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Glossary 

Agonist. Is a chemical that binds and activates a given receptor, triggering a 
response in the cell. 

Alternative splicing. A mechanism in which different combinations of exons are 
joined together during the final stages of transcription so that more than one 
messenger RNA is produced from a single gene	

Antagonist. Is a receptor ligand that does not provoke a biological response by itself 
but blocks or dampens a cell response induced by an agonist. 

Desensitization. Reduction of the cell response induced by an agonist when this is 
continuously or repetitively administered. 

EC50 and IC50. Refers to the concentration of agonist or antagonist that induces a 
response halfway between the baseline and the maximum after some specified 
exposure time. 

Heterologous expression. The expression of a gene or part of a gene in a host 
organism, which does not naturally have this gene or gene fragment. 

Hill coefficient. Is a measure of cooperativity during the binding process of the 
agonists and antagonists to the receptor binding sites.  A coefficient of 1 indicates 
completely independent binding, regardless of how many additional ligands are 
already bound. Numbers greater than unity indicate positive cooperativity, while 
less than unity negative cooperativity. 

Isoforms. Functionally similar proteins that have a similar but not an identical amino 
acid sequence 

P2X receptors. Receptor membrane proteins activated by ATP, which include an ion 
channel. 

Splicing variant. Active mRNA that results from cutting and resealing or a RNA 
transcript by precise breakage of phosphodiester bonds at the 5′ and 3′ splice sites 
(exon-intron junction) 

Stoichiometry. Quantitative relationship of the various subunits that conform a given 
protein, e.g. ion channel. 

Synaptic vesicle.	 Is	 a small secretory vesicle that contains a neurotransmitter, is 
found inside an axon near the presynaptic membrane, and releases its contents 
into the synaptic cleft 

Synaptic cleft. The space between neurons at a nerve synapse across which a 
nerve impulse is transmitted by a neurotransmitter. 

Two-electrode voltage clamp technique. Is a common electrophysiological 
technique that allows ion flow across the cell membrane to be measured as an 

electric current while the transmembrane potential is held constant with a feedback 
amplifier. Ion channels expressed in Xenopus oocytes can be studied using the 

two-microelectrode voltage clamp technique.
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Resumen 

Heteromeric channels with different phenotypes are generated when 

coexpressing two P2X2 receptor isoforms 

Para determinar si al coexpresar dos isoformas del receptor P2X2 en ovocitos de 

Xenopus laevis se forman canales heteroméricos con diferente estequiometria. 

Tomando ventaja de una mutante (P2X2-2bm) debido a que tiene una menor 

sensibilidad al ATP que el receptor P2X2-2b (wild type), y a su vez incrementa las 

diferencias entre esta y la variante P2X2-1a. Los canales P2X son triméricos con tres 

sitios de unión al agonista, dos posibles combinaciones pueden dar lugar a los 

canales heteroméricos: i) 2(P2X2-1a) +1(P2X2-2bm); o ii) 1(P2X2-1a) +2(P2X2-

2bm). Debido a que la apertura de los canales P2X se da por la unión de dos 

moléculas del ATP, se esperaría diferente sensibilidad al ATP entre estos 

heterómeros. En apoyo a esta hipótesis, la coexpresión de las dos isoformas de 

receptor P2X2 resultó en dos poblaciones de ovocitos con sensibilidad al ATP y 

coeficientes de Hill diferentes. Una población (P2X2-1a like), fue similar a los 

ovocitos en que solo se expresaron canales P2X2-1a, mientras la otra (P2X2-2bm 

like) fue similar a cuando solo se expresaron canales P2X2-2bm. Sin embargo, el 

análisis de sus cinéticas, descarta la expresión de canales homoméricos. Los datos 

también indican que, la heteromerización de los canales, provoca cambios en la 

cinética de desensibilización. En conclusión, cuando las isoformas de P2X2 son 

coexpresadas, los ovocitos expresan principalmente una de las dos estequiometrias 

de canales heteroméricos. 

PALABRAS CLAVE: Receptores P2X, activación de receptores P2X, estequiometría 

de receptores P2X, variantes de splicing, expresión heteróloga, inhibidor PPADS. 
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Abstract 

Heteromeric channels with different phenotypes are generated when 

coexpressing two P2X2 receptor isoforms 

To investigate if channels with different stoichiometry are formed from two P2X2 

receptor splice variants during their co-expression in Xenopus laevis oocytes. We 

used a mutant (P2X2-2bm) because it has a lower ATP sensitivity than the wild type 

receptor. P2X channels are trimeric proteins with three agonist binding sites; 

therefore, only two homomeric and two heteromeric stoichiometries are possible, the 

heteromeric channels might be formed by: i) 2(P2X2-1a) +1(P2X2-2bm); or ii) 

1(P2X2-1a) +2(P2X2-2bm). Because P2X2 channels open when two binding sites 

are occupied, these stoichiometries are expected to have different sensitivities to 

ATP. In agreement with this, coexpressing both P2X2 isoforms, two oocyte 

populations were distinguished based on their channel sensitivities to ATP and Hill 

coefficients. For the first population (P2X2-1a like), such parameters were not 

different than those of homomeric P2X2-1a channels, and for the second population 

(P2X2-2bm like), these parameters were also not different than for homomeric P2X2-

2bm channels. Kinetics analysis indicates that heteromeric channel expression is 

occurring, and homomeric channel expression is not responsible for such differences. 

Our data indicate that oocytes expressed heteromeric channels with mainly one (of 

the two possible) stoichiometry when P2X2-1a and P2X2-2bm subunits are 

coexpressed, and the expression of homomeric channels is also not detectable.  

KEY WORDS: P2X receptors, P2X receptor activation, P2X receptor stoichiometry, 

splicing variants, heterologous expression, PPADS binding. 
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INTRODUCTION 

1.1. Synaptic transmission 

Neurons communicate with other neurons or effectors cells at anatomically 

identifiable cellular regions called synapsis. Such communication is known as 

synaptic transmission, and two modalities are recognized, chemical and electrical 

(Fig. 1). At chemical synapses, information is transferred through the exocytotic 

release of a neurotransmitter from one presynaptic neuron at the synaptic cleft and 

detection of the neurotransmitter by a postsynaptic adjacent cell; whereas in 

electrical synapses, the cytoplasm of adjacent cells is directly connected by 

clusters of intercellular channels called gap junctions, resulting in a low electrical 

resistance communication (Pereda, 2014). 

Structurally, the neuron is made up of a cell body or soma, a single axon, 

and dendrites. The cell body contains the nucleus and cytoplasmic organelles with 

a large amount of rough endoplasmic reticulum. The axon is the longest cell 

process, capable of transmitting nerve impulses and/or releasing exocytic vesicles 

contained in the axon terminals. The dendrites are shorter and more branched than 

the axon, the number of dendrites defines the kind of neuron. If there is no 

dendrite, it is a unipolar neuron; with one dendrite, it is a bipolar neuron; if there is 

more than one dendrite, it is a multipolar neuron. Pseudounipolar neurons have 

just a single process leaves the soma and then bifurcates (Craig et al., 1994; 

Tahirovic et al., 2009). 
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Figure 1: The two modalities of synaptic transmission. a) Simplified diagram of 

chemical synapsis. Depolarization of the presynaptic terminal by the arrival of an action 

potential evokes the neurotransmitter release, which leads to the activation of voltage-

gated calcium channels (VGCCs). Then, in the postsynaptic terminal, the ionotropic and 

metabotropic receptors are capable of detecting and translating the presynaptic message 

(neurotransmitters) into various postsynaptic events (changes in resting membrane 

potential, biochemical cascades activation and regulation of gene expression). b) 

Simplified diagram of electrical synapsis. Clusters of gap junctions that connect the interior 

of two adjacent cells and thereby, directly enable the bidirectional passage of ionic 

currents (arrows), as well as, intracellular messengers and small metabolites (modified 

from Pereda, 2014) 

 

Although, synapsis for both forms of transmission can be found between 

different neuronal sites (dendrites, soma, and axons), chemical transmission 

normally occurs between synaptic terminals from axons and the dendrite or soma 

of a postsynaptic neuron, or effector cell (muscle fibre or gland cell). The cell-cell 

communication system is not unique to the nervous system, for example, the 

transfer of information between cells of the immune system, shares some 
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characteristics of neuronal chemical and electrical synapses, which has led to the 

adoption of the common term “immune synapse” to describe the close cell-cell 

contacts (Dustin, 2012). 

