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a  b  s  t  r  a  c  t

Ligand-gated  ion  channels  (LGICs)  are  cell surface  integral  proteins  that mediate  the  fast  neurotrans-
mission  in  the  nervous  system.  LGICs  require  auxiliary  subunits  for  their  trafficking,  assembly  and
pharmacological  modulation.  Auxiliary  subunits  do not  form  functional  homomeric  receptors,  but  are
reported  to  assemble  with  the  principal  subunits  in  order  to modulate  their  pharmacological  profiles.  For
example,  nACh  receptors  are  built  at least  by  co-assemble  of  ˛ and  ˇ subunits,  and  the  neuronal  auxiliary
subunits  �3 and �5 and  muscle  type  ˇ, ı, � , and  � determine  the  agonist  affinity  of  these  receptors.
Serotonergic  5-HT3B,  5-HT3C, 5-HT3D  and  5-HT3E are  reported  to  assemble  with  the  5-HT3A subunit  to
modulate  its pharmacological  profile.  Functional  studies  evaluating  the  role  of  �2  and  ı  auxiliary  subunits
of  GABAA receptors  have  made  important  advances  in  the understanding  of  the  action  of  benzodiazepines,
ethanol  and  neurosteroids.  Glycine  receptors  are  composed  principally  by  ˛1−3 subunits  and  the  auxil-
iary subunit  ˇ  determines  their  synaptic  location  and  their  pharmacological  response  to  propofol  and
ethanol.  NMDA  receptors  appear  to be functional  as  heterotetrameric  channels.  So  far,  the existence  of
NMDA auxiliary  subunits  is controversial.  On the  other  hand,  Kainate  receptors  are  modulated  by  NETO  1

and 2.  AMPA  receptors  are modulated  by  TARPs,  Shisa  9, CKAMP44,  CNIH2-3  auxiliary  proteins  reported
that  controls  their  trafficking,  conductance  and  gating  of  channels.  P2X  receptors  are  able  to associate
with  auxiliary  Pannexin-1  protein  to modulate  P2X7  receptors.  Considering  the pharmacological  rele-
vance  of  different  LGICs  auxiliary  subunits  in  the  present  work  we  will  highlight  the  therapeutic  potential
of  these  modulator  proteins.

©  2015  Elsevier  Ltd. All  rights  reserved.
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. Introduction

Ligand-gated ion channels (LGICs) belong in a group of chan-
el proteins which permeate ions (and molecules in some cases) in
esponse to the binding of a chemical messenger. They are essen-
ial in chemical synapses as they mediate the chemical to electrical
ignal transformation. LGICs are classified into three superfam-
lies: Cys-loop, ionotropic glutamate receptor and P2X receptor
ATP-gated channels) families. Because of their role in neurotrans-

ission, they are major pharmacological targets present in the
ervous system.

These channels are built up from several subunits, which inter-
ct with different proteins during and after assembly. In the present
eview, we define a protein as being an auxiliary subunit when it
eets the following criteria: (I) It must not be able to form a func-

ional channel by itself. (II) It must establish a direct and stable
nteraction with pore-forming subunits. (III) It must be involved in
hannel modulation and/or trafficking, and (IV) necessary for nor-
al  functioning in vivo. These criteria are similar to those defined

y Yan et al., for glutamate receptors [1].

. The ligand-gated ion channels Cys-loop family

The LGIC Cys-loop family includes the nicotinic acetylcholine,
erotonin 5-HT3, GABAA and glycine receptors. These members are
ntegral membrane proteins conformed by a pentameric arrange-

ent and are classified as Cys-loop family due to the presence
f an aminoacids loop in the large extracellular domain linked
y a disulphide bond. Each subunit of Cys-loop receptors consists
f a large N-terminal extracellular domain containing the ligand-
inding site, four transmembrane segments (TM1-4), of which TM2

s involved in pore formation, and one large intracellular loop (IL)
onnecting TM3  and TM4, which participates in diverse intracellu-
ar modulations [2] (Fig. 1A).

