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ION CHANNELS AS SIGNALING NEXUSES
Ion channels are complex hetero-oligomeric structures character-
ized by large, dynamic interaction networks, or “interactomes.”
In addition to directing channel localization, density and ion
fluxes, these complexes facilitate downstream signaling events.
Moreover, pathological modulation of these networks contributes
to neurological dysfunction. Our contributors to this Research
Topic, “The truth in complexes: why unraveling ion channel multi-
protein signaling nexuses is critical for understanding the function
of the nervous system” have considered interactomes from the per-
spective of the ion channel, from that of its intracellular protein
modulators, and even from the point of view of lipid modulators.
Together these diverse perspectives spin an intricate web of ion
channel regulation in the nervous system.

MAJOR HUB: THE N-methyl-D-ASPARTATE RECEPTOR
(NMDAR)
Described by Fan et al. (2014) as a “multifunctional machine,” the
NMDAR interacts with a staggering number of proteins to shape
synaptic plasticity, psychiatric disorders and ischemic neuronal
damage. Notably, the authors outline arguably the most exciting
example of interactome-based basic science leading to improved
health outcomes: Tat-NR2B9c (also called NA-1). This cell-
permeable peptide targets a specific NMDAR interaction, reduc-
ing ischemic brain damage in rodents, primates and humans
(Sun et al., 2008; Cook et al., 2012; Hill et al., 2012). Li et al.
(2014) similarly highlights interactions between several ligand-
gated channels, including the NMDAR with other receptors and
intracellular proteins, again focusing on these interactions as
potential therapeutic targets for neuroprotection.

NOVEL NODES
Several other contributions shed light on the new insights into
the function and composition of interactomes of various voltage-
gated channels, regulated leak channels, and so called large pore
channels.

VOLTAGE-GATED CHANNELS
Traditionally viewed as auxiliary subunits, K+ channel regula-
tory proteins are growing in complexity in terms of function

and type. Known to regulate activation and trafficking of mus-
carinic receptor-activated Kir3 channels, Zylbergold et al. (2014)
provide evidence for an additional role of Gβγ subunits in
Kir3 channel stability. Nagi and Pineyro (2014) focus specifically
on opioid receptor signaling in the regulation of these chan-
nels. Jerng and Pfaffinger (2014) describe regulation of another
K+ current, sub-threshold A-type (Kv4), by the so-called aux-
iliary subunits, dipeptidyl peptidase-like proteins (DPLPs) and
Kv4 channel interacting proteins (KChIPs). While these were
amongst the first identified interactors (e.g., for KChiP An et al.,
2000), subsequent studies have significantly expanded the net-
work. With respect to DPLPs and KChIPs, further study has also
shed new light on their molecular diversity via alternative splic-
ing as well as their roles in regulating several other channel types,
such as voltage-gated Ca2+ channels and NMDARs. Connecting
K+ channels with voltage-gated Ca2+ channels, Engbers et al.
(2013) review how channel-channel interactions between inter-
mediate conductance Ca2+-activated K+ channels (IKCa) and
low voltage-activated Ca2+ channels (Cav3) functionally inter-
act with other conductances to regulate signal processing in the
cerebellum.

Na+ LEAK CHANNEL, NALCN
Elusive until recently, understanding of this regulated leak chan-
nel whose loss in mice is lethal (Lu et al., 2007), has greatly
expanded by virtue of key insights into its interactome. Cochet-
Bissuel et al. (2014) detail its ever-expanding list of interacting
proteins, such as the M3 muscarinic receptor (Swayne et al.,
2009). The authors highlight the involvement of the NALCN
interactome in a number of disorders in the nervous system rang-
ing from autism spectrum disorder (ASD) and schizophrenia to
epilepsy and Alzheimer’s disease.

PANNEXIN 1 (PANX1)
Permeable to ions and small metabolites like ATP, Panx1 chan-
nels gained early notoriety as “death pores” in ischemic stroke
and seizure (Thompson et al., 2006, 2008; Weilinger et al.,
2012). Highly expressed in neonatal brain (Ray et al., 2005;
Vogt et al., 2005), Panx1 also positively regulates proliferation
and differentiation, and negatively regulates neurite outgrowth in
developing neurons (Wicki-Stordeur et al., 2012; Wicki-Stordeur
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and Swayne, 2013). Wicki-Stordeur and Swayne (2014) reviewed
the growing Panx1 interactome to shed clues on the signaling
pathways in which Panx1 might be involved, highlighting roles
in cytoskeletal remodeling and inflammation.

MULTI-TASKING INTRACELLULAR MODULATORS
A number of contributions underscore the capacity of “promis-
cuous” intracellular proteins to modulate a variety of ion chan-
nels and receptors through physical interaction. Reviewed by
Donnelier and Braun (2014), cysteine string protein (CSP) is a
resident pre-synaptic vesicle molecular chaperone targeting ion
channels and vesicle-trafficking proteins. Not surprisingly, loss of,
or mutation in CSP leads to synaptic dysfunction and neurode-
generation in a variety of systems (e.g., Zinsmaier et al., 1994;
Fernandez-Chacon et al., 2004; Noskova et al., 2011). The sigma-1
receptor, reviewed by Pabba (2013), is an intracellular transmem-
brane protein that also acts in a chaperone-like way, modulating
plasma membrane localized voltage- and ligand-gated channels
with diverse neurophysiological and neuropathological implica-
tions. Harraz and Altier (2014) further link intracellular pro-
teins to the regulation of plasma membrane channels, reviewing
Stromal Interaction Molecule 1 (STIM1) in store-operated Ca2+
entry. They describe foundational work implicating STIM1 as the
Ca2+ sensor in this process critical for maintaining neurotrans-
mission. Further they outline key physical interactions between
STIM1 with Ca2+-release activated channels and voltage-gated
Ca2+ channels that coordinate the activation and inhibition
of these types of channels, respectively. Finally, two papers by
Wilson et al. (2014a,b) focus on another intracellular multi-
functional/multi-interactome protein, collapsin response media-
tor protein 2 (Crmp2). Best known as a microtubule stabilizer,
Crmp2 is regulated in a context specific way by multiple kinases,
and in turn, positively regulates both ligand- and voltage-gated
Ca2+ channels.

NEW FRONTIERS: TOWARD MORE COMPREHENSIVE
MACROMOLECULAR NETWORKS
Adding further complexity to ion channel networks is consider-
ation of lipid membrane composition and lipid second messen-
gers. In the sole lipidome-oriented contribution, Raboune et al.
(2014) identify novel N-acyl amides regulating transient receptor
potential vanilloid (TRPV) channels in the context of inflamma-
tory pain. The future understanding of ion channel interactomes
will undoubtedly include both proteome and lipidome compo-
nents as technological advances in lipidomic research (Bou Khalil
et al., 2010) become mainstream.

FINAL PERSPECTIVES: INTERACTOMES TO BEDSIDE
While daunting, elucidating these macromolecular intricacies has
a translational silver lining: while difficult to identify and unravel,
the myriad interaction loci revealed by studying these interac-
tions present unique opportunities for discrete, and potentially
safer therapeutic intervention. For example, selective blockade at
key interaction loci with cell-permeable peptides now provides an
infinite number of ways in which interactomes can be discretely
modulated to improve health outcomes.
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The N-methyl-D-aspartate receptors (NMDARs) are part of a large multiprotein complex
at the glutamatergic synapse. The assembly of NMDARs with synaptic proteins offers
a means to regulate NMDAR channel properties and receptor trafficking, and couples
NMDAR activation to distinct intracellular signaling pathways, thus contributing to the
versatility of NMDAR functions. Receptor-protein interactions at the synapse provide a
dynamic and powerful mechanism for regulating synaptic efficacy, but can also contribute
to NMDAR overactivation-induced excitotoxicity and cellular damage under pathological
conditions. An emerging concept is that by understanding the mechanisms and functions
of disease-specific protein-protein interactions in the NMDAR complex, we may be able to
develop novel therapies based on protein-NMDAR interactions for the treatment of brain
diseases in which NMDAR dysfunction is at the root of their pathogenesis.

Keywords: NMDA receptors, protein-protein interaction, synaptic plasticity, dopamine receptors, excitotoxicity, ion
channel complex, signaling pathways

N-methyl-D-aspartate receptors (NMDARs) are a major subtype
of glutamate-gated ion channels at the excitatory synapses in the
central nervous system (CNS), which mediate the flow of sodium
(Na+) and calcium (Ca2+) ions into the cell and potassium
ions (K+) out of the cell. NMDARs are heterotetrameric plasma
membrane channels composed of two obligatory GluN1 and
two modulatory GluN2 (A-D) subunits (Cull-Candy et al., 2001;
Collingridge et al., 2009), although sometimes the GluN2 sub-
units are replaced by GluN3(A-B) subunits (Ulbrich and Isacoff,
2008). NMDARs form a diheteromer when the two GluN2 sub-
units are identical, or a triheteromer when two different GluN2
subunits co-assemble with two identical GluN1 subunits (Ulbrich
and Isacoff, 2008; Collingridge et al., 2010). At resting state,
NMDARs are blocked by the presence of extracellular magnesium
ions (Mg2+) in the channel pore (Vargas-Caballero and Robinson,
2004). As such, the activation and opening of NMDARs is both
voltage-dependent and ligand-gated, and requires the binding of
two ligands, glutamate and either D-serine or glycine (Nong et al.,
2003; Papouin et al., 2012), at a depolarized membrane potential
to relieve Mg2+ block. The function of NMDARs in the CNS
has been extensively studied in both genetic and pharmacological
manipulations. NMDARs play a critical role in a wide range of cel-
lular processes and brain functions, including synaptic plasticity,
addiction and stroke ( Schilström et al., 2006; Collingridge et al.,
2010; Lai et al., 2011). The versatility of NMDAR functions may in
part be attributed to its organization at the synapse. NMDARs are
anchored to the plasma membrane as a multiprotein complex by
binding to more than 70 adhesion proteins ( Naisbitt et al., 1999;
Husi et al., 2000; Grant and O’Dell, 2001). Upon activation, Ca2+

influxes through the opened channel pore and triggers various
intracellular signaling cascades by activating calcium-sensitive

NMDAR-interacting proteins in the multiprotein complex (Lai
et al., 2011; Martin and Wellman, 2011; Lisman et al., 2012).
Increasing evidence suggest that it is these interacting proteins
that confer the versatile functions of NMDARs. In this review,
we will introduce several key NMDAR-interacting proteins in the
NMDAR multiprotein complex and discuss their critical roles
in mediating physiological and pathological functions in the
brain.

INTERACTIONS BETWEEN NMDARs AND CALCIUM
SENSING PROTEINS IN SYNAPTIC PLASTICITY
Two major forms of synaptic plasticity are long-term potentiation
(LTP) and long-term depression (LTD), which are respectively
characterized by long-lasting enhancement and reduction of
synaptic transmission between two adjacent neurons after repet-
itive stimulation (Collingridge et al., 2010, 2004). Many proteins
in the NMDAR complex contribute to these processes, with one
of the most well-characterized proteins being Ca2+/calmodulin-
dependent protein kinase II (CaMKII; Hayashi et al., 2000; Pi
et al., 2010; Lisman et al., 2012), a serine/threonine protein
kinase that is highly enriched in the post-synaptic density region.
CaMKII is a large holoenzyme consisting of 12 identical subunits
(Lisman et al., 2012). Transient Ca2+ influx through the NMDAR
channel pore induces autophosphorylation of CaMKII (at T286
on CaMKIIα subunits or T287 on CaMKIIβ subunits), resulting
in its persistent activation even after intracellular Ca2+ levels
return to baseline (Rellos et al., 2010). As shown by a variety of
real-time imaging studies and binding assays, activated CaMKII
then rapidly and reversibly translocates to the spine and physically
interacts with the 1260-1309aa domain in the carboxyl-terminal
of the GluN2B NMDAR subunit (Figure 1A; Strack and Colbran,
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1998; Bayer et al., 2001, 2006; Otmakhov et al., 2004; Zhang
et al., 2008; Lisman et al., 2012). Although there is a basal level of
association between CaMKII and NMDARs (Leonard et al., 1999),
the translocation of these activated, phosphorylated CaMKII
proteins greatly increases the total number of the kinase at the
postsynaptic site. Introduction of a T286A mutation that prevents
the autophosphorylation and activation of CaMKIIα in mice
significantly impairs NMDAR-dependent LTP in the hippocampal
CA1 area and memory performance in a Morris water maze task
(Giese et al., 1998), suggesting that CaMKII plays a vital role in
NMDAR-dependent synaptic plasticity. This is further supported
by several other lines of evidence. For example, overexpressing a
GluN2B carboxyl-terminal fragment (839-1482aa) that disrupts
the physiological interaction between NMDAR/CaMKII leads to
severe deficits in hippocampal LTP and spatial learning in trans-
genic mice (Zhou et al., 2007). LTP in organotypic hippocampal
slices is impaired either by acute replacement of the synaptic
GluN2B with GluN2A subunit that shows less binding affinity
with CaMKII, or by expression of a mutant synaptic GluN2B
subunit that markedly reduces the binding affinity with CaMKII
(Barria and Malinow, 2005). Taken together, these results suggest
that association of activated CaMKII and NMDARs may be a
necessary step for NMDAR-dependent synaptic plasticity.