 

1.2. Chemical synaptic transmission 

The chemical synaptic transmission, involving the exocytotic release of 

neurotransmitter from presynaptic cells, produces depolarizing or hyperpolarizing 

currents on the postsynaptic cell, resulting in postsynaptic potentials (excitatory or 

inhibitory, respectively), that are fast if they are mediated by ligand-gated ion 

channels (LGICs), or slow if they are mediated by G protein-coupled receptors 

(GPCRs)(Galligan, 2002a; Galligan, 2002b; Greengard, 2001). 

In the presynaptic terminal, the exocytosis of neurotransmitters is triggered 

by the influx of Ca2+ through voltage-gated channels. A large number of proteins, 

including a calcium-responsive trigger protein known as synaptotagmin, are 

important in regulating vesicle exocytosis. The rise in Ca2+ concentration within the 

presynaptic terminal causes synaptic vesicles to fuse with the presynaptic plasma 

membrane and release their contents into the synaptic cleft. This process requires 

the interaction of different proteins, some of these, are known as SNAREs (soluble 

NSF-attachment protein receptors), are small membrane-anchored proteins. 

Specific SNAREs are found on synaptic vesicles (synaptobrevin or VAMP) and the 

presynaptic plasma membrane (syntaxin, and SNAP-25). Additional sets of 

proteins are responsible for endocytosis and regeneration of synaptic vesicles 

(Landis, 1988; Südhof et al., 2011). 
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The postsynaptic side contains clusters of neurotransmitter receptors and 

ion channels embedded in a protein network comprised of anchoring and 

scaffolding molecules, signaling enzymes, cytoskeletal components, as well as 

other membrane proteins. Altogether, receive the neurotransmitter signal released 

from the presynaptic terminal and transduce it into electrical and biochemical 

changes in the postsynaptic cell (Südhof, 2004). 

 

1.2.1. Neurotransmitters 

A large number of different chemical messengers are released in the synapsis 

through exocytosis,	 allowing tremendous diversity in chemical signaling between 

neurons. The neurotransmitters can be separated into two broad categories based 

on size, neuropeptides, and small-molecule neurotransmitters. Neuropeptides are 

transmitter molecules composed of more than three amino acids, they are grouped 

based on their sequence (e.g. brain/gut peptides, opioid peptides). The small-

molecule neurotransmitters are much smaller than neuropeptides, within this 

category are the individual amino acids (e.g. glutamate and GABA) as well as 

transmitters of different molecular origin (e.g. acetylcholine, serotonin, histamine, 

and ATP)(Goyal et al., 2013; Kandel et al., 2000). 

There are molecules considered as unconventional neurotransmitters, 

although they involved in intercellular signaling, and their release from neurons is 

regulated by Ca2+, they are not stored in synaptic vesicles and are not released 

from presynaptic terminals via exocytotic mechanisms (e.g. endocannabinoids and 

nitric oxide)(Boyd, 2006; Goyal et al., 2013; Jaffrey et al., 1995; Kandel et al., 

2000). 
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There are two major classes of receptors through which neurotransmitters 

evoke postsynaptic electrical or biochemical responses: LGICs in which the 

receptor molecule is also an ion channel; and GCPRs in which the receptor and ion 

channel are separate molecules (Galligan, 2002a; Greengard, 2001). 

 

1.2.2. G protein-coupled receptors 

Also known as metabotropic receptors, this because the movement of ions derived 

from the activation of these receptors depends on one or more metabolic steps to 

activate ion channels, these receptors do not have ion channels as part of their 

structure. GPCRs are proteins with an extracellular domain that contains a 

neurotransmitter binding site, seven membrane-spanning domains, and an 

intracellular domain that binds to G proteins. Then, neurotransmitter binding to 

metabotropic receptors activates G-proteins, which in turn interacts directly with ion 

channels or bind to other effector proteins, such as enzymes, that make 

intracellular messengers that open or close ion channels (Foord et al., 2005; 

Lagerstrom et al., 2008). 

GPCRs may promote excitatory or inhibitory synaptic transmission through 

direct interaction of the G protein with ion channels or through the side effect of 

second messengers. However, both modes are consistent with the nature of the 

neurotransmitters and receptors. Receptors activated by acetylcholine (mACh) or 

glutamate (mGlu) trigger an excitatory effect, whereas the receptors activated by 

GABA (GABAB) trigger an inhibitory effect (Greengard, 2001). 
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1.2.3. Ligand-gated ion channels 

LGICs are membrane proteins that form a pore that allows the regulated flow of 

selected ions across the plasma membrane. The channels are gated by the union 

of a neurotransmitter which triggers a conformational change in the channel 

resulting in the conducting (open) state. These receptors mediate fast synaptic 

transmission, on a millisecond time scale, however, the expression of some LGICs 

is not exclusive to excitable cells, suggesting additional functions (Connolly et al., 

2004; Galligan, 2002a). 

The LGICs comprise the excitatory (cation-selective channels), among 

these, those activated by acetylcholine (nACh), serotonin (5-HT3), glutamate 

(NMDA and AMPA) and ATP (P2X) receptors; and the inhibitory (anion-selective 

channels), among these, those activated by GABA (GABAA) and glycine (GlyR) 

receptors (Barnes et al., 2009; Jarvis et al., 2009; Lodge, 2009; Lynch, 2009; Millar 

et al., 2009; Olsen et al., 2009)  

The nACh, 5-HT3, GABAA and glycine receptors (and an additional zinc-

activated channel) are pentameric channels, also known as Cys-loop receptors 

due to the presence of an extracellular loop of residues formed by a disulfide bond. 

The ionotropic glutamate receptors are tetrameric channels, and the P2X receptors 

are trimeric channels. Multiple genes encoding subunits of different type of LGICs, 

furthermore, most of these receptors are heteromultimeric, this results in different 

combinations of subunits leading to a wide range of receptors with different 

pharmacological and biophysical properties and varying expression patterns in the 

nervous system and other tissues (Brady et al., 2001; Conroy et al., 1995; 

Galligan, 2002a; Saul et al., 2013). 
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1.3. Purinergic signalling 

The concept of purinergic transmission, suggesting the purines like a 

neurotransmitter was proposed by Burnstock in 1972. 20 years later, was cloned 

the first P2 receptor (Webb et al., 1993). Purinergic signalling is not only involved in 

neuronal signalling, but also in many non-neuronal regulatory processes that 

include exocrine and endocrine secretion, immune responses, inflammation, pain, 

platelet aggregation, and endothelial-mediated vasodilatation. Cytoplasmatic ATP 

levels reach millimolar concentrations, and it is now recognized that damaged cells 

and healthy cells can release a considerable amount of ATP into the extracellular 

environment, where it can work like a ligand of purinergic receptors (Junger, 2011; 

Khakh et al., 2006). 

Neurons may contain concentrations up to 100 mM ATP in synaptic 

vesicles, from where it can be released, sometimes along with other 

neurotransmitters by exocytosis after a previous action potential, or in response to 

cellular injury or death. ATP is the molecule mostly co-released from synaptic 

vesicles, evidence showing that ATP is a cotransmitter with ACh, noradrenaline, 

glutamate, GABA and dopamine in different subpopulations of neurons in the 

central and peripheral nervous systems (Burnstock, 1976a; Burnstock, 2009). 

Extracellular ATP is rapidly hydrolyzed by ecto-ATPases and 

ectonucleotidases. The metabolites (principally adenosine) obtained from this 

hydrolysis are also important mediators in cell signalling. ATP act on P2 receptors 

and adenosine act on P1 receptors. P1 are GPCRs commonly referred to as 

adenosine receptors (A1R, A2AR, A2BR, y A3R) (Ralevic et al., 1998). ATP, ADP, 



	

	
	

8	

UTP and UDP act at P2 receptors, which are either LGICs (P2X) or GPCRs (P2Y) 

receptors (Burnstock, 1976b; Burnstock, 2006). 