. The nicotinic receptor auxiliary subunits

The nicotinic acetylcholine receptor (nAChR) was  the first neu-
otransmitter receptor chemically identified, isolated from Torpedo
sh electric organ [3]. In vertebrates, there are many types of nAChR
ligomers, which show differences in the composition of their sub-
nits, depending on their functional roles and location. The “muscle
ype” nAChRs are structurally related to the Torpedo electric organ
AChR and they are located at the skeletal neuromuscular junction.

n addition, nAChRs have been found in the peripheral and central
ervous systems, which have been named “neuronal” nAChRs [4].
ll nAChRs are cation-selective ionic channels and their subunits

hare the same topology. Their basic structure consists of a large
-terminal extracellular domain, a transmembrane (TM) domain
omprising four segments (TM1–TM4), and a variable cytoplasmic
r intracellular domain [5].
3.1. The muscle nicotinic receptor

The muscle-type nAChRs are made from ˛1, ˇ, � , ı and � sub-
units, that are expressed from the genes chrna1,  chrb, chrng, chrnd
and chrne, respectively [5]. Two  receptors types are built from the
combination of these subunits: (�1) 2�1�� expressed in embryonic
and (�1) 2�1�� expressed in adult muscle tissue [6].

3.2. Role of ˇ1 subunit in metabolic stability of nAChRs

This subunit seems to play an important role in the regula-
tion of turnover, expression, clustering and anchoring of nAChRs
at the neuromuscular junction (NMJ). It has been reported that the
metabolic stability of the nAChRs at the NMJ  is related to the level
of phosphorylation of the nAChR �1 subunit. Experiments show
that the presence of neural agrin combined with pervanadate, an
inhibitor of tyrosine phosphatase, slow down the degradation of
surface receptors in cultured muscle cells. This effect is induced by
the phosphorylation of  ̌ subunit [7]. This hypothesis is supported
by the finding that the mutation of  ̌ at Y390 impairs agrin-induced
clustering and anchoring of AChRs in cultured myotubes [8]. Fur-
thermore, mice with mutations of the  ̌ subunit loop tyrosines
show a reduction in the expression of AChRs [9].

3.3. Role of  ̌ and ı subunits in trafficking and AChR assembly

Recently it has been reported that  ̌ and ı subunits loops regu-
late the expression and trafficking of assembled AChRs to the cell
membrane, by means of signals that control Golgi retention of these
receptors. The authors used chimeric proteins made of CD4 fused to
the muscle AChR subunit cytoplasmic loops. They found that CD4-
� and ı subunits loops showed a very low expression level at the
plasma membrane, while the other subunits loops became widely
expressed. The low surface expression of CD4-� and ı subunits is
explained by their rapid internalization from the cell membrane
and by a significant retention performed by the Golgi apparatus.
The authors suggest that these mechanisms regulate the surface
trafficking of assembled AChRs and may  avoid the surface presence
of unassembled AChR subunits [7].

3.4. Role of � subunit

The � subunit has been reported to increase Ca2+ permeability of
muscle nAChR when its own  expression is enhanced [10], to confer
selectivity of Waglerin-1 for the ˛–� subunit interface site [11].

3.5. The neuronal nicotinic receptor
Different subtypes of neuronal nAChRs exist in the nervous sys-
tem. The heteromeric channels are made of  ̨ (2–6) and  ̌ (2–4),
while the homomeric channels are made of  ̨ (7 and 10) subunits
[12]. Heteromeric neuronal AChRs contain two ACh binding sites
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ig.1. Ligand-gated ion channels auxiliary subunits. In A is represented the topolog
embers. The question mark on the NMDA receptor box indicates that the existen

uxiliary subunit.

ocated in the interfaces of �2, �3, �4 or �6 subunits with �2 or �4
djacent subunits [5].

The additional auxiliary subunit contributes to the assembly,
ransport and function of the receptors, but does not form part of
he ACh binding sites. This location can be filled by �2, �4 or �4
ubunits [13]. On the other hand, �3 and �5 subunits can be placed
nly in this position.

