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Synaptic Targeting and Functional Modulation of GluK1
Kainate Receptors by the Auxiliary Neuropilin and Tolloid-Like
(NETO) Proteins
Bryan A. Copits, John S. Robbins, Shanti Frausto, and Geoffrey T. Swanson
Department of Molecular Pharmacology and Biological Chemistry, Northwestern University Feinberg School of Medicine, Chicago, Illinois 60611

Auxiliary proteins modify the biophysical function and pharmacological properties of ionotropic glutamate receptors and likely are
important components of receptor signaling complexes in vivo. The neuropilin and tolloid-like proteins (NETO) 1 and NETO2, two closely
related CUB domain-containing integral membrane proteins, were identified recently as auxiliary proteins that slowed GluK2a kainate
receptor current kinetics without impacting receptor membrane localization. Here we demonstrate that NETO2 profoundly slows the
desensitization rate of GluK1 kainate receptors, promotes plasma membrane localization of transfected receptors in heterologous cells
and rat hippocampal neurons, and targets GluK1-containing receptors to synapses. Conversely, the closely related protein NETO1
increases the rate of GluK1 receptor desensitization. Incorporation of NETO proteins into kainate receptor-signaling complexes therefore
extends the temporal range of receptor gating by over an order of magnitude. The presence of these auxiliary proteins could underlie
some of the unusual aspects of kainate receptor function in the mammalian CNS.

Introduction
Ionotropic glutamate receptors (iGluRs) are integrated into macromolecular signaling complexes that include scaffolding proteins, enzymes, and trafficking chaperone or adaptor proteins
(Traynelis et al., 2010). These associations are critical for both
constitutive and regulated control of receptor synthesis, assembly, and localization to appropriate sites of action in neurons. In
addition, functional diversity of all three types of iGluRs—AMPA,
kainate (KAR), and NMDA receptors—is enhanced through association with chaperone and auxiliary proteins that can directly
alter receptor biophysical and pharmacological properties as well
as synaptic targeting of iGluRs in the CNS.
The relevance of auxiliary proteins to excitatory neurotransmission has been a central focus of research following
the characterization of stargazin, the integral membrane protein
responsible for the stargazer mouse phenotype (Letts et al., 1998),
as the first of a family of transmembrane AMPA receptor regulatory proteins (Chen et al., 2000; Vandenberghe et al., 2005). Significantly less is known regarding the importance of two recently
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characterized NMDA and KAR auxiliary proteins, the neuropilin
and tolloid-like proteins (NETO)-1 and NETO2, which are
closely related single-pass integral membrane proteins (Stöhr et
al., 2002; Ng et al., 2009; Zhang et al., 2009). The GluK2a KAR
subunit interacts with the NETO2 protein, and possibly NETO1,
and the NETO2 association slows channel gating by several fold
without concomitant effects on receptor membrane expression
(Zhang et al., 2009). GluN2 NMDA receptors were shown to interact
biochemically with NETO1 through an extracellular interaction
with one of its two CUB (complement C1r/C1s, Urchin EGF, Bmp1)
domains (Ng et al., 2009). Other CUB domain-containing proteins,
SOL-1 and LEV-10, also act as critical auxiliary proteins for the
GLR-1 glutamate receptor and levasimole-sensitive acetylcholine receptor, respectively, in Caenorhabditis elegans (Gally et al., 2004;
Zheng et al., 2004). This conserved motif and other structural elements are therefore common features of a family of ionotropic
receptor-associated auxiliary proteins.
In the current study, we examined how NETO proteins impact the function of KARs composed of homomeric assemblies of
GluK1 subunits. Analogous receptors largely comprise the population of iGluRs in dorsal root ganglia (DRGs) sensory neurons
(Huettner, 1990; Swanson and Heinemann, 1998), where they
influence nociceptive transmission (Wu et al., 2007). We found
that assembly with NETO1 and NETO2 differentially modify homomeric GluK1 receptor gating, and that NETO2 strongly promoted synaptic localization of GluK1 receptors in hippocampal
neurons. These results demonstrate that auxiliary NETO proteins
have a significant impact on the function and neuronal distribution of GluK1-containing KARs.