 

1.3.1. P2Y receptors 

P2Y receptors are GPCRs activated by low concentrations of ATP (from nM to low 

µM range). In mammals, there are at least eight genes encoding subtypes of P2Y 

receptor. Some P2Y receptors principally use Gq/G11 that activates the 

phospholipase C/inositol triphosphate endoplasmic reticulum Ca2+-release 

pathway. Others P2Y receptors, almost exclusively, couple to Gi/o, which inhibits 

adenylyl cyclase and modulates ion channels. Thus, ATP binding to P2Y receptors 

triggers second-messenger cascades that amplify and prolong the signal over 

seconds. The characteristics of P2Y and P1 receptors make them appropriate for a 

long-lasting modulatory function because they can detect lower ATP 

concentrations over greater distances from the site of release (Erb et al., 2012; 

Weisman et al., 2012). 

 

1.3.2. P2X receptors 

P2X receptors are ligand-gated cation channels activated by extracellular ATP. 

Seven (P2X1-7) subunits, each codified by a different gene, are present in 

mammalian species and homomeric and heteromeric channels are constituted by 

trimers of P2X subunits. Subunits have two membrane-spanning domains, an 

extracellular domain, and intracellular N and C termini. ATP binds to the 

extracellular domain between the interface of two subunits and, therefore, there are 

three binding sites per channel (Fig. 2) (Hattori et al., 2012; Kawate et al., 2009; 
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Marquez-Klaka et al., 2007; North, 2002; Torres et al., 1999; Wilkinson et al., 

2006). The P2X subunits are different on size, being the portion C termini the most 

variable. This portion C termini has been related to the regulation of the channel 

and interactions with other ligand-activated receptors and structural proteins 

(Boue-Grabot et al., 2003; Guimaraes, 2008; Kim et al., 2001; Koshimizu et al., 

1999; Koshimizu et al., 2006). 

Splicing variants have been described for the different subunits, these are 

expressed in specific tissues or under specified conditions (North, 2002). Some of 

these variants have different pharmacological and kinetic properties compared to 

canonical channels, some of these lose the ability to interact with proteins or form 

functional channels. Not all variants have been characterized. 

 

Figure 2. Structure and function of P2X receptors. Topology and key features of P2X 

receptor subunits. The numbers are amino acids for rat P2X2 receptors. (Khakh et al., 

2006) 
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2. BACKGROUND 

P2X heteromeric complexes have been shown by coimmunoprecipitation tests, 

also the inability to form homotrimers of P2X6 and to form heterotrimers of P2X7 

(Torres et al., 1999). Heteromeric channels are known to maintain some 

pharmacological and biophysical properties of the participating subunits (Aschrafi 

et al., 2004; King et al., 2000; Le et al., 1998; Lewis et al., 1995; Nicke et al., 2005; 

Torres et al., 1999; Torres et al., 1998). The heteromeric receptor P2X2/3 is one of 

the best characterized, which exhibits a similar rank order of agonist potency than 

P2X3 homomeric channels, including its sensitivity to α,β-meATP, but they are 

distinguished from P2X3 homomeric channels by their slower desensitization 

kinetics (Hausmann et al., 2012; Jiang et al., 2003; Lewis et al., 1995; 

Stelmashenko et al., 2012). Such experiments indicate that fewer than three 

binding sites need to be occupied to elicit channel opening. Additional studies, 

using heterologous coexpression of P2X2 and P2X3 or P2X6 receptors, have 

provided strong evidence that the quaternary trimeric structure would have 

stoichiometries of one P2X2 and two P2X3 subunits (P2X2/3[1:2]), and two P2X2 

and one P2X6 subunit (P2X2/6[2:1]) (Hausmann et al., 2012; Wilkinson et al., 

2006), which for a while were the only reported stoichiometries for heteromeric 

P2X receptors. However, a recent study (Kowalski et al., 2015), described 

experimental evidence indicating that the availability of P2X2 and P2X3 subunits 

determined the stoichiometry of heterotrimeric P2X2/3 receptors and the other 
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possible stoichiometry (P2X2/3[2:1]) can also be assembled when different ratios 

of these pairs of receptors are co-expressed. 

 We have reported the properties of two recombinant isoforms of the P2X2 

receptor (P2X2-1a (GenBank Accession # FJ641871.1) and P2X2-2b (GenBank 

accession # FJ641872.1) from guinea pig myenteric neurons, which have different 

kinetics and pharmacological properties (Fig. 3 and Tab. 1) (Liñan-Rico et al., 

2012). In the present work we co-expressed the P2X2 splice variant P2X2-1a and 

a version of the P2X2-2b with two mutations (named here P2X2-2bm); one in the 

amino terminal (E26G) and another in the extracellular region (L185Q); mutations 

that decrease ATP sensitivity, about 10 folds, and increase 3-5 times the 

desensitization kinetics (when it was expressed and characterized), which helped 

us to distinguish both P2X2 isoforms in the present study. Co-expression 

experiments show that different oocytes expressed receptors with two 

pharmacological profiles, one similar to P2X2-1a (P2X2-1a like) and the other to 

P2X2-2bm (P2X2-2bm like). In addition, P2X2-1a like and P2X2-2bm like receptors 

showed the same desensitization kinetics, which was significantly different to that 

of homomeric P2X2-1a and P2X2-2bm individual channels, and to that of the 

predicted desensitization for various combinations of these homomeric channels. 

Altogether, our data indicate that the two possible heteromeric stoichiometries can 

be expressed when P2X2-1a and P2X2-2bm receptors are co-expressed. 
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Table 1. Properties of P2X2-1a and P2X2-2b receptors expressed in Xenopus laevis 

Agonists EC50 (µM) Antagonists IC50 (µM) Receptor Tau of 
desensitization 
(seconds) 

ATP BzATP α,β-me ATP Suramin PPADS 

P2X2-1a τ1= 300±84 5±0.61 
n=15 

4±2 
n=5 

>100 
n=4 

0.4±0.2 
n=4 

0.8±0.23 
n=5 

     486±1202 
n=3 

 

P2X2-2b τ1= 6±0.4 
τ2= 75±9 

18±21 
n=9 

>100 
n=6 

>100 
n=4 

2.03±372 
n=4 

2.4±0.53 
n=4 

 
Pairs of superscript numbers indicate data that were compared and were found to be statistically 

different (P≤ 0.05). (Liñan-Rico et al., 2012) 

 

 

 

Figure 3: Kinetics and ATP sensitivities of P2X2-1 and P2X2-2. a) Representative 

traces of ATP induced-currents recorded from Xenopus laevis oocytes expressing P2X2-1 

(P2X2-1a) or P2X2-2 (P2X2-2b). Horizontal bars above traces indicate the ATP 

application, at equipotent concentrations. b) Concentration-response curves for ATP to 

activate membrane currents mediated by P2X2-1 or P2X2-2 receptors. Vertical lines 

associated with symbols are S.E.M of relative currents. (Liñan-Rico et al., 2012) 

a)	 b)	
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3. THE RATIONALE BEHIND THIS STUDY 

P2X channels are trimeric receptors with three agonist binding sites; therefore, only 

two homomeric and two heteromeric stoichiometries are possible when two 

different P2X subunits are coexpressed, the heteromeric channels might be formed 

by: i) 2(P2X type 1) +1(P2X type 2); or ii) 1(P2X type 1) +2(P2X type 2). 

It is known that reported heteromeric channels possess pharmacological properties 

that resemble the subunits that conform the channel. However, these properties 

are associated with one of the two possible stoichiometries. 

Although heterologous coexpression and co-immunoprecipitation assays have 

shown the formation of two possible heteromeric stoichiometries, there is no clear 

evidence showing the electrophysiological properties of both heteromeric 

stoichiometries when two different P2X subunits are coexpressed. 

The problem for not being able to demonstrate the functionality of the two possible 

heteromeric stoichiometries may be because these works are based on the 

selective activation of the subunits that make up the heteromeric, but one of the 

subunits is unable to respond to the agonist. 
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4. HYPOTHESIS 

Because P2X channels are composed of three subunits, besides	 to the possible 

formation of homomeric channels, two stoichiometries of heteromeric channels are 

possible	when P2X2-1a and P2X2-2bm are coexpressed, which might be formed 

by: i) 2(P2X2-1a) +1(P2X2-2bm); or ii) 1(P2X2-1a) +2(P2X2-2bm). Since P2X 

channels open when two subunits are activated by ATP, and P2X2-1a and P2X2-

2bm have different ATP sensitivity; hence, these two putative heteromeric 

stoichiometries would be expected to have different ATP sensitivity. 
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5. GENERAL OBJECTIVE 

To investigate if heteromeric channels with different stoichiometry are formed and 

can be differentiated when P2X2 receptor isoforms are heterologously co-

expressed. 