.6. Role of ˛5 subunit

Several cell-cased in vitro studies have shown that the �5 sub-
nit regulates pharmacological properties, Ca2+ permeability and
Ch sensitivity of �4�2 nAChR [13–16]. In addition, in vivo exper-

ments have reported that the �5 subunit plays a relevant role in
he regulation, expression and function control of �4-containing
ubunit neural nAChRs located in the ventral tegmental area of the
rain [17].

.7. Role of ˇ3 subunit

It has been described that �3 subunits activate the expression
nd up-regulation of nicotinic receptors. Nicotinic acetylcholine
eceptors (AChRs) containing �6 subunits are found at monoamin-
rgic nerve terminals and they seem to play relevant roles in the
evelopment of nicotine addiction and Parkinson’s disease. Usually
6 AChRs contain �3 subunits are thought to work only as auxiliary
ubunits, since they do not form part of the acetylcholine binding
ites [18].

.8. Therapeutically relevance of nicotinic receptors

Several disorders of the nervous system as Alzheimer’s disease,
chizophrenia, depression, attention deficit hyperactivity disor-
er and tobacco addiction may  improve if they are treated with
rugs capable of modulating nAChRs [19,20]. As an example, some
chizophrenic patients often show inability to focus attention, a

roblem thought to be caused by sensory-gating deficit affecting
7 nAChRs [21]. These patients respond to nicotine administra-

ion with improved sensory gating, presumably through �7 nAChR
ctivation [22].
ys-Loop family and their members. In B, the Glutamate receptors and their family
 NMDA auxiliary subunits is under study. In C, the P2X receptors family and their

4. The 5-HT3 receptor auxiliary subunits

The 5-HT3 receptor is a cation-selective serotonin (5-
hidroxytriptamine, 5HT) receptor that belongs to the superfamily of
the Cys-loop ligand-gated ion channels (LGICs) permeable to Na+,
K+ as well as other ions [23]. As other members of the Cys-loop
LGIC family, the 5-HT3 receptor has a pentameric structure [24]. In
humans and other mammals, five different subunits, termed 5HTA
to 5HTE have been described and thought to potentially combine to
form distinct molecular versions of the 5-HT3 receptor. The charac-
terization of the homopentameric A [25,26] and heteropentameric
AB receptor (5-HT3AB) have been performed by means of heterol-
ogous expression [27]. The 5-HT3 receptor is encoded by the genes
htr3a, ht3b, htr3c, htr3d and htr3e [28].

Only 5-HT3A subunits are able to form functional homomeric
receptors, whereas the 5-HT3B, C, D and E subunits are not able
to build functional homopentameric receptors by themselves [29].
These 5-HT3 receptor isoforms show explicit electrophysiological
characteristics, such as single channel conductance and rectifi-
cation. However, they exhibit few pharmacological differences
in response to 5HT or to 5HT3 antagonists [30,31]. In addition,
the functional role of the subunits 5-HT3C, 5-HT3D and 5-HT3E
were investigated by means of patch clamp experiments using
recombinant human subunits. All of them were non-functional
when expressed as homomeric channels. However, co-transfection
experiments aiming to assemble heteromeric receptors express-
ing 5-HT3A with the other subunits, showed that the function or
expression of the receptor was altered by 5-HT3C and 5-HT3E, but
not by 5-HT3D [32].

Serotonergic transmission is relevant in brain function, as it is
involved in cognition, mood and emotions [33]. In addition, 5-HT
is present in enterochromaffin cells of the mucosal epithelium and
serotonergic enteric neurons of the bowel, where 5-HT participates
in fast and slow synaptic transmission [34,35].

Although the basis for 5HT3 receptor diversity is not well
understood, and even the existence of functional 5HT3C-E recep-

tor subunits was doubted, some studies have demonstrated the
presence of 5-HT3C, 5-HT3D and 5-HT3E subunits in vivo, in gas-
trointestinal tissue, suggesting that these 5-HT3 receptors subunits
might have a specific role in the control of bowel functions [36,37].
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Recently, in a study performed in human gut, it was shown the
resence of a 5-HT3 subunit transcript together with the expressed
rotein in myenteric and submucosal plexus in cellular bodies of
euronal cells [38]. These findings will promote future studies of
he roles that distinct 5-HT3 receptor subtypes may  play in the
unction of enteric and nervous system.

