C-terminal domains of P2X2 and P2X3 were previously shown to be
crucial for the cross interaction of P2X2 with 5-HT;, receptor, a4f3 nAChR, or
GABA( receptor (4, 6, 7). To investigate the importance of this domain in the
interaction with a6p4* nAChRs, we removed the C-terminal tails from both P2X2
and P2X3(K65A) subunits (see materials and methods). The truncated P2X2 and

P2X3(K65A) subunits are denoted as P2X2TR and P2X3(K65A)TR, respectively.

Similar to what was seen with the full-length P2X2 receptor, in both
a6(L9’S)B4-P2X2TR oocytes and a6B4B3(V13’S)-P2X2TR oocytes, we observed
the mean I,q,,..rp values that were ~ 20% smaller than the predicted values
(Figure 4.9). These results suggest that the C-terminal tail of P2X2 is not required

for the functional interaction between the P2X2 receptor and the a6B4* nAChRs.
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Figure 4.9. Functional interaction between a6p4* nAChRs and P2X2TR receptor.
Cross inhibition was observed between the P2X2TR receptor and a6(L9’S)B4
nAChR (A), as well as between the P2X2TR receptor and a6(L9'S)B4 nAChR
a6B4B3(V13’S) (B). Currents were normalized to the prediction from the
individual cell, and then averaged. A is the difference between the prediction
and the observed I,cp.arp- ™, p < 0.0001.

The P2X3(K65A)TR receptors had comparable ATP ECy, to the full-length
P2X3(K65A) receptors. Parallel to what was seen with the full-length receptors,
co-expression with a6(L9’S)B4 shifted the ATP dose-response curve to the right,
increasing the ATP EC;, (Figure 4.10). However, we did not observe any cross

inhibition between P2X3TR and a6(L9’S)B4 at a saturating ATP concentration

(320 uM) (Figure 4.10).

The overall results suggest two distinct modes of cross inhibition between
P2X3(K65A) receptors and a6(L9’S)B4: (i) a decrease in the maximal I,p response,

which requires the C-terminal domain of P2X3 and (ii) a decrease in ATP

sensitivity, which is independent of the C-terminal domain.
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Figure 4.10. Functional interaction between P2X3(K65A)TR and a6(L9'S)B4. (A)
Cross inhibition was not observed between P2X3(K65A)TR and a6(L9’S)B4. A* is
the difference between I,;p and I,;p.. Currents were normalized to I, from the
individual cell, and then averaged. NS, not significant. (B) ATP dose-response
curves for wild-type P2X3(K65A)TR oocytes (ECs, 9.73 + 0.29 uM, Hill constant
1.5+ 0.06, n = 6), P2X3(K65A)TR-a6(L9’S)B4 oocytes in an absence of ACh (20.1 +
5.3 uM, Hill constant 0.97 + 0.20, n = 7), and P2X3(K65A)TR-a6(L9’S)B4 oocytes
in the presence of 100 pM ACh (39.0 £ 6.5 uM, Hill constant 1.0 + 0.13, n = 8)

4.2.6 Investigation of current occlusion using mecamylamine

The cross-inhibitory behavior observed in oocytes expressing both a6p4*
nAChR and P2X receptor during simultaneous application could be a result of an
ion channel occlusion that occurred to a subpopulation of the receptors. We
sought to use a selective open channel blocker of the nAChR to distinguish
between the a6B4* and the P2X ion channel activities during the cross inhibition.
(A selective open channel blocker of a P2X receptor has never been reported to
our knowledge.) An open channel blocker is considered an uncompetitive

antagonist, which only binds to its respective receptor within the open ion pore
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following the receptor activation. The conformational change generated by
agonist binding that leads to the ion channel opening is not affected by the
presence of an open channel blocker. Unlike other classes of antagonists, an
open channel blocker theoretically should not interfere with the mechanism of
cross inhibition. When an a6p4* open channel blocker is applied together with
ACh and ATP to an oocyte expressing a6p4* and P2X receptor, one should
expect to see the current conducted through the P2X channel pore only. This
observed current may or may not be identical to the current evoked by ATP
alone on the same cell because of the cross-inhibitory effect when ACh is present.
We therefore utilized this strategy to identify the occluded channel pore — either

the a6B4* or the P2X.

We decided to experiment with mecamylamine (Mec), a known open
channel blocker for several nAChR subtypes, based on the information from the
heterologously expressed chimeric nAChRs containing the pore domain of the
ab-subunit (30, 46). We found that, in oocytes expressing a6(L9'S)B4 or
a6B4B3(V13’S), Mec inhibited ACh-evoked current in a reversible manner,
although pre-incubation with the antagonist was required as previously reported
with other nAChR subtypes (30, 47). Dose-response experiments were
performed, and Mec IC,, was determined to be 9.1 £ 0.6 uM for a6(L9’S)B4 and
0.93 £ 0.13 pM for a6B4B3(V13’S). In both cell types, Mec blockade was voltage
dependent, showing minimal block at positive potentials (data not shown),
which suggests that Mec blocked the a6B4* receptors within the ion pore. In

oocytes expressing a6(L9’S)B4 alone or oocytes co-expressing a6(L9’S)B4 and
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P2X2, 500 uM Mec blocked > 95% of the ACh-evoked current and did not affect the
ATP-evoked current. In oocytes expressing a6B4p3(V13’S) alone or co-expressing
a6B4B3(V13’S) and P2X2, similarly, > 95% ACh-evoked current was blocked by 50
uM of Mec, while Mec did not affect the ATP-evoked current. Thus,
mecamylamine served as a suitable open channel blocker for the purpose of this
experiment. Furthermore, because Mec inhibited the ACh-evoked current nearly
completely while leaving the ATP-evoked current unaffected, the data also
indicate that the interaction between a6p4* and P2X2 receptors did not involve a

cross activation of P2X2 receptor by ACh or a cross activation of a6p4* by ATP.