 

Specific aims 

§ Using the technique of two-electrode voltage clamp, characterize the 

individual expression and co-expression of P2X2-1a and P2X2-2bm 

receptors. 

§ To differentiate oocytes expressing alone or together the isoforms P2X2-1a 

and P2X2-2bm. 

§ To identify possible heteromeric channels between oocytes co-expressing 

the isoforms P2X2-1a and P2X2-2bm. 
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6. MATERIALS Y METHODS 

6.1. Genomic sequence analysis of P2X receptors 

Genomic and cDNA sequences encoding P2X2 receptors were obtained from the 

NCBI (http://www.ncbi.nlm.nih.gov) and Ensembl database 

(http://www.ensembl.org). Exon-intron structure of P2x2 gene was derived from the 

aligned cDNA/genomic sequence or obtained directly from NCBI. 

 

6.2. Cloning of P2X2 receptor 

Tissue extracted from the small intestine of Guinea Pig was triturated in a mortar 

with liquid nitrogen. The RNAqueous RNA isolation kit (Life Technologies, Texas, 

USA) was used to obtain total RNA according to the manufacturer’s protocol. First 

strand cDNA were synthesized using Superscript reverse transcriptase II (Life 

Technologies, Texas, USA) in the presence of oligo (dT)18 for 1.5 h at 42 °C. PCR 

was performed using specific guinea pig P2X2 primers designed at the 5’ and 3’ 

UTRs regions to amplify the entire coding sequence (P2X2 sense 5’-

GTTCTGGGCACCATGGCTGC-3’and P2X2 antisense 5’-

TCCTGTCTGCAGACCTGGCGT-3’). PCR reaction was done using Platinum Pfx 

Taq DNA Polymerase (Life Technologies, Texas, USA), conditions were as follows: 

initial denaturation for 2 min at 95 °C, then 40 amplification rounds of denaturation 

for 15 s at 95 °C, alignment for 20 s at 60 °C, and extension for 1 min 45 s at 68 

°C; the final extension was 5 min at 68 °C. PCR products were cloned into the 

pGEM-T Easy Vector (Promega, Wisconsin, USA) sequenced and subcloned into 



	

	
	

17	

the pCDNA3 vector. P2X2-2bm was obtained together whit other PCR products 

whit changes in the sequence, using Recombinant Taq DNA Polymerase (Life 

Technologies, Texas, USA), conditions were as follows: initial denaturation for 5 

min at 95 °C, then 40 amplification rounds of denaturation for 15 s at 95 °C, 

alignment for 20 s at 60 °C, and extension for 1 min 45 s at 72 °C; the final 

extension was 5 min at 72 °C. P2X2-2bm had two amino acid changes (codon 26 

GAG>GGG; and codon185 CTG>CAG), one in the amino-terminal region (E26G) 

and another in the receptor's extracellular region (L185Q), such nucleotide 

changes were confirmed by several sequencing rounds using different primers. 

Early experiments showed us that these mutations increase the differences in ATP 

sensitivity and kinetics between this and P2X2-1a receptor. Therefore, we took 

advantage of this mutant in order to better distinguish these receptors here. 

 

6.3. Preparation of Xenopus laevis oocytes 

Frogs were anesthetized by immersions in a solution of 10 mM Tricaine (3-

aminobenzoic acid ethyl ester; Sigma-Aldrich, MX) and oocytes were removed by 

dissection. Stages V-VI oocytes were manually defolliculated and placed in a 

storage saline solution, containing: Barth’s solution (NaCl, 88 mM; Ca(N03)2, 0.33 

mM; KCl, 1 mM; CaCl2, 0.41 mM; MgSO4, 0.82 mM; NaHCO3, 2.4 mM; and 

HEPES, 10 mM pH adjusted to 7.2-7.4 with NaOH). The cap and poliA P2X2 

mRNA was synthesized with T7 mMessage mMachine (Life Technologies, Texas, 

USA). The mRNA was dissolved in RNase- free water at a final concentration of 

approximately 1 µg/µl, aliquoted and stored at -70°C until used. Cells were injected 

with 36 nl of cap and poliA P2X2 mRNA and incubated at 14°C for 12-36 h before 
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the electrophysiological experiments. The mRNA for P2X2-1a, P2X2-2bm or for 

both were injected in different groups of oocytes for every experiment. Injection of 

P2X2-1a/P2X2-2bm was performed in a ratio of 1:1. 

 

6.4. Electrophysiological recordings 

Membrane currents of oocytes were recorded using the two-electrode voltage 

clamp and the Axoclamp 2B amplifier (Molecular Devices). Recording electrodes 

consisted in glass pipettes (0.3-0.8 MΩ resistance) filled with 2 M KCl solution 

containing 10 mM EGTA. ATP-induced currents (IATP) were recorded at a holding 

potential of -60 mV and at room temperature (21-24°C). 

 

6.5. Drugs Application 

ATP was applied usually for 5-15 s or until reaching the maximal current. This 

nucleotide was washout between consecutive applications for at least 3 min. 

Pyridoxal 5-phosphate 6-azophenyl-2',4'-disulfonic acid (PPADS) was pre-applied 

4 min to reach its steady effect (Guerrero-Alba et al., 2010). Concentration-

response curves were plotted using oocytes batches from at least three different 

frogs. During experiments, the recording chamber was continuously superfused 

with a standard external solution (NaCl, 88 mM; KCl, 2 mM; CaCl2, 1 mM; MgCl2, 

1 mM; and HEPES, 5 mM pH adjusted to 7.2-7.4 with NaOH) at approximately 3 

ml/min.  

The external solution around the recorded cell was done by rapidly 

exchanging it using an eight-tube device. Each tube was connected to a syringe 

containing the control or an experimental solution. The tube with the control 
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solution was placed in front of the recorded cell and the external application of 

substances was applied by abruptly moving another tube in front of the cell, which 

was already draining the experimental solution. Tubes were moved using a 

Micromanipulator (WR-88; Narishigue Scientific Instrument Lab, Tokyo Japan). 

Substances were removed by returning to the control solution. External solution 

was delivered by gravity and the level of the syringes was regularly adjusted to 

decrease changes in flow rate. 

 

6.6. Solutions and reagents 

Salts and substances were all purchased from Sigma-Aldrich (Toluca, MX). ATP 

stock solutions (10 or 100 mM) were prepared in extracellular solution freshly every 

day. BzATP and PPADS stock solution (10 mM) was prepared using deionized 

water and stored frozen. The desired final drug concentration was obtained by 

diluting the stock solutions in extracellular solution before application. The pH was 

adjusted to 7.4 with NaOH when it was necessary. 

 

6.7. Data analysis 

Current normalization, in each cell, was done by considering as 100% responses 

to 1 mM (for P2X2-1a) or 3 mM (for P2X2-2bm) of ATP. Data are expressed as the 

mean ± standard error of the mean (S.E.M.). Differences among multiple groups 

were examined using an ANOVA and a Bonferroni's post-hoc test. P values ≤0.05 

were considered to be significant. Number of cells is represented by "n" and 

concentration-response curves were fitted, at least otherwise stated, with a three 

parametric logistic function (Kenakin, 1993). 
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Theoretical currents were calculated by mixing specific proportions of 

experimental currents through homomeric receptors (P2X2-1a:P2X2-2bm) 

recorded from two different oocytes, which were randomly paired. This was 

achieved by normalizing the adding currents after matching their maximal 

amplitude to 0.1, 0.5, and 0.9 if their desired final weight was 10, 50 or 90%, which 

correspond to ratios of 1:9, 1:1, and 9:1, respectively. 
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7. RESULTS 

7.1. General properties of homomeric channels 

ATP application evoked inward currents in oocytes expressing homomeric P2X2-

1a and P2X2-2bm receptors in a concentration (0.001-10 mM) response manner 

(Fig. 4). Because maximal responses are virtually reached with 1 (-1350±254.6 nA, 

n=24) and 3 mM (-1898±255 nA, n=25) for P2X1-1a and P2X2-2bm, respectively, 

we normalized all currents considering maximal responses as 100%. When using 

data from individual cells expressing P2X2-1a receptor, a lower EC50 (Table 2) was 

calculated than that of cells expressing P2X2-2bm receptors (Table 2). 