. The GABAA receptor auxiliary subunits

The �-amino butyric acid (GABA) is the principal fast inhibitory
eurotransmitter in the central nervous system. GABAA Receptors
GABAAR) belong to LGICs Cys loop family and as glycine receptors,
hey are constituted by five subunits surrounding a central chloride
on channel. To date 19 subunits including  ̨ (� 1–6),  ̌ (�1–3), �
�1–3), ı, �, �, � (�1–3), � have been isolated, each of them have
een expressed by a different gabra gene [39,40].

The majority of GABAAR are assembled in a stoichiometry 2�,
�, 1� or 1� [41,42]. GABAAR containing � subunit is expressed
referentially at synaptic level and interacts with the scaffolding
ynaptic protein gephyrin [43] regulating the phasic inhibitory cur-
ents, while � subunit determines the extra-synaptic location and
s responsible for the tonic GABAergic currents [44,45].

The pharmacological modulation of GABAAR is principally
ediated by � and ı auxiliary subunits. It was reported that

enzodiazepines preferentially interact with GABAAR containing
(�1,2,3,5)��2 subunits [46]. In this sense, benzodiazepine binding

o the interface ˛/� positively modulates phasic GABAergic cur-
ents [47,48].

Impairment in the inhibitory GABAergic synaptic transmission
t spinal cord level is associated with chronic pain develop-
ent [49]. Recent evidence suggests that compounds with high
2-GABAAR intrinsic activity and reduced �1-GABAAR specificity
hould avoid an unwanted sedation [50]. Therefore, the under-
tanding of key elements of �2 modulation of �2-GABAAR will
onstitute a promising therapeutic approach against chronic pain.

On the other hand, ı subunit determines the sensitivity of
onic GABAergic currents to general anesthetics, neurosteroids and
aboxadol [51–53]. In addition, this subunit together with �4 or
6 is reported to be more sensitive to pharmacological modulation
y ethanol [54–57].

The role of extra-synaptic �-GABAAR has been less explored
ue to reduced pharmacological tools to specifically differentiate
hese types of receptors. Recent evidence suggests that �-GABAAR
lay a critical role in central pain sensitization [58,59]. Behavioral
haracterization of gabrd knockout mice (gabrd−/−) which lack ı
ubunit, showed that injection of formalin in the hind paw induces

 biphasic response, and have reduced formalin phase II response.
his evidence suggests that tonic currents mediated by �-GABAAR
lay a relevant role in spinal pain circuits control. Future studies
o better understand this modulation will be necessary to improve
he pharmacological tools against persistent pain development and
stablishment.

. The glycine receptor auxiliary subunit

Glycine is the main inhibitory neurotransmitter in the spinal
ord and brain stem, playing a significant role in motor respira-
ory control and pain sensitization [60]. In the mature spinal cord,
lycine activates GlyRs, which are pentamers composed mainly
f �1 (48 kDa) and  ̌ (58 kDa) subunits [61]. These subunits are
ncoded by glra and glrb genes [62]. The resulting receptors can be

ssembled as homopentamers (�1–�4) or heteropentamers (form-
ng complexes with  ̌ subunits). Auxiliary  ̌ subunit is unable
o form functional channels without association with � subunits.
owever, previous reports have demonstrated that  ̌ subunit
esearch 101 (2015) 65–73

determines the synaptic localization of GlyRs, as well as the phar-
macological profile of glycinergic currents [63,64].