How the NMDAR-CaMKII interaction contributes to the
production of LTP is still not fully understood. Several recent
studies report that normal levels of LTP in the CA1 neurons in
adult hippocampal slices can be induced after GluN2B-containing
NMDARs are fully blocked, suggesting that functional activation
of GluN2B-containing NMDARs may not be essential (Köhr et al.,
2003; Liu et al., 2004; Woo et al., 2005; Foster et al., 2010). In
this regard, it is interesting to note that a recent study has found
that GluN2B in the NMDAR complex may function as a key
scaffolding protein at excitatory synapses, and thus plays a critical
role in LTP by recruiting molecules important for LTP through
interacting with them via its cytoplasmic tail (Foster et al., 2010).
Thus, it is likely that GluN2B may have a structural, rather than
a functional, role for LTP production, presumably through the
GluN2B-CaMKII interaction to recruit CaMKII to the activated
synapses, and CaMKII (as a calcium-dependent kinase) in turn
playing an essential role in LTP induction; however, the mechanis-
tic details have not yet been elucidated. Bath application of AC3-1,
a selective peptide inhibitor for CaMKII, to acute hippocampal
slices prevents LTP induction, but has little effect on NMDAR
channel function (Chen et al., 2001). This suggests that although
activated CaMKII is recruited to the synaptic site by interacting
with the GluN2B carboxyl-terminal, it does not regulate NMDAR
channel function during synaptic plasticity. Indeed, several other
studies have reported that activated CaMKII phosphorylates the
S831 residue of the GluA1 subunit of the alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionate glutamate receptor (AMPAR), a
major glutamate receptor that mediates fast synaptic transmis-
sion, and increases the single-channel conductance of GluA1-
containing AMPARs (Figure 1A; Barria et al., 1997; Derkach
et al., 1999; Kristensen et al., 2011). This effect can be mimicked
by mutating the S831 residue of GluA1 to the phosphomimic
glutamate residue (Kristensen et al., 2011). Meanwhile, activated
CaMKII can also phosphorylate stargazin (Tomita et al., 2005),

an important postsynaptic scaffolding protein that facilitates the
trafficking of AMPARs from the extrasynaptic space to the synap-
tic region (Figure 1A; Schnell et al., 2002; Tsui and Malenka, 2006;
Opazo et al., 2010; but see Kessels et al., 2009). Taken together,
these processes markedly enhance synaptic transmission so as
to promote the expression of LTP, in particular the initial phase
of LTP. Given that LTP can exist for hours or even weeks, yet
CaMKII is generally inactivated in a relatively short timeframe
(∼1 min) after transient synaptic stimulation (Lee et al., 2009),
it is still unclear whether CaMKII plays any important roles in
the maintenance of late-phase LTP. Furthermore, little is known
about how activated CaMKII participates in LTD, the opposing
form of synaptic plasticity to LTP, although several recent studies
have suggested that autonomous CaMKII can lead to either LTP or
LTD, depending on the phosphorylation state of the control point,
T305/T306 (Pi et al., 2010; Coultrap et al., 2014). Answering these
questions will further uncover details about the physiological
functions of GluN2B-CaMKII interaction in the NMDAR mul-
tiprotein complex, and enhance our understanding of NMDAR-
dependent synaptic plasticity.

Two other important calcium sensors in the NMDAR mul-
tiprotein complex are Ras-Guanine Nucleotide-Releasing Factor
1 (Ras-GRF1) and Ras-GRF2, a family of calcium-dependent
guanine nucleotide exchange factors (GEF) that are predomi-
nantly expressed in adult CNS neurons (Feig, 2011). Structurally,
Ras-GRF1 and Ras-GRF2 share many similarities, and contain
several common functional domains, including the calmodulin-
binding IQ domain, Ras GTPase–activating CDC25 domain and
Rac GTPase-activating DH/PH domain (Feig, 2011). However,
recent studies have shown that Ras-GRF1 and Ras-GRF2 interact
with different NMDAR subunits and play strikingly different roles
in NMDAR-dependent synaptic plasticity (Figure 1B; Feig, 2011).
Knocking out Ras-GRF1 in mice shows minimal effects on both
high frequency stimulation (HFS) and theta burst stimulation
(TBS)-induced LTP in hippocampal slices, but leads to severe
impairments in low frequency stimulation (LFS)-induced LTD (Li
et al., 2006). In contrast, knocking out Ras-GRF2 significantly
impairs both HFS and TBS-induced LTP in hippocampal slices,
whereas LFS-induced LTD is not affected. More strikingly, as
shown by immunoblotting studies in hippocampal brain slices,
Ras-GRF2 mediates signaling from GluN2A-containing NMDARs
to the Ras effector extracellular signal-related protein kinase 1/2
(Erk1/2) mitogen-activated protein (MAP) kinase, a promoter
of LTP, whereas Ras-GRF1 mediates signaling from GluN2B-
containing NMDARs to the Rac effector p38 MAP kinase, a
promoter of LTD (Figure 1B; Li et al., 2006). Given that some
evidence suggests that GluN2A-containing NMDARs promote
LTP whereas GluN2B-containing NMDARs promote LTD (Liu
et al., 2004; Massey et al., 2004), these distinct differences between
Ras-GRF1 and Ras-GRF2 in synaptic plasticity may be partially
explained by the selective interaction between Ras-GRF1 and
the 886-1310aa domain in the carboxyl-terminal of GluN2B
subunit (Krapivinsky et al., 2003). However, to date there is no
clear evidence that supports the presence of a direct interaction
between Ras-GRF2 and the GluN2A subunit, although it is sug-
gested that Ras-GRF2 may localize in the vicinity of GluN2A-
containing NMDARs at the postsynaptic site (Jin and Feig, 2010).
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FIGURE 1 | Interactions between calcium-sensing proteins and NMDARs
in the NMDAR complex and their critical roles in NMDAR-dependent
synaptic plasticity. (A) GluN2B-CAMKII interaction is required for the
induction of long-term potentiation at the excitatory glutermaterigic synapse.
At the postsynaptic domain, transient Ca2+ influx through the NMDAR
induces autophosphorylation (at T286 on CAMKIIα subunits or T287 on
CAMKIIβ subunits) of CaMKII, resulting in its persistent activation and
subsequent translocation to the synaptic site where it binds to the GluN2B
subunit of NMDAR. Activated CaMKII can phosphorylate the S831 residue of
GluA1 subunit of AMPAR that significantly increases the single-channel
conductance of the receptor. Meanwhile, activated CaMKII can also
phosphorylate the postsynaptic scaffolding protein stargazin to facilitate the

trafficking of AMPAR from the extrasynaptic space to the synaptic region so
as to enhance synaptic transmission. (B) Transient calcium influx through
GluN2B-containing NMDAR selectively activates Ras-GRF1 that contributes
to LTD by activating the downstream Rac/p38 pathway, while calcium influx
through GluN2A-containing NMDAR selectively activates Ras-GRF2 that
contributes to LTP by activating the downstream Ras/ERK pathway. There is a
selective physical interaction between Ras-GRF1 and the GluN2B subunit of
NMDAR, but there is no evidence supporting the interaction between
Ras-GRF2 and GluN2A subunit of NMDAR. Interestingly, a recent study
showed that starting at 2 months of age in mice, Ras-GRF1 starts to
contribute to the induction of LTP in the CA1 of hippocampus via the Rac/p38
pathway, however the exact mechanism is still unknown.

Furthermore, given that both Ras-GRF1 and Ras-GRF2 contain
the activation domains for both Ras and Rac GTPases, it is also
important to determine how and why these two proteins are
coupled with different downstream signaling cascades during
LTP and LTD. One explanation is that the selective association
between the synaptic Ras GTPase-activating protein SynGAP and
GluN2B-containing NMDARs in the synapse may help inhibit
Ras-GRF1 from activating the Ras/Erk signaling cascade (Kim
et al., 2005). Alternatively, scaffolding proteins that selectively
associate with either GluN2A or GluN2B may specifically target
Ras-GRF2 and Ras-GRF1 to the Ras and Rac signaling cascades,
respectively (Buchsbaum et al., 2002; Feig, 2011). However, the
detailed mechanism has yet to be determined.

It is noteworthy that the contribution of Ras-GRFs to
NMDAR-dependent synaptic plasticity is highly regulated by
development in mice. Ras-GRF1 and Ras-GRF2 are only coupled
to NMDARs in adult neurons beginning at 20 days of age in mice
(Li et al., 2006), while the guanine nucleotide exchange factor Sos
mediates NMDAR signaling in neurons derived from neonatal
mice (Tian et al., 2004). As mentioned above (Figure 1B), pre-
vious studies report that beginning at 1 month of age, Ras-GRF1
preferentially mediates GluN2B-containing NMDAR-dependent
LTD in the CA1 region of the hippocampus of mice via the
Rac/p38 pathway (Li et al., 2006). Interestingly, beginning at
2 months of age in mice, the role of Ras-GRF1 dramatically
shifts to support the induction of LTP, rather than LTD, in
the CA1 region as a downstream effector of calcium-permeable,
AMPA-type glutamate receptors (Jin et al., 2013). Surprisingly,

this induction of LTP is also mediated by the Rac/p38 pathway,
which was previously thought to be mainly associated with LTD
(Figure 1B; Jin et al., 2013). It is still unclear how these signaling
pathways switch during development, but further investigation is
likely to reveal additional details on the regulatory mechanisms of
Ras-GRF in synaptic plasticity at the NMDAR complex.

INTERACTIONS BETWEEN NMDARs AND G-PROTEIN
COUPLED RECEPTORS (GPCRs) IN PSYCHIATRIC DISORDERS
In addition to coupling to calcium sensing proteins, the NMDAR
complex has extensive functional interactions with G-protein
coupled receptors (GPCRs) through direct physical interac-
tion. An example of this is the reciprocal modulation between
NMDARs and dopamine receptors, a family of GPCRs that
has been implicated in many psychiatric disorders, including
schizophrenia (Seeman, 1987; Dolan et al., 1995).

Dopamine receptors comprise of five subtypes, D1R to D5R,
which can be further classified pharmacologically into D1-like
receptors consisting of D1R and D5R, and D2-like receptors
consisting of D2R, D3R and D4R (Seeman, 1987; Tiberi et al.,
1991; Dolan et al., 1995). Although earlier studies have shown
presynaptic localization (Levey et al., 1993), it is now generally
believed that D1-like receptors are strictly localized on cells that
are postsynaptic to dopaminergic neurons (Hersch et al., 1995;
Yung et al., 1995). In contrast, D2Rs and D3Rs are present
both presynaptically and postsynaptically (Sokoloff et al., 2006).
D1-like receptors increase intracellular cAMP concentrations
through activation of the Gs/olf class of G proteins and subsequent
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FIGURE 2 | Crosstalks between dopamine and NMDA receptors
mediated by physical interactions between the two receptors.
(A) Physical interaction between D1R and NMDAR reciprocally regulate
receptor properties and trafficking. The carboxyl tails of NMDAR subunits
GluN1 and GluN2A individually binds to separate sites on the D1R carboxyl
tail. D1R activation inhibits NMDAR currents through the physical
interaction between GluN2A and D1R by reducing the surface number of
NMDARs, which appears to impact working memory. In contrast, activation

of D1R promotes the dissociation of GluN1 and D1R. This allows the
recruitment of CaM and PI3K to GluN1, which activate PI3K-dependent cell
survival signals and promote cell survival. (B) The carboxyl tail of GluN2B
binds to the third intracellular loop of the D2R. Activation of D2R promotes
its association with GluN2B, which in turn disrupts the binding between
GluN2B and CaMKII. This leads to a decrease in CaMKII activity, resulting
in reduced phosphorylation of Serine1303 of GluN2B and hence reduced
NMDAR currents.

activation of adenylyl cyclase (AC), whereas D2-like receptors
couple to the Gi/o class of G proteins to inhibit AC (Kebabian
et al., 1972; Monsma et al., 1990). Numerous studies have demon-
strated extensive crosstalk between DRs and NMDARs via direct
physical association between the receptors (Figure 2, for a review,
see Beaulieu and Gainetdinov, 2011).

