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Ligand gated ion channels are integral multimeric membrane proteins that can detect with high
sensitivity the presence of a specific transmitter in the extracellular space and transduce this signal into
an ion flux. While these receptors are widely expressed in the nervous system, their expression is not
limited to neurons or their postsynaptic targets but extends to non-neuronal cells where they participate
in many physiological responses. Cells have developed complex regulatory mechanisms allowing for the
precise control and modulation of ligand gated ion channels. In this overview the roles of accessory
subunits and associated proteins in these regulatory mechanisms are reviewed and their relevance
illustrated by examples at different ligand gated ion channel types, with emphasis on nicotinic
acetylcholine receptors. Dysfunction of ligand gated ion channels can result in neuromuscular,
neurological or psychiatric disorders. A better understanding of the precise function of associated
proteins and how they impact on ligand gated ion channels will provide new therapeutic opportunities

Keywords:

Ligand gated ion channels
Associated proteins
Activation properties
Desensitization

Subunit assembly
Receptor trafficking
Allosteric modulator

for clinical intervention.
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1. Introduction

Cells can be considered as discrete entities separated from the
outside milieu by their plasma membrane. Pluricellular organisms
have evolved multiple and redundant systems to ensure commu-
nication between cells and transmission of information. One
means of achieving fast communication between cells is through
ligand gated ion channels (LGICs), integral membrane proteins that
have progressively evolved for this purpose. In mammals, LGICs are
widely expressed throughout the body and are highly represented
in the central nervous system. These ion channel receptors are
specific for a given transmitter and accomplish the major task of
detecting transmitter molecules and changing the membrane
permeability as a consequence of this recognition event. This can
modify the membrane potential of the cell, and/or alter
concentrations of second messengers, e.g., Ca’*, triggering a
variety of short and longer term cellular events.

Abbreviations: LGICs, ligand gated ion channels; GluR, glutamate receptor; GlyR,
glycine receptor; GABAAR, y-amino butyric acid receptor; P2X, purinergic; 5HT5R,
5-hydroxytryptamine 3 receptor; nAChR, nicotinic acetylcholine receptor; NMDA,
N-methyl-p-aspartate; SLURP, secreted Ly-6/uPAR-related protein.
* Corresponding author. Tel.: +41 22 379 53 56; fax: +41 22 379 54 02.
E-mail addresses: Daniel.bertrand@unige.ch,
daniel.bertrand@medecine.unige.ch (D. Bertrand).
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LGICs are subdivided according to their ionic permeabilities
and the neurotransmitter that they are able to detect with high
affinity. There are two classes of vertebrate LGICs permeable to
anions: the y-amino butyric acid receptors (GABAAR) and glycine
receptors (GlyR). Cation-selective receptors include glutamate
(GIuR), purinergic (P2X), serotoninergic (5HT3) and nicotinic
acetylcholine receptors (nAChRs). LGICs are multimeric proteins
that define 3 distinct gene families. The best characterized is the
cys-loop family of pentameric receptors that includes GIyR,
GABAAR, 5HT3R and nAChR [1]. The GluR gene family comprises
tetrameric ionotrophic receptors defined by their specificity for
AMPA, kainate or N-methyl-p-aspartate (NMDA) [2]. Finally, P2X
receptors constitute a distinct family of trimeric cation channels
gated by ATP [3,4]. For each LGIC class, multiple subunit-encoding
genes have been identified in the human genome; for example,
sixteen nAChR subunit genes have been identified to date [5].
Different subunit combinations generate multiple subtypes of
each receptor.

LGICs are important therapeutic targets and functional defects
in LGICs can cause channelopathies with neurological manifesta-
tions. For example, mutations in neuronal nAChR or GABAAR are
associated with some isoforms of genetic epilepsy [6]. Mutations in
the GlyR give raise to hyperekplexia, also known as “stiff baby
syndrome” or “startle disease” [7]. Anti-NMDA receptor encepha-
litis is an autoimmune condition associated with profound
neurological symptoms including psychosis and seizures [8,9].
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Although much has been learnt over the past two decades
regarding LGIC structure and function, less is known about how cells
regulate LGIC activity. The aim of this commentary is to discuss, in
the light of the most recent findings, the diverse mechanisms so far
identified that cells utilize to modulate receptor activity, directly and
indirectly, and to tailor their physiological response to a given
stimulus. We highlight common mechanisms or unique strategies
associated with different members of the LGIC family.

2. Associated proteins

The tenet of this article is that receptor function is regulated via
physically associated proteins. We define associated proteins as
either permanent or transient, depending on the duration of their
interactions. Permanently associated proteins are typically incor-
porated in the receptor complex during its synthesis or assembly
whereas transiently associated proteins interact only temporarily
and reversibly with the receptor complex.

A schematic representation of these two types of association is
shown in Fig. 1. Permanently associated proteins are typically
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integral receptor subunits including those that modify receptor
function or regulation without participating in the formation of the
ligand-binding site. For nAChR, such subunits have been termed
“accessory subunits” [10]. Heteromeric pentameric neuronal
nAChR require 4 subunits (2 « and 2 3) to contribute ACh binding
sites at the /3 subunit interfaces plus a fifth subunit to complete
the ion channel. This fifth (accessory) subunit can influence many
features of the receptor, including agonist sensitivity, channel
kinetics, Ca®* permeability, receptor assembly and subcellular
targeting. o5 and 33 neuronal nAChR subunits are thus “obligate
accessory subunits”, in that they are incapable of forming ACh
binding sites [10,11].

Transiently associated proteins are those that reversibly
interact with a receptor (Fig. 1B); they comprise a wide range of
proteins and include enzymes that catalyze post-transcriptional
and post-translational modifications. Other subgroups of transi-
ently associated proteins include chaperones, e.g., RIC-3 [12,13]
and the Ca®' sensor VILIP1 [14,15] that participate in the
maturation of functional receptors and their expression at the
cell surface, and scaffold proteins like the PDZ-domain proteins

Permanently associated proteins

/i

Proteasome

/‘“‘\__/_5;:\_/—‘\
.../\/""\/
N T — T

Alternative splicing

Time

Phosphatase

Cytoskeleton

Transiently associated proteins

Fig. 1. Schematic representation of LGICs and associated protein interactions. The (A) panel summarizes permanent association possibilities, reflected in the diversity of
integral subunits. Genes coding for LGIC subunits are transcribed in the nucleus in response to different stimuli. After export to the cytoplasm, mRNA may undergo post-
transcriptional modification (mRNA editing, alternative splicing), increasing the diversity of gene products. Translated in the endoplasmic reticulum, subunits are assembled
into multimeric receptors in the Golgi, where some post-translational modifications may occur, and the newly synthesized receptors are exported to the plasma membrane.
The (B) panel summarizes the principal transient associations with interacting proteins. Interactions represented from left to right are: phosphorylation, anchoring to the
cytoskeleton, interaction with extracellular proteins (such as GPl-anchored Lynx-1) and transmembrane proteins.
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[16] that stabilize receptors at pre- or postsynaptic sites.
Transiently associated proteins are not exclusively intracellular.
Transmembrane proteins such as the TARPs [17] and cornichon
[18] are auxillary subunits that accompany AMPA receptors in the
synaptic membrane, and the secreted Ly-6/uPAR-related protein
SLURP-1 acts extracellularly as a powerful allosteric modulator of
a7 nAChR [19].

It is important to note that permanent and transient protein
interactions are not mutually exclusive but can combine to
generate more complex patterns of receptor modulation. Insertion
of a given subunit in a receptor complex will introduce its own
repertoire of transient protein interactions. An example of such
combined effects is provided by the GABA4R: their sensitivity to
benzodiazepines requires the presence of the y2 subunit (defined
here as a permanent protein interaction), which presents novel
phosphorylation sites and also permits a transient protein
interaction with the dopamine D5 receptor [20-22]. This is
discussed further below.

3. Modes of receptor regulation
3.1. Receptor structure

LGICs are multi-domain proteins. They comprise an extra-
cellular domain that contains specific recognition sites for
transmitter, and may have additional sites for allosteric regulators;
in the case of GIuR, there is a distinct N-terminal domain for
putative regulatory interactions [2]. The transmembrane segments
of LGICs constitute the ion channel, and a conformational
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cytoplasmic domain facilitates interactions with intracellular
scaffolds and modulators.