Co-application of ACh, ATP, and Mec produced an inward current
(Incheatreved) that was smaller than the current induced by ACh and ATP (Icp.atp)
on the same cells in both a6(L9’S)B4-P2X2 and a6B4B3(V13’S)-P2X2 oocytes. In
the case of P2X2-a6(L9’S)B4 oocytes, I chatrivec Was significantly smaller than
I, and the blocked current, Iych atpavec — Lacheate (Ined), Was essentially equal to
Incn (Figure 4.11A). Because co-application ACh, ATP, and Mec only produced
just the current flowing through P2X2 channels during the cross inhibition, the
data suggest that a subpopulation of the P2X2 receptor was inhibited while the
a6(L9’S)B4 receptor was fully open during the agonist co-application. In the case
of P2X2-a6B4B3(V13’S) oocytes, Iycp.ammee Was essentially the same as I p
(Figure 4.11B), suggesting that the P2X2 receptor was fully open, in contrast to

what was seen with the P2X2-a6(L9’S)B4 oocytes. Moreover, I,q, was essentially
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equal to the sum of A and I, (Figure 4.11), implying that the a6B4B3(V13’S)

receptor was inhibited during the cross interaction.
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Figure 4.11. Inhibition of I,q,..rp by mecamylamine in P2X2-a6B4* oocytes.
Mean currents elicited by ACh, ATP, ACh+ATP, and ACh+ATP+Mec,
respectively, are shown for oocytes expressed with P2X2-a6(L9’S)B4 (A) or
P2X2-a6B4B3(V13’S) (B). Currents were normalized to the prediction from the
individual cell, and then averaged. A is the difference between the prediction
and the observed I, amp- Ly is the difference between I,cparpivec @A Lycpatp-

(A) Lycniatpinmee > Iare and Iyep = Lyeer (B) Incriarpintee = Iarp @and Iyc, = A + L. ™™, p <
0.0001. NS, not significant

In the case of the P2X2/3 receptor, we found that Mec did not affect
Iageatr in the oocytes expressing P2X2/3, regardless of the a6p4* presence. In
the oocytes expressing P2X2/3 and a6(L9S)B4, the current elicited by

ACh+aBmeATP+Mec (Ixcn.aBmeatrimes) Was essentially identical to Iugy.arp (Figure

4.12). The result suggests that the ion pore of the P2X2/3 receptor was fully
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open, and thus, the observed inhibition occurred at the a6(L9’S)B4 channel. The
oocytes expressing P2X2/3 and a6B4B3(V13’S) showed a slight difference in the
amplitudes of I,ch.aBmearrivec AN Iapmearr, Which was not statistically meaningful.
Similar to the case of P2X2/3-a6(L9’S)B4, current occlusion did not occur at the
P2X2/3 channel pore. Comparison between I, and 1. is not meaningful here
due to the mixed I, signals arising from the a6p4*-P2X2, a6p4*-P2X3, and

a6B4*~P2X2 /3 interactions.
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Figure 4.12. Inhibition of I,c,amearr by mecamylamine in P2X2/3-a6B4* oocytes.
Currents elicited by ACh, apmeATP, ACh+afmeATP, and ACh+aBfmeATP+Mec
are shown for oocytes expressed with P2X2/3-a6(L9'S)B4 (A) and P2X2/3-
a6B4B3(V13’S) (B). Currents were normalized to the prediction from the
individual cell, and then averaged. A is the difference between the prediction and
the observed I ch.qpmeare- < 0.0001. NS, not significant
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Even though we demonstrated from the mecamylamine block that the
a6(L9’S)B4 receptor was fully open during the cross interaction with P2X2
receptor, we could not detect any effect of mecamylamine on the oocytes co-
expressing a6(L9’S)B4 and the fast-desensitizing P2X2(T18A) (data not shown).
The opening of the P2X2(T18A) receptor was likely too brief for the cross
interaction to be probed by this type of experiment. We suspected that the
insufficient opening lifetime would be the case for the P2X3 receptor as well,
even in the presence of the K65A mutation. Therefore, only the data from the

P2X2-a6B4* and P2X2/3-a6B4* oocytes are reported.

4.2.7 Role of P2X2 desensitized state in the cross interaction with a6(L9’S)p4

nAChR

The different ATP current traces between oocytes expressing P2X2 only
and P2X2+a6(L9’S)B4 led us to speculate that P2X2 desensitization was involved
in the cross inhibition (Figure 4.2). We, therefore, performed more detailed
studies on oocytes co-expressing P2X2 and a6(L9’S)B4 for a better understanding

of the role of P2X2 desensitization.