D1Rs co-immunoprecipitates with both GluN1 and GluN2A
subunits of the NMDAR in rat hippocampal tissue, suggesting a
physical interaction between the two receptors (Lee et al., 2002).
Further in vitro experiments confirm that the carboxyl tails of
both the GluN1 subunit and GluN2A subunit (but not GluN2B)
individually bind to the carboxyl tails of D1Rs (but not that
of D5Rs). The 387-416aa domain of the D1R carboxyl-tail is
sufficient for D1R-GluN1 binding, while the 417-446aa domain
is required for the D1R-GluN2A interaction, suggesting that two
distinct protein-protein interactions exist between the receptors.
The binding between NMDARs and D1Rs occurs in the absence of
D1R agonists, and D1R activation reduces the interaction between
D1R-GluN1 but not that between D1R-GluN2A (Lee et al., 2002).

The functional consequences of these two interactions sig-
nificantly differ. Following D1R stimulation with its agonist
SKF81297, the D1R-GluN2A interaction functions to reduce the
surface expression of NMDARs and hence the receptor-gated
currents in both transfected cells and hippocampal neurons
through a PKA/PKC independent pathway (Lee et al., 2002).
It should be noted that SKF81297, in addition to activating
D1Rs, has previously been shown to reduce NMDAR currents
via a direct blockade of the NMDAR channel pore (Figure 2A,
Cui et al., 2006). However, dissociation of D1R-GluN2A inter-
action using an interference peptide significantly reverses the
attenuation of NMDAR currents, strongly arguing for a crucial
role of the physical coupling between the two receptors, rather

than a direct channel blockade, in mediating D1R activation-
induced NMDAR inhibition (Lee et al., 2002). As overactivation
of NMDAR is crucial for excitotoxic neuronal death (Lai et al.,
2011), this reduction of surface expression of NMDARs would
be expected to decrease Ca2+ influx and hence be neuropro-
tective. However, peptide-mediated dissociation of D1R-GluN2A
does not affect neuronal survival following a NMDA insult.
Instead, the uncoupling of D1R-GluN1 following D1R activation
confers neuroprotection through the recruitment of calmodulin
and phosphatidylinositol 3-kinase to GluN1, which activates cell-
survival signals (Figure 2A, Lee et al., 2002). These data suggest
that D1R activation-induced inhibition of NMDAR-mediated
currents and excitotoxicity are differentially mediated by distinct
subunit-specific interactions in the NMDAR complex, further
highlighting that specific protein-protein interactions dictate the
functional outcomes of the NMDAR complex.

Further studies have demonstrated that D1R and NMDAR
interactions may also reciprocally regulate receptor trafficking
and surface expression in a NMDAR subunit-specific manner.
D1Rs directly interact with the GluN1 subunit in cytoplasmic
compartments, where they are retained, and the presence of
the GluN2B subunit drives the translocation and insertion of
the D1R-GluN1 receptor complex into the plasma membrane in
medium spiny neurons and cotransfected cells (Fiorentini et al.,
2003). This suggests that D1Rs and NMDARs are assembled
as constitutive heteromeric complexes in cytoplasmic compart-
ments prior delivery to functional sites, a process that does not
depend on receptor activation (Fiorentini et al., 2003). Further-
more, constitutive association with GluN2B-containing NMDARs
abolishes agonist-induced D1R internalization and stabilizes
D1Rs at the post-synaptic density (Fiorentini et al., 2003). In
contrast, although GluN2A-containing NMDARs can also recruit
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D1Rs to the cell surface, this effect depends on NMDAR stim-
ulation. In cotransfected cells, activation of GluN2A-containing
NMDARs increases their physical association with D1Rs, which
drives the insertion of D1Rs into the plasma membrane (Pei et al.,
2004). These differences in agonist dependency may perhaps be
attributed to functional differences between GluN2A or GluN2B-
containing NMDARs (for a review, see Traynelis et al., 2010).
In addition to regulating D1R surface expression, NMDAR acti-
vation can also reduce D1R lateral diffusion in medium spiny
neurons via increased GluN1-D1R interaction, which stabilizes
D1Rs at the synapse (Scott et al., 2006). It should be noted,
however, that the observed increase in D1R surface levels may
be transient or restricted to certain neuronal populations in
vivo, as a 90% reduction in GluN1 expression in mice did not
impair striatal D1R pharmacology and function (Ramsey et al.,
2008).

Conversely, the binding between D1Rs and NMDARs also
modulates NMDAR surface dynamics at glutamatergic synapses,
which offers a more direct means to regulate synaptic plasticity.
D1R activation, which reduces D1R-GluN1 interaction at the
perisynapse, allows NMDARs to laterally diffuse into the post-
synaptic density where they favor LTP, an effect that was recapit-
ulated by dissociating D1R-GluN1 binding with an interference
peptide (Ladepeche et al., 2013). Dissociation of D1R-GluN1
upon D1R activation promotes CaMKII-GluN1 interaction and
increases CaMKII activity, which in turn upregulates NMDAR-
mediated LTP in primary hippocampal neurons and promotes
spatial working memory in the delayed match-to-place version
of the water maze in intact animals (Nai et al., 2010). While
this effect may be cautiously interpreted as a result of physical
dissociation between D1R-GluN1, it should be noted that D1R
activation may also affect synaptic plasticity through protein
phosphatase-dependent pathways (Frey et al., 1993; Stramiello
and Wagner, 2008) as well as network mechanisms (Xu and Yao,
2010). However, the relative contribution of each mechanism
remains to be seen.

The long-form D2R, which is preferentially involved in post-
synaptic signaling compared to short-form D2R (Lindgren et al.,
2003) interacts with the carboxyl-tail of the GluN2B subunit
of NMDARs in the post-synaptic density of striatal neurons.
In contrast to D1Rs, this interaction is not mediated by the
D2R carboxyl-tail, but by a TKRSSRAFRA motif situated in the
N-terminal of the third intracellular loop of D2Rs (Liu et al.,
2006). The interaction between D2Rs and NMDARs is receptor-
and subunit- specific: D3Rs, which are similar to D2Rs and also
belong to the D2-class of dopamine receptors, do not associate
with the GluN2B subunit, and D2Rs do not interact with the
GluN1 subunit (Liu et al., 2006).

Activation of D2Rs with its agonist quinpirole inhibits
NMDAR currents in acutely dissociated medium-sized striatal
neurons, which can be blocked by disrupting D2R-GluN2B
physical interaction (Liu et al., 2006). Acute treatment with
cocaine, a psychostimulant known to exert its effects through
both dopaminergic and glutamatergic signaling, enhances D2R-
GluN2B coupling in the striatum. In turn, this increased
association disrupts GluN2B-CaMKII binding, resulting in
decreased CaMKII activity, reducing phosphorylation of GluN2B

at the Serine 1303 residue, and thereby resulting in reduced
NMDAR currents (Figure 2B, Liu et al., 2006). Cocaine-enhanced
D2R-GluN2B interaction seems to be specific to the striatum, as it
was not observed in the hippocampus or frontal cortex. The D2R-
GluN2B interaction may play a role in eliciting the locomotor
effects of cocaine. In rats, systemic disruption of D2R-GluN2B
interaction prior cocaine treatment markedly reverses the uncou-
pling between GluN2B-CaMKII induced by cocaine and rescues
GluN2B S1303 phosphorylation in the striatum without affecting
basal GluN2B-CaMKII interactions. Furthermore, blocking D2R-
GluN2B interactions significantly, though not completely, reduces
cocaine-stimulated locomotion in rats (Liu et al., 2006). This
suggests the existence of other factors that contribute to the full-
scale motor response to cocaine.

Going forward, it would be particularly interesting to see
whether these findings extend to prefrontal dopaminergic neu-
rotransmission. The prefrontal cortex, together with other corti-
colimbic areas including the cingulate gyrus and hippocampus,
are implicated as part of the dysfunctional network that underlies
schizophrenia (Fletcher, 1998). Furthermore, NMDAR hypofunc-
tion during development is gradually emerging as a convergence
point for disease progression in schizophrenia (Snyder and Gao,
2013). Together, these findings, with the observation that the
D1R-GluN1 physical interaction reciprocally regulates D1R and
NMDAR surface expression and function, prompts the question
of whether it is the initial failure in glutamatergic signaling that
leads to reduced dopaminergic neurotransmission in schizophre-
nia through perturbed protein (receptor)-NMDAR interactions
in the NMDAR complex.

In summary, NDMARs and dopamine receptors directly
interact to reciprocally regulate receptor surface expression,
channel properties and downstream intracellular signaling cas-
cades. Together with functional interactions through shared
downstream signaling molecules, the physical coupling between
NMDARs and dopamine receptors adds another layer of regu-
lation to both neurotransmitter systems to fine-tune neuronal
function and behavior.

NMDAR COMPLEX AS A CRUX IN ISCHEMIC NEURONAL
DAMAGES
Intensive investigations into the mechanisms and functions of
protein-protein interactions in the NMDAR complex have not
only further advanced our understanding of the roles of NMDARs
in brain function and dysfunction, but also led to the develop-
ment of novel protein-NMDAR interaction-based therapeutics
for treating brain disorders in which NMDAR dysfunction is
at the root of their pathogenesis. Well-characterized examples
of such therapeutics are the newly developed and promising
interventions that protect neurons against excitotoxic/ischemic
damages following stroke by disrupting direct or indirect interac-
tions between NMDARs and neuronal death signaling molecules,
such as neuronal Nitric Oxide Synthase (nNOS; Aarts et al., 2002;
Zhou et al., 2010), death associated protein kinase 1 (DAPK1; Tu
et al., 2010; Fan et al., 2014) and PTEN (Zhang et al., 2013).

Overactivation of the NMDAR triggers rapid Ca2+ influx
that could lead to excitotoxic neuronal death. This excitotoxicity
is considered a common pathological step leading to neuronal
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FIGURE 3 | Dissociating the NMDAR cell death signaling complex
protects neurons against excitotoxic/ischemic damage following
stroke. Left panel: Following excitotoxic NMDA stimulation or ischemic
insult, the post-synaptic scaffolding protein PSD-95 couples nNOS to the
GluN2B subunit of the NMDAR, thus positioning nNOS for a more effective
activation and production of NO by calcium influx through the NMDAR
channel pore, leading to increased neuronal death. Middle panel: The
interference peptide Tat-GluN2B9c competitively disrupts the interaction

between PSD-95 and GluN2B, and hence dissociates PSD-95 and nNOS
from the NMDAR complex. By doing so, the peptide reduces the
NMDA-induced production of NO, and hence decreases NO-mediated
excitotoxic/ischemic neuronal death. Right panel: Similarly, the
interference peptide nNOS-N1−133 disrupts the binding between PSD-95
and nNOS, thereby dissociating nNOS from the NMDAR complex. By
reducing the NMDAR-mediated activation of nNOS, the peptide reduces
NO production and hence excitotoxic/ischemic neuronal death.

loss in many brain disorders, from acute brain injuries such as
stroke to chronic neurodegenerative diseases such as Huntington’s
disease (Lai et al., 2014). Yet direct blockade of NMDARs has
failed as a neuroprotective strategy in stroke, at least in part due
to intolerable psychosomatic side effects as a result of blocking
normal NMDAR function and/or relatively narrow windows for
effective intervention (Ikonomidou and Turski, 2002; Lai et al.,
2014). In an effort to overcome the shortcomings of NMDAR
antagonists, scientists have focused on druggable protein-protein
interactions in the NMDAR complex that specifically lead to neu-
ronal death. These have led to not only the identification of several
well-characterized cell death-promoting molecules that can form
neuronal death signaling complexes downstream of NMDARs via
either direct or indirect interactions with NMDAR subunits, but
also the development of numerous promising interventions that
protect neurons from brain insults by specifically disrupting these
interactions (Lai et al., 2014).