3.2. The concept of receptor activation and desensitization

First identified at the neuromuscular junction, nAChR are the
prototype LGIC [23]. Electrophysiological recordings carried out at
the muscle end plate revealed that exposure to the agonist (ACh)
causes a rapid inward current (activation) followed by a
progressive decline upon sustained agonist exposure (desensitiza-
tion). This led to the concept that nAChRs have at least three states:
receptors are closed at rest, open during activation and closed by
desensitization. Recordings of single channel activity at the
neuromuscular junction marked another step in understanding
the receptor processes with the finding that single receptors
display only two discernable states, open or closed [24]. Thus,
activation and desensitization must reflect the probability of
opening and closing of the channels.

The simplest and most robust model to explain this behavior of
nAChRs, and LGICs in general, is the allosteric model, derived from
the theory of allosteric regulation developed by Monod et al.
[25,26]. This assumes that the receptor has multiple conforma-
tional states. In the absence of ligand, the receptor has a certain
probability to occupy any of these states. Exposure to a ligand
preferentially stabilizes the receptor in a given state. The minimal
allosteric model comprises three states: the resting R (closed), the
active A (open) and the desensitized D (closed) state (Fig. 2A). A
refinement of this model is the incorporation of a series of slowly
interconverting inactive states (reviewed in Ref. [26]). The binding
of agonists favors the open state, whereas the binding of
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Fig. 2. Modeling LGICs properties with the allosteric concept. (A) Minimal three state model required for the description of receptor activation and desensitization, such as
proposed by Monod et al. [25]. (B) Schematic representation of concentration activation curves illustrating the effects caused by the presence of a positive or negative
allosteric modulator. (C) Effects of an allosteric modulator on the transition energy barriers.
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competitive antagonists preferentially stabilizes either the closed
or desensitized state. Partial agonists exhibit a low efficiency of
channel opening while allosteric modulators act at sites distinct
from the agonist binding site to influence the transitions between
states (Fig. 2B and C).

Within the same family, different receptor subtypes may
display significantly different properties, for example with respect
to agonist sensitivity and propensity to desensitize. In the nAChR
family, the heteromeric receptors at the neuromuscular junction
show a sustained response to ACh, whereas the homomeric
neuronal a7 nAChR exhibit a very transient response with a fast
desensitization. Moreover, a7 nAChR have much greater relative
permeability to Ca?" than muscle nAChR. Similar functional
differences can be found between kainate and NMDA receptors
in the GIuR family or between homomeric P2X, and P2X5 receptors
in the purinergic family [2,27].

3.3. Intrinsic versus extrinsic regulation

Cellular responses to transmitter actions are shaped by the
properties of individual receptors. These properties may be
modified by permanent associated proteins and post-translational
modifications. The magnitude and impact of cellular responses will
also reflect other factors such as the density and localization of
receptors within the cell. These aspects are determined by
assembly, trafficking, stabilizing interactions and internalization
events, governed by specific transient protein associations that can
be considered extrinsic to receptor function at the molecular level.
The dynamics of these processes are critical for neuronal plasticity.
Crosstalk through physical association with other signaling
proteins that adds another level of complexity has yet to be fully
appreciated and certainly necessitates caution in interpreting data
obtained using non-native receptor constructs, e.g., those in which
the receptor is expressed in a cell line lacking many of the ancillary
proteins that are required for physiological function. A further
corollary is that disease states associated with receptor dysfunc-
tion may not always involve the receptor per se but differences in
the ancillary protein repertoire of the dysfunctional tissue.

4. How associated proteins modulate receptor function
4.1. The importance of receptor subunit composition

The activation and desensitization properties of a given
receptor depend upon the thermodynamic properties of the
receptor complex (Fig. 2C). Implicit in the allosteric model, the
transition from the resting to the active state is governed by the
energy barrier that exists between these two states. The simplest
form of a LGIC is composed of identical subunits as seen, for
example, with the homomeric a7 nAChR, GlyR, 5HT3 or P2X,
receptors. Only a restricted number of subunits are able to
assemble as homomeric complexes; of these some preferentially
associate with other subunits to form heteromeric receptors. For
example the 9 nAChR subunit associates with the «10 to form a
functional nAChR in cochlear hair cells [28], the 5HT34 subunit can
associate with 5HT3g [29], and the GluN1 subunit associates with
the GIuN2A and/or GIuN2B subunits in native NMDA receptors
[30,31]. Incorporation of a subunit to form a heteromeric receptor
complex represents the prototype of a permanent association as
this “associated protein” modifies both the physiological and
pharmacological properties of the receptor.

Firstly, let us consider the effect caused by the associated
protein in a heteromeric receptor composed of only two subunit
types. Remembering that the agonist binding site resides at the
subunit interface of cys-loop receptors, it is easy to understand that
the amino acids that compose the ligand-binding site will change

when subunits of different types are incorporated into the receptor
complex. This is exemplified by an nAChR composed of a3 and [32
subunits versus one formed by a3 and (34 subunits: these two
receptors differ in their sensitivity to ligands and desensitization
[32], and this is reflected in their different physiological roles, in
the central and autonomic nervous systems, respectively. Native
nAChR can be more complex; addition of the a5 subunit increases
the sensitivity to ACh when associated with a3 and 32 subunits
but not a3 and 34 subunits, but enhances the calcium permeability
of both subtypes [33].

As the a5 nAChR subunit is believed to be an accessory subunit
(discussed above), it does not alter receptor properties by
contributing directly to the agonist binding sites. Associated
subunits can also confer changes in the energy barrier or create
additional, modulatory sites. This is illustrated by the requirement
for the incorporation of the y2 subunit into functional GABAa
receptors for benzodiazepine sensitivity [34]. This is readily
explained by the finding that the benzodiazepine binding site
resides at the y/a interface, in contrast to GABA binding sites at the
o/P subunit interfaces [20]. The NMDA receptor family provides an
interesting example of an obligate heterotetramer of agonist
binding and modulatory subunits. Two GIuN2 subunits contribute
glutamate binding sites whereas the GluN1 or GluN3 subunits that
they associate with confer binding sites for the essential co-agonist
glycine [2].

While it is beyond the scope of this review to catalog the
multiple examples for the different receptor families, the
important point to note is that association of different subunits
determines the properties of a receptor and hence vastly increases
the repertoire of receptors, fine-tuned for distinct tasks. A good
example of tailoring properties to physiological needs is given by
extrasynaptic GABA, receptors that display a high sensitivity to
agonist and very slow desensitization properties that aid the
detection of tonic levels of neurotransmitter. These properties are
conferred by incorporation of B2 and & subunits in extrasynaptic
GABA, receptors [35]. Similarly, functional distinctions are seen
between embryonic and mature forms of nAChR in skeletal muscle,
with substitution of the ¢ subunit for the <y subunit in early
development [36].

Interestingly, major differences between subunits within a
given receptor family are found in the amino acid segments that
face the cytoplasm. These intracellular loops or terminal sequences
facilitate interactions with other associated proteins, including
anchoring proteins, enzymes and other receptors or membrane
proteins. These interactions are dictated by the subunit composi-
tion of a receptor and will be discussed in Sections 4.4 and 4.5.

4.2. RNA editing and alternative splicing

We have already seen that subunit heterogeneity generates
receptor diversity by affecting the ligand-binding site or by changing
the energy barriers between transitions to alter the functional
properties of receptors. Receptor subunit isoforms are normally
encoded by distinct genes but additional variants of a given subunit
can be generated by alternative splicing and/or post-transcriptional
modifications. The formation of receptors by association of such
modified subunits with non-modified subunits enriches the panoply
of physiological and pharmacological properties.

