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SYMPOSIUM REVIEW

Neto1 and Neto2: auxiliary subunits that determine key
properties of native kainate receptors

Susumu Tomita' and Pablo E. Castillo?
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Abstract Kainate receptors (KARs) are a subfamily of ionotropic glutamate receptors (iGluRs)
that mediate excitatory synaptic transmission, regulate neurotransmitter release, and show a
remarkably selective distribution in the brain. Compared to other iGluRs, the precise contribution
of KARs to brain function is less understood. Unlike recombinant KARs, native KARs exhibit
characteristically slow channel kinetics. The underlying explanation for this dissimilar kinetics
has remained elusive until recently. New research has identified Netol and Neto2 as KAR auxiliary
subunits that determine unique properties of synaptic KARs, including their slow kinetics and
high affinity for agonist. Whether these auxiliary subunits regulate KAR trafficking and targeting
at the synapse is less clear. By regulating channel gating, Neto1 and Neto2 can increase the diversity
of KAR functional properties. These auxiliary subunits may represent a starting point for a better
understanding of the role played by neuronal KARs under normal and pathological conditions,
but also, they may provide an alternative target for the development of new drugs regulating
KARs and brain function.
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Introduction functionally and structurally distinct classes of
ionotropic  glutamate  receptors  (iGluRs), i.e.
amino-3-hydroxy-5-methylisoxazole-4-propionic  acid
receptors (AMPARs), N-methyl-D-aspartic acid receptors
(NMDARs), and kainate receptors (KARs). While

Excitatory synaptic transmission in the central
nervous system is largely mediated by the neuro-
transmitter  glutamate, which binds to three
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expression of recombinant receptors in heterologous
systems can form ligand-gated ion channels, recombinant
and native channels often differ in their channel
properties. Increasing evidence indicates that native
iGluRs do not operate in isolation but interact
with auxiliary subunits that regulate key receptor
properties such as their gating, subcellular localization
and pharmacology (Jackson & Nicoll, 2011; Yan &
Tomita, 2012). Given that AMPARs support the bulk
of fast excitatory transmission in the brain, it is not
surprising that most studies have focused on AMPAR
auxiliary proteins, including the transmembrane AMPAR
regulatory proteins (TARPs), the cornichon-like proteins
(CNIHs), and others (Diaz, 2010; Kato et al. 2010; Jackson
& Nicoll, 2011; Straub & Tomita, 2012). However, recent
studies indicate that other iGluRs can also interact with,
and be modulated by, distinct auxiliary proteins. In this
review article, we summarize current evidence in support
of neuropilin and tolloid like proteins (Netos) as auxiliary
subunits determining key functional properties of native
KARs.

Early studies showed that kainate, a natural product
from seaweeds and an analogue of glutamate, induces
hyper-excitation of neurons and neurological disorders
including epilepsy and neuronal cell death (Johnston,
1973; Olney et al. 1974; Nadler et al. 1978). In addition,
a highly selective distribution of high-affinity KARs was
shown by radio-labelled [*H]kainate binding pattern of
brain sections, with a particularly strong [*H]kainate
signal observed in hippocampal stratum lucidum,
striatum and the cerebellar granule cell layer (Foster et al.
1981; Monaghan & Cotman, 1982). In the last two decades,
a wealth of studies has established that neuronal KARs can
mediate synaptic transmission, regulate neurotransmitter
release and control cell excitability (Lerma, 2006; Pinheiro
& Mulle, 2006; Contractor et al. 2011). Consistent with
the selective receptor distribution observed in the brain,
KAR-mediated effects are remarkably restricted to specific
synapses and neurons.
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KARs are tetrameric combinations of five subunits:
GluK1-5 (previously termed GluR5-7, KA1/2) (Fig.1)
(Wisden & Seeburg, 1993; Hollmann & Heinemann, 1994;
Traynelis ef al. 2010). Low-affinity GluK1-3 subunits can
form homomeric channels, whereas high-affinity GluK4/5
subunits do not, and only participate in heteromeric
receptors. While GluK1-3 can be expressed at the cell
surface, GluK4/5 requires GluK1-3 for surface expression
(Christensen et al. 2004; Ruiz et al. 2005; Nasu-Nishimura
et al. 2006). GluK4/5 have a significantly higher affinity for
kainate than GluK1-3 (Hollmann & Heinemann, 1994),
and at least one of the high-affinity GluK4/5 subunits is
required for normal ionotropic function of neuronal KARs
(Fernandes et al. 2009).