 

Table 2. Summary of homomeric and coexpressed channel properties. 
Receptor Row Identifier ATP EC50 

(µM) 
ATP Threshold 
(µM) 

Hill Coefficient Inhibition by 
3 µM PPADS 

P2X2-1a * 14±3 0.41±0.06 2.35±0.48 82±5 
P2X2-2bm # 95±15* 0.69±0.1* 1.52±0.04* 37±7* 
P2X2-1a like & 21±3# 0.74 ± 0.14* 2.03±0.51# 21±4* 
P2X2-2bm like  102±9& 0.77 ± 0.1* 1.64±0.12*,& 34±4* 

Row identifier symbols are used to distinguish the data within a column that were significantly 

different (P≤0.05). No difference was found between other values. Mean EC50s (µM) were 

calculated using individual cells. Means ± S.E.M., are shown. Number of cells varied from 11-21 for 

ATP EC50 (in µM); 4-8 for ATP threshold concentration (in µM) and Hill Coefficients; and 4-7 for 

current-induced inhibition for PPADS (3 µM). 

 

BzATP, an ATP analog, was also more potent on P2X2-1a than on P2X2-

2bm receptors, with EC50 values of 2.4±0.8 (n=5) and >100 µM (n=6), respectively 

(Fig 4C-D). The efficacy of BzATP appears to be smaller on P2X2-1a than on 

P2X2-2bm receptors. 
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Figure 4. Homomeric channels have different kinetics and sensitivity to ATP and 

BzATP. A) Concentration-response curves for ATP currents mediated by P2X2-1a 

or P2X2-2bm receptors, data are well fitted to a three-parameters logistic model; 

each symbol represents the average value of at least six experiments. B) 

Representative traces of ATP induced-currents by P2X2-1a or P2X2-2bm. C) 

BzATP concentration-response curves for the same homomeric channels; each 

symbol represents the average value of at least four experiments. D) 

Representative traces of the BzATP induced-currents through either homomeric 

channels. E) Desensitization kinetics for P2X2-1a channels is well fitted to a single 

exponential function, currents induced by 1 mM ATP. F) Desensitization kinetics for 
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the P2X2-2bm is well fitted by the sum of two exponentials, in response to 1 mM 

ATP. Responses recorded from Xenopus laevis oocytes expressing P2X2-1a or 

P2X2-2bm, were normalized using as 100% the ATP current induced by 1 mM for 

P2X2-1a and 3 mM for P2X2-2bm. Vertical lines associated with symbols are 

S.E.M. of relative currents. Holding potential was -60 mV. Bars above traces 

indicate ATP application. 

 

7.2. General properties of channels formed in coexpression experiments 

When both P2X2-1a and P2X2-2bm were coexpressed in oocytes it became 

evident that at least two P2X channel populations were present in different 

oocytes, each with different ATP sensitivity, one similar to P2X2-1a (P2X2-1a like) 

and the other similar to P2X2-2bm (P2X2-2bm like). As it is shown in Figure 4A, 

100 µM ATP activates 85±1.5% of the maximal current observed for P2X2-1a 

receptors; whereas, at the same concentration activates only 55±2.1% of the 

maximal response of homomeric P2X2-2bm receptors (Fig. 4A-B). Therefore, at 

least three ATP concentrations (0.1, 1, and 3 mM) were used in co-expression 

experiments to check ATP sensitivity in every oocyte; Data were separated and 

ATP concentration-response curves were plotted (Fig. 5A-B). As it was calculated 

in individual cells, P2X2-1a like receptors have a higher sensitivity to ATP than 

P2X2-2bm like receptors. 

BzATP activated both receptor populations with a concentration dependency 

similar to that of homomeric receptors (Fig 5C and D). Thus, BzATP has an EC50 

value of 15±1 (n=4) and >100 µM (n=9) for P2X2-1a like and P2X2-2bm like 

receptors, respectively (Fig. 5C). 
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Figure 5. Channels formed by P2X2-1a/P2X2-2bm coexpression can be classified 

into at least two different groups. A) According to ATP sensitivity ("high or low"), 

responses from different oocytes were grouped. B) Representative traces of ATP induced-

currents (0.01, 0.1, 1 and 3 mM) from oocytes coexpressing P2X2-1 and P2X2-2M 

subunits. C) BzATP concentration-response curves for heteromeric channels with high or 

low sensitivity to ATP. D) Representative traces of BzATP (10 and 100 µM) or ATP (1 or 3 

mM) induced-currents from oocytes expressing type 1 and type 2 heteromeric channels. 

E) Desensitization kinetics for the heteromeric channel with higher sensitivity to ATP are 
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well fitted to a single exponential function. F) Desensitization kinetics for currents with 

lower sensitivity to ATP (1 mM ATP) are also well fitted by a single exponential function. 

Injection of P2X2-1/P2X2-2 was performed in a ratio of 1:1. For the concentration-

response curves, data were normalized using as 100% those currents induced by 1 mM 

and 3 mM ATP, for the high and low sensitive currents. Each symbol represents the 

average value of at least four experiments, vertical lines associated with symbols are 

S.E.M. Holding potential was -60 mV and bars above traces indicate ATP application. 

 

7.3. Current kinetics 

Currents mediated by P2X2-1a channels showed virtually no desensitization during 

the continuous presence of ATP (Fig. 4E). Nevertheless, in some cells, a slow 

desensitization phase was observed, which was well fitted by an exponential 

function with a slower time constant (see Table 3 and Fig. 4E; n=6). P2X2-2bm 

receptor desensitization was well fitted by the sum of two exponentials functions 

(Table 3 and Fig. 4F, n=6). 

 

Table 3. Desensitization kinetics parameters can predict when a homomeric channel 

contributes 10% to the maximal current 
Currents Ratio of P2X2-1a/ P2X2-

2bm currents 
Row 
Identifier 

Desensitization kinetics 
         t1                  t2 

Decay kinetics 
t1               

1 : 0 * 190±77  Complex behaviour 
0 : 1 # 2±0.4* 13.3±3.2 0.8±0.1 
P2X2-1a like & 11±1.1*,#  2.6±0.2# 

 
 
Experimental  

P2X2-2bm like ∂ 8.5±1.1*,#  1.8±0.4# 
1 : 1 α 2.1±0.4*,&,∂, 115±50#  
9 : 1 β 1.8±0.9*,&,∂ 49±15#,α  

 
Theoretical 

1 : 9  1.8±0.3*,&,∂ 15±2.3α,β  

Row identifier symbols are used to distinguish the data within a column that were significantly 

different (P≤0.05). To obtain data for theoretical currents, experimental currents were normalized as 

it is described in Methods. Number of cells varied from 5 to 13 and taus were calculated by the best 

fitting of the currents to one or the sum of two exponential functions. 
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Figure 6. Current kinetics indicates that P2X2-1a like or P2X2-2bm like currents are 

not mediated by a significant expression of homomeric channels. A) Comparison of 

the kinetics for the mean currents from oocytes expressing either P2X2-1a (n=6) and 

P2X2-2bm (n=6) homomeric channels. B) Comparison of the kinetics for the mean 

currents from 13 oocytes expressing either P2X2-1a like or P2X2-2bm like channels and 

the expected kinetics if homomeric currents are added at a ratio of 1:1 (n=6). C-F, 

histograms showing the mean of percent of current (and S.E.M.) remaining after 5 and 60 

s after starting the ATP application for homomeric channels, for both channel populations 

observed during coexpression experiments, and for theoretical currents obtained by 

adding P2X2-1a or P2X2-2bm at different ratios. Symbols above bars (*, and #), indicate P 

values equal or lower than 0.05, when data were compared with average data of P2X2-1a 

and P2X2-2bm, respectively. 