RNA editing allows genetically encoded amino acid sequence to
be altered at the RNA level, by deamination of adenosine (A) or
cytosine (C) residues to generate inosine (I; read as guanosine) or
uracil (U), respectively. This is achieved by deaminases, enzymes
that transiently associate with receptor subunit RNAs that function
as substrates. Depending upon the codon where substitution
occurs, this can result in amino acid substitution. Well-documen-
ted examples of A to [ RNA editing are found in AMPA and kainate
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GluRs. A glutamine to arginine (CAG to CIG, Q607R) substitution in
the pore-lining domain (M2) of GluA2 subunits causes a marked
reduction in calcium permeability [37]. This is a critical event in
development and prevention of editing results in severe epilepsy
[38]. This editing event also reduces sensitivity to intracellular
polyamines [39] and allows faster recovery of the receptor from
desensitization. Similar glutamine to arginine RNA editing occurs
during development in GluK1 and GluK2 subunits of the kainate
receptor, with comparable changes in calcium permeability [40].

More recently, developmentally important A to I RNA editing of
the GABAAR a3 subunit has been demonstrated [41]. The resultant
isoleucine to methionine switch (I342M) in the third transmem-
brane domain is proposed to decrease assembly of the devel-
opmentally abundant a3-containing GABAAR in favor of the a1-
containing subtype that predominates in adults [42]. GIyR «
subunits undergo C to U RNA editing that generates a single amino
acid substitution (proline to leucine) in the N-terminal domain
(P185L). This increases GlyR affinity for glycine without altering
desensitization kinetics [43,44].

The process of mRNA maturation consists of removing the
intronic (non-coding) sequences and stitching together exons. For
genes presenting several exons, alternative splicing can generate
multiple isoforms of mature mRNAs, depending upon the inclusion
or removal of one or more exons. As a consequence, alternative
splicing yields proteins with distinctive amino acid sequences.
Perhaps the best characterized example within the LGIC families
occurs in the two splice variants of AMPA receptor subunits,
termed “flip” and “flop”. These isoforms differ by 38 amino acids
located between the third and fourth transmembrane domain, a
region that contributes to the agonist binding domain and may
influence channel gating [45]. The “flop” variant of GluA2 and
GluA3 (but not GluA1) displays shorter channel open time than the
“flip” variant, which is reflected in the whole cell current by an
increased rate of desensitization [46,47]. Comparison of the gene
sequences encoding GluA1-4 reveals that GluA2 differs in having a
shorter DNA segment separating the RNA editing site from the
exon 13-14 flip/flop splicing site. This proximity has led to the
suggestion that mutual interactions between RNA editing and
alternative splicing probably occur and could be coordinated [48].

Alternative splicing may be a widespread mode of generating
additional receptor diversity. Splice variants of NMDA and P2X
receptors have also been reported [49,50]. A well-documented
example within the cys-loop family of LGICs is the presence or
absence of an eight amino acid insertion in the cytoplasmic loop of
the y2 subunit, to generate y2 long (L) and short (S) isoforms,
respectively [51]. This insertion generates an additional phos-
phorylation site with numerous functional implications.

a7 nAChR in autonomic ganglia exhibit evidence of alternative
splicing. &7 nAChR in rat superior cervical ganglia display a slow
rate of desensitization and rapidly reversible blockade by the snake
toxin a-bungarotoxin [52]. These properties were correlated with
a variant subunit in which exon 4 is replaced by the novel exon 4a
[53]. Several novel isoforms of a7 nAChR have been identified in
brain tissues from schizophrenics and suggest the occurrence of
multiple transcription-level modifications with corresponding
pathological implications [54].

4.3. Receptor assembly and trafficking: association with chaperones

For each class of receptor, the diversity of subunits generated by
multiple genes and post-transcriptional mechanisms poses a
serious challenge for the regulated assembly of receptor subtypes
of particular subunit composition and their correct disposition in
the cell or subcellular compartment. Integral associated subunits
(e.g., the “accessory” subunits o5 and (33 in nAChR) can influence
these processes but chaperones play a determinant role in the

folding, assembly and trafficking of complex proteins such as
LGICs. Through specific physical interactions they can prevent
subunits from aggregating into non-functional structures and are
thought, for the assembly of multimers, to regulate the final
subunit composition.

Genetic analysis in Caenorhabditis elegans identified RIC-3
(Resistant to Inhibitors of Cholinesterase), a protein important for
the maturation of nAChR (folding, assembly and surface expression)
[12,55] that is effective in facilitating expression of homomeric o7
nAChR [12]. Other groups however, report contradictory results
concerning the influence of RIC-3 upon heteromeric nAChR
subtypes, such as a4f32 [56,57]. Recent evidence indicates that
these differences in activity may depend upon the host cell,
suggesting the involvement of additional, cell-specific proteins [58].
While other well known chaperones such as the 14-3-3m protein
[59], BiP or calnexin [60] associate with and/or influence trafficking
of multiple LGICs, RIC-3 appears to show more restricted specificity,
although it can also modulate the maturation of 5HT; receptors [13].

For LGICs the chaperone concept has been extended to receptor
agonists; although these are not associated proteins, they merit
attention alongside conventional chaperones. It is proposed that
only functionally competent GluR can exit the endoplasmic
reticulum and that the binding of glutamate provides the
necessary “quality control” assessment [61,62]. However, the
TARP, stargazin can interact with and promote AMPA receptor
trafficking in the absence of bound glutamate so putative
interactions between pharmacological and proteinaceous chaper-
ones remain to be resolved.

Another example of ligand interaction is nicotine which has
been proposed to act as an exogenous pharmacological chaperone
for nAChR. This hypothesis is based on the observation that chronic
exposure to nicotine causes the “upregulation” of nAChR by
promoting the oligomerisation and maturation of high affinity
receptors [63,64] leading to the introduction of the term
SePhaChARNS, for “selective pharmacological chaperoning of
acetylcholine receptor number and stoichiometry” [65]. It is
presently unclear if there is an endogenous pharmacological
chaperone for nAChR or how nicotine might interface with
interacting proteins, such as those of the Lynx-1 family, that
might also play a role in nAChR biosynthesis and maturation.

As well as promoting the assembly and trafficking of LGICs,
associated proteins could also exert the opposite effect by acting as
a negative regulator of receptor expression. This is exemplified by
the action of HSP90 on P2X; receptors [66].

4.4. Receptor clustering and stabilization in the membrane

The aggregation of LGICs in the postsynaptic membrane is an
important step in the development and stabilization of a synapse
and has been particularly well studied for nAChR at the
neuromuscular junction [67]. Although a specialized synapse,
the muscle endplate illustrates some key aspects. On clustering at
the muscle endplate, nAChR become less susceptible to disas-
sembly during maturation and their lifetime in the membrane is
increased from a few hours to several days. This was reflected in
the longer retention of radioactive a-bungarotoxin at adult
neuromuscular junctions compared with embryonic tissue [68].
Once established, the neuromuscular junction remains extremely
stable throughout life. Motorneuron activity is required for
endplate formation and secretion of ACh and the heparin
proteoglycan, agrin act in concert to establish monosynaptic
innervation of muscle. Agrin activates the transmembrane
receptor tyrosine kinase MuSK (muscle-specific kinase) that leads
to clustering of nAChR via rapsyn. This 43 kDa protein binds nAChR
and may serve to tether the receptor to the cytoskeleton. This has
been proposed to occur through ACF7 (also known as MACF), a
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protein of the spectrin superfamily, that has multiple cytoskele-
ton-binding domains, including an N-terminal actin-binding
domain that directly interacts with rapsyn [69]. Although rapsyn
co-purifies with muscle nAChR, how these two proteins interact
remains unclear. Recent studies suggest that rapsyn binds to the
cytoplasmic loops of multiple nAChR subunits; MuSK-dependent
phosphorylation of the 1 subunit may consolidate or stabilize
clustering through its interaction with rapsyn [70].

The developmental switch in nAChR subunit composition from
< to € subunit during maturation of neuromuscular junction might
contribute to anchoring nAChR clusters to the cytoskeleton, in
addition to altering the properties of the receptor [70]. As GIuR,
GABA4R and GlyR also exhibit developmental switches in subunit
composition (see Sections 4.1 and 4.2) this could reflect a common
mechanism in synapse maturation.