One of the most exciting bench-to-bedside examples is the
recent development of effective neuroprotectants based on dis-
rupting the GluN2B-Post synaptic density-95 (PSD-95)-nNOS
cell death complex (Christopherson, 1999; Sattler et al., 1999),
which was first characterized over a decade ago. PSD-95 is a
membrane-associated guanylate kinase (MAGUK) concentrated
at glutamatergic synapses and is involved in synapse stabilization
and plasticity (El-Husseini et al., 2000). nNOS catalyzes the pro-
duction of nitric oxide (NO), a diffusible signaling molecule
implicated in synaptic plasticity (Bredt et al., 1990) and glutamate
neurotoxicity (Dawson et al., 1991). By binding to both nNOS and
GluN2B through its different PDZ domains, PSD-95 functions
as a scaffolding protein to bring nNOS to the NMDAR complex

(Kornau et al., 1995; Brenman et al., 1996). Following excitotoxic
stimuli and/or ischemic insults, PSD-95 tethers nNOS to GluN2B,
thus positioning nNOS to be more effectively activated by Ca2+

influx through the NMDAR channel pore and generation of the
cytotoxic compound NO (Figure 3, left panel) (Dawson et al.,
1991; Sattler et al., 1999).

In a proof-of-concept study, Aarts et al. (2002) disrupted
this signaling complex with a 20-mer interference peptide Tat-
NR2B9c, which comprises of the last nine amino acids of the
carboxyl tail of GluN2B required for its interaction with PSD-
95 and the 11-mer Tat protein transduction domain that renders
the peptide plasma membrane permeable. The rationale behind
the initial peptide design is to use it to disrupt GluN2B-PSD-
95 interaction and hence to prevent PSD-95 from recruiting
nNOS to the NMDAR complex, thereby reducing NO produc-
tion and NO-mediated neuronal death (Figure 3, middle panel),
although a later study suggests that the peptide may also some-
how reduce the interaction between PSD-95 and nNOS (Cui
et al., 2007). When bath applied to primary neuronal cultures
and acute brain slices, Tat-NR2B9c does not affect NMDAR-
mediated currents or Ca2+ fluxes, but can selectively disrupt
the interaction between PSD-95 and NMDARs through com-
petition with the binding of native GluN2B subunit (but not
GluN2A) to PSD95, and thereby reduce the generation of NO
and excitotoxicity (Aarts et al., 2002). When given systemati-
cally, a single dose of Tat-NR2B9c administered either before
or after ischemic insults reduces ischemic brain damage with
concurrent improvements in neurological scores in rats subjected
to transient middle cerebral artery occlusion (MCAo), a well-
characterized focal ischemia stroke model (Aarts et al., 2002).
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Similar neuroprotective effects are seen by disrupting the inter-
action between PSD-95 and nNOS with an interference peptide
derived from the PSD-95 binding domain of nNOS (nNOS-
N1−133; Figure 3, right panel; Zhou et al., 2010). Following viral
infection of rats with a vector expressing this peptide, nNOS-
N1−133 effectively blocks the interaction between the two proteins
and significantly reduces stroke-induced ischemic damage (Zhou
et al., 2010).

These initial attempts at targeting GluN2B-PSD-95-nNOS
signaling pathway for the treatment of stroke was quickly fol-
lowed by a well-designed study in a focal ischemia model in
gyrencephalic nonhuman primates (Cook et al., 2012a,b) and a
successful phase 2, double-blind, placebo-controlled multicenter
clinical trial of neuroprotection in procedurally-induced stroke
(Hill et al., 2012). Treatment with Tat-NR2B9c (also named as
NA-1 in these studies) results in reduced ischemic brain damage
compared to the placebo treatment, as evidenced by diffusion
weighted magnetic resonance imaging. These exciting bench-to-
bedside results provide great promises for further understand-
ing disease-specific protein-protein interactions in the NMDAR
complex and thereby developing novel and effective therapeu-
tics for brain diseases involving NMDAR-mediated neuronal
degeneration.

CONCLUSIONS
Increasing evidence suggest that the NMDAR is not a solo player
in the regulation of many brain functions and dysfunctions. By
associating with various membrane receptors and extracellular
or intracellular proteins in the complex, the NMDAR can con-
tribute to various physiological processes such as learning and
memory, and brain disorders such as stroke, schizophrenia and
addiction. Many NMDAR-interacting proteins have recently been
identified in the NMDAR complex; however, in the past only
a few protein-protein interactions have been characterized in
detail. Since NMDARs are widely expressed in all brain areas,
it would be paramount to know whether and how the NMDAR
plays vital roles in both brain function and dysfunction through
these diverse protein-protein interactions in the receptor com-
plex. Further investigation on this topic will not only deepen
our understanding of the functions of the NMDAR multiprotein
complex, but also greatly facilitate the development of innova-
tive therapeutics in treating various NMDAR dysfunction-related
brain disorders.
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Ion channel receptors are a vital component of nervous system signaling, allowing rapid
and direct conversion of a chemical neurotransmitter message to an electrical current.
In recent decades, it has become apparent that ionotropic receptors are regulated by
protein-protein interactions with other ion channels, G-protein coupled receptors and
intracellular proteins. These other proteins can also be modulated by these interactions
with ion channel receptors. This bidirectional functional cross-talk is important for critical
cellular functions such as excitotoxicity in pathological and disease states like stroke,
and for the basic dynamics of activity-dependent synaptic plasticity. Protein interactions
with ion channel receptors can therefore increase the computational capacity of neuronal
signaling cascades and also represent a novel target for therapeutic intervention in
neuropsychiatric disease. This review will highlight some examples of ion channel receptor
interactions and their potential clinical utility for neuroprotection.

Keywords: ligand-gated ion channels, protein-protein interaction, receptor complex, glutamate receptors,

dopamine receptors

Efficient neurotransmission requires the precise interplay of
various neurotransmitter receptors at pre- and post-synaptic
compartments. Ligand-gated ion channels play a central role in
intercellular communication in the nervous system. Ion chan-
nels are the cellular machinery for ion flux across the membrane
and therefore the basis of electrical excitation of neurons. Ligand-
gated ion channels are oligomeric protein assemblies that convert
a chemical signal into an ion flux through the post-synaptic
membrane, and are involved in basic brain functions such as
attention, learning, and memory (Ashcroft, 2006). This paper will
review some interactions between ionotropic receptors and other
proteins that affect signaling, metabolism, and trafficking. We
will detail some of the interactions between G-protein coupled
receptors and ion channels, ion channels with intracellular pro-
teins, and ion channels with other ion channels. Specifically, we
will discuss how these receptor-protein interactions may help to
understand pathology of the nervous system, and offer the hope
of new treatment targets for neuropsychiatric disease.

Most eukaryotic membrane channels are composed of several
subunits. Pentameric ligand-gated ion channels have five sub-
units arranged in a pseudosymmetric rosette around the centrally
located ion channel pore. Each subunit consists of an extracellular
domain that contains the ligand-binding site and a transmem-
brane ion-pore domain (Kozuska and Paulsen, 2012). The agonist
binding site is located at the boundary between subunits in the
extracellular domain whereas the ion pore is formed by the
transmembrane helices M2, which differentiate axial cationic and
anionic channels (Dacosta and Baenziger, 2013).

The modular construction of ionotropic receptors increases
the diversity of ligand binding and ion selectivity through the
mixing and matching of various subunits (Rojas and Dingledine,
2013). Various other proteins are involved in controlling the
type and position of particular subunits in a given channel, as

well as the function of the function of the assembled channel.
Thus, the function of many receptor proteins can only be fully
understood in the context of their interactions with other pro-
teins, the “interactome” (Li et al., 2013a). Through this extensive
protein network, the binding of agonist to an ionotropic recep-
tor can exert effects beyond simple current flow, including gene
transcription, cytoskeletal rearrangement, and protein synthesis,
degradation and transport.

The ligand-gated ion channel superfamily includes nico-
tinic acetylcholine receptors (nAChRs), adenosine triphos-
phate (ATP) receptors, γ-aminobutyric acid (GABA), gluta-
mate, glycine, and 5-hydroxytryptamine (5-HT) receptors (Dent,
2010). The “Cys-loop” sub-family includes the ionotropic recep-
tors for nicotine, GABA, glycine, and 5-HT. “Pore-loop” channels
include inwardly-rectifying potassium channels and the glu-
tamate receptors of the AMPA (α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid) subtype and NMDA (N-methyl-D-
aspartate) receptors (Connolly and Wafford, 2004). The structure
and basic features of several important ion channel types is briefly
reviewed below to provide some background, before discussing
ion channel interactions with other proteins.

AMPA receptors are the major mediator of fast excitatory
synaptic transmission in the mammalian central nervous system.
Most of these ionotropic glutamate receptors are permeable to
calcium and other cations, thus facilitating depolarization of the
cell membrane. AMPA receptors contain four subunits, consist-
ing of two dimers formed by combinations of four pore-forming
subunits GluA 1–4. GluA 1/2, and GluA 2/3 are the predominant
AMPA receptor types (Anggono and Huganir, 2012). Each sub-
unit is an integral membrane protein with an extracellular amino
terminal domain, three membrane-spanning domains (M1, M3,
and M4), a hydrophobic hairpin domain (M2) that forms the
channel pore, and three intracellular domains: Loop1, Loop2, and
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the carboxyl tail. Although the carboxyl tail is crucial for recep-
tor trafficking and function, other intracellular domains also play
an important role in the regulation of AMPA receptor traffick-
ing (Rojas and Dingledine, 2013). The pore lining domain also
influences the AMPA receptor trafficking, early in the secretory
pathway.

NMDA receptors are also ionotropic glutamate receptors per-
meable to calcium and sodium, and are critical for synaptic
plasticity, learning, and memory. These receptors are involved
nicotine addiction and neurological disorders such as ischemic
stroke (Dingledine et al., 1999; Albensi, 2007). NMDA channel
opening is gated by several elements, including the binding of glu-
tamate to the NR2 subunit, a co-ligand glycine which binds to a
separate site on the NR1 subunit, and the removal of a magnesium
ion block by depolarization. Thus NMDA channels require both
agonist stimulation and depolarization of the post-synaptic mem-
brane for current flow, effectively detecting coincident pre- and
post-synaptic activation. Like AMPA receptors, NMDA receptors
consist of four subunits, two of which are obligatory GluN1 and
two which are modulatory GluN2. These subunits are present in
various isoforms that in the NR1 subunit are generated by alter-
native splicing of the GRIN1 gene. The GluN2 subunits are each
encoded by different genes and the subunits are named: NR2A,
B, C, and D (Durand et al., 1992; Sugihara et al., 1992; Hollmann
et al., 1993; Michaelis, 1998). The exact subunit composition of
native NMDARs remains unknown, but it has been suggested that
native NMDARs in rat hippocampus largely contain NR1/2A sub-
units. The intracellular C-terminal (Allison et al., 1998) contains
potential sites of protein phosphorylation by different kinases,
and motifs for interacting with various protein partners.

For pentameric ligand-gated ion channels such as the GABAA

receptor, each subunit contains an extensive N-terminal extra-
cellular domain and a short extracellular C-terminal sequence
containing the ligand binding sites. Structurally, each recep-
tor is composed of four closely-spaced transmembrane domains
including the ion channel wall primarily in M2, and a vari-
able length cytoplasmic loop between M3 and M4. With both
the N-terminus and C-terminus of receptor subunits extend-
ing outside the cell membrane, the intracellular M3-M4 loop
becomes the most important domain interacting with the
intracellular environment. The M3-M4 intracellular loop (IL2)
contains protein-protein interaction domains involved in regu-
lating synaptic localization and intracellular trafficking (Maksay,
2009). Despite being highly variable in length and amino acid
sequence, the IL2 loop usually contains numerous regulatory
motifs and binding sites that differ in each subunit isoform.
Moreover, this IL2 loop usually contains sites for phosphory-
lation, palmitoylation, ubiquitination and other modifications
that modulate protein interactions and eventually determine
the clustering, stability, and function of ligand-gated ion
channels.