Materials and Methods
Constructs and materials. Mouse NETO1-hemagglutinin (HA) and rat
NETO2 cDNAs were gifts from Michael Salter (University of Toronto, To-
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from transfected HEK293-T/17. The following antibodies were used: mouse antibassoon (ADI-VAM-PS-003; Enzo Life
Sciences); mouse anti-HA(H9658; Sigma);
mouse anti-myc (11667149001; Roche); rabbit anti-myc (06 –549; Millipore); and rabbit
anti-NETO2 (HPA013180; Sigma). All other
reagents were from Sigma.
Electrophysiology. Cell culture, transfection,
whole-cell patch-clamp recording, and fast
drug application to receptor-expressing
HEK293-T/17 cells were performed as described previously (Vivithanaporn et al., 2007).
All cells were held at ⫺70 mV. Rise times (10 –
90%) for whole-cell currents evoked by fast application of glutamate (10 mM) to transfected
cells ranged from 1 to 2 ms. Weighted desensitization rates and relative proportions were calculated from biexponential fits of current
decays during 1 s applications of glutamate using Clampfit10 (Molecular Devices). Recovery
rates were calculated from two-component exponential association fits using Origin 7.5
(OriginLab), except for GluK1–2a/NETO2 data,
which were fit to a single exponential association with a plateau function in GraphPad 4
(GraphPad Software). Whole-cell voltageclamp recordings from transfected rat hippocampal neurons also were performed as
described previously (Gill et al., 2010). EPSCs
mediated by KARs (EPSCKA) in neurons were
recorded in the presence of 10 mM BaClcontaining external solution supplemented
with bicuculline (10 M), picrotoxin (50 M),
D-AP5 (50 M), and GYKI53655 (50 M) to
prevent activation of GABAA, NMDA, and
AMPA receptors. We verified that these concentrations of antagonists did not inhibit
GluK1–2a/NETO2 receptors in recordings
from transfected HEK293 cells (data not
shown). CNQX was bath applied at the conclusion of each neuronal recording. To analyze
spontaneous EPSCKA, segments of current recordings recorded either in the absence or
presence of CNQX were analyzed using MiniFigure 1. NETO proteins bidirectionally alter GluK1 kainate receptor desensitization kinetics. A, Representative whole-cell
Anal (Synaptosoft) in a blinded fashion.
current traces from HEK293-T/17 cells expressing GluK1–2a (black), GluK1–2a/NETO1 (red), or GluK1–2a/NETO2 (blue) receptors.
Biochemistry. Cell ELISAs, immunoprecipiGlutamate (10 mM) was applied for 100 ms (left) or 1 s (right). B, Weighted desensitization rates measured from currents evoked
tations, and immunoblots were performed as
by 1 s applications of glutamate to receptors. C, Peak current amplitudes measured in response to initial applications of glutamate
described previously (Gill et al., 2009).
to receptor-expressing cells. Values shown are mean ⫾ SEM. Statistical significance is denoted as follows: *p ⬍ 0.05; **p ⬍ 0.01;
Imaging. Transfection of cultured rat hipand ***p ⬍ 0.001. D, Recovery from desensitization for GluK1–2a and NETO-containing receptors. In these representative exampocampal neurons (17–21 d in vitro) prepared
ples, the intervals between paired applications ranged from 50 ms to 2 s, although longer intervals were also obtained. Current
from late embryonic pups of either sex, image
amplitudes from the second application were normalized to their corresponding control currents to determine the time course of
acquisition on a Zeiss LSM510 META confocal
recovery from desensitization, which contains data from intervals of 20 ms to 30 s. GluK1–2a data (gray squares, black fitted curve)
microscope in the Northwestern University
and GluK1–2a/NETO1 data were best fit with a biexponential recovery curves. GluK1–2a/NETO2 receptors were not fully desensiCell Imaging Facility, and calculation of
tized after control applications, and thus little recovery is observed from plateau amplitude at ⬃40% of the peak amplitude.
relative plasma membrane expression were
Recovery data for these receptors therefore were fit in the range from 2 to 30 s.
performed as described previously (Vivithanaporn et al., 2007). Images were quantified using
ImageJ Software. Images were background
ronto, ON, Canada) and Susumu Tomita (Yale University School of Medisubtracted, and pixel intensity values of individual slices were summed.