On oocytes expressing P2X2 alone and oocytes expressing P2X2-
a6(L9’S)B4, we compared the observed current amplitudes as we applied
consecutive doses of 1 mM ATP with a 3-minute interval between doses. The
P2X2 oocytes showed minimal sign of desensitization upon repeating

applications of 1 mM ATP. However, we observed a meaningful reduction in
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current size with the P2X2-a6(L9’S)B4 oocytes even though they had never been
pre-exposed to an agonist, i.e., the oocytes were naive (Figure 4.13). Similar result
was observed when the P2X2-a6(L9’S)B4 oocytes were pre-exposed to ACh. The
lost ATP current signal was recoverable over time (data not shown), suggestive
of a slow recovery from the desensitized state. However, after a pre-exposure to
a mixture of ACh and ATP, repeating ATP doses did not display any reduction
in current magnitude (Figure 4.13). This could suggest that the P2X2 receptors
had already been desensitized since the application of ACh+ATP. We observed
no sign of abnormal ACh desensitization upon repeating application of ACh in
oocytes expressing a6(L9’S)B4 alone or co-expressing P2X2 and a6(L9’S)B4 (data
not shown). The overall results imply that the P2X2 receptor exhibited a very
slow recovery from the desensitized state in the presence of a6(L9’S)B4,

regardless of the a6(L9’S)B4 activation by ACh. Thus, the interaction between

P2X2 and a6(L9’S)B4 receptor exists prior to the ACh application.
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Figure 4.13. The effect of a6(L9’S)B4 on P2X2 desensitized state lifetime. Oocytes
were exposed to 3 consecutive doses of 1 mM ATP with a 3-minute interval of
wash between doses. Currents were normalized to the current amplitude of the
first ATP application from the individual cell, and then averaged. (A) Current
from P2X2 oocytes display a normal recovery from desensitization. (B) Current
from naive P2X2-a6(L9’S)B4 oocytes were only partially recovered after the first
ATP dose (left). Incomplete recovery of currents was also observed from oocytes
that were exposed to ACh prior to the consecutive doses of ATP (middle).
However, when oocytes were pre-exposed to an ACh+ATP mixture, no
reduction in current amplitudes was observed upon repeating ATP application
(right). **, p <0.005; ***, p < 0.0001. NS, not significant

Next, we asked whether or not cross inhibition would occur between
a6(L9’S)B4 and desensitized P2X2 receptors. We tested the P2X2-a6(L9’S)B4
oocytes with a series of agonists in the following order: ACh, four repeating
doses of ImM ATP, ACh+ATP. As expected, ATP-evoked current was smaller
upon repeating ATP doses (Figure 4.14, ATP-1 to ATP-4), indicative of a
subpopulation of P2X2 being desensitized. Ultimately, no cross inhibition was

seen — I, arp Was within error of the predicted sum of the ACh current and the
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last ATP current (Figure 4.14). Therefore, the desensitized P2X2 did not
functionally interact with the a6(L9’S)B4 nAChR, and the P2X2 desensitization

alone could fully explain the cross-inhibitory behavior that we observed.
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Figure 4.14. Cross inhibition was not observed between desensitized P2X2 and
ab6(LY'S)B4. P2X2-a6(L9’S)B4 oocytes were exposed to 100 pM ACh, 4 x 1 mM
ATP, and (100 pM ACh + ImM ATP), respectively, with a 3-minute interval of
wash between agonist applications. Currents were normalized to the prediction
from the individual cell (ACh + ATP-4), and then averaged. A is the difference
between the prediction and the observed I,;p. NS, not significant

In order to confirm the role of P2X2 desensitization in the functional cross
interaction with a6(L9’S)B4, we switched the order of agonist applications in six
different combinations. We observed cross inhibition in three out of six cases. In
all of the cases that exhibited cross inhibition, ATP was applied before the
mixture of ACh and ATP (Figure 4.15). The result is consistent with the notion
that a subpopulation of P2X2 was desensitized after an exposure to ATP, causing

the apparent cross inhibition.
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Figure 4.15. Varying sequences of agonist applications produced both non-

additive currents (left) and additive currents (right) from P2X2-a6(L9’S)B4
oocytes. Sequences of agonist applications are indicated at the bottom. There is
a 3-minute interval of wash between two agonist applications. Currents were
normalized to the prediction from the individual cell, and then averaged.

If the prolonged desensitized state of P2X2 after an exposure to ATP were
the sole mechanism underlying the cross inhibition, one would expect the sum of
L, and I,;p to be smaller than the observed I, ,1p in all the cases that ATP was
applied after the mixture of ACh and ATP. However, we observed current
additivity in all these cases — the mean I,c,Arp Was, in fact, comparable to the
sum of I,¢, and I, (Figure 4.15). Considering that the a6(L9’S)B4-free P2X2
receptor population contributed to all of the observed I, after being exposed to
ACh+ATP (Figure 4.13), the additivity means a fraction of current from the
a6(L9'S)B4-P2X2 receptor complex was also missing during the ACh+ATP

application. Thus, the inhibition occurred instantaneously during the co-
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application of ACh+ATP. Consistent with this new insight, we found that
repeating application of ACh+ATP mixture to naive oocytes did not produce
traces with a substantial decrease in current amplitudes, lacking a sign of
receptor desensitization. This could mean either (i) there is another different
cross-inhibitory mechanism happening while ACh and ATP were co-applied or
(if) P2X2 desensitized instantaneously, as soon as the a6(L9’S)B4 was activated by
ACh. To distinguish which ion channels were occluded during the co-
application of ACh and ATP would be difficult due to the prolonged

desensitized state of P2X2 receptor.