Anchoring LGICs to the cytoskeleton via interaction with
specialized linker proteins, some of which bind F-actin filaments,
is a common feature. At inhibitory synapses, the cytoplasmic
protein, gephyrin has a role analogous to that of rapsyn. It was
initially co-purified with the GIyR, and associates with the
cytoplasmic domains of GABAAR and GlyR subunits, in particular
interaction with the a2 GABAAR or 3 GlyR subunit is important for
receptor trafficking/clustering [71]. Through auto-oligomerisation
gephyrin fosters clustering by forming a scaffold that links the
receptors to the cytoskeleton and other associated proteins [72].
For example, the ubiquitin-like protein, ubiquilin (or Plic-1)
associates with GABAaRs at inhibitory synapses and has been
shown to protect this complex from proteasomal degradation [73].
The lifetime of GABAARSs is prolonged by the presence of ubiquilin
which participates in its stabilization in the plasma membrane. The
co-localization of GABA, receptors, gephyrin and multiple
associated proteins such as ubiquilin is important not only for
the construction of inhibitory synapses but as determinants of the
inhibitory strength of the synapse [74].

In contrast to rapsyn and gephyrin that lack PDZ domains, the
PSD-95 family of PDZ scaffolding proteins is associated with the
organization of glutamatergic synapses [16,75]. PSD-95 regulates
the activity of LGICs by influencing their subunit composition,
subcellular localization, surface expression, downstream signaling,
endocytosis, and even intrinsic functional properties [16,76-78].
However, AMPA receptors are also indirectly linked to PSD-95 via
stargazin. This difference may be important for transiently
stabilizing laterally mobile AMPA receptors, a critical aspect of
synaptic plasticity [79].

PSD-95 proteins also contribute to postsynaptic scaffolds at
nicotinic synapses [80]. Directing receptors to the appropriate
subcellular compartment and specialized synaptic area requires
elaborate mechanisms that are poorly understood. In autonomic
neurons, a7 and o334 nAChRs are inserted in a concerted manner
with precise topological organization of «7 nAChRs on membrane
cristae [81]. Using the microchimera approach in which the major
intracellular loop (between TM3 and TM4) was exchanged
between a3, a5 and a7 nAChR subunits, it was demonstrated
that this region is critical for targeting a3-containing nAChR to
synaptic domains whereas nAChR lacking this subunit or its
intracellular loop has a peri-synaptic localization [82,83]. Factors
responsible for targeting and localizing populations of LGICs to
presynaptic domains are largely unknown; recently type III
neuregulin-1 has been implicated in regulating the surface
expression of a7 nAChRs in sensory axons [84].

4.5. Receptor phosphorylation and other post-translational
modifications

Attachment or removal of one or more phosphate groups,
resulting from transient protein interaction with a kinase or a

phosphatase, respectively, is schematized in Fig. 1B. Tight
control of the phosphorylation status of target LGIC subunits
(and associated interaction partners) may be facilitated by
tethering the enzymes to the postsynaptic scaffold [85]. Protein
phosphorylation is a rapidly reversible post-translational
modification that can act as a switch to influence LGIC function
(such as desensitization rate), subunit assembly, receptor
aggregation and stability, and synaptic strength [86-90].
Consensus phosphorylation sites for serine/threonine or tyr-
osine kinases exist in the major intracellular loops of most, if not
all, LGIC subunits. For example at the neuromuscular junction,
nAChR clustering and stabilization involves phosphorylation of a
tyrosine residue within the intracellular loop of the 3 and &
subunits by MuSK [86,91]. Tyrosine phosphorylation of the a7
nAChR by src-kinase was shown to limit receptor activity: the
tyrosine kinase inhibitor genistein increased the acetylcholine-
evoked responses and the tyrosine phosphatase inhibitor,
pervanadate had the opposite effect [92]. Ablation of the
putative tyrosine phosphorylation sites in the intracellular
domain produced more active a7 nAChR that were insensitive
to genistein and pervanadate. Tyrosine phosphorylation of
the NMDA receptor GluN2A subunit was recently proposed to
have a profound effect on behavior: mice homozygous for a
mutated tyrosine 1325 in the GIuN2A subunit displayed
antidepressant-like behavior in the tail suspension and forced
swim tests [93]. Serine phosphorylation of GluA1l subunits of
heteromeric AMPA receptors regulates receptor trafficking to
and from the plasma membrane and hence is a determinant of
synaptic strength [90].

Other post-translational modifications have recently been
recognized to also influence LGIC function. These include
palmitoylation, sumoylation and ubiquitination, through associa-
tion with the requisite enzymes [90,94-96].

4.6. Extracellular protein-protein interactions

LGICs are characterized by the presence of a large domain facing
the extracellular space. This region is commonly N-glycosylated, a
post-translational modification that aids stability by preventing
attack by proteases. Agonists and other molecules bind in this
region to alter or influence receptor function. An interesting
example is that of the endogenous protein modulator. Lynx-1 that
represents an evolutionary and functional relationship with elapid
snake toxins. The snake toxin a-bungarotoxin binds to nAChR at
the neuromuscular junction with very high affinity, blocking
function. a-bungarotoxin and homologous snake toxins sharing
the same cysteine-rich three finger backbone compete for the
agonist binding site of various neuronal nAChRs [23,97]. Lynx-1
shares structural homology with these snake toxins [98,99].
However, it is a GPI-anchored protein that is co-localized with
nAChR; through a physical interaction Lynx-1 modulates receptor
affinity and desensitization [99].

The identification of SLURP (secreted mammalian Ly-6/
urokinase plasminogen activator receptor-related protein)-1
and -2 as modulators of nAChR in non-neuronal tissues
(keratinocytes, epithelial cells and immune cells) extends the
family of “prototoxins”, as these soluble proteins present a three
finger-like structure similar to that of the snake toxins
[19,100,101]. SLURP-1 is a potent allosteric potentiator of human
a7 nAChR expressed in Xenopus oocytes [19] whereas SLURP-2
acts as a competitive antagonist of heteromeric a3-containing
nAChR [101]. Thus the SLURPs have opposite actions, considered
to be important in modulating the autocrine cholinergic regula-
tion of cell proliferation.

These examples of endogenous protein-protein interactions
involving the extracellular domain of LGICs raise the prospect of
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modulation of other receptors by secreted or tethered extracellular
proteins.

4.7. Transmembrane protein interactions

LGICs are also capable of interacting with transmembrane
proteins that may communicate some extracellular signal to the
intracellular milieu with concomitant modulation of LGIC function
or reciprocal interaction. The transmembrane AMPA receptor
proteins (TARPs) [17] provide a well defined example of such an
auxiliary protein partner [90]. Stargazin, the prototypical TARP,
was the first such protein to be discovered and is essential for
functional AMPA receptors in cerebellar granule cells [102].
Although stargazin is co-precipitated with AMPA receptors the
site(s) of physical interaction is not established. A recent
proteomics study has identified transmembrane, cornichon
proteins as alternative intrinsic auxiliary subunits associated with
AMPA receptors [103] and we can be confident that more such
proteins will emerge as novel partners for other LGICs.

Recently a different kind of association has been described for
many LGICs: a direct functional interaction with other receptors,
both LGICs and metabotropic receptors, introducing the concept
of “horizontal” signaling between receptors in the plane of the
membrane. For example, enteric neurons that control gastro-
intestinal function co-express P2X receptors and nAChR and
simultaneous activation of both LGICs in these cells produces
inward currents that are smaller than the sum of the individual
currents elicited by their independent activation [104]. Func-
tional interaction between P2X, receptors and a3[34 nAChR is
reproduced when recombinant receptors are expressed in
heterologous systems [105,106]. Cross-inhibition also occurs in
cell-free patches obtained from cultured neurons, ruling out an
interaction via intracellular signaling mechanisms and implicat-
ing a direct molecular interaction between the two types of LGIC
[107]. Indeed, the C-terminal tail of the P2X, receptor subtype
mediates a physical interaction with 5HT3R and GABAAR but the
relationship with nAChR appears to be more promiscuous and
P2X3 and P2X,4 receptors also promote cross-inhibition with a334
nAChRs [106,108,109]. Desensitized P2X, receptors or o334
nAChRs can confer cross-inhibition, consistent with a physical
interaction and this is reinforced by the application of elegant
microscopy techniques to fluorescently tagged receptors, show-
ing the two channels to be 80 A apart, compatible with dimer
formation [110].