Neto1 and Neto2 interact with native KARs

In addition to the GluK1-5 channel forming subunits,
KARs in the brain also interact with the auxiliary subunits,
Netol/2 (Lerma, 2011; Yan & Tomita, 2012). Neto1/2 were
co-purified with GluK2/3 from rodent brains (Zhang et al.
2009; Straub et al. 2011a; Tang et al. 2011). Both Netol
and Neto2 share an identical and unique domain structure
representing a new subfamily of transmembrane proteins
containing CUB (complement C1r/Cls, Uegf, Bmp1) and
LDLa (low-density lipoprotein receptor class A) domains
(Fig. 1). While Netol and Neto2 do not interact with
AMPARS, it has been reported that Netol interacts with
NMDARs and by this means could regulate the synaptic
abundance of the GluN2A subunit (Ng er al. 2009),
although the interaction of Netol with NMDARs has not
been confirmed by another study (Straub ef al. 2011a).
Interestingly, Netol and Neto2 mRNA expression display a
complementary profile in the mouse brain. Neto2 mRNA
is abundantly expressed in cerebellar granule cells and
cortical neurons, whereas Netol mRNA is highly expressed
in the CA3 pyramidal neurons (Michishita ef al. 2003,
2004; Ng et al. 2009). Further, robust Netol labelling is

Auxiliary subunit

Figure 1. Kainate receptor subunits and
Neto auxiliary subunits

Kainate receptor subunits are classified in two
classes, low- and high-affinity subunits.
Low-affinity subunits, GluK1-3, can form
homomeric channels, whereas high-affinity
subunits GluK4/5 require low-affinity subunits
to form heteromeric channels. The KAR
auxiliary subunits Neto1 and Neto2 are type-1
transmembrane proteins containing two CUB
domains and one LDLa domain in the
extracellular domain. All three proteins have
potential PDZ binding motifs at their
C-terminal. NTD, N-terminal domain; LBD,
ligand-binding domain.

CUB domain

LDLa domain
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observed by immunohistochemistry in the CA3 s. lucidum
(Straub etal. 2011a; Tang et al. 2011), the mf-CA3 synaptic
field where high-affinity KARs are highly expressed (Foster
et al. 1981; Monaghan & Cotman, 1982).

Kainate receptor function is regulated by Neto1/2

Neuronal KARs mediate a characteristically slow
excitatory postsynaptic current (KAR-EPSC) that was
originally identified at the mossy fibre to CA3 pyramidal
cell (mf-CA3) synapse (Fig.2A) (Castillo ef al. 1997;
Vignes & Collingridge, 1997). Similar slow KAR-EPSCs
have also been reported in hippocampal interneurons
(Cossart et al. 1998; Frerking et al. 1998), cerebellar
Golgi cells (Bureau et al. 2000), basolateral amygdala
neurons (Li & Rogawski, 1998), thalamic relay neurons
(Miyata & Imoto, 2006), neocortical neurons (Kidd &
Isaac, 1999; Ali, 2003; Wu et al. 2005), off-bipolar cells
of the retina (DeVries & Schwartz, 1999), and dorsal
horn neurons (Li et al. 1999). The slow kinetics of
native KARs clearly contrasts with the fast activation,
deactivation and desensitization of recombinant KAR:s.
While synaptic KARs display both slow rise times
(5-10 ms) and decay kinetics (30—150 ms time constant)
(Castillo et al. 1997; Kidd & Isaac, 1999; Cossart et al. 2002;
Wau et al. 2007), recombinant KARs desensitize/deactivate
in a few milliseconds (Erreger et al. 2004; Contractor
et al. 2011). Despite the comparatively small KAR-EPSC
amplitude, the distinct slow time course of KAR-mediated
synaptic responses allows significantly large charge trans-
fer and temporal summation of the synaptic responses,
in particular during repetitive activation of presynaptic
inputs (Frerking & Ohliger-Frerking, 2002). In this
way, synaptic KARs can contribute significantly to spike
generation (Miyata & Imoto, 2006; Sachidhanandam et al.
2009) and network activity (Cunningham et al. 2006;
Goldin et al. 2007).