Different types of GlyRs can be differentially modulated by
exogenous and endogenous moieties, including cations, cannabi-
noids, tropeines, neurosteroids, avermectins, butyrolactones,
alcohols and general anesthetics [65]. Using site-directed muta-
genesis, several domains that play a relevant role in allosteric
modulation of homomeric GlyRs have been identified [66–68].
In contrast, little is known about allosteric modulation of GlyRs
by auxiliary � subunit. This might result from reduced specific
pharmacologic tools available to study this modulation. Bormann
et al. described that residues within and close to domain TM2  of
the  ̌ subunit determine the pharmacological profile differences
between homo- and heteromeric GlyRs. For example, the EC50 and
Hill coefficient values for �1 were 30 �M and 5.7 while for �1�
were 54 �M and 2.5 [64]. On the other hand, N-terminal extracellu-
lar domains of  ̌ subunit determine ligand binding to ˛/  ̌ interface
of GlyRs [69]. Furthermore, intracellular  ̌ subunit loop interacts
with gephyrin protein and both regulate the receptor density dur-
ing synapse formation, modification and elimination [70,71].

Some studies have described that �2� heteropentameric GlyRs
are less sensitive to the inhibitory effects of zinc ion [72,73],
while the homomeric receptors are more sensitive to the effects of
dehydroxylcannabidiol (DH-CBD), a cannabidiol analogue [74–76].
Ahrens et al. showed that the general anesthetic propofol potenti-
ated the glycine activated currents of �1� GlyRs [77]. In addition,
our recent report indicates that homomeric �1 GlyRs are more sen-
sitive to the effects of ethanol, therefore the  ̌ subunit may  be
allosterically modulating  ̨ subunits [78]. On the other hand, the
role of auxiliary  ̌ subunit in the allosteric modulation of glyciner-
gic currents in chronic pain stages has been less explored. Taking
advantage of a rat model of chronic neuropathic pain, we have eval-
uated the expression and localization of  ̌ subunit in the spinal
cord of such model. Western blot analysis showed that the levels
of � subunit were increased in tissue lysates derived from animals
subjected to pain for three days. Similar results were obtained by
immunofluorescence analysis of  ̌ subunit in spinal sections. Taking
together, these findings suggest an important, albeit underappre-
ciated, role of the  ̌ subunit in the allosteric modulation of glycine
receptors in chronic pain development (Mariqueo et al., unpub-
lished data).

7. The ligand-gated ion channel glutamate receptor family

Ionotropic glutamate receptors (iGluRs) are a family of
tetrameric ligand-gated ion channels that mediate most of the
excitatory neurotransmission in the CNS. It is composed by
three major receptor subtypes: N-methyl-d-aspartate receptor
(NMDAR), Kainate receptor (KAR) and �-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor (AMPAR) named
according to their preferred synthetic agonist. All subunits share a
common topology of extracellular N-terminal domain, three trans-
membrane domains (TM1, TM3, and TM4), a re-entrant channel
lining TM2  with both ends facing the cytoplasm and an intracellular
C-terminal domain (Fig. 1B).

8. The NMDA receptor auxiliary subunits

The NMDARs correspond to one of the three receptors able
to recognize glutamate. The NMDA receptor is a tetramer and it
has been described in association with several proteins, includ-

ing scaffolding, peptide and signaling regulators proteins. Seven
genes codify for the subunits of the NMDAR and are classified into
three general categories, [GluN1/NR1 (grin1)], [GluN2/NR2 (grin2A,
grin2B, grin2C,  & grin2D)] and [GluN3/NR3 (grin3A & grin3B)]
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79–84]. The activated NMDAR is permeable to monovalent and
ivalent cations, as sodium, potassium and calcium, respectively.

There is controversy whether NMDARs posses or not auxiliary
ubunits, as there are several candidate proteins, but not obvious
vidence. For example, the NETO1 protein has been structurally
ssociated to NMDARs complex [85]. However, a study carried
ut in NETO1 Knockout mice demonstrated that NMDA mediated
urrents were not affected by this mutation [86]. On the other
and, Amyloid Precursor Protein (APP) infusion increases NMDAR
voked currents [87] and together with its related proteins, amy-
oid precursor-like proteins 1 and 2 (APLP1 & APLP2), enhance
urface NMDA receptors expression in vitro [88]. Controversial
esults regarding the NETO1-NMDAR interaction led to overlook
t as an auxiliary subunit (as discussed by Molnar [89]), while there
s no evidence demonstrating amyloid-NMDAR direct interaction.
urther studies are necessary to confirm or discard the putative
xistence of NMDAR auxiliary subunits.