In summary, the results in this section suggest that (i) cross inhibition
between P2X2 and a6(L9'S)B4 receptors was observed as a result of the
prolonged desensitization of P2X2 receptor, (ii) the desensitized P2X2 receptor
can no longer interact with a6(L9’S)B4 receptor, and (iii) cross inhibition also
occurred while ACh and ATP were co-applied by an unknown mechanism.
These observations are unique to the P2X2-a6(L9’S)B4 interacting pair — there is
no obvious sign of prolonged desensitized state from the oocytes co-expressing
the P2X2-a6B4B3(V13’'S), P2X2/3-a6(L9'S)B4, or P2X2/3-a6B4B3(V13’S)

combinations.
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4.3 Discussion

Several neuronal cell types co-express nicotinic acetylcholine receptors
and P2X receptors. Previous experiments from several laboratories show that the
functions of these two ligand-gated ion channel subtypes are modulated by each
other when they are activated simultaneously by their own neurotransmitters (4—
10, 12-17, 48). Because these functional interactions have been established in
several types of neurons as well as heterologous expression systems, the
interaction is not a neuron-specific response and it does not require neuron-
specific proteins or other molecules. We extended these studies to interactions
between a6B4* nAChRs and P2X2, P2X3, or P2X2/3 receptors in Xenopus oocytes.
All of these receptors are known to co-express in DRG neurons, where the
expression of the a6-nAChR subunit is proposed to have a pain-protection effect

through the presumed functional connection with the P2X receptors.

We studied functional interactions in six different combinations of P2X
(P2X2, P2X3, and P2X2/3) and a6p4* (a6(L9’S)B4 and a6B4B3(V13’S)) receptors in
Xenopus oocytes. We began our study by applying a series of agonists at their
saturating doses. With five of the six combinations, we found functional
interactions in the form of cross inhibition between these two classes of ligand-
gated receptors. That is, when ACh and ATP were co-applied, the agonist-
induced currents were less than the sum of individual currents. This pattern was
observed with either type of a6p4* nAChR expressed with P2X2 (Figure 4.1) or
with P2X2/3 receptors (Figure 4.8). When a6B4* nAChRs were expressed alone,

ATP did not gate or modulate these receptors, and conversely, ACh did not gate
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or modulate P2X receptors when they were expressed alone. Cross inhibition
was also observed between a6(L9’S)B4 and P2X3(K65A) receptors (Figure 4.4). In
this case, the distinctive waveform of the P2X3(K65A) response allows the direct
observation that a fraction of current was inhibited when ATP was applied in the

presence of ACh in relation to when it was applied alone.

While the expression of P2X receptors is robust in Xenopus oocytes,
expression of a6-containing nAChRs in heterologous systems is known to be
problematic (28, 30, 49). Even though we successfully expressed both the a634
and a6B4B3 subtypes by using a gain-of-function mutation in the pore region, the
current produced by a6p4* nAChR was only a few A, which was not nearly as
large as the P2X current. The presumably limited density of the a64* nAChRs
on the membrane was a concern for the receptor-receptor interaction to occur.
Plasma membrane channel density was previously shown to be a determinant of
interactions between a3B4 nAChR and P2X2 receptors in Xenopus oocytes (41).
With the difficulty in a6p4* expression, oocytes co-expressed with a6f4* and P2X
produced I,q, that was only 20-50% of I, in all of our experiments. We
intentionally expressed an excess of the P2X receptors with respect to the a6p4*
to gain sufficient receptor density for the receptor interaction. However, the
substantial difference in the magnitude of I, and I, complicated the analysis
of our cross-inhibition data. In most cases where cross inhibition was observed,
the inhibited current was ~ 75-80% of the expected current; the difference

between I,c,.orpand the predicted value (A) never exceed ~ 25% of the prediction.
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It is worth mentioning that the extent of current reduction (A or A*) did
not accurately represent the degree of the cross inhibition because these values
were also dependent on the density of the two receptors being expressed.
Because the inhibited current, A or A*, was presumably constrained by the
available number of the a6p4* population on the cell membrane, comparing A (or
A*) to I,q, provides an additional determination for the significance of the
receptor interaction. Figure 4.16 shows that, in all the cases that displayed
significant current reduction, the magnitude of the reduced current (A or A*) is
greater than 50% of I,¢,. The inhibition was particularly substantial in the case of
P2X2-a6(L9’S)B4 and P2X2/3-a6(L9’S)B4 pairs, in which the reduced current

was 83% and 93% of I, respectively.
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Figure 4.16. Comparison of A or A* with respect to I, across all combinations of

receptors. A or A* was normalized to I,q,. The effect > 0.5 is deemed
physiologically significant. N/A, data not available
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The crosstalk between the P2X and the Cys-loop families of ligand-gated
ion channels has been widely postulated to involve a physical occlusion of the
ion channel pores during simultaneous agonist application (4-7, 9, 11, 13-17, 50-
52). The proposed models commonly entail a general mechanism of state-
dependent “conformational spread” from one receptor to the other. The concept
of conformational spread, originally proposed for bacterial chemotaxis receptors,
describes the propagation of allosteric states in large multi-protein complexes
(53). Through this conformational spread, the motion triggered by the gating of
one channel type is communicated to the other channels and induces their
closure (4, 5, 7, 8, 12). A prerequisite for such a mechanism is the close proximity

of receptors.