Functional receptor-receptor interactions at the plasma
membrane also occur between LGICs and other types of receptor.
P2X; receptors physically interact with Pannexin-1, a pore-
forming protein, and together they are proposed to constitute
the second, large conductance state associated with ATP responses,
with permeability to organic cations including various dyes. Thus
this model posits that prolonged stimulation of P2X; receptors
results in activation of Pannexin-1 channels [111].

Interactions between LGICs and G-protein-coupled receptors
(GPCRs) are exemplified by the numerous reports of associations
with dopamine receptors. The dopamine D5 receptor binds
directly, via its C-terminal domain, to the major intracellular loop
of the GABAA receptor y2 subunit. The effects of this physical
association are reciprocal, producing mutual inhibition [22]. This
modulation depends on the presence of the y2 subunit so both
permanent (vy2 subunit) and transient associated proteins (D5
receptor) collaborate to generate this regulation. Dopamine D1
receptors form heterodimers with NMDA receptors [112]. The
cytoplasmic C-terminal extremity of the D1 receptor can interact
via two distinct regions with GluN1 and GluN2A NMDA receptor
subunits. The effect of this interaction is the inhibition of NMDA
receptor mediated currents with implications in the hippocampus

for LTP and working memory [113]. Presynaptic nAChR have also
been proposed to physically couple to dopamine autoreceptors
(D2/3), via the cytoplasmic loop of the 32 nAChR subunit [114]. As
with the previous examples, the dopamine receptor exerts an
inhibitory influence on nicotinic responses.

5. Associated proteins: novel targets or new inspiration for
therapeutic approaches

The finding that permanently or transiently associated proteins
can modulate LGIC properties presents a potential opportunity for
enhancing or decreasing this modulation and hence LGIC function.
Modulatory strategies, rather than agonist or antagonist actions,
are attractive therapeutically. The flagship class of drugs repre-
senting this approach is the benzodiazepines, which interact with
the associated «y2 subunit of GABAAR to potentiate responses to
endogenous agonist. An alternative or complimentary approach
would be to manipulate the incorporation of such permanently
associated proteins. Sustained expression of the embryonic form of
nAChR containing the vy subunit would be a potential treatment for
congenital myasthenia gravis caused by mutations in the € subunit,
the subunit unique to the adult form of the receptor [115]. This will
require decryption of the pathways regulating associated protein
expression and assembly. Although the developmental switch at
the neuromuscular junction from nAChR composed of « 1,31,y and
8 subunits to those containing a1,31,& and & subunits provides the
best understood example of the transcriptional regulation of
receptor subunit expression, knowledge of the signals that trigger
this switch is still lacking, making manipulation an aspiration for
the future [67,116].

A more tractable approach is the generation of small molecules
to target transiently associated proteins. For example, phosphor-
ylation of LGIC subunits has many effects, as discussed above, and
compounds directed at kinases or phosphatases could modify the
impact of this post-translational modification. However, a caveat
to this approach is that inhibitors of these enzymes are likely to
generate many effects because they regulate the phosphorylation
status of multiple targets. Most kinase inhibitors are panspecific
and we have no idea what constitutes a physiological substrate and
whether altered ATP levels as a result of tissue dysfuction may
modulate kinase function. More specific protein targets are
needed: SLURP-1, the allosteric modulator of a7 nAChR appears
to fulfill this requirement. Moreover, mutations in SLURP-1 that
decrease its function are responsible for the pathogenesis of Mal de
Meleda, a condition of hyperproliferative epithelium, notably the
skin [19]. Normally SLURP-1 appears to promote o7 nAChR-
mediated apoptosis. Therefore a positive allosteric modulator of
the a7 nAChR could be administered to compensate for dysfunc-
tional SLURP-1 in Mal de Meleda patients. Several positive
allosteric modulators with specificity for «7 nAChR have been
identified and characterized and offer hope for the future [117].
The credibility of this approach is encouraged by the discovery of
Lynx-1 and -2 proteins that are related endogenous positive
allosteric modulators of nAChRs.

Heterodimeric receptor assemblies offer another novel ther-
apeutic target. The physical interaction between NMDA receptors
and dopamine D1 receptors has been identified as having potential
for the treatment of major brain disorders such as schizophrenia
and Parkinson’s disease [118]. The subsynaptic scaffold supporting
and regulating GluR at the synapse has also been mooted as a new
target for innovative drug discovery with reference to schizo-
phrenia [119].

The aim of this short review has been to illustrate the variety of
protein-protein interactions made by LGICs at different levels
throughout the cell and their impact on receptor function. The
number and type of interactions has increased rapidly over the last
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20 years. Each level arguably offers potential for intervention,
although in most cases this is presently only a matter of
speculation.

Acknowledgments

This work was supported by the Swiss National Science
Foundation to DB. We thank Pr. O.K. Steinlein and Dr. Dieter
D’hoedt for continuous support and discussions and for providing
helpful comments on the manuscript.

References

[1] Millar RP, Newton CL. The year in G protein-coupled receptor research. Mol
Endocrinol 2010;24:261-74.

[2] Sobolevsky Al, Rosconi MP, Gouaux E. X-ray structure, symmetry and
mechanism of an AMPA-subtype glutamate receptor. Nature 2009;462:
745-56.

[3] Kawate T, Michel JC, Birdsong WT, Gouaux E. Crystal structure of the ATP-
gated P2X(4) ion channel in the closed state. Nature 2009;460:592-8.

[4] Jarvis MF, Khakh BS. ATP-gated P2X cation-channels. Neuropharmacology
2009;56:208-15.

[5] Steinlein OK, Bertrand D. Neuronal nicotinic acetylcholine receptors: from
the genetic analysis to neurological diseases. Biochem Pharmacol 2008;76:
1175-83.

[6] Steinlein OK. Genes and mutations in human idiopathic epilepsy. Brain Dev
2004;26:213-8.

[7] ShiangR, Ryan SG, Zhu YZ, Hahn AF, O’Connell P, Wasmuth JJ. Mutations in the
alpha 1 subunit of the inhibitory glycine receptor cause the dominant
neurologic disorder, hyperekplexia. Nat Genet 1993;5:351-8.

[8] Parratt KL, Allan M, Lewis S], Dalmau ], Halmagyi GM, Spies JM. Acute
psychiatric illness in a young woman: an unusual form of encephalitis.
Med ] Aust 2009;191:284-6.

[9] Dalmau J, Gleichman AJ, Hughes EG, Rossi JE, Peng X, Lai M, et al. Anti-NMDA-
receptor encephalitis: case series and analysis of the effects of antibodies.
Lancet Neurol 2008;7:1091-8.

[10] Kuryatov A, Onksen ], Lindstrom J. Roles of accessory subunits in alpha4-
beta2(*) nicotinic receptors. Mol Pharmacol 2008;74:132-43.

[11] Salminen O, Drapeau JA, McIntosh JM, Collins AC, Marks M]J, Grady SR.
Pharmacology of alpha-conotoxin MII-sensitive subtypes of nicotinic acetyl-
choline receptors isolated by breeding of null mutant mice. Mol Pharmacol
2007;71:1563-71.

[12] Halevi S, McKay ], Palfreyman M, Yassin L, Eshel M, Jorgensen E, et al. The C.
elegans ric-3 gene is required for maturation of nicotinic acetylcholine
receptors. EMBO ] 2002;21:1012-20.

[13] Cheng A, McDonald NA, Connolly CN. Cell surface expression of 5-hydro-
xytryptamine type 3 receptors is promoted by RIC-3. ]J Biol Chem 2005;
280:22502-7.

[14] Chaumont S, Compan V, Toulme E, Richler E, Housley GD, Rassendren F, et al.
Regulation of P2X2 receptors by the neuronal calcium sensor VILIP1. Sci
Signal 2008;1:ra8.