The underlying explanation for the dissimilar kinetics
of synaptic and recombinant KARs has remained elusive
until recently. It was initially thought that KARs might
be located extrasynaptically and be activated by glutamate
spillover, which can occur during presynaptic repetitive
activity. In this scenario, the slow KAR-EPSC kinetics
would be due to glutamate diffusing from the synaptic
cleft. The evidence against this possibility is twofold: first,
manipulations that increase extrasynaptic glutamate do
not affect the KAR-EPSC time course (Castillo et al.
1997; Kidd & Isaac, 1999), and second, KARs can be
activated by quantal release and the resulting synaptic
response (i.e. miniature KAR-EPSC) has the typical slow
kinetics (Cossart et al. 2002). Another possibility is that the
high-affinity GluK4/5 subunits could modify the GluK1-3
intrinsic channel gating. Indeed, GluK5, which forms
heteromeric receptors with GluK2 in the brain, slows
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down the decay kinetics of GluK2 homomer channels
in heterologous cells (Barberis et al. 2008). Consistent
with this observation, KAR-EPSCs become slightly faster
in GluK5 knockout mice (Contractor et al. 2003), but
not as fast as the homomeric KAR-mediated currents
in heterologous cells, suggesting that some other, more
fundamental mechanism is involved.

Native iGluRs form macromolecular complexes with
scaffolding proteins, enzymes, trafficking chaperone or
adaptor proteins and, therefore, the slow kinetics of
synaptic KARs could be due to some regulatory/auxiliary
protein. Such a protein should fulfil the following
requirements: First, it should be expressed by synapses
showing slow KAR-EPSCs; second, its co-expression in
heterologous cells should slow down the kinetics of
recombinant KAR-mediated responses; third, removal of
this protein from synapses (or interfering with its inter-
action with KARs) should accelerate the time course
of KAR-EPSCs. A number of KAR-interacting proteins
were found, some of which have been implicated in
regulating channel kinetics. For example, SAP90/PSD-95,
which was first identified as an interacting protein of

A AMPAR — EPSC
ATy
KAR - EPSC
30 ms
B KAR — EPSC
P
-_— WT
— Neto1~~
100 ms
KAR - EPSC
5 ms

Figure 2. Distinct kinetics of native KARs in the brain

A, in CA3 pyramidal cells of the hippocampus, mossy fibre activation
elicits a fast kinetics AMPAR-EPSC and a distinct slow kinetics of
KAR-EPSC. These responses have been scaled to the peak of the
AMPAR-EPSC. The KAR-EPSC was recorded in the presence of the
AMPAR selective antagonist GYKI53655. From Castillo et al. (1997);
reprinted by permission from Macmillan Publishers Ltd: Nature
©1997. B, in Neto1 knockout mice, both rise time and decay kinetics
of mf-CA3 KAR-EPSCs are substantially accelerated. Normalized
KAR-EPSCs from wild-type and Neto1 knockout mice are
superimposed and depicted at a slow (top panel) and fast (bottom
panel) time base. From Straub et al. (2011a); reprinted by permission
from Macmillan Publishers Ltd: Nature Neuroscience ©2011.
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recombinant GluK2 subunits, alters receptor function
by reducing channel desensitization (Garcia et al.
1998). However, subsequent studies using outside-out
patch membranes reported that SAP90/PSD-95 does not
modulate the rate at which receptors desensitize, but rather
accelerates recovery from desensitization (Bowie et al.
2003). The KAR interacting protein for GluR6/GluK2
(KRIP6) was also shown to modify channel kinetics in
heterologous cells. KRIP6 reduces peak-current amplitude
and steady-state desensitization, but does not significantly
alter decay kinetics (Laezza et al. 2007). The role of
these KAR-interacting proteins in modulating native KARs
remains unexplored.

More recently, the newly identified KAR interacting
proteins Netol and Neto2 have emerged as auxiliary
subunits that determine key properties of native KARs,
including their slow channel kinetics. Remarkably, both
Netol and Neto2 slow deactivation and desensitization
of GluK1-3 homomers and GluK2/5 heteromers in
heterologous systems, and accelerate recovery from
desensitization (Zhang et al. 2009; Copits et al. 2011;
Straub et al. 2011a,b). At the single channel level, Neto2

[8H]kainate

[3Hjkainate.