cine, New Haven, CT), respectively. NETO1-HA cDNA was mutated to
Regions of interest were drawn around the entire neuron or soma to
remove the c-terminal HA tag using the Quikchange kit according to the
compare surface/total distribution. Integrated intensity values for the
manufacturer’s protocol (Agilent Technologies). Yellow fluorescent protein
surface images were divided by the summed intensity values obtained
(YFP)-postsynaptic density-95 (PSD-95) cDNA and myc-GluK1 cDNA
from the surface-labeled and intracellularly labeled channels. Quantitaconstructs were generously provided by John Marshall (Brown University,
tive analysis of colocalized PSD-95 and GluK1 fluorescence in transfected
Providence, RI) and Christophe Mulle (University of Bordeaux, Bordeaux,
neurons was performed on 5 cells for GluK1 (2423 puncta), 10 cells for
France), respectively. Superecliptic pHluorin (SEP)-GluK1 cDNA was genGluK1/NETO1 (4469 puncta), and 7 cells for GluK1/NETO2 (3745 puncta).
erated by site-directed sequential alteration of GFP residues S147D, N149Q,
Statistical analysis. A one-way ANOVA of electrophysiological data
V163A, S175G, S202F, Q204T, and A206T in GFP-GluK1 cDNA (Miesenusing Bartlett’s test demonstrated that the SD of both amplitude and tau
böck et al., 1998) and was confirmed to be functional in recordings
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values among GluK1–2a, GluK1–2a/NETO1, and GluK1–2a/NETO2
currents was unequal (amplitude: Bartlett’s statistic ⫽ 75.5; tau: Bartlett’s
statistic ⫽ 305.9; p ⬍ 0.001 in both cases). For that reason, a Kruskal–
Wallis test with Dunn’s multiple comparisons was used for statistical
analysis of this dataset. GluK1–2b and GluK1–2b/NETO2 current properties were compared with an unpaired t test with Welch’s correction.
Imaging data were assessed using an ANOVA with Bonferroni’s post hoc
test. Relative membrane expression in cell ELISAs was tested using a
two-tailed, unpaired Student’s t test. Statistical significance in each case
was denoted as follows: *p ⬍ 0.05: **p ⬍ 0.01; and ***p ⬍ 0.001.

Results
To determine whether NETO proteins alter homomeric
GluK1 receptor function, we recorded glutamate-evoked currents from receptors in the absence and presence of either
NETO1 or NETO2 in HEK293-T/17 cells (Fig. 1 A). KARs
composed of homomeric GluK1–2a or GluK1–2b subunits,
which are dissimilar in their C-terminal domains, were examined in whole-cell voltage-clamp recordings. Glutamate (10
mM) was fast applied for either 100 ms or 1 s (Fig. 1 A, left and
right sets of traces, respectively).
As shown in the representative traces, coexpression of NETO
proteins altered desensitization rates relative to glutamateevoked currents from GluK1 receptors alone. Surprisingly, NETO1
and NETO2 had opposing effects on receptor kinetics. GluK1–
2a/NETO1 currents desensitized significantly faster on average
(red traces), whereas GluK1–2a/NETO2 receptor currents exhibited 13-fold slower desensitization kinetics (blue traces) relative
to GluK1–2a receptors lacking auxiliary proteins (black traces).
Thus, the mean weighted desensitization rate for GluK1–2a receptors was 12.9 ⫾ 1.0 ms (n ⫽ 41) compared with 5.2 ⫾ 0.4 ms
(n ⫽ 26) for GluK1–2a/NETO1 and 172 ⫾ 22 ms for GluK1–2a/
NETO2 receptors (n ⫽ 29) (GluK1–2a vs GluK1–2a/NETO1, p ⬍
0.01; GluK1–2a vs GluK1–2a/NETO2, p ⬍ 0.001) (Fig. 1 B). Desensitization of GluK1–2b receptors similarly was slowed by association with NETO2 (GluK1–2b, 19.0 ⫾ 2.6 ms; GluK1–2b/
NETO2, 104.1 ⫾ 29.3 ms; p ⫽ 0.0125, n ⫽ 14 cells each) (Fig.
1 B). Currents evoked from GluK1–2a/NETO2 receptors also had
an approximately sixfold larger mean peak amplitude than either
GluK1–2a or GluK1–2a/NETO1 receptors (GluK1–2a, 415 ⫾ 77 pA;
GluK1–2a/NETO1, 811 ⫾ 158 pA; GluK1–2a/NETO2, 2392 ⫾ 396
pA; the latter was significantly different from GluK1–2a alone, p ⬍
0.001) (Fig. 1C), and a similar result was obtained with GluK1–2b
receptors (GluK1–2b, 339 ⫾ 90 pA; GluK1–2b/NETO2, 1818 ⫾ 417
pA; p ⫽ 0.0035).