[15] Lin L, Jeanclos EM, Treuil M, Braunewell KH, Gundelfinger ED, Anand R. The
calcium sensor protein visinin-like protein-1 modulates the surface expres-
sion and agonist sensitivity of the alpha 4beta 2 nicotinic acetylcholine
receptor. ] Biol Chem 2002;277:41872-8.

[16] Neff 3rd RA, Conroy WG, Schoellerman ]JD, Berg DK. Synchronous and
asynchronous transmitter release at nicotinic synapses are differentially
regulated by postsynaptic PSD-95 proteins. ] Neurosci 2009;29:15770-9.

[17] Milstein AD, Nicoll RA. Regulation of AMPA receptor gating and pharmacol-
ogy by TARP auxiliary subunits. Trends Pharmacol Sci 2008;29:333-9.

[18] Schwenk ], Harmel N, Zolles G, Bildl W, Kulik A, Heimrich B, et al. Functional
proteomics identify cornichon proteins as auxiliary subunits of AMPA recep-
tors. Science 2009;323:1313-9.

[19] Chimienti F, Hogg RC, Plantard L, Lehmann C, Brakch N, Fischer ], et al.
Identification of SLURP-1 as an epidermal neuromodulator explains
the clinical phenotype of Mal de Meleda. Hum Mol Genet 2003;12:
3017-24.

[20] Sieghart W, Sperk G. Subunit composition, distribution and function of
GABA(A) receptor subtypes. Curr Top Med Chem 2002;2:795-816.

[21] Vithlani M, Moss S]. The role of GABAAR phosphorylation in the construction
of inhibitory synapses and the efficacy of neuronal inhibition. Biochem Soc
Trans 2009;37:1355-8.

[22] Liu F, Wan Q, Pristupa ZB, Yu XM, Wang YT, Niznik HB. Direct protein-protein
coupling enables cross-talk between dopamine D5 and gammaaminobutyric
acid A receptors. Nature 2000;403:274-80.

[23] Changeux JP, Kasai M, Lee CY. Use of a snake venom toxin to characterize
the cholinergic receptor protein. Proc Natl Acad Sci USA 1970;67:
1241-7.

[24] Neher E, Sakmann B. The patch clamp technique. Sci Am 1992;266:
44-51.

[25] Monod J, Wyman J, Changeux JP. On the nature of allosteric transitions: a
plausible model. Journal of molecular biology 1965;12:88-118.

[26] Changeux ]JP, Edelstein S]. Allosteric mechanisms of signal transduction.
Science 2005;308:1424-8.

[27] MacKenzie AB, Surprenant A, North RA. Functional and molecular diversity of
purinergic ion channel receptors. Ann N Y Acad Sci 1999;868:716-29.

[28] Sgard F, Charpantier E, Bertrand S, Walker N, Caput D, Graham D, et al. A novel
human nicotinic receptor subunit, alpha10, that confers functionality to the
alpha9-subunit. Mol Pharmacol 2002;61:150-9.

[29] Stewart A, Davies PA, Kirkness EF, Safa P, Hales TG. Introduction of the 5-HT3B
subunit alters the functional properties of 5-HT3 receptors native to neuro-
blastoma cells. Neuropharmacology 2003;44:214-23.

[30] Erreger K, Dravid SM, Banke TG, Wyllie D], Traynelis SF. Subunit-specific
gating controls rat NR1/NR2A and NR1/NR2B NMDA channel kinetics and
synaptic signalling profiles. ] Physiol 2005;563:345-58.

[31] Yuan H, Hansen KB, Vance KM, Ogden KK, Traynelis SF. Control of NMDA
receptor function by the NR2 subunit amino-terminal domain. J Neurosci
2009;29:12045-58.

[32] Cohen BN, Figl A, Quick MW, Labarca C, Davidson N, Lester HA. Regions of beta
2 and beta 4 responsible for differences between the steady state doser-
esponse relationships of the alpha 3 beta 2 and alpha 3 beta 4 neuronal
nicotinic receptors. ] Gen Physiol 1995;105:745-64.

[33] Wang F, Nelson ME, Kuryatov A, Olale F, Cooper ], Keyser K, et al. Chronic
nicotine treatment up-regulates human alpha3 beta2 but not alpha3 beta4
acetylcholine receptors stably transfected in human embryonic kidney cells. ]
Biol Chem 1998;273:28721-32.

[34] Johnston GA. GABAA receptor pharmacology. Pharmacol Ther 1996;69:173-
98.

[35] Herd MB, Haythornthwaite AR, Rosahl TW, Wafford KA, Homanics GE,
Lambert J], et al. The expression of GABAA beta subunit isoforms in synaptic
and extrasynaptic receptor populations of mouse dentate gyrus granule cells.
] Physiol 2008;586:989-1004.

[36] Missias AC, Chu GC, Klocke BJ, Sanes JR, Merlie JP. Maturation of the acetyl-
choline receptor in skeletal muscle: regulation of the AChR gamma-toepsilon
switch. Dev Biol 1996;179:223-38.

[37] Sommer B, Kohler M, Sprengel R, Seeburg PH. RNA editing in brain controls
a determinant of ion flow in glutamate-gated channels. Cell 1991;67:
11-9.

[38] BrusaR,Zimmermann F, Koh DS, Feldmeyer D, Gass P, Seeburg PH, et al. Early-
onset epilepsy and postnatal lethality associated with an editing-deficient
GluR-B allele in mice. Science 1995;270:1677-80.

[39] Bowie D, Mayer ML. Inward rectification of both AMPA and kainate subtype
glutamate receptors generated by polyamine-mediated ion channel block.
Neuron 1995;15:453-62.

[40] Lee CJ, Kong H, Manzini MC, Albuquerque C, Chao MV, MacDermott AB.
Kainate receptors expressed by a subpopulation of developing nociceptors
rapidly switch from high to low Ca2+ permeability. ] Neurosci 2001;21:4572-
81

[41] Ohlson ], Pedersen JS, Haussler D, Ohman M. Editing modifies the GABA(A)
receptor subunit alpha3. RNA 2007;13:698-703.

[42] Daniel C, Ohman M. RNA editing and its impact on GABAA receptor function.
Biochem Soc Trans 2009;37:1399-403.

[43] Meier JC, Henneberger C, Melnick I, Racca C, Harvey R], Heinemann U, et al.
RNA editing produces glycine receptor alpha3(P185L), resulting in high
agonist potency. Nat Neurosci 2005;8:736-44.

[44] Legendre P, Forstera B, Juttner R, Meier JC. Glycine receptors caught between
genome and proteome - functional implications of RNA editing and splicing.
Front Mol Neurosci 2009;2:23.

[45] Sommer B, Keinanen K, Verdoorn TA, Wisden W, Burnashev N, Herb A, et al.
Flip and flop: a cell-specific functional switch in glutamate-operated chan-
nels of the CNS. Science 1990;249:1580-5.

[46] Pei W, Huang Z, Niu L. GluR3 flip and flop: differences in channel opening
kinetics. Biochemistry 2007;46:2027-36.

[47] Pei W, Huang Z, Wang C, Han Y, Park JS, Niu L. Flip and flop: a molecular
determinant for AMPA receptor channel opening. Biochemistry 2009;
48:3767-77.

[48] Schoft VK, Schopoff S, Jantsch MF. Regulation of glutamate receptor B pre-
mRNA splicing by RNA editing. Nucleic Acids Res 2007;35:3723-32.

[49] Zukin RS, Bennett MV. Alternatively spliced isoforms of the NMDARI receptor
subunit. Trends Neurosci 1995;18:306-13.

[50] da Silva RL, Resende RR, Ulrich H. Alternative splicing of P2X6 receptors in
developing mouse brain and during in vitro neuronal differentiation. Exp
Physiol 2007;92:139-45.

[51] Whiting P, McKernan RM, Iversen LL. Another mechanism for creating
diversity in gamma-aminobutyrate type A receptors: RNA splicing directs
expression of two forms of gamma 2 phosphorylation site. Proc Natl Acad Sci
U S A 1990;87:9966-70.

[52] Cuevas J, Roth AL, Berg DK. Two distinct classes of functional 7-containing
nicotinic receptor on rat superior cervical ganglion neurons. J Physiol
2000;525(Pt 3):735-46.