 

Desensitization phase of ATP-induced currents mediated by P2X2-1a like 

receptors (n=13) and P2X2-2bm like receptors (n=13) was well fitted by a single 

exponential function and had virtually the same kinetics (Table 3, Fig. 5E-F). These 

currents desensitized with a significantly different kinetics than that of currents 

through individual homomeric channels (Fig. 6A-B, Table 3) or than kinetics of 

predicted currents when a similar proportion (ratio 1:1) of currents through 

homomeric channels were added (Fig. 6B, Table 3). 

We also mixed currents through homomeric channels at ratios where one 

was predominant to see how this affected the kinetics. Calculated currents using a 

ratio of 9:1 of P2X2-1a and P2X2-2bm currents, respectively, were well fitted by 

the sum of two exponentials (Table 3) in 5 out of 12 experiments. In other five 

experiments, we observed currents with double peaks or with prominent humps 

and not fitting was performed on them. Only in 2 out of 12 experiments, currents 

were fitted with a single exponential function, displaying similar kinetics than 
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homomeric P2X2-1a receptor. This suggests that the desensitization kinetics can 

predict when P2X2-1a current represents only 10% of the total. Using a ratio of 1:9 

of P2X2-1a and P2X2-2bm currents, respectively, we found that calculated 

currents were well fitted by the sum of two exponentials and have the same 

kinetics as P2X2-2bm receptor. 

We also quantified and compared the currents remaining after 5 and 60 s of 

ATP application for homomeric receptors and for currents recorded during co-

expression experiments. As it was expected, desensitization kinetics of homomeric 

channels are well correlated with the proportion of current remaining after 5 and 60 

s. Thus, most of P2X2-1a current and a minimal proportion of P2X2-2bm were 

present after 5 and 60 s (Fig. 6C-D). 

When currents of homomeric receptors were mixed at ratios (1:9 or 9:1) 

where one of them was dominant, remaining currents were very similar to the 

dominant current but when the mixing ratio was 1:1, these currents were 

significantly different than for homomeric channels (Fig. 6C-D). However, this 

mixing ratio, remaining currents were not different than currents from coexpression 

experiments at 5 s (Fig. 6E) but were significantly higher at 60 s (Fig. 6F). Opposite 

to this, remaining currents mediated by P2X2-1a like and P2X2-2bm like receptors 

had similar amplitudes and were significantly different than those observed at 5 s 

for both homomeric channels. At 60 s, however, they were significantly lower than 

currents through P2X2-1a receptor (Fig. 6E- F). 

Currents mediated by P2X2-1a channels showed a rather complex decay 

after the removal of ATP (Table 3), which was fitted well to one exponential 

function in 8 out of 15 cells, however, the tau values showed a relatively wide 
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dispersion (τ1=0.5 up to 55 s). In 3 out of 15 cells, the decay was better fitted to the 

sum of two exponentials and in the other 4 cells it was not fitted even to the sum of 

three exponential functions. Currents mediated by the other three receptors (Table 

3) were well fitted by a single exponential function. The kinetics decay of P2X2-1a 

like, and P2X2-2bm like receptors are significantly slower than that of P2X2bm 

receptor (Table 3). 

 

7.4. ATP threshold and Hill coeficients 

Fig. 7A shows the current amplitudes (as a percentage of maximal ATP response) 

induced by low ATP concentrations and Table 1 shows that the ATP threshold 

concentration (value calculated as the x axis intercept for individual cells, using a 

straight-line model, Fig. 7A) was significantly lower for P2X2-1a than for P2X2-

2bm, P2X2-1a like or P2X2-2bm like receptors. No difference was observed 

between the last three receptors. Such observations are further evidence that 

oocytes with either P2X2-2bm like or P2X2-1a like currents do not express a 

measurable population of P2X2-1a homomeric receptors; otherwise, the ATP 

threshold concentration to activate such currents would have been similar to that of 

P2X2-1a receptors. 

We plotted the log of such currents as a function of the log of these low ATP 

concentration and data were fitted with a straight-line function (Fig. 7B), as 

previously reported (Jiang et al., 2003). The slopes of these fittings (Hill 

coefficients) are shown on Table 2. Consistent with idea that co-expression 

experiments generated two heteromeric receptor, one similar to P2X2-1a and 

another to similar to P2X2-2bm, Hill coefficients for P2X2-1a and P2X2-1a like 
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receptors were not different, similarly than for P2X2-2bm and P2X2-2bm like 

receptors (Table 2). However, these coefficients were significantly higher for P2X2-

1a and P2X2-1a like receptors than those measured for P2X2-2bm and P2X2-2bm 

like receptors. 

 

 

Figure 7. ATP threshold concentration for these currents suggests that a P2X2-1a 

homomeric channels does not significantly contribute to P2X2-1a like currents but 

their Hill coefficient suggest that P2X2-1a and P2X2bm subunits are required to 

activate P2X2-1a like P2X2-2bm like currents. A) The P2X2-1a homomeric receptor 

have the lowest ATP threshold concentration (0.41 µM) whereas, for the homomeric P2X2-

2bm, the P2X2-1a like and P2X2-2bm like channels was virtually the same (0.69, 0.74 and 

0.77 µM, respectively; see Table 1). Such a threshold was the calculated x axis intercept 

for individual cells, calculated by fitting the data to a straight-line model. B) Hill coefficients 

were not different between P2X2-1a and P2X2-1a like channels or between P2X2-2bm 

and P2X2-2bm like channels (see Table 1). However, this coefficient was significantly 

higher for P2X2-1a or P2X2-1a like channels than that of P2X2-2bm or P2X2-2bm like 

channels. Responses were fitted with a straight-line model. Currents were recorded at -60 

mV in response to low concentrations of ATP as indicated and were normalized 

considering as 100% responses to 1 or 3 mM ATP, for high and low ATP sensitive 

currents, respectively. Symbols represent mean values of 4-8 experiments and the 

associated lines are S.E.M. 
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7.5. PPADS inhibitory effects 

PPADS was seven folds more potent to inhibit P2X2-1a (IC50=0.7±0.1 µM) than 

P2X2-2bm (IC50=5±0.3 µM) homomeric receptors (Fig. 8A). The largest inhibitory 

differences are seen with 1 and 3 µM of PPADS, for instance, the latter 

concentration inhibited 82±5% (n=4) of the ATP-induced current mediated by 

P2X2-1a channels, while it only inhibited 37±7% (n=4) of the P2X2-2bm current. 

Using a concentration of 3 µM, we compared the PPADS inhibitory effect among 

homomeric and heteromeric receptors (Fig. 8B and Table 2). PPADS inhibitory 

effects on P2X2-1a like (21±4%, n=4) and P2X2-2bm like (34±4%, n=7) channels 

were not different than that observed for P2X2-2bm channels but this effect at 

these three channels was significantly lower than inhibition at P2X2-1a receptors. 

These findings rule out that the lower ATP sensitivity of P2X2-1a like receptors is 

due to a significant expression of homomeric P2X2-1a channels because these are 

highly sensitive to PPADS. Such findings make also unlikely that P2X2-1a 

channels mediate P2X2-2bm like currents. 
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Figure 8. PPADS sensitivity of heteromeric channels is the same and similar to low 

sensitivity homomeric (P2X2-2bm) receptors. A) Concentration-response curves for the 

inhibitory effect of PPADS on ATP-induced currents (IATP). B) Inhibition of homomeric and 

heteromeric channels by 3 µM of PPADS. Currents were recorded at -60 mV in response 

to low concentrations of ATP as indicated and were normalized considering as 100% 

responses to 1 or 3 mM ATP, for high and low ATP sensitive currents, respectively. 

Symbols represent mean values of at least 4 experiments and the associated lines are 

S.E.M. 
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8. DISCUSSION 

Our data indicates the formation of functional heteromeric channels with different 

stoichiometries when two splice variants of the P2X2 receptor were coexpressed in 

Xenopus laevis oocytes. Both heteromeric stoichiometries show the same 

desensitization kinetics indicating that it is enough to change a single subunit to 

modify this property. Previous experimental data indicated that ATP binding pocket 

is formed between two subunits, our observations indicates that a point mutation in 

one subunit can by itself be an important modulator for the binding pocket 

sensitivity, in agreement with previous reports (Hausmann et al., 2012; Jiang et al., 

2003; Wilkinson et al., 2006). Our data are compatible with a current model, which 

considers that activation of two binding sites by ATP is required to open P2X 

channels. However, binding to all three subunits might be required to inhibit P2X2 

receptors by PPADS. 