Within the central nervous system (CNS), nicotine acts on
nicotinic receptors (nAChRs) to initiate various physiological and
pathological processes at the cellular and circuit level. Similar to
the NMDAR, nAChR is also a ligand-gated ion channel receptor
with high Ca2+ permeability. The pentameric nAChR has a num-
ber of different subtypes, each with individual pharmacological

and physiological profiles and a distinct anatomical distribution
in the brain (Gotti et al., 2009). There are 11 neuronal nAChR
subunits identified in mammals, including eight α(α2 –α9) and
three β (β2– β4). Unlike NMDAR, nAChR can exist as both
hetero-metric and homo-metric-assemblies of these subunits
(Albuquerque et al., 2009). In rodents, the β2 subunit is found
throughout the CNS, mostly as part of the α4β2 heteromeric
receptor, which exhibits high affinity for nicotine. The second
common AChR isoform is the α7 homopentamer, expressed
mainly in the cortex, hippocampus, and limbic areas.

Numerous proteins are known to bind to the different sub-
units of pentameric ligand-gated ion channel receptors at specific
subcellular localizations. These interacting proteins can both
modulate ion channel function and influence the localization of
the channel in the cell and in the membrane. There are several
major categories of proteins that ligand-gated ion channels
interact with: G-protein coupled receptors, intracellular proteins,
and other ligand-gated ion channels (Kittler and Moss, 2003; Li
et al., 2012; Rojas and Dingledine, 2013). We will discuss each
of these types of interaction with examples drawn from our
previous work.

LIGAND-GATED ION CHANNEL INTERACTIONS WITH
G-PROTEIN COUPLED RECEPTORS
There are several ion channel interactions with G-protein coupled
receptors reported by our group, all involving dopamine recep-
tors: D5-GABAA (Liu et al., 2000), D1-NMDA (Lee et al., 2002;
Pei et al., 2004), and D2-AMPA (Zou et al., 2005).

First discovered in 2000, the interaction between γ-
aminobutyric acid A receptors and the dopamine D5 receptor was
one of the earliest examples of interactions between metabotropic
and ionotropic receptors (Liu et al., 2000). The GABAA receptor
is the major inhibitory neurotransmitter receptor that conducts
chloride ions, resulting in hyperpolarization of the cell mem-
brane and thus inhibiting neuron depolarization. The second
intracellular loop of the GABAA γ2 (short) receptor subunit
binds directly to the carboxy-terminus of the D5 receptors. This
interaction reduces D5 receptor-mediated cAMP accumulation
without altering affinity of the D5 for endogenous and experi-
mental ligands. Conversely, activation of D5 receptors reduces
GABAA currents and this is not dependent on PKC or PKA.
Because these two receptors co-localize in hippocampal and
cortical neurons, the bi-directional modulation is potentially
important for a number of behaviors and brain disorders. A
notable feature of this reciprocal modulation is that it is inde-
pendent of the classical signaling pathways for each individual
receptor.

The interaction between the D1 and NMDA receptor involves
direct binding between the carboxy termini of the D1 recep-
tor and the NR1-1a and NR2A subunits of the NMDA receptor
(Lee et al., 2002). Because there are two interacting components
in the NMDA receptor, the functional consequences are more
complicated than with the D5-GABAA interaction. Although
the D1-NMDA interaction occurs in the absence of D1 recep-
tor agonist stimulation, the D1 agonist SKF 81297 decreases the
amount of D1-NMDA complex. However, the agonist affects only
D1-NR1-1a binding, not the D1-NR2A interaction.
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Similar to the D5-GABAA interaction, D1 agonist stimula-
tion reduces NMDA currents as well as reducing the slope of the
current-voltage curve without altering the reversal potential. This
decrease in NMDA conductance is accompanied by a reduction
in NMDA cell surface expression. It is independent of PKA/PKC
pathways and is mediated by the D1 interaction with the NR2A
subunit. The D1-NR1-1a interaction mediates neuroprotective
effects of D1 receptor activation, and these effects are not depen-
dent on G-protein signaling but rather are dependent on a PI-3-
kinase mechanism. The proposed model is that agonist activation
of D1 receptors promotes dissociation of the D1-NR1-1a inter-
action, allowing the NR1-1a carboxy tail to bind CaM and PI-3
kinase, thereby initiating protective cellular cascades. Conversely,
the D1 receptor is also regulated by NMDA receptor activation,
which increases cell surface D1 receptor expression, and enhances
cAMP accumulation in a SNARE-dependent fashion (Pei et al.,
2004).

Dopamine D1 receptors also have a direct physical interaction
with N-type calcium channels (Kisilevsky et al., 2008). In pre-
frontal cortex neurons dopamine D1 receptor activation reduced
calcium influx through voltage-gated calcium channels, likely
through both voltage-dependent G-protein-mediated pathways
and through PKA-mediated pathways. The D1-Cav2.2 channel
interaction also regulates cell surface expression and distribu-
tion of the channel, allowing effective dopaminergic regulation
of backpropogating action potentials that are mediated by N-type
calcium channels.

LIGAND-GATED ION CHANNEL INTERACTIONS WITH
INTRACELLULAR PROTEINS
The second category of ion channel interactions to be considered
is with intracellular proteins. For the GABAA receptor, mul-
tiple interacting proteins have been characterized, that play a
role in cytoskeletal coupling by gephyrin, radixin, and F-actin
and in signaling modulation by RAFT1 and collybistin (Chen
and Olsen, 2007). The functional characteristics of this modu-
lation are related to their subcellular localization with receptors.
For example, GABARAP, GODZ, and Plic1 interact with the
intracellular parts of the GABAA receptor, while GRIP1 and
gephyrin are localized to sub-membrane and intracellular com-
partments.

Our group has recently reported an interaction between
the N-terminus of the GluR2 sub-unit of the AMPA recep-
tor and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Wang et al., 2012; Zhai et al., 2013). GAPDH is a metabolic
enzyme that participates in glycolysis and also plays a role in
apoptosis (Tarze et al., 2007). AMPA receptor activation by ago-
nist increases formation of the GluR2-GAPDH complex and
promotes cellular internalization. Blocking this interaction with
a peptide protects cells against glutamatergic excitotoxicity and
ischemia-induced neuronal damage. This interaction is therefore
of potential clinical interest for the treatment of ischemic stroke
or other conditions with neuronal damage.

Another ion channel-protein interaction that has been of inter-
est because of neuroprotective effects is between the PDZ domain
of post-synaptic density 95 (PSD95) protein and carboxyl termi-
nus of the NMDA NR2 subunit (Kornau et al., 1995; Niethammer

et al., 1996; Cui et al., 2007). This interaction couples NMDA
receptor activation to nitric oxide neurotoxicity (Sattler et al.,
1999), and disrupting this interaction can protect neurons from
excitotoxicity and ischemic brain damage both in vitro and in vivo
(Aarts et al., 2002). PSD-95 also interacts with and suppresses the
tyrosine kinase Src and attenuates Src-mediated NMDA receptor
upregulation (Kalia et al., 2006). Consistent with these findings,
inhibitors of PSD-95 also show neuroprotective effects in animal
models of stroke (Sun et al., 2008).

While several examples of direct interactions between ion
channels and G-protein coupled receptors have been discussed
above, these two types of receptors can also exert functional
crosstalk through indirect interactions. For example, the presy-
naptic voltage-gated calcium channels that influence neurotrans-
mitter release are regulated by G-protein activation and protein
kinase C-dependent phosphorylation through binding to Gβγ

(Zamponi et al., 1997). G-protein modulation of N-type cal-
cium channels also involves syntaxin 1A, a member of the SNARE
protein complex responsible for synaptic vesicle fusion during
neurotransmitter release (Jarvis et al., 2000). An additional mod-
ulator is cysteine string protein or CSP, which also bind to N-type
calcium channels in conjunction with G-proteins to exert a tonic
inhibition of the channel (Magga et al., 2000). In the case of
G-protein activation in inwardly-rectifying potassium channels
(GIRK), the Gβγ directly gates ion channel opening by binding
to the intracellular pore of the channel (Nishida and MacKinnon,
2002).

LIGAND-GATED ION CHANNEL INTERACTIONS WITH OTHER
ION CHANNELS
Ion channel receptors can also interact with other ion chan-
nels, such as the interaction between the α7 nicotinic acetyl-
choline receptors and NMDA receptors (α7nAChR-NMDA) (Li
et al., 2012, 2013b). The carboxy tail of the NMDA receptor
NR2 subunit binds directly with the second intracellular loop
of the α7nACh receptor, and the interaction promotes ERK1/2
phosphorylation. This interaction is of clinical interest since nico-
tine increases formation of the complex, and disrupting the
α7nAChR-NMDA interaction blocks cue-induced reinstatement
of nicotine self-administration in the rat. This behavioral test
is a model of relapse in nicotine addiction, suggesting that the
α7nAChR-NMDA interaction could be a useful target for novel
smoking cessation therapies.

TARGETING LIGAND-GATED ION CHANNEL INTERACTIONS
FOR NEUROPROTECTION
Because of the involvement of ion channel receptors in neuronal
death from excitatory glutamate stimulation, there has been con-
siderable interest in these receptors as therapeutic targets for the
treatment of brain disorders involving neuronal death, such as
ischemic stroke. Ischemic stroke is a major medical problem that
affects millions of people world-wide. Current acute post-stroke
treatment is focused on lysing the clot obstructing arterial blood
flow by using a tissue plasminogen-activator. Due to a very short
time window for effectiveness and the potential for intracranial
bleeding, few patients can benefit from this treatment (Grossman
and Broderick, 2013). Therefore, there is a major need for new
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and safer drugs that can reduce the extent of brain injury from
ischemic stroke.

An alternative strategy for post-stroke treatment is to target
neurotoxicity instead of focusing on the blood vessel blockade,
or in addition to clot lysis. However, preventing excitotoxicity
is difficult because glutamate receptors have a critical role in
many brain functions. AMPA/kainate receptor antagonists such
as NBQX or MPQX can reduce neurological deficits in animal
models of autoimmune damage (Smith et al., 2000), but these
drugs are too toxic for clinical use. Other strategies, such as block-
ing the glycine site of the NMDA receptor for treating ischemic
stroke have been ineffective in improving outcomes (Lees et al.,
2000; Sacco et al., 2001).

The interactions between ionic glutamate receptors and other
proteins such as GluR2-GAPDH and NR2-PSD-95 can improve
cell survival after ischemic insults, and thus represent another
approach to neuroprotective treatments after stroke (Sattler et al.,
1999; Zhai et al., 2013). This strategy is attractive because the basic
signal transducing functions of the channels are not blocked as
they would be by a conventional antagonist. Thus, a more sub-
tle modulation of ion channel function can be achieved, with
the hope of reducing excitotoxicity while sparing normal neuro-
transmission. Those in vitro and animal model experiments used
small interfering peptides to disrupt the channel-protein inter-
actions, but these peptides may not be ideal for human clinical
use. Therefore, an important priority for future research is the
development of suitable drugs targeting the ion channel-protein
interactions involved in excitotoxicity.

In summary, ion channel function is modulated by interac-
tions with other proteins. Various proteins influence the number
and position of particular subunits in the assembled channel,
the dynamics of receptor trafficking and targeting to designated
subcellular areas, as well as the assembly, stability, and turnover
of the receptor on the membrane and in intracellular signaling
pathways. These interactions permit the function of ion channels
to be fine-tuned according to both external stimuli and intra-
cellular states. This network of molecular interactions allows for
complex signal processing by neurons and also reveals new tar-
gets for pharmacological manipulation of neuron function that
may be clinically useful. Knowledge of ion channel interactions
has progressed rapidly and more such interactions are likely to
emerge.
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The role of Gβγ subunits in Kir3 channel gating is well characterized. Here, we have studied
the role of Gβγ dimers during their initial contact with Kir3 channels, prior to their insertion
into the plasma membrane. We show that distinct Gβγ subunits play an important role in
orchestrating and fine-tuning parts of the Kir3 channel life cycle. Gβ1γ2, apart from its role
in channel opening that it shares with other Gβγ subunit combinations, may play a unique
role in protecting maturing channels from degradation as they transit to the cell surface.
Taken together, our data suggest that Gβ1γ2 prolongs the lifetime of the Kir3.1/Kir3.2
heterotetramer, although further studies would be required to shed more light on these
early Gβγ effects on Kir3 maturation and trafficking.