. The AMPA receptor auxiliary subunits

In the mammalian CNS, AMPAR regulates fast-synaptic trans-
ission in response to glutamate, leading to depolarization of the

euronal membrane. This channel assembles as a homo- or het-
rotetramer formed by two dimers of GluA1-4 proteins, encoded in
ria1-4 genes, respectively [90]. Each gene can yield several splice
ariants, which may  form channels with different kinetics. Addi-
ionally, GluA2 mRNAs editing allows further changes in channel
roperties [91].

In vertebrates, AMPARs have been found to interact with a
ariety of auxiliary subunits, as recently reviewed by Karataeva
92], including transmembrane AMPAR regulatory proteins (TARPs),
hisa9 and cornichon homologs. TARP family comprises six mem-
ers divided into two groups: Type I TARPs (�2-4, �8) and Type II
ARPs (�5, �7). They are grouped based on sequence homology and
he inability of �5 and �7 subunits to fully restore functional AMPA
eceptors on rescue experiments in �2 knockout mice [93]. These
roteins are ubiquitously expressed within the CNS; furthermore,

 recent analysis of postsynaptic density fractions from rat cerebral
ortex, estimated an average stoichiometry of roughly two  TARPs
er AMPAR [94].

TARPs are capable of regulating the maturation, trafficking
nd the activity of AMPA receptors within the neuronal mem-
rane. The consensus of studies affirms that TARPs lower receptor
eactivation and desensitization rate, while they increase ion con-
uctance, recovery from desensitization, glutamate affinity and
pen probability. In addition, �4, �7 and �8 subunits confer recep-
or resensitization [93,95–97]. Different is the case of �5 subunit,
hich increases conductance, deactivation and desensitization

ate; while reducing the channels open probability [98].
Besides modulating AMPAR kinetics properties, some TARPs

ecrease the time constant value of desensitization induced by
thanol [99] . Moreover, TARPs improve the efficacy of the partial
gonist kainate and change the nature of several quinoxalinedione,
rom antagonists to partial agonists [100].

It has been reported that TARPs are able to enhance the binding
ffinity of the radiolabeled [3H]-LY395153 modulator, but render
t sensitive to displacement by 2,3-benzodiazepine and quinazoli-
one antagonists, which does not occur in recombinant receptors
101].

Other AMPAR auxiliary subunits recently identified in rat brain
re cornichon homologous (CNIH-2, CNIH-3) [102]. These proteins

ncrease conductance, however their reduction in the desensitiza-
ion and the deactivation rate, is greater than the caused by TARPs,
nd likewise reduces the blockade by intracellular polyamines and
ncrease Ca2+ permeability. Studies on the CNIH-2 subunit have
esearch 101 (2015) 65–73 69

shown that it promotes receptor trafficking to the membrane,
although to a lesser extent than TARPs, and comparably to �2 sub-
unit [103,104]. In addition, Cornichon Homolog-2 increase total
binding of [3H]-LY395153, and promotes its displacement by non
competitive antagonists. Unlike CNIH-2, which does not regulate
glutamate affinity, CNIH-3 reduces it [101,102].

The most recently described AMPAR auxiliary subunit is Shisa9
(originally CKAMP44), which was  first identified in Mus musculus
dentate gyrus, being able to interact with AMPAR and modulate its
gating by increasing conductance, glutamate affinity and desensiti-
zation rate. Additionally, it reduces deactivation rate and delays the
recovery from desensitization state [105]. Due to the interaction of
Shisa9 with PSD-95 (scaffolding protein), it may  be able to regulate
trafficking and/or anchoring [92]. Recent work has shown upregu-
lation of Shisa9 transcript in neurons of mice dorsal root ganglion
in neuropathic pain [106].

In summary, AMPA receptors are tightly modulated by distinct
regulatory subunits; nevertheless, there are still some interacting
proteins that are good candidates that may  qualify as auxiliary
subunits, although more experimentation is required.