- [3H]kainate

GluK2/3

Figure 3. Distinct distribution of KARs in the brain

A, [PHlkainate signal shows distinct distribution of high-affinity
kainate receptors in the hippocampal stratum lucidum, where mossy
fibre (MF) and CA3 pyramidal cells form synapses Modified from
Monaghan & Cotman (1982); by permission from Elsevier: Brain
Research ©1982. Neto1 mRNA is strongly expressed in CA3
pyramidal cells. Image from Allen Brain Atlas. B, [?Hlkainate signal
was reduced in Neto1 knockout mice (Neto1~/~), whereas Gluk2/3
localized at synapses, suggesting that Neto1 only modulates
[3H]kainate affinity, but not KAR synaptic localization. Modified from
Straub et al. (2011a); reprinted by permission from Macmillan
Publishers Ltd: Nature Neuroscience ©2011.
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increases the open probability of KARs (Zhang et al. 2009).
Moreover, loss of Netol, but not Neto2, accelerates the
decay kinetics of KAR-EPSCs at mf-CA3 synapses (Fig. 2B)
(Straub et al. 2011a; Tang et al. 2011). In fact, the time
course of KAR-EPSCs and AMPAR-EPSCs (both rise time
and decay) becomes indistinguishable in Netol knockout
mice (Straub et al. 2011a). These findings indicate that
the auxiliary subunit Netol determines the slow kinetics
of synaptic KARs. While Neto2 can regulate KAR function
in cultured neurons (Zhang et al. 2009; Copits et al.
2011; Straub et al. 2011a,b), whether this auxiliary sub-
unit can also regulate synaptic KARs in the brain awaits
confirmation.

Neto auxiliary subunits determine high agonist
affinity of kainate receptors

While AMPARs and NMDARs distribute virtually
everywhere in the brain, KARs show a very distinct
distribution, as indicated by strong, nanomolar range
[’H]kainate labelling in hippocampal s. lucidum,
cerebellar granule cell layer, and striatum (Fig. 3A) (Foster
et al. 1981; Monaghan & Cotman, 1982). Another
long-standing question in the field has been how this
distinct distribution of high-affinity KARs in the brain
is defined. The [*H]kainate signal is abolished in GluK2
knockout mice (Mulle ef al. 1998), suggesting that this
signal is a true marker of neuronal KARs. The selective
[’H]kainate-binding pattern could be simply due to the
presence of the high-affinity subunits GluK4/5. However,
given that some mismatch between [*H]kainate binding
and GluK4/5 expression patterns exists (Bahn et al
1994), another mechanism is likely to be implicated.
Indeed, the [*H]kainate binding is strongly reduced
in Netol knockout mice (Fig.3B), and importantly,
this change occurs in the absence of any reduction
of GluK2/GluK5 expression at synapses as shown by
immunohistochemistry of GluK2/GluK5 in s. lucidum
(Fig. 3B) and biochemical PSD fractionation (Straub et al.
2011a). Consistent with these observations, as well as the
Netol-mediated actions on KAR channel gating, Netol
increases KAR affinity for agonist both in the brain and in
heterologous cells expressing GluK2 and GluK5 (Straub
et al. 2011a). Regardless, most evidence indicates that
by increasing KAR affinity for agonist, Netol determines
the classical high-affinity [*H]kainate-binding pattern in
the brain, while not affecting the synaptic localization of
KARs. Whether Netol-mediated increase in KAR affinity
for agonist is accompanied by changes in KAR subunit
composition remains to be tested.

Do Neto1/2 regulate KAR trafficking?