Keywords: Kir3 channels, G proteins, G protein-coupled inwardly-rectifying potassium channels, Gβγ subunits,

channel assembly

INTRODUCTION
Kir3 channels were first discovered in the context of the
KAChchannel (Kir3.1/Kir3.4), activated by the muscarinic acetyl-
choline receptor expressed in the heart. Logothetis et al. (1987)
first noted that hyperpolarization of chick embryonic atrial cells
via the iKACh depended on Gβγ but not Gα subunits. It was later
proposed that Gβγ acted on Kir3 through direct interactions with
the channel (Huang et al., 1995; Inanobe et al., 1995; Krapivin-
sky et al., 1995b) and that different interacting domains underlie
basal and agonist-induced activation. Specifically, it was shown
that Leu339 on Kir3.4 and its counterpart Leu333 on Kir3.1 were
critical for receptor-stimulated currents and that mutation of these
residues to Glu completely abrogated channel activation (He et al.,
1999). Surprisingly, these mutations did nothing to basal current,
suggesting that distinct regions on the channel allowed Gβγ to
facilitate basal activity. It was shown that both the N- (aa 34–86)
and C-termini of Kir3.1 could bind Gβγ and that there was in
fact two distinct binding domains on the C-terminus (aa 318–374
and aa 390–462), conferring greater Gβγ binding when Kir3.1
was part of the tetrameric channel (Huang et al., 1997). They
also showed that the N- and C-termini of Kir3 channels inter-
acted with each other and that when the C-terminus of Kir3.1
interacted with either the N-terminus of Kir3.1 or Kir3.4, sub-
stantial increases in Gβγ binding were observed (Huang et al.,
1997). It was later found that mutation of single residues His57
and Leu262 on Kir3.1 (His64 and Leu268 on Kir3.4, respec-
tively) were sufficient to reduce Gβγ activation of the channel
complex (He et al., 2002). Glutathione-S-transferase-pull down
experiments and competition assays demonstrated critical Gβγ

binding domains on the Kir3.2 subunit. Using Kir3.1 and Kir3.2

as templates, Ivanina et al. (2003) confirmed that similar regions
of the N-terminus of the two subunits bound Gβγ, whereas sig-
nificant differences were found at the level of the C-terminus.
Consistent with Huang et al. (1997) Kir3.1 revealed two distinct
Gβγ binding domains on its C-terminus, one proximal and one
distal, while the Kir3.2 subunit possessed only one C-terminal
binding site at its most distal end (Ivanina et al., 2003). Interest-
ingly, mutation of these C-terminal sites on the Kir3.1 subunit,
both proximal and distal, did little to the binding of Gβγ to
the channel, but dramatically altered the current characteris-
tics, suggesting these interacting domains were more involved in
channel gating dynamics rather than Gβγ binding (Ivanina et al.,
2003).

It was initially thought that Kir3 channels, like other effectors
for G protein-coupled receptors (GPCRs), were trafficked inde-
pendently of their cognate receptors, G proteins and auxiliary
proteins to the plasma membrane. According to this model, func-
tional interactions between signaling proteins would occur only
upon receptor activation. However, this simple model does not
account for the speed and specificity observed in signal transduc-
tion (Riven et al., 2006), and recent evidence suggests the existence
of pre-assembled macromolecular signaling complexes contain-
ing Kir3 channels built before reaching the cell surface [(Nikolov
and Ivanova-Nikolova, 2004; David et al., 2006; Rebois et al., 2006;
Riven et al., 2006; Robitaille et al., 2009), reviewed in (Doupnik,
2008; Zylbergold et al., 2010)].

The notion of Kir3 signaling complexes arose initially from
studies focusing on the interaction between D2- and D4-dopamine
receptors, and Kir3 channels. We showed that the Kir3 channel
could be co-immunoprecipitated in HEK 293 cells with either the
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D2- or D4- dopamine receptor, and that this interaction required
the presence of Gβγ as shown by sequestration of Gβγ by the
carboxy-terminal domain of GPCR kinase 2 (GRK2, βARKct;
Lavine et al., 2002). We also showed that Kir3 channels interacted
with their cognate G proteins well before reaching the cell sur-
face (Rebois et al., 2006). These interactions could be observed
with Kir3.1, in the absence of expressed partner subunits, imply-
ing that this interaction occured in the endoplasmic reticulum
(ER; Robitaille et al., 2009). Using total internal reflection fluores-
cence (TIRF) microscopy combined with fluorescence resonance
energy transfer (FRET), Riven et al. (2006) revealed that com-
plexes of Kir3 and heterotrimeric G proteins exist at rest and
that conformational changes in the channel facilitated opening of
the channel gate. Furthermore, cell-surface interactions between
Kir3, Gβγ, and the δ-opioid receptor (DOR), as detected by bio-
luminescence resonance energy transfer, have been described,
supporting the notion that Kir3 complexes are stable in their
journey from biosynthesis to functionality (Richard-Lalonde et al.,
2013). Interactions between gamma-aminobutyric acid-B recep-
tors and Kir3 channels have also been observed using an array
of techniques (Fowler et al., 2007; Ciruela et al., 2010), with evi-
dence suggesting that these interactions also occur soon after
biosynthesis in the ER (David et al., 2006). Data suggesting that
such complexes exist in vivo was first described by Nikolov and
Ivanova-Nikolova (2004) whereby using rat atrial cardiomyocytes,
they co-immunoprecipitated G proteins, GRKs, PKA, and pro-
tein phosphatases PP1/2, among others, with the KACh channel,
indicating the presence of a highly coordinated complex for regu-
lating cardiac excitability. Gβγ has been demonstrated to regulate
many effectors [reviewed in (Khan et al., 2013)]. Early signaling
complex formation has been observed for other effectors down-
stream of Gβγ signaling as well. Adenylyl cyclase has also been
observed to stably associate with the β2AR (Lavine et al., 2002),
with this interaction likely occurring concurrently with biosyn-
thesis of the enzyme (Dupré et al., 2007). The existence of such
complexes during receptor and effector biosynthesis along with
the fact that Gβγ interacts with multiple signaling partners in
the ER suggests that these are organizational events related to
the specificity of cellular signaling, and places Gβγ subunits in
a good position for acting as a central organizer of signalo-
some regulation and stability (Dupré et al., 2009; Zylbergold et al.,
2010).

The role of Gβγ subunits in channel gating is well established.
This article will explore the role of Gβγ dimers during their initial
contact with Kir3 channels. We suggest that distinct Gβγ subunits
play an important role in orchestrating and fine-tuning parts of
the Kir3 channel life cycle.

MATERIALS AND METHODS
REAGENTS
Blasticidin, hygromycin, Dulbecco’s Modified Eagle’s Medium
(DMEM), fetal bovine serum (FBS), penicillin/streptomycin, and
tetracycline were from Wisent (St-Bruno, QC, Canada). Lipo-
fectamine 2000 was obtained from Invitrogen (Burlington, ON,
Canada). Anti-FLAG M2 affinity agarose beads were from Sigma–
Aldrich (St. Louis, MO, USA). Bradford reagent, acrylamide and
polyvinylidene fluoride (PVDF) membranes were obtained from

Bio-Rad (Mississauga, ON, Canada). Enhanced chemilumines-
cence (ECL) Plus reagent was obtained from Perkin Elmer (Wood-
bridge, ON,Canada). The following primary antibodies were used:
rabbit anti-Kir3.1 (Alomone Labs, Jerusalem, Israel), mouse anti-
HA and mouse anti-myc (Covance, Princeton, NJ, USA), rabbit
anti-FLAG (Sigma–Aldrich, St. Louis, MO, USA), mouse anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Ambion,
Burlington, ON, Canada), rabbit anti-Gβ4 (Santa Cruz, Dal-
las, TX, USA), mouse anti-Na+/K+-ATPase (Sigma–Aldrich, St.
Louis, MO, USA), and mouse anti-β-tubulin (Invitrogen, Burling-
ton, ON, Canada). The rabbit anti-Gβ1 antibody was a generous
gift from Dr. Ron Taussig (UT Southwestern Medical Center).
The following secondary antibodies were used: goat-anti-rabbit
IgG (H+L) conjugated to Alexa488 (Invitrogen, Burlington, ON,
Canada), goat-anti-mouse IgG (Fab specific) conjugated to per-
oxidase and goat-anti-rabbit IgG (whole molecule) conjugated to
peroxidase (Sigma–Aldrich, St. Louis, MO, USA). PermaFluor
aqueous mounting medium, bovine serum albumin and cover-
slips were obtained from ThermoScientific (Waltham, MA, USA).
siRNAs targeted against Gβ1, Gβ4, Gγ2, Gγ4, Gγ5, and Gγ7 were
purchased from Dharmacon (Ottawa, ON, Canada). Primetime
qPCR 5′ nuclease assays were provided by Integrated DNA Tech-
nologies (Coralville, IA, USA). Unless otherwise stated, chemicals
were of reagent grade and were purchased from Sigma–Aldrich
(St. Louis, MO, USA).

CLONING AND GENERATING THE INDUCIBLE CELL LINE
A previously developed inducible expression system was used to
study pulses of Kir3.1 channels as they transit through biosyn-
thetic pathways (Zylbergold et al., 2013). Briefly, extracellularly
FLAG-tagged Kir3.1 was subcloned into the pcDNA5-FRT-TO
inducible vector using BamHI and NotI restriction sites. The
pcDNA5-FRT-TO-FLAG-Kir3.1 (2 μg) was co-transfected with
the pOG44 recombinase gene (8 μg) into Flp-InTM T-RexTM 293
parental cells in T75 flasks using Lipofectamine 2000 to generate
inducible FLAG-Kir3.1 stables. 48 h post-transfection, cells were
passaged and plated into new T75 flasks using fresh media (DMEM
supplemented with 5% FBS and 1% penicillin/streptomycin –
complete media) containing the selection antibiotics blasti-
cidin (5 μg/mL) and hygromycin (200 μg/mL). Cells were
grown to confluency and then used as required for subsequent
experiments.

INDUCTION AND TRANSFECTION PROTOCOL
Inducible FLAG-Kir3.1 stable cells were plated in T75 flasks,
allowed to grow for 48–72 h and subsequently transfected with
2 μg of Kir3.2-MYC, FLAG-Gβ1, HA-Gγ2, or various siR-
NAs (depending on the experiment) using Lipofectamine 2000
(1 μg:2 μL ratio of DNA:Lipofectamine 2000; 6.25 nM:1 μL
siRNA:Lipofectamine 2000, as per manufacturer’s protocol) in
DMEM (0% FBS, 0% penicillin/streptomycin). Transfection
media was then removed and replaced with complete media 5 h
later. 24 h post-transfection, cells were induced with 1 μg/mL of
tetracycline in DMEM for 30 min at 37◦C, washed three times
in DMEM and treated with 5 μg/mL of cycloheximide (CHX)
in DMEM for 1 h at 37◦C. Following CHX treatment, cells were
washed twice in DMEM, and then incubated at 37◦C in complete
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media supplemented with blasticidin for varying periods of time
as needed for subsequent experiments.

IMMUNOPRECIPITATION
Cells were plated in T75 flasks 48–72 h before transfection, co-
transfected with 2 μg of Kir3.2-MYC or FLAG-Gβ1, HA-Gγ2,
and then induced for Kir3.1-FLAG expression, 24–48 h post-
transfection as described above. Transfected cells were washed
twice with cold 1X phosphate buffered saline (PBS), harvested
in 5 mL of cold 1X PBS, pelleted by centrifugation at 2000 rpm for
8 min at 4◦C, and subsequently resuspended in a buffer containing
5 mM Tris pH 7.4, 2 mM EDTA, with protease inhibitor cock-
tail (10 μg/mL trypsin inhibitor, 5 μg/mL leupeptin, 50 μg/mL
benzamidine). Samples were then subjected to two 10 s bursts
with a polytron homogenizer on ice. Debris and unlysed cells
were spun down for 5 min at 1000 rpm (4◦C), and the super-
natant was then fractionated by a 20 min centrifugation step at
16000 rpm (4◦C) to pellet down the membranes. Pelleted mem-
branes were resuspended in solubilization buffer (75 mM Tris pH
8, 2 mM EDTA, 5 mM MgCl2, 0.5% dodecylmaltoside, protease
inhibitor cocktail) and incubated overnight with rotation at 4◦C.
The following day, membrane samples were spun for 5 min at
10,000 rpm (4◦C) in order to remove unsolubilized membranes,
resuspended in solubilization buffer and then quantified using
the Bradford technique (Bio-Rad). In order to immunoprecipi-
tate FLAG-tagged Kir3.1, 500 μg of sample was added to 25 μL
of washed anti-FLAG M2 affinity agarose beads and incubated
on a rotator overnight at 4◦C. The following day, samples were
washed three times [2 min at 1600 rpm (4◦C)] in solubilization
buffer supplemented with 300 mM potassium chloride. Bound
proteins were eluted off of beads using 60 μL of Tris-buffered
saline (TBS) solution (50 mM Tris pH 7.4, 150 mM sodium chlo-
ride) containing competitive FLAG peptide (3 μL/100 μL TBS)
for 20 min on a 4◦C rotator. Eluted proteins were spun down for
2 min at 1600 rpm (4◦C) and then the supernatant was collected
and mixed with 4X sample buffer (62.5 mM Tris, 16.3% glycerol,
2% SDS, 5% β-mercaptoethanol, 0.025% bromophenol blue) in
a 1:4 ratio. Samples were then subsequently analyzed by western
blot.