[53] Severance EG, Cuevas ]. Distribution and synaptic localization of nicotinic
acetylcholine receptors containing a novel alpha7 subunit isoform in
embryonic rat cortical neurons. Neurosci Lett 2004;372:104-9.

[54] Severance EG, Yolken RH. Novel alpha7 nicotinic receptor isoforms and
deficient cholinergic transcription in schizophrenia. Genes Brain Behav
2008;7:37-45.

[55] Treinin M. RIC-3 and nicotinic acetylcholine receptors: biogenesis, proper-
ties, and diversity. Biotechnol ] 2008;3:1539-47.



168 T. Araud et al./Biochemical Pharmacology 80 (2010) 160-169

[56] Lansdell SJ, Gee V], Harkness PC, Doward Al, Baker ER, Gibb A], et al. RIC-3
enhances functional expression of multiple nicotinic acetylcholine receptor
subtypes in mammalian cells. Mol Pharmacol 2005;68:1431-8.

[57] Halevi S, Yassin L, Eshel M, Sala F, Sala S, Criado M, et al. Conservation within
the RIC-3 gene family. Effectors of mammalian nicotinic acetylcholine recep-
tor expression. ] Biol Chem 2003;278:34411-7.

[58] Lansdell S], Collins T, Yabe A, Gee VJ, Gibb AJ, Millar NS. Host-cell specific
effects of the nicotinic acetylcholine receptor chaperone RIC-3 revealed by a
comparison of human and Drosophila RIC-3 homologues. ] Neurochem
2008;105:1573-81.

[59] Jeanclos EM, Lin L, Treuil MW, Rao ], DeCoster MA, Anand R. The chaperone
protein 14-3-3eta interacts with the nicotinic acetylcholine receptor alpha 4
subunit. Evidence for a dynamic role in subunit stabilization. ] Biol Chem
2001;276:28281-90.

[60] Connolly CN, Krishek BJ, McDonald BJ, Smart TG, Moss S]. Assembly and cell
surface expression of heteromeric and homomeric gamma-aminobutyric
acid type A receptors. ] Biol Chem 1996;271:89-96.

[61] Schwappach B. An overview of trafficking and assembly of neurotransmitter
receptors and ion channels (Review). Mol Membr Biol 2008;25:270-8.

[62] Coleman SK, Moykkynen T, Jouppila A, Koskelainen S, Rivera C, Korpi ER, et al.
Agonist occupancy is essential for forward trafficking of AMPA receptors. ]
Neurosci 2009;29:303-12.

[63] Kuryatov A, Luo ], Cooper ], Lindstrom J. Nicotine acts as a pharmacological
chaperone to up-regulate human alpha4beta2 acetylcholine receptors. Mol
Pharmacol 2005;68:1839-51.

[64] Sallette ], Pons S, Devillers-Thiery A, Soudant M, Prado de Carvalho L,
Changeux JP, et al. Nicotine upregulates its own receptors through enhanced
intracellular maturation. Neuron 2005;46:595-607.

[65] Lester HA, Xiao C, Srinivasan R, Son CD, Miwa ], Pantoja R, et al. Nicotine is a
selective pharmacological chaperone of acetylcholine receptor number and
stoichiometry. Implications for drug discovery AAPS ] 2009;11:167-77.

[66] Adinolfi E, Kim M, Young MT, Di Virgilio F, Surprenant A. Tyrosine phosphor-
ylation of HSP90 within the P2X7 receptor complex negatively regulates
P2X7 receptors. ] Biol Chem 2003;278:37344-51.

[67] Sanes JR, Lichtman JW. Induction, assembly, maturation and maintenance of
a postsynaptic apparatus. Nat Rev Neurosci 2001;2:791-805.

[68] Fambrough DM. Control of acetylcholine receptors in skeletal muscle. Physiol
Rev 1979;59:165-227.

[69] Antolik C, Catino DH, O’Neill AM, Resneck WG, Ursitti JA, Bloch RJ. The actin
binding domain of ACF7 binds directly to the tetratricopeptide repeat
domains of rapsyn. Neuroscience 2007;145:56-65.

[70] Lee Y, Rudell J, Ferns M. Rapsyn interacts with the muscle acetylcholine
receptor via alpha-helical domains in the alpha, beta, and epsilon subunit
intracellular loops. Neuroscience 2009;163:222-32.

[71] Fritschy JM, Harvey R], Schwarz G. Gephyrin: where do we stand, where do
we go? Trends Neurosci 2008;31:257-64.

[72] Chen ZW, Olsen RW. GABAA receptor associated proteins: a key factor
regulating GABAA receptor function. ] Neurochem 2007;100:279-94.

[73] Bedford FK, Kittler JT, Muller E, Thomas P, Uren JM, Merlo D, et al. GABA(A)
receptor cell surface number and subunit stability are regulated by the
ubiquitin-like protein Plic-1. Nat Neurosci 2001;4:908-16.

[74] Saliba RS, Pangalos M, Moss SJ. The ubiquitin-like protein Plic-1 enhances the
membrane insertion of GABAA receptors by increasing their stability within
the endoplasmic reticulum. ] Biol Chem 2008;283:18538-44.

[75] Scannevin RH, Huganir RL. Postsynaptic organization and regulation of
excitatory synapses. Nat Rev Neurosci 2000;1:133-41.

[76] Colledge M, Snyder EM, Crozier RA, Soderling JA, Jin Y, Langeberg LK, et al.
Ubiquitination regulates PSD-95 degradation and AMPA receptor surface
expression. Neuron 2003;40:595-607.

[77] Beique JC, Lin DT, Kang MG, Aizawa H, Takamiya K, Huganir RL. Synapse-
specific regulation of AMPA receptor function by PSD-95. Proc Natl Acad Sci
USA 2006;103:19535-40.

[78] Sornarajah L, Vasuta OC, Zhang L, Sutton C, Li B, EI-Husseini A, et al. NMDA
receptor desensitization regulated by direct binding to PDZ1-2 domains of
PSD-95. ] Neurophysiol 2008;99:3052-62.

[79] Bats C, Groc L, Choquet D. The interaction between Stargazin and PSD-95
regulates AMPA receptor surface trafficking. Neuron 2007;53:719-34.

[80] Neff 3rd RA, Gomez-Varela D, Fernandes CC, Berg DK. Postsynaptic
scaffolds for nicotinic receptors on neurons. Acta Pharmacol Sin 2009;
30:694-701.

[81] Blumenthal EM, Shoop RD, Berg DK. Developmental changes in the
nicotinic responses of ciliary ganglion neurons. ] Neurophysiol 1999;81:
111-20.

[82] Williams BM, Temburni MK, Levey MS, Bertrand S, Bertrand D, Jacob MH. The
long internal loop of the alpha 3 subunit targets nAChRs to subdomains
within individual synapses on neurons in vivo. Nat Neurosci 1998;1:
557-62.

[83] Temburni MK, Blitzblau RC, Jacob MH. Receptor targeting and heterogeneity
at interneuronal nicotinic cholinergic synapses in vivo. ] Physiol 2000;525(Pt
1):21-9.

[84] Hancock ML, Canetta SE, Role LW, Talmage DA. Presynaptic type Il neur-
egulin1-ErbB signaling targets {alpha}7 nicotinic acetylcholine receptors to
axons. ] Cell Biol 2008;181:511-21.

[85] Lisman JE, Zhabotinsky AM. A model of synaptic memory: a CaMKII/PP1
switch that potentiates transmission by organizing an AMPA receptor an-
choring assembly. Neuron 2001;31:191-201.

[86] Wallace BG, Qu Z, Huganir RL. Agrin induces phosphorylation of the nicotinic
acetylcholine receptor. Neuron 1991;6:869-78.

[87] Eilers H, Schaeffer E, Bickler PE, Forsayeth JR. Functional deactivation of the
major neuronal nicotinic receptor caused by nicotine and a protein kinase C-
dependent mechanism. Mol Pharmacol 1997;52:1105-12.