ATP concentration-response curves for P2X2-1a and P2X2-2bm like 

currents were monophasic suggesting that each of these currents is mediated by a 

single type of receptor. Various observations indicate that the higher ATP 

sensitivity of P2X2-1a like currents is not due to a significant expression of 

homomeric P2X2-1a channels during co-expression experiments, thus for P2X2-1a 

like current: i) the ATP threshold concentration was higher than for P2X2-1a 

current; ii) PPADS is less potent than at homomeric P2X2-1a channels; iii) the 

desensitization kinetics occurs more rapidly than for P2X2-1a current; iv) the 

remaining current amplitude, 5 and 60 s after ATP application, was lower than for 
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P2X2-1a current, similar findings were seen for predicted currents at ratios of 1:1 

and 1:9 of P2X2-1a:P2X2-2bm currents, respectively, but opposite findings were 

noticed for ratio 9:1 currents; and v) the decay of P2X2-1a like current, after ATP 

removal, was well fitted by a single exponential function but occurs in a more 

complex manner in 66% of the recordings of P2X2-1a currents. 

Similarly, several findings indicate that the lower ATP sensitivity of P2X2-

2bm like current is not due to a significant expression of homomeric P2X2-2bm 

channels during co-expression experiments, thus for P2X2-2bm like current: i) 

desensitization kinetics is slower than for P2X2-2bm current; ii)	 its kinetics is 

virtually the same than that of P2X2-1a like receptors but their agonist sensitivity is 

significantly different; iii) the remaining current amplitude, 5 s after ATP application, 

was larger than for P2X2-2bm current and for predicted currents at a ratio of 1:9 of 

P2X2-1a:P2X2-2bm currents, respectively; iv) this remaining current, 60 s after 

ATP application, was lower than for predicted current at a ratio of 1:1 of these 

currents; and v) the decay of P2X2-2bm like currents, after ATP removal, was 

significantly lower than for P2X2-2bm currents. Therefore, a simpler explanation for 

our findings is that channels mediating P2X2-1a like and P2X2-2bm like currents 

are heteromeric and their different ATP sensitivity and different Hill coefficients 

could result from two different heteromeric stoichiometries. 

It is also unlikely that both heteromeric stoichiometries are present in the 

same oocyte because ATP and BzATP concentration-response curves reveal 

clearly two populations of heteromeric channels very similar to either P2X2-1a or 

P2X2-2bm homomeric channels. Furthermore, Hill coefficients of heteromeric 

receptors are not different than those of homomeric receptors that they resemble.  
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We do not know why a given oocyte prefers to express one stoichiometry 

versus the other one because we always microinjected a similar proportion of 

mRNA into the cells. Using atomic force microscopy, previous studies have shown 

the formation of heteromeric channels with different stoichiometries, in which the 

levels of subunits expression determines the prevalence of a specific stoichiometry 

(Barrera et al., 2007). Furthermore, a recent article (Kowalski et al., 2015) reports 

observations indicating that the availability of P2X2 and P2X3 subunits determined 

the stoichiometry of heterotrimeric P2X2/3 receptors. Therefore, it is possible that 

transduction of the mRNA injected in co-expression experiments occurs with 

different efficacy for both P2X2 isoforms in different cells, contributing to the fine-

tuning of ATP signalling. However, further studies aim to investigate the precise 

mechanisms controlling the specificity of P2X receptors assemble are required. We 

proposed that the assembling of the two P2X2 splice variants reported might offer 

a good model for these type of studies if one considers that they share a similar 

structure. 

Previous studies have characterized a single functional stoichiometry for 

heteromeric channels, such as P2X2/3 and P2X2/6 heteromers by using selective 

agonists to one subunit or mutagenesis that remove agonist sensitivity of one 

subunit (Hausmann et al., 2012; Jiang et al., 2003; Wilkinson et al., 2006). Here we 

show that splice variants of the P2X2 receptor can form two different heteromeric 

stoichiometries. Thus, currents from co-expression experiments of P2X2-1a and 

P2X2-2bm subunits desensitized with a quite different kinetics than that of 

homomeric channels or than the kinetics expected if currents through homomeric 

channels are added, indicating that heteromeric receptors are being formed. 
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Because functional P2X channels are constituted as trimers of P2X subunits 

(Kawate et al., 2009; North, 2002; Torres et al., 1999), only two heteromeric 

stoichiometries are possible, the first by two P2X2-1a and one P2X2-2bm subunits 

(stoichiometry P2X2-1a/-2bm [2:1]) and the second by one P2X2-1a and two 

P2X2-2bm subunits (stoichiometry P2X2-1a/-2bm [1:2]). In agreement with the 

presence of these stoichiometries, we found heteromeric receptors with two 

different sensitivities to ATP, as well as different Hill coefficients, similar to that of 

the homomeric receptor that they resemble.  

Three possible models of how trimeric P2X channels could be activated are 

indicated in Fig. 9B-D, these are: i) if channels open by activation of a single 

subunit, it would be expected that both receptor stoichiometries would be as 

sensitive as P2X2-1a (Fig. 9B) because this subunit is present in both possible 

heteromeric channels; ii) If channels open by activation of all three subunits, it 

would predict that both receptor stoichiometries would be as sensitive as P2X2-

2bm (Fig. 9D) because this subunit is also present in both possible heteromeric 

channels; iii) Finally, if channels open by activation of two subunits both receptor 

stoichiometries would have different sensitivities, similar to those of the homomeric 

channels, as it was found here (Fig. 9C). Such an interpretation is on line with 

previous reports indicating that P2X2 receptors open when two, out of three, 

binding sites are activated (Hausmann et al., 2012; Jiang et al., 2003; Wilkinson et 

al., 2006). Here we show that the ATP threshold concentration of both heteromeric 

channels is larger than that of P2X2-1a homomeric channels, compatible with the 

idea that binding to a single subunit (the most sensitive is P2X2-1a) is not enough  
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Figure 9. Activation of P2X2 channels by occupancy of two ATP binding sites. Our 

data is compatible with a current model, according to which the activation of two binding 

sites (of three possible) is enough to activate P2X2 channel opening. A) Experimental ATP 

concentration response curves measured in P2X2-1a and P2X2-2bm homomeric 

receptors. Expected ATP concentration response curve if either of the two possible 

heteromeric channel stoichiometries are activated by the binding of one ATP molecule 

(indicated by the start; B), two (C), or three ATP molecules (D). 

 

to activate the channels. In agreement with this interpretation, Hill coefficients were 

larger than unity for heteromeric and homomeric P2X2 channels. 

PPADS is known to inhibit P2X receptor function in a complex 

noncompetitive manner by inducing allosteric changes when binding to an 

extracellular receptor domain (Chessell et al., 1998; Li et al., 1998; Michel et al., 

2000). Here, the inhibitory effect of PPADS is not different on both heteromeric and 

homomeric P2X2-2bm receptors, but homomeric P2X2-1a channels are more 

sensitive to PPADS. Following the same reasoning as for ATP (see previous 

paragraph and Fig. 9), this would imply that if this inhibitor would require to bind to 

one subunit to inhibit P2X2 receptors, PPADS would have the same potency on 

both heteromeric receptors as for P2X2-1a homomeric channels. If it would require 

to bind to two subunits, then would have the same high potency for the P2X2-1a 

like heteromeric receptor as for the P2X2-1a homomeric receptor but low potency 

for the P2X2-2bm like heteromeric receptor. If this PPADS would require to bind to 

all three subunits to inhibit P2X2 receptors, then PPADS would have the same 

potency on both heteromeric receptors because these two receptors involve a 

minimal of one P2X2-2bm subunit. Therefore, our data is consistent with a model, 

according to which, the allosteric changes induced by PPADS on P2X2 channels 
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(Chessell et al., 1998; Li et al., 1998; Michel et al., 2000) would require its binding 

to all three subunits in order to inhibit ATP actions.  

Desensitization kinetics of both heteromeric receptors was not different, 

indicating that the addition of a single subunit is enough to change these kinetics. 