WESTERN BLOTTING
For western blotting experiments, 60 μL of samples obtained
following immunoprecipitation (IP) and 50 μg of samples from
total lysate fractions were loaded on 8% polyacrylamide gels. Gels
were electrophoresed for 90 min at 130 V and then transferred
to PVDF membranes (Bio-Rad, Mississauga, ON, Canada) for
1 h at 100 V. Following transfer, PVDF membranes were blocked
in 5% milk/TBS-containing 1% Tween (TBST) for 1 h at room
temperature (RT). Membranes were probed with the primary
antibodies as needed [anti-Kir3.1 (1/5000); anti-c-Myc (1/5000);
anti-HA (1/5000); anti-Gβ1 (1/5000); anti-Gβ4 (1/400); anti-
GAPDH (1/5000); anti-β-tubulin (1/5000); anti-Na+/K+-ATPase
(1/5000)] in 5% milk/TBST overnight on a 4◦C rotator. The fol-
lowing day, membranes were washed three times in TBST for
10 min, incubated in the appropriate secondary antibody [anti-
rabbit or anti-mouse HRP (1/20000)] in 5% milk/TBST for 1 h at
RT, and then subsequently washed again three times in TBST for

10 min. ECL Plus reagent was then added to the membranes and
chemiluminescence was detected using a standard film developer.

IMMUNOFLUORESCENCE
Cells plated on coverslips in six well plates 48–72 h before trans-
fection were transfected with 300 ng of Kir3.2-MYC or empty
vector (pcDNA3), and then induced for Kir3.1-FLAG expression
24–48 h later. At the time of harvest, cells were washed once in
1X PBS pH 7.4 and then fixed in 2% paraformaldehyde (PFA)
for 10 min at RT. Cells were then washed three times in 1X PBS
pH 7.4 to remove remaining PFA and then blocked in blocking
buffer (1X PBS supplemented with 2% BSA) for 1 h at RT. Imme-
diately following blocking, 200 μL blocking buffer with diluted
rabbit anti-FLAG antibody (1/250) was applied to each coverslip
and incubated overnight at 4◦C. The following day, cells were
washed three times in 1X PBS pH 7.4 and incubated with 200 μL
blocking buffer supplemented with anti-rabbit Alexa488 (1/500)
for 1 h at RT in the dark. Cells were then washed three times in
1X PBS pH 7.4 and coverslips were mounted on glass slides using
PermaFluor Aqueous Mounting Medium and then imaged using
a Zeiss LSM510 confocal microscope.

REVERSE TRANSCRIPTION AND qPCR
For assessment of knockdown efficiency of Gγ subunits, total RNA
was isolated from siRNA transfected inducible FLAG-Kir3.1 sta-
ble cells with TRI reagent using a modified RNA isolation protocol
from Ambion. 2 μg of total RNA was reverse transcribed using a
Moloney Murine Leukemia Virus Reverse Transcriptase (MMLV-
RT, Promega) reaction assay as per the manufacturer’s protocol.
Reverse transcribed cDNA was subject to qPCR using Custom
Primetime qPCR 5′ Nuclease assays (IDT) as per the manufac-
turer’s protocol in a Corbett Rotorgene 6000 qPCR instrument.
Percentage knockdown efficiencies were calculated using Ctvalues
obtained from the qPCR reaction that were subsequently analyzed
using the 2−��Ct method, using the levels of hypoxanthine-
guanine phosphoribosyltransferase (HPRT) as the housekeeping
gene.

RESULTS
In order to assess the role of Gβγ subunits in the maturation and
stability of Kir3.1 channels, we combined our Kir3.1 inducible
expression system with RNA interference to knockdown different
Gβ and Gγ subunits. Cells co-expressing Kir3.2 and control or
different Gβ siRNAs were induced for 30 min with tetracycline
and residual leak expression was silenced by a brief treatment with
CHX. After washout, Kir3.1 maturation was followed at differ-
ent time points. The advantage of our system is that it allows for
a pulse of channel expression, at physiological protein levels, to
mature and traffic to the plasma membrane without saturating
the biosynthetic or quality control machinery (Zylbergold et al.,
2013). After 6 h, it was observed that sufficient Kir3.1 is avail-
able for immunoprecipitation although the immature form is seen
immediately after the 30 min pulse (Figure 1A; compare times 0
and 6 h in the FLAG IP and Total Lysate blots). The pulse of
Kir3.1 expression also indicates that the channel reached maxi-
mum levels at 24 h post-induction and then levels subsequently
begin to decline. Initial experiments demonstrated the selectivity
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FIGURE 1 | Gβ1 but not Gβ4 knockdown reduces stability of Kir3.1.

(A) Flp-In-Trex-FLAG-Kir3.1 cells transfected with myc-Kir3.2 and Gβ1, Gβ4,
or control siRNA were induced to express FLAG-Kir3.1 with 1 μg/mL of
tetracycline for 30 min and then chased for 0, 6, 24, or 48 h. Upper
panel: cells were lysed and FLAG-Kir3.1 was immunoprecipitated using an
α-FLAG antibody. Samples were then analyzed by western blot to detect
levels of FLAG-Kir3.1 and myc-Kir3.2. Lower panel: total cell lysates
showing expression of Kir3.1, Kir3.2, Gβ1, Gβ4, and GAPDH (loading
control). Results are representative of three independent experiments.
White arrow indicates immature channel proteins while black arrow
indicates correctly processed Kir3.1. (B) Densitometric analysis of data

from experiments conducted above. The trend is clear and statistically
significant at p < 0.1. (C) Flp-In Trex FLAG-Kir3.1 cells were plated on
glass coverslips. The cells were transfected with siRNA targeted against
Gβ1 and myc-Kir3.2. Cells were subsequently induced to express
FLAG-Kir3.1 with 1 μg/mL of tetracycline for 30 min followed by chase
times of 2, 7, 24, or 48 h. Cells were fixed with 2% PFA and then
labeled (top panels) with rabbit α-FLAG followed by an α-rabbit secondary
antibody conjugated to Alexa488 or shown using transmitted light (lower
panels). Slides were imaged using a Zeiss LSM510 confocal microscope.
Results are representative of a single experiment with several
independent fields of cells.

of the siRNAs for Gβ1 and Gβ4 and confirmed efficient silenc-
ing of their respective endogenous transcripts in HEK 293 cells as
assessed by the depletion of their gene products at the protein level
(Figure 1A; Total Lysate). Although both Gβ1 and Gβ4 are able to
modulate channel function in response to GPCR stimulation (Lei
et al., 2000), they are not identical with respect to their effects on

channel maturation. In the presence of Kir3.2, Kir3.1 adopts a
mature glycosylation phenotype and is trafficked to the cell sur-
face (Figures 1A–C). When we knocked down Gβ1, there was little
effect on the initial interactions between Kir3.1 and Kir3.2 and
early maturational events still occurred. However, the amount of
mature and immature channel both decline by 24 h in the absence
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of Gβ1, suggesting that the holo-channel is less stable and is likely
targeted for early degradation. This observation is supported by
the fact that much less channel appears on the cell surface when
Gβ1 was knocked down, as detected using confocal microscopy
(Figure 1C). The punctate staining of surface Kir3.1 is consistent
with more physiological levels of the channel and again represents
one of the advantages of our expression system. The loss of Gβ1

results in a more rapid life cycle for the channel. Knockdown of
Gβ1 had no effect on levels of Kir3.2 (Figure 1A, Total Lysate), pos-
sibly representing either a selective effect on Kir3.1 or a reflection
of the fact that bulk expression of Kir3.2 may escape quality con-
trol. Future experiments with inducible Kir3.2 constructs may help
resolve this issue. Unlike Gβ1, knockdown of Gβ4 had no effect
on the stability of the holo-channel, demonstrating a distinct role
in channel function that may be restricted to activating the chan-
nel in response to receptor stimulation (Figure 1A). However, we
did observe increased amounts of mature Kir3.1 when Gβ4 was
silenced. This may suggest that remaining Gβ1 is now more able
to interact with the channel in the absence of a competitor. Our
data points to a clear demarcation between the functions of Gβ1

and Gβ4 with respect to Kir3.1 stability and trafficking. Consistent
with our RNA interference data, we also noted that overexpres-
sion of Gβ1 resulted in holo-channels that were more stable at
48 h post-induction (Figure 2). Loss of the Gβ4 subunit also had
no effect on levels of Kir3.2 in total cell lysates (Figure 1A, Total
Lysate) suggesting that their effects are specific for Kir3.1 as well.

Curiously, we noted that knockdown of Gβ4 slightly increased
protein expression levels of Gβ1 [also observed in a previous study
(Krumins and Gilman, 2006)]. The reason for this is unclear at
present but we have preliminary data that suggests it may be
through transcriptional effects mediated by Gβ1 (data not shown).
This may also reflect the increased channel maturation in the
absence of Gβ4, possibly independently of direct competition
between the two Gβ subunits. Due to this potential confound of
the effect of Gβ4 knockdown on Gβ1 expression, we next per-
formed an experiment to see if a unique effect of Gβ4 could
be detected. We knocked down Gβ4 in the presence of siRNA
against Gγ2. In the absence of Gγ2, holo-channel stability was also
reduced and was not rescued by knockdown of Gβ4 (Figure 3A).
This makes it likely that Gβ1 and Gγ2 represent the Gβγ pair
important for channel maturation. Further, we noted that in the
absence of Kir3.2, the stability of the immature forms of Kir3.1
was not affected by knockdown of Gβ4γ2 (Figure 3B). This likely
indicates that the functional effect of Gβγ on channel stability
requires that Kir3.1 be associated with Kir3.2 and that the “stabil-
ity clock” modulated by Gβγ begins ticking once the channel is
set on a pathway of maturation. Additionally, we tested the effect
of knockdown of other Gγ subunits on holo-channel stability.
Figure 3 indicates that knockdown of Gγ2 resulted in reduced
stability for the Kir3.1/Kir3.2 holo-channel. However, knockdown
of Gγ4, Gγ5, or Gγ7 had much more modest effects compared
with control siRNA (Figure 4A). Knockdown efficiencies of indi-
vidual Gγ subunits was assessed using RT-qPCR, as endogenous
protein expression levels of Gγ isoforms in HEK 293 cells are dif-
ficult to visualize using current commercially available anti-Gγ

antibodies via western blotting (Figure 4B). Changes in expres-
sion of the Gγ subunits assessed did not alter expression of Kir3.2

FIGURE 2 | Overexpression of Gβ1 stabilizes Kir3.1. (A) Flp-In Trex
FLAG-Kir3.1 cells co-expressing Gβ1 and myc-Kir3.2 were induced to
express FLAG-Kir3.1 with 1 μg/mL of tetracycline for 30 min followed by
chase times of 5, 24, or 48 h. Cells were lysed and FLAG-Kir3.1 was
immunoprecipitated as described above. Upper panel: samples were
analyzed by western blot to detect levels FLAG-Kir3.1 and myc-Kir3.2.
Lower panel: total cell lysates showing expression of Kir3.1, Kir3.2, and
GAPDH (loading control). Results are representative of two independent
experiments. White arrow indicates immature channel proteins while black
arrow indicates correctly processed Kir3.1. (B) Densitometric analysis of
results obtained above. There is a trend in the effects of Gβ1 expression at
48 h, which is reflected in the western blots.