Physical interactions have been established between P2X2 or P2X3 receptors
and a634 receptor in Neuro2a cells and cultured mouse cortical neurons by Forster
resonance energy transfer (FRET), and moreover, the incorporation of B3 did not
alter the binding fraction or the FRET efficiency.” Because FRET typically reveals
interactions between fluorophores that are less than ~ 80 A apart, these data imply
that the P2X and the a6B4* receptors exist as a macromolecular complex.
However, the number of P2X and a6B4* receptors in the protein complex is
currently unknown. Previous works also demonstrated physical interactions
between a4f2 and P2X2 receptors by FRET (8). Additionally, the 5-HT; and the
GABA(. receptors have been shown to co-precipitate and co-localize with P2X2

receptors by others (6, 7). Evidences for physical interactions eliminate the

*Mona Alqazzaz, Christopher R. Richard, and Henry A. Lester, unpublished data
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possibility of a major role for second messengers generated by endogenous and

electrophysiologically silent metabotropic P2Y in the cross inhibition.

With the evidence for a physical interaction, we assume that at least three
different populations of receptors existed on the plasma membrane of the
oocytes in our experiments: free P2X receptor, free a6B4* receptor, and the
a6B4*—P2X complex. We also assume that the free a6B4* population was
minimal since the P2X receptors were expressed in excess. It is therefore
intriguing that the oocytes expressing P2X2/3 and a6(L9’S)B4, which contained a
mixture of P2X2-a6(L9'S)B4, P2X3-a6(L9’S)B4, and P2X2/3—a6(L9’S)B4
populations, exhibited > 90% current inhibition with respect to the ACh-evoked
current (Figure 4.16). One possible explanation is that the heteromeric P2X2/3
has a higher affinity for the a6(L9’S)B4 than the homomeric receptors.
Alternatively, the presence of multiple P2X receptors in a receptor complex
provides another possible explanation; the density of P2X2/3 on the membrane
could be so high that every a6(L9’S)B4 receptor had at least one P2X2/3 receptor
present in the same complex. However, without a clear view of the cross-
inhibitory mechanism of all the receptor combinations on the cells, the
underlying cause of the extraordinarily potent cross inhibition between P2X2/3

and a6(L9’S)p4 is still a mystery.

In order to investigate the pore occlusion during the receptor co-activation
by ACh and ATP, we used mecamylamine (Mec) for discriminating between the

current flowing through a684* channel (I_a6) from the current flowing through
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the P2X channel (I_P2X). We do not make the assumption that I_a6 is necessarily
identical to I,c,, or I_P2X to I,;p because the two families of proteins are evidently
interacting. In oocytes co-expressing P2X2-a6B4*, we found that Mec inhibited >
95% of I,q, without affecting I,;p. This indeed verifies that all ACh-elicited
current passed through the a6B4* channel pores exclusively, and the ATP-
elicited current only passed through P2X channel pores. The result also suggests
that the previous proposal of channel overlap, in which ATP activates a
subpopulation of the nicotinic receptor channels, is not the case here (10). The
voltage-dependent nature of the block confirms that Mec binds deep into the
membrane and simply occludes channel pore. Hence, the pore blocker is not
likely to interfere with the agonist binding, the opening of the pore, or the

protein-protein interaction.

Our mecamylamine experiments show that, in three out of four cases, the
P2X channel pores were not affected by the cross inhibition. In the case of P2X2-
a6B4B3(V13'S), A and I, also added up to I, providing an internal reference
for the occlusion of the a6p4B3(V13’S) channel as both receptors were co-
activated. The result from the case of P2X2-a6(L9’S)B4 differs from all other
cases that include the B3(V13’S) subunit in the nAChR or the P2X3 subunit,
suggesting that the mechanism of the cross inhibition is dependent on both
nAChR and P2X receptor subunit compositions. In a previous study, co-
activation of P2X2 and various subtypes of GABA , receptor leads to a functional
cross inhibition that was dependent on the GABA, subunit composition (5). By

distinguishing the ion conduction through the a684* from the P2X channel pores,
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the data enable us to identify which receptor was inhibited in all the four
combinations that we could test. The experiments, however, only captured a
“snapshot” of the cross-inhibition event during the agonist co-application
without providing any information regarding the states of the inhibiting or the

inhibited receptors at the time of the snapshot.

The results from our investigation of P2X2-a6(L9'S)B4 desensitization
clearly supported a role for P2X2 desensitization state in the receptor crosstalk.
A subpopulation of the P2X2 receptors desensitized more rapidly and recovered
very slowly from the desensitized state — a behavior that was only observed
when P2X2 was co-expressed with the a6(L9’S)B4 receptor. The observation was
independent of the a6(L9’S)B4 activation by ACh. When we applied a series of
agonists in the order of ACh — ATP — ACh+ATP, incomplete recovery of this
subpopulation of the receptor after an application of ATP led the apparent
current reduction in the subsequent ACh+ATP application, i.e. the cross-
inhibition phenomenon. Once desensitized, the P2X2 receptor could no longer
functionally interact with the a6(L9’S)B4 receptor (Figure 4.14). We also found
that the P2X2 receptors that were pre-exposed to ACh+ATP exhibited a normal
recovery from desensitization during the subsequent applications of ATP,
implying that all of the a6(L9’S)B4-bound P2X2 receptors had been desensitized
during the ACh+ATP exposure (Figure 4.13). Furthermore, when ACh+ATP was
applied before ATP, we did not observe any cross inhibition — I ¢, Arp was equal
to the sum of the subsequent I, and I,y in all three cases (Figure 4.15). The