The knowledge of AMPAR regulation by these proteins is essen-
tial for the development of new drugs targeting this receptor.
For instance, the scaffolding protein PSD-95 (which interacts with
AMPARs through auxiliary subunits) has shown to be crucial in the
mechanisms of central sensitization. This leads to think AMPAR as
a possible target in the development of new pharmacological tools
in treating persistent pain [107].

10. The kainate receptor auxiliary subunits

Kainate receptors (KARs) are tetramers of GluK1-5 proteins,
in humans encoded by grik1-5 genes. The Gluk1-3 subunits may
assemble as homo- or heterotetrameric receptor, while GluK4-5
must form heteromers with the remainder subunits in order to give
rise functional receptor channels. Some genes may yield different
mRNAs due to alternative splicing and RNA editing of transcripts,
generating splice variants that differ in their trafficking, protein
interactions, channel conductance, ion selectivity, susceptibility to
block by polyamines and cis-unsaturated fatty acids [108–117].

Kainate receptors have been found to interact with neurophillin
and tolloid-like protein 1 and 2 (NETO1 and NETO2) in mammalian
CNS [118,119]. These proteins have two  extracellular CUB domains,
an LDLa domain, a transmembrane domain and an intracellular C-
terminal domain. These proteins are capable of modulating kainate
receptors and their effect depend greatly upon the receptor com-
position [120,121]. Both proteins increase current amplitude, and
glutamate affinity for all homomeric receptors, and significantly
reduce inward rectification, but their modulation on desensitiza-
tion kinetics is different [86,120,121].

The auxiliary protein NETO2 modulates homomeric kainate
receptors by slowing down their desensitization and it may  speed
up or delay recovery from desensitization state. On the other hand,
NETO1 subunit accelerates the onset of desensitization for GluK1
and GluK3 receptor, but slows GluK2 desensitization kinetics and
reduces the recovery of desensitization time for all three homo-
meric KARs. Mutations of NETO proteins within the LDLa domain
eliminated their effects on desensitization but not on rectifica-
tion. And conversely, C-terminal domain deletion eliminated the
reduction of inward rectification without modifying receptor kinet-
ics. Both proteins also modulate synaptic targeting, but to a lesser
extent than the GluK4 and GluK5 subunits, and also may  interact

with scaffolding proteins [120–126].

It has also been described that kainate receptor GluK2 forms
a macromolecular complex with the predominant neuronal Cl−

transporter KCC2, which also interacts with NETO2. The receptor
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nd its auxiliary subunit are capable of critically regulating the
unction of the transporter in vivo and in vitro [127,128]. Interest-
ngly, KCC2 and KARs function and expression have been implicated
n neuropathic pain. The transporter KCC2 is downregulated after
pinal cord injury, while KAR inhibition or ablation reduces pain
ehavior [129,130]. Both are tightly modulated by NETO2, there-
ore it may  be as well a possible target in the development of new
harmacological tools for research and clinical treatment of pain.

t is also worth to mention that NETO1 transcript is elevated more
han 10-fold in dorsal root ganglion in mice model of neuropathic
ain [106], which given its regulation of KARs, may  be related with
he central sensitization process.

1. The ligand-gated ion channel P2X receptor family

The P2X channels belong to the LGIC glutamate-like super
amily. P2X receptors have seven members; P2X1 to P2X7. P2X
eceptors are ion channels that form homo- or heterotrimeric
eceptors [131,132]. Each subunit has one extracellular domain,
nvolved in the recognition of the endogenous agonist. Two  trans-

embrane domains that form the channel pore and an intracellular
egment [133] (Fig. 1C).

P2X channels permeate Na+, K+, Ca2+ and exceptionally Cl− ions
nd they have been described in many species and a broad spec-
rum of tissues, ranging from unicellular to vertebrate organisms.
lthough ATP is the endogenous agonist of P2X receptors, they can
e allosterically modulated by several other moieties and also by
hanges in temperature, ionic strength, glycosylation, phosphory-
ation of the receptor [134].