(Figures 3 and 4). Finally, overexpression of Gγ2 resulted in holo-
channels with increased stability (Figure 5). Taken together, our
results suggest that Gβ1γ2 serve a unique role in channel traffick-
ing that is distinct from their roles in channel activation, which can
possibly be subserved by a number of Gβγ dimers with different
isoform specificities.

DISCUSSION
Kir3 trafficking has been a topic of great interest to understand
mechanisms mammalian cells use to regulate their excitability.
Though much is known regarding Kir3 trafficking as it progresses
along the initial stages of its synthesis and maturation, the role
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FIGURE 3 | Double knockdown of Gβ4 and Gγ2 impairs Kir3.1 stability

only in the presence of Kir3.2. (A) Flp-In Trex FLAG-Kir3.1 cells transfected
with myc-Kir3.2 and Gβ4/Gγ2 or control siRNA were induced to express
FLAG-Kir3.1 with 1 μg/mL of tetracycline for 30 min and chased for 0, 4, 24,
or 48 h. Cells were lysed and FLAG-Kir3.1 was immunoprecipitated as
described above. Upper panel: samples were analyzed by western blot to
detect levels of FLAG-Kir3.1 and myc-Kir3.2. Lower panel: total cell lysates

showing expression of Kir3.1, Kir3.2, Gβ4, and Na+/K+ ATPase (loading
control). (B) Experiment was the same as in panel (A) except Kir3.2 was not
co-expressed and FLAG-Kir3.1 was chased for 0, 5, 18, or 24 h. Two different
exposures are shown to highlight effects on both immature (top) and mature
(bottom) forms of the channel, respectively. White arrow indicates immature
channel proteins while black arrow indicates correctly processed Kir3.1.
Results are from a single experiment.

that early interactions with signaling partners such as Gβγ play
in channel maturation remain unclear. When expressed alone,
recombinant Kir3.1, which contains only one potential site for N-
linked glycosylation, migrates as a doublet with a molecular mass
of 54 and 56 kDa, with the upper band being the core-glycosylated,
immature form of the protein (Krapivinsky et al., 1995a; Kennedy
et al., 1999). Upon treatment with either endoglycosidase H, an

enzyme that selectively removes N-linked glycosyl moieties from
proteins that have not been processed in the Golgi, or endogly-
cosidase F, an enzyme that non-selectively removes all N-linked
sugar residues, the 56 kDa band is virtually abolished, confirming
its residence in the ER (Kennedy et al., 1999). Co-expression of
Kir3.4 with Kir3.1, results in a fully mature Kir3.1 subunit capa-
ble of being properly glycosylated (Kennedy et al., 1999). The role
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FIGURE 4 | Knockdown of Gγ isoforms have differential effect on

mature Kir3.1 stability. (A) Flp-In Trex FLAG-Kir3.1 cells were
transfected with Gγ2, 4, 5, or 7 targeted siRNA and myc-Kir3.2. The
cells were subsequently induced to express FLAG-Kir3.1 with 1 μg/mL
of tetracycline for 30 min followed by 5 or 48 h chase times. Cells
were lysed and FLAG-Kir3.1 was immunoprecipitated as described
above. Upper panel: samples were analyzed by western blot to detect
levels of FLAG-Kir3.1 and myc-Kir3.2. Lower panel: total cell lysates
showing expression of Kir3.1, Kir3.2, and β-tubulin (as a loading
control). Results are shown from a single experiment. White arrow

indicates immature channel proteins while black arrow indicates
correctly processed Kir3.1. (B) Flp-In Trex FLAG-Kir3.1 cells were
transfected with 50 nM of specific siRNA targeted against Gγ2, Gγ4,
Gγ5, or Gγ7. Cells were then lysed in TRI reagent 72 h
post-transfection, total RNA was isolated, and the extent of Gγ

knockdown was assessed by RT-qPCR using probe specific qPCR
assays. Data is depicted as mean ± S.E.M. and is representative of
n = 3 experiments. Statistical significance was evaluated using an
unpaired Student’s t -test where * indicates p < 0.05 and ** indicates
p < 0.01.
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FIGURE 5 | Overexpression of Gγ2 stabilizes the mature form of Kir3.1.

(A) Flp-In Trex FLAG-Kir3.1 cells were transfected with HA-Gγ2 and
myc-Kir3.2. The cells were subsequently induced to express FLAG-Kir3.1
with 1 μg/mL of tetracycline for 30 min and chased for 5, 24, or 48 h. Cells
were lysed and FLAG-Kir3.1 was immunoprecipitated as described above.
Upper panel: samples were analyzed by western blot to detect levels
FLAG-Kir3.1 and myc-Kir3.2. Lower panel: total cell lysates showing
expression of Kir3.1, Kir3.2, HA-Gγ2, and GAPDH (as a loading control).
Results are representative of three independent experiments. White arrow
indicates immature channel proteins while black arrow indicates correctly
processed Kir3.1. (B) Densitometric analysis of results obtained above.
There is a trend in the effects of Gγ2 expression at 48 h, which is reflected
in the western blots.

of Kir3.1 glycosylation may be one of quality control, as Kir3.1
subunits containing a mutation preventing glycosylation can still
interact with partner subunits and traffic to the plasma membrane
yielding typical current amplitudes (Pabon et al., 2000).

Here we show that a number of maturational steps for Kir3.1
are strictly dependent on the presence of Kir3.2. In the absence
of Kir3.2, Kir3.1 subunits remain immature and the loss of Gβγ

subunits does not affect this outcome. Though most studies have
focused on the role of Kir3.4 in the trafficking of Kir3 channels,
Kir3.2 subunits have been found to play a similar vital role in

forming functional Kir3.1-containing channels at the cell surface.
Kir3.2 subunits are able to form both homotetramers as well as
heterotetramers with either Kir3.1 or Kir3.3 which can then be
targeted to the plasma membrane (Jelacic et al., 2000). Using dele-
tion analysis, it was suggested that an ER export signal found at
both the N- and C- terminus of Kir3.2 is vital for the cell surface
delivery of Kir3.1/3.2 heterotetramers (Ma et al., 2002). Though no
well-defined ER export motif has been characterized for Kir3.3, it
has been shown to form tetrameric channels with both Kir3.1 and
Kir3.2 subunits (Jelacic et al., 1999). Altogether, Kir3 trafficking
from the ER appears to be a highly regulated process, with distinct
combinations being available at the plasma membrane or targeted
for degradation depending on the needs of the cell. Interestingly,
when we inhibit the proteasome with MG-132, Kir3.1 can traffic
to the cell surface (P.Z. unpublished observations), demonstrating
a likely role for ER-associated degradation (ERAD) in the quality
control of unpartnered Kir3.1 subunits.

Much attention has been paid to the specificity of Gβγ dimers
in the activation of Kir3 channels. To date, Gβ5 stands out as an
outlier in the Gβ family in that Gβ5-Gγ combinations significantly
downregulate channel activation, leading to the suggestion that
it acts as a competitive antagonist for Kir3 activation by other
Gβγ subunit combinations (Lei et al., 2000, 2003). Interestingly,
other Gβγ combinations show similar abilities to activate channels.
Some Gβγ selectivity for Kir3.2 has been noted, in that Gβ subtypes
1–3 preferentially interact with this subunit (Robitaille et al.,2009).
Most studies have found that any of the four Gβ subunits could be
expressed with distantly related Gγ subunits (i.e., Gγ2 vs. Gγ11)
and all combinations could bind and activate Kir3 channels with
similar efficacy (Lei et al., 2000).

Gβ1γ2, apart from its role in channel opening shared with other
Gβγ dimers, seems to play a unique role in preserving matur-
ing channels from degradation as they transit to the cell surface
(summarized in Figure 6). Our data indicate that Gβ1γ2 pro-
longs the lifetime of the Kir3.1/Kir3.2 heterotetramer, although
levels of Kir3.2 are not altered per se. This may suggest that Kir3.2
homotetramers might be differentially regulated by other factors
although under conditions of bulk overexpression, it is difficult
to prove this. Placing the other Kir3 isoforms under the control
of inducible promoters using our label-free pulse-chase technique
will help resolve these issues. It is clear that the roles Gβγ play in
Kir3 activity and regulation are quite complex and likely exceed our
current understanding. There are numerous potential Gβγ inter-
acting domains on the tetrameric channel and it is evident that
not all of these simply underlie channel activation and gating (i.e.,
Gβγ-associated channels need not be active until they reach the
membrane). Gβγ subunits are involved in channel synthesis, traf-
ficking, plasma membrane stability and degradation (Robitaille
et al., 2009; Zylbergold et al., 2010), and it is likely that novel roles
beyond mere channel activation will be uncovered in the years to
come. Here, we have described some approaches that will allow
these issues to be resolved with greater clarity.
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by orthosteric agonist binding, but also by its interaction with its
cytosolic (G protein subunits) and membrane (Kir3 or cyclase)
signaling partners, which therefore function as natural allosteric
modulators. In cases where signaling complexes exist before acti-
vation, selectivity favoring Kir3 vs. cyclase signaling could be
achieved by designing orthosteric ligands that display higher
affinity for the conformation adopted by the receptor when con-
tained within a Kir3 signaling complex than the one induced
by its inclusion into cyclase multimers (Figure 2A). The idea
that orthosteric agonists can indeed be tailored to specifically
recognize receptors in association with distinct signaling part-
ners is supported by studies indicating that the pharmacological
properties of receptors contained in homodimers are different
from those displayed by the same receptor when it is part of
an heterodimer (Jordan and Devi, 1999; Waldhoer et al., 2005).
Alternatively, if the complex is formed during signaling, bias
toward Kir3 channel effectors would depend on the agonist’s abil-
ity to stabilize a receptor conformation whose affinity for the G
protein/Kir3 complex is higher than the one displayed for the G
protein/cyclase complex (Figure 2B).

In addition, if at rest and/or during signaling receptors, G
proteins and effectors associate through a distinct network of
conformational influences, it is also conceivable that the phar-
macological stimulus that is produced by an orthosteric ligand
could be influenced by small allosteric modulators that specifi-
cally recognize the complex with the desired combination of DORs,

Gαβγ subunits and Kir3 channels. For example, small molecules
that could bind the interface of DORs and Kir3 subunits to
stabilize the complex and/or favor channel opening (positive
allosteric modulators), would be of particular interest since they
could selectively enhance Kir3 signaling by DORs and no other
receptors that modulate this effector (Figure 3A). Alternatively,
a negative allosteric modulator that recognizes the DOR/adenylyl
cyclase interface could distinctively block cAMP inhibition by this
receptor, resulting in another desired type of bias (Figure 3B).
Finally, a variation of this strategy would be to design complex-
selective allosteric agonists which are able to initiate signaling,
independent of whether the orthosteric ligand is present or not
(Figure 4A), or only when it is present for the case of restricted
collision (Figure 4B). Such type of ligand could putatively recog-
nize and stabilize the interface formed between the C-terminus
of the activated Gαi/o subunit, the channel N-terminus and the
third intracellular loop of the receptor. Admittedly, the structural
information required for designing these compounds is not yet
available but should become available once receptor/G proteins
complexes are co-crystallized with their effectors.

In summary, we have analyzed evidence indicating that Kir3
channels are mediators of opioid analgesia. While they play a
considerable role in undesired effects of MOR agonists, their
contribution to those of DOR ligands is limited. Biasing DOR
responses in favor of Kir3 channels and away from cyclase inhi-
bition was suggested as a means of controlling analgesic tolerance

FIGURE 4 | Mechanisms of indirect bias involving allosteric agonists that

specifically recognize a complex of desired composition. A
complex-specific allosteric agonist (AA) may distinctively recognize an
interface that is unique to the complex of interest. In the context of the

precoupling model AA may initiate signaling independent of whether the
orthosteric agonist is present or not (A). In the restricted collision model the
presence of the orthosteric agonist is necessary for the complex to be
formed and provide the binding site for AA (B).
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of DOR agonists, a side effect that limits their potential therapeu-
tic application. Different modalities of GPCR association with G
proteins and effectors were discussed, and putative bias strategies
to ensure specific activation of a desired combination of receptors
(DORs) and effectors (Kir3 channels) were provided.
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