[88] Khiroug L, Sokolova E, Giniatullin R, Afzalov R, Nistri A. Recovery from
desensitization of neuronal nicotinic acetylcholine receptors of rat chromaf-
fin cells is modulated by intracellular calcium through distinct second
messengers. ] Neurosci 1998;18:2458-66.

[89] Fenster CP, Beckman ML, Parker JC, Sheffield EB, Whitworth TL, Quick MW,
et al. Regulation of alpha4beta2 nicotinic receptor desensitization by calcium
and protein kinase C. Mol Pharmacol 1999;55:432-43.

[90] Jiang ], Suppiramaniam V, Wooten MW. Posttranslational modifications and
receptor-associated proteins in AMPA receptor trafficking and synaptic
plasticity. Neurosignals 2006;15:266-82.

[91] Lee Y, Rudell ], Yechikhov S, Taylor R, Swope S, Ferns M. Rapsyn carboxyl
terminal domains mediate muscle specific kinase-induced phosphorylation
of the muscle acetylcholine receptor. Neuroscience 2008;153:997-1007.

[92] Charpantier E, Wiesner A, Huh KH, Ogier R, Hoda ]JC, Allaman G, et al.
Alpha7 neuronal nicotinic acetylcholine receptors are negatively regulated
by tyrosine phosphorylation and Src-family kinases. ] Neurosci 2005;25:
9836-49.

[93] Taniguchi S, Nakazawa T, Tanimura A, Kiyama Y, Tezuka T, Watabe AM, et al.
Involvement of NMDAR2A tyrosine phosphorylation in depression-related
behaviour. EMBO ] 2009.

[94] Martin S, Nishimune A, Mellor JR, Henley JM. SUMOylation regulates kainate-
receptor-mediated synaptic transmission. Nature 2007;447:321-5.

[95] Hayashi T, Thomas GM, Huganir RL. Dual palmitoylation of NR2 subunits
regulates NMDA receptor trafficking. Neuron 2009;64:213-26.

[96] Gonnord P, Delarasse C, Auger R, Benihoud K, Prigent M, Cuif MH, et al.
Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its
expression and association with lipid rafts. FASEB ] 2009;23:795-805.

[97] Fruchart-Gaillard C, Mourier G, Marquer C, Menez A, Servent D. How three-
finger-fold toxins interact with various cholinergic receptors. ] Mol Neurosci
2006;30:7-8.

[98] Miwa JM, Ibanez-Tallon I, Crabtree GW, Sanchez R, Sali A, Role LW, et al.
lynx1, an endogenous toxin-like modulator of nicotinic acetylcholine recep-
tors in the mammalian CNS. Neuron 1999;23:105-14.

[99] Miwa JM, Stevens TR, King SL, Caldarone BJ, Ibanez-Tallon I, Xiao C, et al. The
prototoxin lynx1 acts on nicotinic acetylcholine receptors to balance neu-
ronal activity and survival in vivo. Neuron 2006;51:587-600.

[100] Moriwaki Y, Yoshikawa K, Fukuda H, Fujii YX, Misawa H, Kawashima K.
Immune system expression of SLURP-1 and SLURP-2, two endogenous
nicotinic acetylcholine receptor ligands. Life Sci 2007;80:2365-8.

[101] Arredondo ], Chernyavsky Al, Jolkovsky DL, Webber R], Grando SA. SLURP-2:
A novel cholinergic signaling peptide in human mucocutaneous epithelium. ]
Cell Physiol 2006;208:238-45.

[102] Chen L, Chetkovich DM, Petralia RS, Sweeney NT, Kawasaki Y, Wenthold RJ,
et al. Stargazin regulates synaptic targeting of AMPA receptors by two
distinct mechanisms. Nature 2000;408:936-43.

[103] Zolles G, Wenzel D, Bildl W, Schulte U, Hofmann A, Muller CS, et al.
Association with the auxiliary subunit PEX5R/Trip8b controls responsiveness
of HCN channels to cAMP and adrenergic stimulation. Neuron 2009;62:
814-25.

[104] Galligan JJ, LePard K], Schneider DA, Zhou X. Multiple mechanisms of fast
excitatory synaptic transmission in the enteric nervous system. ] Auton Nerv
Syst 2000;81:97-103.

[105] Khakh BS, Zhou X, Sydes ], Galligan JJ, Lester HA. State-dependent cross-
inhibition between transmitter-gated cation channels. Nature 2000;406:
405-10.

[106] Decker DA, Galligan JJ. Cross-inhibition between nicotinic acetylcholine
receptors and P2X receptors in myenteric neurons and HEK-293 cells. Am
] Physiol Gastrointest Liver Physiol 2009;296:G1267-76.

[107] Zhou X, Galligan JJ. Non-additive interaction between nicotinic cholinergic
and P2X purine receptors in guinea-pig enteric neurons in culture. ] Physiol
1998;513(Pt 3):685-97.

[108] Boue-Grabot E, Toulme E, Emerit MB, Garret M. Subunit-specific coupling
between gamma-aminobutyric acid type A and P2X2 receptor channels. ] Biol
Chem 2004;279:52517-25.

[109] Boue-Grabot E, Barajas-Lopez C, Chakfe Y, Blais D, Belanger D, Emerit MB,
et al. Intracellular cross talk and physical interaction between two classes of
neurotransmitter-gated channels. ] Neurosci 2003;23:1246-53.

[110] Khakh BS, Egan TM. Contribution of transmembrane regions to ATP-gated
P2X2 channel permeability dynamics. ] Biol Chem 2005;280:6118-29.

[111] Locovei S, Scemes E, Qiu F, Spray DC, Dahl G. Pannexin1 is part of the pore
forming unit of the P2X(7) receptor death complex. FEBS Lett 2007;581:
483-8.

[112] LeeFJ, Xue S, Pei L, Vukusic B, Chery N, Wang Y, et al. Dual regulation of NMDA
receptor functions by direct protein-protein interactions with the dopamine
D1 receptor. Cell 2002;111:219-30.

[113] Nai Q, Li S, Wang SH, Liu ], Lee FJ, Frankland PW, et al. Uncoupling the D1-N-
methyl-D-aspartate (NMDA) receptor complex promotes NMDA-dependent
long-term potentiation and working memory. Biol Psychiatry 67:246-54.

[114] Quarta D, Ciruela F, Patkar K, Borycz ], Solinas M, Lluis C, et al. Heteromeric
nicotinic acetylcholine-dopamine autoreceptor complexes modulate striatal
dopamine release. Neuropsychopharmacology 2007;32:35-42.



T. Araud et al./ Biochemical Pharmacology 80 (2010) 160-169 169

[115] Burke G, Cossins J, Maxwell S, Robb S, Nicolle M, Vincent A, et al. Distinct [118] Missale C, Fiorentini C, Busi C, Collo G, Spano PF. The NMDA/D1 receptor

phenotypes of congenital acetylcholine receptor deficiency. Neuromuscul complex as a new target in drug development. Curr Top Med Chem
Disord 2004;14:356-64. 2006;6:801-8.

[116] Lomo T. What controls the position, number, size, and distribution of [119] Meador-Woodruff JH, Clinton SM, Beneyto M, McCullumsmith RE. Molecular
neuromuscular junctions on rat muscle fibers? ] Neurocytol 2003;32: abnormalities of the glutamate synapse in the thalamus in schizophrenia.
835-48. Ann N 'Y Acad Sci 2003;1003:75-93.

[117] Bertrand D, Gopalakrishnan M. Allosteric modulation of nicotinic acetylcho-
line receptors. Biochem Pharmacol 2007;74:1155-63.



	Associated proteins: The universal toolbox controlling ligand gated ion channel function
	Introduction
	Associated proteins
	Modes of receptor regulation
	Receptor structure
	The concept of receptor activation and desensitization
	Intrinsic versus extrinsic regulation

	How associated proteins modulate receptor function
	The importance of receptor subunit composition
	RNA editing and alternative splicing
	Receptor assembly and trafficking: association with chaperones
	Receptor clustering and stabilization in the membrane
	Receptor phosphorylation and other post-translational modifications
	Extracellular protein-protein interactions
	Transmembrane protein interactions

	Associated proteins: novel targets or new inspiration for therapeutic approaches
	Acknowledgments
	References