current additivity shown in Figure 4.15 cannot be explained by the absence of
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receptor crosstalk. Instead, the apparent additivity of the system suggests that
current inhibition had to occur concurrently as ACh+ATP was first applied.
Taken together, these data revealed another hidden mode of cross inhibition that
was previously obscured by the P2X2 desensitization. This mode of interaction is
only detectable during the first co-application of ACh and ATP, before the
interacting P2X2 population is desensitized. A series of drugs needed to be
applied in order to evaluate the results in this type of experiment, and as such the
prolonged desensitized state of the interacting P2X2 receptor population limits our
ability to probe for the mechanism of the pore occlusion during co-activation of the
P2X2-a6(L9’S)B4 complex. Our mecamylamine experiments on the P2X2-
a6(L9’S)B4 oocytes were only able to probe the apparent cross inhibition when the
interacting P2X2 receptor was already desensitized. The unique characteristic of
the P2X2 desensitization was presumably modified simply by being associated

with the a6(L9’S)B4 receptor without receptor activation.

Previous works have reported contradicting observations on the cross
inhibition during desensitization. Our studies show that, for both P2X2-
a6(L9’S)B4 and P2X3(K65A)-a6(L9'S)B4, the functional interaction was lost when
the involved P2X receptor was desensitized, which is consistent with a previous
study involving cross inhibition between ACh receptor and ATP receptor in rat
sympathetic neurons (10). In contrast, another work reported that the
desensitized P2X2(T18A) receptor could still inhibit a384 nAChR (41). This
result is supported by a more recent study, finding that the a3f4 nAChR can

interact with the P2X2, P2X3, and P2X4 receptors during their desensitized state,
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although the extent of cross inhibition was not equivalent to that occurring when
fully active, non-desensitized receptors were studied (12). Nevertheless, the
cross-inhibitory mechanism is likely specific to the P2X and nAChR subtypes

involved in the interaction.

The case of P2X2-a6(L9’S)B4 indicates that the activation of both
interacting receptors is not necessarily required for the functional interaction to
take place. Agonist EC;, is another convenient probe for receptor function, and a
shift in EC;, values is suggestive of a gating modulation induced by the crosstalk.
In most cases where we could study dose-response relations, we found only
minor (< 2-fold) changes in the EC;, values for each agonist when we co-
expressed these receptors (Table 4.1). An exception is the case with P2X3(K65A)-
a6(L9’S)B4, in which the ATP EC;, of the P2X3(K65A) receptor was ~ 3-fold
higher when the a6(L9’S)B4 receptor was present. These shifts did not depend
on the presence of ACh (Figure 4.5). The response also showed a decreased
apparent cooperativity, revealed by a reduced Hill coefficient (Figure 4.5). The
result implies that cross inhibition also occurred at submaximal concentrations of
ATP. The co-expression, however, did not change the EC;, for ACh. The
presence of a6(L9’S)B4 did not affect the ATP EC;, for the fast-desensitizing
P2X2(T18A) receptor, while the cross inhibition was still observed between this
pair of receptors at the maximal ATP dose. The shift in dose-response relation in
the presence of a6(L9’S)B4 is, therefore, a specific P2X3(K65A) character and is

not a result of an error in measuring fast-desensitizing current.
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The intracellular C-terminal domains of P2X2 and P2X3 have been shown
to be necessary for the expression of their cross inhibition to some Cys-loop
receptors, including a3f4 nAChR, GABA,, GABA, and 5-HT, receptors (4-7,
13). In the case of P2X2—-a6B4*, removal of the P2X2 C-terminal domain did not
affect the cross inhibition at the maximal doses of agonist, and the slow recovery
from desensitization was still observed for the P2X2TR receptor co-expressed
with a6(L9’S)B4 (data not shown). In the case of P2X3(K65A)-a6(L9’S)B4, we
found that the C-terminus of P2X3(K65A) is responsible for the current occlusion
at the maximal ATP dose but is not required for the rightward shift in the ATP

dose-response relation.

The overall results indicate that the P2X—a6B4* interaction is inhibitory.
Two distinct mechanisms are suggested to be involved in the functional coupling
between these two families of ligand-gated ion channels, highlighted by the
results from «a6(L9’S)B4 interactions with P2X3(K65A), P2X2(T18A), and
P2X3(K65A)TR. The first class takes the form of current occlusion: when both
receptors are co-activated by ACh and ATP, the agonist-induced currents are less
than the sum of individual currents. This type of mechanism is commonly

observed between Cys-loop receptors and P2X receptors.