The role of AMPAR auxiliary subunits in regulating
AMPAR trafficking and targeting is well established

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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(Jackson & Nicoll, 2011; Opazo & Choquet, 2011; Straub
& Tomita, 2012). However, whether Netol/2 play a
similar role for KARs is less clear. The mechanism
controlling KAR surface expression has been linked to
specific motifs encoded in KAR subunit amino acid
sequences, as well as post-translational modifications
of KAR subunits by phosphorylation, palmitoylation
and SUMOylation (Isaac et al. 2004; Jaskolski et al.
2005; Contractor et al. 2011). Several observations
argue against Netol/2 playing a significant role in KAR
trafficking. Neto2 robustly enhances glutamate-evoked
GluK2 currents without increasing the surface expression
of KARs in cRNA-injected oocytes (Zhang et al. 2009). In
addition, neither GluK2/3 surface expression (e.g. assessed
by surface biotinylation), nor GluK2/3 PSD expression
and synaptic localization is altered in the hippocampus of
Netol KO mice (Straub et al. 2011a). On the other hand,
another study has shown that expression of GluK2/5 is
reduced at hippocampal PSD of Netol KO but not Neto2
KO mice (Tang et al. 2011). The reason(s) for this apparent
discrepancy is unclear. Finally, Neto2, but not Neto 1,
was recently found to enhance the surface expression of
the GluK1 subunit in transfected HEK cells, although
this enhancement does not seem to fully account for the
observed increase in agonist-mediated response (Zhang
et al. 2009; Copits et al. 2011; Straub et al. 2011a,b). Future
studies will be necessary to determine the precise role of
Netol/2 in regulating trafficking and targeting of native
KARs.

Concluding remarks and future questions

It is now clear that Netol and Neto2 are auxiliary sub-
units of native KARs that have significant effects on
their functional properties. However, several important
questions remain unanswered. How exactly do Neto sub-
units regulate KAR function? Addressing this question will
require a better understanding of the KAR-Neto inter-
action at the structural level. It will also be important
to know the stoichiometry of this interaction and
whether a change in the number of Neto subunits in
a single KAR complex could determine the magnitude
of Neto-mediated effects on KAR function. Do Neto
subunits equally interact with all KAR subunits, or
are there some interactions that are more favourable
than others? Furthermore, it would be interesting to
see whether the Neto-KAR interaction could be physio-
logically regulated and whether Neto subunits could be
involved in activity-dependent plasticity of KAR-mediated
transmission.

The generality of the Neto-KAR interaction and its role
in synaptic KAR function throughout the brain remain
to be investigated. To date, the effects of Neto1/2 have
been examined at the mf-CA3 synapse only (Straub

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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et al. 2011a; Tang et al. 2011) but KARs have been
observed at several other synapses throughout the brain
(see above). Intriguingly, fast KAR-EPSCs (i.e. with a
similar fast decay kinetics to AMPAR-EPSCs) have been
reported at unitary connections in rat motor cortex (Ali,
2003), Layer V pyramidal neurons in rat somatosensory
cortex (Eder et al. 2003), and at Purkinje neurons
(Huang et al. 2004), raising the possibility that at some
synapses KARs could operate in a Netol/2-independent
manner. Thus far, most evidence indicates that Neto1/2
target postsynaptic but not presynaptic KARs. At the
mf-CA3 synapse, where both types of KARs have been
identified, presynaptic function is normal in Netol/2
knockout mice (Straub et al. 2011a; Tang et al. 2011).
This observation is entirely consistent with the much
stronger Netol/2 in situ profile in CA3 pyramidal cells
compared to dentate granule neurons, which give rise
to mossy fibres (Michishita et al. 2003, 2004; Ng et al.
2009). Future studies will have to determine whether
Neto proteins can be found at presynaptic terminals
and if they play a role in controlling neurotransmitter
release. While most attention on Netol/2 has been
focused towards the ionotropic function of KARs, neuro-
nal KARs also mediate unconventional metabotropic (G
protein-mediated) signalling (Rodriguez-Moreno et al.
1997; Melyan et al. 2002). Whether Neto subunits
can regulate this form of signalling remains untested.
Finally, it will be interesting to see if Neto sub-
units can also regulate extrasynaptic KARs (Eder et al.
2003).

KARs have an important role in neuronal excitability
and network activity, and have been implicated in epilepsy
and other neuropsychiatric conditions (Bowie, 2008;
Vincent & Mulle, 2009). Given the functional impact of
Neto1/2 on KAR function, these auxiliary proteins could
offer an interesting therapeutic target. For example, a
drug disrupting the Neto-KAR interaction, by suppressing
the functional contribution of KARs, could suppress
network excitability, thereby reducing the threshold for
seizure development. Such a drug could make a significant
addition to our rather limited pharmacological toolbox for
KARs.
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