While the occupancy of two binding sites of the P2X channels is associated with 

the opening of these, the third site occupancy is associated with the expansion 

observed in the pore formation by P2X2 and P2X7(Khadra et al., 2013; Yan et al.); 

it has also been linked to the mechanism of desensitization of the channels using 

Alexa-647-ATP (Bhargava et al., 2013). Such interpretation is in agreement with 

our data because in both heteromeric receptors reported here the third binding site 

would be composed of a P2X2-2bm subunit and that might be the reason why 

desensitization kinetics is the same in both stoichiometries. 

Several studies have proposed that the ATP-binding site is shared between 

two subunits, so the sensitivity of the binding site would be determined by both 

subunits (Kawate et al., 2009; Li et al., 2010; Marquez-Klaka et al., 2007; Roberts 

et al., 2012; Roberts et al., 2004; Roberts et al., 2007). Our data does not refute 

this hypothesis but suggest that changes in one of these subunits, is enough to 

modulate agonist sensitivity. 

 



	

	
	

40	

 

9. CONCLUSION 

Altogether, our observations indicate that two heteromeric channels can be 

expressed from two splice variants of the P2X2 receptor. Further experimental 

analysis is required to investigate why a given cell chooses to express only one 

stoichiometry. It is enough to change a single subunit to modify the desensitization 

kinetics of P2X2 channels. Our observations support a current model, according to 

which, ATP activation of two subunits can open P2X2 channel. However, PPADS 

appears to bind the three channel subunits in order to inhibit ATP effects on P2X2 

receptors. 
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a b s t r a c t

To investigate if channels with different stoichiometry are formed from P2X2 receptor isoforms during
their heterologous co-expression. The two-electrode voltage-clamp technique was used to measured ATP
induced currents in Xenopus laevis oocytes. We used a mutant (P2X2-2bm) because its ATP sensitivity is
lower than P2X2-2b receptors, which highlights the differences with its splice variant P2X2-1a.Currents
through homomeric channels had significantly different Hill coefficients. P2XR are trimeric proteins with
three agonist binding sites; therefore, only two homomeric and two heteromeric stoichiometries are
possible when both P2X2 isoforms are coexpressed, the heteromeric channels might be formed by: i)
2(P2X2-1a)þ1(P2X2-2bm); or ii) 1(P2X2-1a)þ2(P2X2-2bm). Because P2X2 channels open when two
binding sites are occupied, these stoichiometries are expected to have different ATP sensitivities. Thus,
co-expressing both P2X2 isoforms, two oocyte populations were distinguished based on their sensitivity
to ATP and Hill coefficients. For the first population (P2X2-1a like), the ATP EC50 and the Hill coefficient
were not different than those of homomeric P2X2-1a channels similarly, for the second population
(P2X2-2bm like), these variables were also not different than for those of homomeric P2X2-2bm
channels. Various findings indicate that homomeric channel expression is not responsible for such dif-
ferences. Our observations indicate that two heteromeric channels can be assembled from two P2X2
receptor isoforms. Our data support a current model, according to which, ATP activation of two subunits
can open P2X2 channel. However, PPADS appears to bind to all three subunits in order to inhibit ATP
effects on P2X2 receptors.

© 2016 Published by Elsevier Inc.

1. Introduction

P2X receptors (P2XR), activated by extracellular ATP, are ligand-
gated cationic channels and known to be involved in functions such
as neurotransmission and chronic pain. Seven subunits are present
in mammalian species, and homomeric and heteromeric channels
are constituted by trimers of P2XR subunits. Each subunits have
two membrane-spanning domains, an extracellular domain, and
intracellular N and C termini. ATP binds between extracellular in-
terfaces of two subunits and therefore, there are three binding sites

per channel [1e3].
Heteromeric channels maintain some pharmacological and

biophysical properties of the participating subunits. The hetero-
meric receptor P2X2/3 is one of the best characterized, which ex-
hibits a similar rank order of agonist potency than P2X3 homomeric
channels, including its sensitivity to a,b-meATP, but they are
distinguished from P2X3 homomeric channels by their slower
desensitization kinetics [4e7]. Such experiments indicate that
fewer than three binding sites need to be occupied to elicit channel
opening. Studies with heterologous coexpression of P2X2 (P2X2R)
and P2X3 or P2X6 receptors, have provided strong evidence than
the quaternary trimeric structure would have stoichiometries of
one P2X2 and two P2X3 subunits (P2X2/3[1:2]), and two P2X2 and
one P2X6 subunits (P2X2/6[2:1]) [1,6], which for a while were the
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a b s t r a c t

P2X2 plays an important role in ATP signaling in guinea pig myenteric plexus. Here, we cloned and
characterized three P2X2 isoforms expressed in myenteric neurons. RT/PCR was used to amplify the
cDNA of P2X2 variants. These were expressed in Xenopus oocytes, and nucleotide-induced membrane
currents were recorded with the two-electrode voltage clamp technique. Three P2X2 cDNAs were
identified in myenteric single neurons, named P2X2-1, P2X2-2 and P2X2-4. Based on the analysis of the
structural organization of these variants we predicted that P2X2-2 is the fully processed variant, which
lead us to propose a new exon-intron arrangement of P2X2 receptor gene with 12 exons and 11 introns.
In agreement with this newmodel, the intron 11 is retained in P2X2-1 and P2X2-4 variants by alternative
splicing. Expression of P2X2-1, P2X2-2 and P2X2-4 were found in 92, 42 and 37%, respectively, out of 40
analyzed single neurons. P2X2-4 does not form functional channels, and homomeric channels formed by
P2X2-1 and P2X2-2 have different pharmacological profile. Thus, the former receptor is more sensitive to
ATP, BzATP, and PPADS, whereas, suramin inhibited both receptors in a biphasic- and monophasic-
manner, respectively. a,b-meATP has very low efficacy on either channel. Furthermore, ionic currents
mediated by P2X2-1 have slower desensitization than P2X2-2. These results indicate that P2X2-1 was the
most common P2X2 transcript in myenteric neurons and displays significant phenotypical changes
implicating that retention of the intron 11 plays a major role in ATP signaling in the intestinal myenteric
plexus.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

P2X receptors are ionotropic channels activated by extracellular
ATP. Seven P2X subunits have been isolated in mammals (P2X1-7)
and the crystal of zebra fish P2X4.1 receptor showed that three
subunits conform the functional receptor (Kawate et al., 2009). ATP
has excitatory effects via activation of P2X channels in central and
peripheral neurons (Burnstock, 2006; Surprenant and North, 2009),
including enteric neurons (Barajas-Lopez et al., 1994, 1996a;
Galligan and Bertrand, 1994). In myenteric neurons of the guinea
pig small intestine immunoreactivity for various P2X subunits has

been reported, such as P2X2 (Castelucci et al., 2002), P2X3 (Poole
et al., 2002) and P2X7 (Hu et al., 2001). In myenteric neurons of
mouse small intestine, it has been proposed that homomeric P2X2
channels mediate fast excitatory post-synaptic potentials (Ren
et al., 2003).

Membrane currents induced by ATP in myenteric neurons have
kinetics and pharmacological properties that resemble (Barajas-
Lopez et al., 1996a; Brake et al., 1994; Galligan and Bertrand,
1994) those described for the recombinant rat P2X2 receptor
(North, 2002). For instance, they have similar desensitization
kinetics, show the same sensitivity to ATP and ATP-g-S, and are
highly resistant to a,b-meATP. Currents with similar properties are
found in the great majority of myenteric neurons (>90% of all
recorded neurons), which is in agreement with recent findings
from our laboratory showing the presence of P2X2-mRNA in about
93% of myenteric neurons (Valdez-Morales et al., 2011). In apparent
controversy with such data, strong P2X2 immunoreactivity has
been reported in about 30% of the guinea pig myenteric neurons

Abbreviations: a,b-meATP, a,b-methylene ATP; IATP, ATP-induced currents;
PPADS, pyridoxalphophate-6-azophenyl-20 ,40-disulphonic acid; UTRs, untranslated
region; BzATP, 20-30-O-(4-benzoylbenzoyl)-ATP; ORF, Open Reading Frame;
dreP2rx2, zebrafish P2rx2; cpoP2rx2, guinea pig P2rx2.
* Corresponding author. Tel.: þ52 444 834 2000x2033; fax: þ52 444 834 2010.
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