The interaction likely depends on the physical contact between the two
receptors, enabling the activation of one receptor by its agonist to induce a
conformational change that results in the pore occlusion of the other ion channel
across the protein complex through an allosteric effect. This supports the

previous proposal of the conformational spread mechanism. The intracellular C-
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terminal domains of the P2X receptor possibly play a role in this type of
interaction for some P2X-Cys-loop receptor pairs. The second class of P2X-
a6B4* interaction is pre-organized. This type of mechanism is constitutive and
does not require receptor activation. A change in P2X2 desensitization
properties in the presence of a6(L9’S)B4 and a shift in P2X3(K65A) EC;, are the
examples. The physiology of the ion channels is altered, possibly through
physical interaction that possibly does not involve the P2X C-terminus. In other
words, one receptor may act as a constitutive allosteric modulator of the other.
This type of cross inhibition had only been reported for the P2X2-a334 nAChR
pair, in the forms of constitutive current suppression and the shift in the dose-
response relations (13). Also supporting this view, competition experiments have
shown that expression of a minigene encoding the C-terminal domain of P2X2
could disrupt functional interaction but not physical interaction between the
P2X2 and 5-HT; receptors, (6) although the constitutive functional interaction

was not demonstrated in those experiments.

We have provided evidence supporting functional interactions between
a6B4* nAChR and P2X2, P2X3, and P2X2/3 receptors. This could be a mechanism
by which the a6-nAChR subunit is involved in the pain pathway. The a6f4*
receptor may directly participate in pain sensation through this functional
interaction with the P2X receptor. Alternatively, the a6p4* receptor may serve as
a means for modulating the activity of P2X receptors through constitutive
binding or regulating the interaction of P2X with other receptors. For example,

binding of P2X3 receptors to a6p4* in the DRG neurons may compete with the
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molecular interaction between the GABA , receptor and the P2X3 receptor, which
has been proposed to play a role in nociceptive signal transmission as well (4, 11).
Nonetheless, crosstalk between two ligand-gated ion channels provides a fast and
efficient way to adapt neurotransmitter signaling to changing functional needs
through a mechanism that appears to be a complex process that is still poorly

understood.

4.4 Materials and Methods
Molecular Biology

Rat a6 and mouse B3 nAChRs were in the pGEMhe vector, and rat 4
nAChR was in the pAMV vector. All P2X cDNAs were in the pcDNAS3 vector. Site-
directed mutagenesis was performed using the Stratagene QuikChange protocol.
Truncated P2X2 and P2X3(K65A) subunits were made by engineering a TAA stop
codon at the 3’ end of the sequence encoding the residue 373 of P2X2 or residue 385
of P2X3(K65A). Circular cDNA was linearized with Nhel (for the pGEMhe vector),
Notl (for the pAMYV vector), or Xhol (for the pcDNA3 vector). After purification
(Qiagen), linearized DNA was used as a template for runoff in vitro transcription
using T7 mMessage mMachine kit (Ambion). The resulting mRNA was purified

(RNAeasy Mini Kit, Qiagen) and quantified by UV-visible spectroscopy.
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Expression of a6 nAChR in Xenopus oocytes

Stage V-VI Xenopus laevis oocytes were employed. Each oocyte was
injected with 50 nL of mRNA solution. When a684* nAChR and P2X receptors are
co-expressed, equal volume of corresponding mRNA solutions were mixed prior
to the oocyte injection. To express the a6B4 combination, we used the
hypersensitive a6 subunit containing a serine mutation at the leucine9” on M2
(residue 279). The mRNA ratio used was 2:5 a6(L9’S):34 by mass, and we injected
25-50 ng of total mRNA per cell. We used the wild-type a6 and 4 in combination
with the hypersensitive 3 containing a serine mutation at the valinel3” on M2
(residue 283) to express the a6B4B3 combination. The wild-type a6p4 produced no
detectable current signal, with or without co-injection of the P2X subunits. Cells
were injected with a mixture of mRNA at the ratio of 2:2:5 a6:84:3(V13’S) at a
total mMRNA concentration of 5-20 ng per cell. The optimal mRNA concentration
of P2X2 was 0.05 ng per cell when expressed alone and 0.1-0.3 ng per cell when co-
expressed with a6B4* nAChR. To study P2X3, we used the K65A mutation, which
enhanced the rate of recovery from desensitization. We injected 5ng of
P2X3(K65A) mRNA per cell when expressed alone and 10-20 ng of mRNA when
co-expressed with a6p4* nAChR. P2X2/3 was expressed by co-injection of 1:10

ratio of P2X2:P2X3 mRNA at 15-25 ng of total mRNA. 25-50 ng of mRNA per cell

was required to express P2X2(T18A) and the truncated P2X subunits.

After mRNA injection, cells were incubated for 24-72 hours at 18 °C in

culture media (ND96" with 5% horse serum).
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Electrophysiology

Acetylcholine chloride was purchased from Sigma-Aldrich/RBI and

stored as 1M stock solutions in Millipore water. ATP and a,B-methylene-ATP

(aBpmeATP) were purchased from Tocris Bioscience and were stored as 100 mM
stock solutions in Millipore water. Mecamylamine hydrochloride (Mec) was
purchased from Sigma and stored as 100 mM stock solutions. All stock solutions
were stored at —80°C, and drug dilutions were prepared from the stock solution
in calcium-free ND96 buffer within 24 hours prior to the electrophysiological

recordings. The pH of all buffers and drug solutions was adjusted to 7.4.

Ion channel function in oocytes was assayed by current recording in two-
electrode voltage-clamp mode using the OpusXpress 6000A (Axon Instruments).
Up to eight oocytes were simultaneously voltage-clamped at —60 mV. All data

were sampled at 125 Hz and filtered at 50 Hz.