2. The P2X auxiliary subunits

P2X are encoded by seven genes, located in different chro-
osomes and several splicing variants of these receptors have

een described [135]. P2X channels family are allosterically mod-
lated by trace metals, protons, neurosteroids, reactive oxygen
pecies and phosphoinositides [136,137]. However the literature
s deficient in revisiting the modulation of P2X channels by auxil-
ary subunits, particularly by their interactions with other related
roteins. This review is aimed to analyze the available literature
egarding modulation of P2X receptors by Pannexin, as an auxiliary
ubunit.

Early studies demonstrate that the activation of P2X7 receptors
n macrophages could lead to the intake of several high molec-
lar weight markers [138]. Further, it has been established that
he channel responsible for the incorporation of these markers is
annexin-1. Another report shows that Pannexin-1 is also respon-
ible for the release of interleukin 1� (IL-1�) [139,140].

Another type of interaction between P2X7 and Pannexin-1
as been proposed in T cells promoting an inflammatory status
141]. In a model of lung fibrosis has been demonstrated that
TP released from BLM-injured lung cells can activate the com-
lex P2X7/Pannexin-1 by inducing the secretion of IL-1� and the
rogression of lung fibrosis [142].

On the other hand, P2X7R has been implicated in cellular death;
n this context some authors have pointed out that the interaction
etween P2X7 and Pannexin-1 plays a critical role in the establish-
ent of the large conductance complex shown in cellular death

143].
ATP liberated from human erythrocytes induces vasodilata-

ion of microvascular circulation. In a similar manner, ATP is

ble to induce the release of phosphoinositides, which depends
n activation of P2X7 and Pannexin-1 [144,145]. Recently pub-
ished evidence demonstrates that complex P2X7/Pannexin-1 favor
he pass through membrane of cardioprotective purines (ATP
esearch 101 (2015) 65–73

and related metabolites) in ischemic pre- and post-conditioning
[146,147]. Thus, the pharmacological blockade of P2X7 and
Pannexin-1 abolishes the cardioprotective effect [147].

12.1. Mechanism of interaction between P2Xand Pannexin-1

By using site directed mutagenesis it was  described that C-
terminal domain of P2X7 interacts with Pannexin-1 and with
several other proteins, including laminin, actin, integrins, phos-
phatidylinositol 4-kinase and receptor protein phosphatase [148].
However, the functional relevance of these interactions has not
been evaluated so far. Studies involving deletion of the P2X7C-
terminal segment showed a reduction in membrane permeability
[148–150]. Moreover, analysis of functional consequences of P2X7R
polymorphism in the C-terminal segment, demonstrate a dimin-
ished capability of P2X7 activity in immune cells [151,152].

In the spinal cord it was  demonstrated that the fibroblast growth
factor 1 (FGF-1) is able to induce the activation of P2X7R and release
of ATP by Pannexin-1, this mechanism could be extremely relevant
for pathological chronic conditions that involve increase of specific
neurotrophins as FGF-1 [153].

Future studies are required to gain insight about interaction of
P2X and Pannexin-1 in other pathological conditions as chronic
pain.

13. Conclusions and future perspectives

As we have reviewed in here, auxiliary subunits certainly mod-
ulate LGICs gating and pharmacological properties. In most cases
this interaction has a huge significance in vivo, exhibiting its rele-
vance as an essential element of the receptor complex for normal
functioning. Because of that, it surprises us that studies aiming to
develop novel pharmacological agents been able to modulate LGICs,
do not consider auxiliary subunits in their experimental setup. We
believe that these proteins should be taking in account as much as
any other receptor subunit. It is necessary to point out that in some
cases auxiliary subunits modulation of the channel properties is far
more significant than subunit composition alone.

Because of their physiological relevance, ligand-gated ion chan-
nels are target for extensive pharmacological intervention in
several diseases and medical conditions. Therefore, we  believe nec-
essary a wider knowledge of auxiliary subunits and a different
criterion for research in order to maximize the targets of clinical
relevance and a more efficient approach to treatment.
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