For P2X2, a6(L9’S)B4, or a6B4B3(V13’S) dose-response experiments, 1 mL
of total agonist solution was applied to cells, and 7-8 concentrations of agonist
were used. Mixtures of ATP and ACh were prepared beforehand in cases of
agonist co-application. Cells were perfused in calcium-free ND96 solution before
agonist application for 30 seconds, followed by a 15-second agonist application
and a 2-minute wash in calcium-free ND96 buffer. A similar protocol was used
to investigate cross interaction between P2X2 and a6B4*, except that the wash
was extended to 3 minutes. 100 uM of ACh and 1 mM of ATP were used in all

cross interaction experiments. The order of application was ACh, ATP, and ACh
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+ ATP, unless otherwise specified. 50 uM and 500 uM of mecamylamine were
used to block a6B4B3(V13’S) and a6(L9’S)B4 receptors, respectively. In all
experiments involving mecamylamine, oocytes were incubated with 0.25 mL of
mecamylamine (or buffer) for ~ 20 seconds prior to an application of a pre-mixed

solution of agonist(s) and mecamylamine (or just agonist(s)). The order of

application was ACh, ATP, ACh + ATP, and ACh + ATP + Mec.

To ensure enough channel density, we only analyze data from cells that
produced between 5-13 pA of ATP-evoked current (I,p) and > 1.5 pA of ACh-
evoked current (I,,). Cells displaying larger currents were discarded to avoid
the ambiguity associated with error of the measurement as well as other
complications arising from extremely high density of receptors such as pore
dilation, a phenomenon known to occur for P2X2 receptors at high receptor

density (54-58).

For ATP dose-response experiments on the fast-desensitizing P2X
receptors, including P2X3, P2X3(K65A), P2X3TR, and P2X2(T18A) receptors, ATP
application was 2-second duration at the total volume of 0.5 mL, and the wash
was 3.5 minutes. For ATP dose-response experiments in the presence of ACh,
ACh was pre-applied for 15 seconds through pump B (0.6 mL), followed by a 2-
second application of a mixture of ATP and ACh (0.5 mL), another 30-second of
ACh application through pump B (1.5 mL), and a 164-second wash in calcium-
free ND96. Cross interaction between these fast-desensitizing P2X receptors and
a6B4* nAChRs was probed in an experiment that involved an alternate

application of saturating ATP doses without ACh and with ACh, using the same
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protocol as the dose-response experiments, except that the wash time used was
205-second duration. The concentration of ACh was 100 uM in all cross
interaction experiments, and the concentrations of ATP were 100 pM for cells
expressing P2X3(K65A) and a6B4B3(V13’'S), 320 uM for P2X3(K65A) and
a6(L9’S)B4, 320 uM for P2X3TR and a6(L9’S)B4, and 1 mM for P2X2(T18A) and
a6(L9’S)B4. Peak currents from at least three traces were averaged from the same
cell for data analysis. Data from cells displaying < 1.5 pA of I, <5 pA or > 11

HA of I,p, OF Iy, > I51p Were excluded from all cross-interaction analysis.

To investigate cross interaction between P2X2/3 receptor and a6f4*
nAChR, P2X2/3 receptor was activated by 100 pM afmeATP, and a6p4* nAChR
by 100 pM ACh. All agonist applications were 10-second duration at a volume of
0.5 mL, followed by an extra 5-second of incubation with the agonist(s) without
fluid aspiration. Then the cells were washed for ~ 5 minutes. The order of
application was afmeATP, ACh, and oafmeATP+ACh, unless specified
otherwise. A similar protocol was used for experiments with mecamylamine,
and in addition, cells were pre-incubated in 0.25 mL of either buffer or
mecamylamine solution prior to the application of the test doses, in the same
manner as described above for P2X2-a6p4*. 50 pM and 500 pM of mecamylamine
were used to block a6B4B3(V13’S) and a6(L9’S)B4 receptors, respectively. Only
data from cells displaying lapm.atr between 5-13 pA, I, = 1.5 pA, and Ilagpearr >

I cn were included in the analysis.
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Data Analysis

All dose-response data were normalized to the maximal current (I, = 1)
of the same cell and then averaged. EC;, and Hill coefficient (n,) were
determined by fitting averaged, normalized dose-response relations to the Hill
equation. Dose responses of individual oocytes were also examined and used to

determine outliers.

For all cross interaction data involving P2X2 or P2X2/3, including data
from the mecamylamine experiments, the predicted current from agonist co-
application was calculated from the arithmetic sum of I, and I,rp (Or Iugmearr)
from the same cell. The actual, observed current upon co-application of the
agonists was subtracted from the prediction value of the same cell, and this
difference was designated as the A. All current data and A were normalized to

the prediction value of the same cell, and then the normalized data were

averaged across at least 7 cells from at least 2 batches of oocytes.

For all cross interaction data involving the fast-desensitizing P2X
receptors, including P2X3, P2X3(K65A), P2X3TR, and P2X2(T18A) receptors,
averaged ATP-evoked peak current during ACh application (I ;") was
subtracted from averaged ATP-evoked current in the absence of ACh (I,p) from
the same cell to obtain a A*. All current data and A* were normalized to (I,rp)

and averaged across at least 8 cells from at least 2 batches of oocytes.
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All data are presented as mean + s. e. m. (n = number of cells), with statistical

significance assessed by paired Student’s t test. A p value of < 0.01 was accepted

as indicative of a statistically significant difference.
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