GluK1–2a/NETO2 receptor currents also exhibited a timedependent increase in desensitization rate over a relatively short interval, which was not apparent with GluK2a/NETO2 receptors.
Within 3 min of the first glutamate application, the mean weighted
desensitization rate for GluK1–2a/NETO2 receptors increased from
182 ⫾ 21 to 142 ⫾ 24 ms (n ⫽ 11; p ⬍ 0.0059, paired t test). Desensitization of GluK2a/NETO2 receptors, on the other hand, was constant at 23.1 ⫾ 4.4 ms initially and 22.5 ⫾ 3.9 ms after 3 min (n ⫽ 14;
p ⫽ 0.3948), similar to the rate reported previously (Zhang et al.,
2009). The time-dependent change in gating properties may therefore result from cellular processes specific to GluK1-containing receptors, given that we previously reported similar behavior from
homomeric GluK1–2a receptors (Swanson and Heinemann, 1998).
The rates of recovery from desensitization of glutamate-evoked
currents also differed when GluK1–2a receptors were associated
with either NETO1 or NETO2 proteins. Recovery time courses were
determined by measuring the relative current amplitudes evoked by
paired glutamate applications separated by intervals ranging from 20
ms to 15 s (representative traces in Fig. 1D show responses at inter-

Figure 2. NETO proteins promote plasma membrane localization through associations with
GluK1 subunits. A, Column graph showing data from cell ELISA experiments to determine the
relative expression of myc-tagged receptor proteins on the plasma membrane of transfected
COS-7 cells. Values shown are mean ⫾ SEM. Statistical significance is denoted as *p ⬍ 0.05. B,
Coimmunoprecipitation of myc-GluK1 and NETO proteins from transfected COS-7 cells. Bottom
confirm expression of NETO1 and NETO2 in the transfected cells.

vals from 50 ms to 2 s). GluK1–2a receptor recovery was described
with a biexponential time course with tau values of 18 ms and 5.1 s
(10 and 90% of the recovery, respectively, n ranged from 3 to 16
recordings at each interval) (Fig. 1D), similar to that reported previously (Swanson and Heinemann, 1998). In contrast, GluK1–2a/
NETO1 receptor currents recovered from desensitization significantly faster (tau values of 301 ms and 1.7 s, 62 and 38% of the
recovery time course, respectively; n ⫽ 4 –11 recordings at each interval). NETO2-containing receptors were only partially desensitized at the termination of the applications, and the receptors did not
exhibit any greater recovery of the peak current above the plateau
amplitude until the intervals were ⬎2 s. Recovery of desensitized
receptors was therefore quite slow, and fitting of the recovery data
with a single exponential function yielded a tau value of 5.7 s, which
was not different from the slow component of recovery for GluK1
receptors. In summary, GluK1–2a association with NETO1 speeds
desensitization and subsequent recovery, whereas NETO2 primarily slows entry into desensitized states.
We determined how much of the NETO-dependent increase
in peak current amplitude in Figure 1C could be accounted for by
the presence of more receptors on the plasma membrane by measuring the relative surface expression of GluK1–2a, GluK1–2b,
and GluK1–2b(GGAA), a mutant receptor subunit lacking an ER
retention motif (Ren et al., 2003), in the absence and presence of
NETO2 (Fig. 2 A). Cell ELISAs showed that GluK1 receptors are
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Figure 3. NETO2 alters the distribution of GluK1 receptors in hippocampal neurons. A, Representative images from cultured hippocampal neurons transfected with myc-GluK1–2a alone or with
either NETO1 or NETO2. Plasma membrane (red) and intracellular (green) myc-GluK1 proteins were differentially labeled before and after permeabilization, respectively. Expanded images on the
bottom of each panel are taken from the area indicated by white rectangles. Scale bars: 20 m; inset, 4 m. B, Quantitation of relative plasma membrane (PM) expression as calculated from the
ratio of red to total (red ⫹ green) fluorescence intensity. Ratios were calculated for entire neurons (first two columns) or for the somatic and dendritic compartments separately (second and third
pairs of columns). Values shown are mean ⫾ SEM. Statistical significance is denoted as *p ⬍ 0.05. C, Representative image from a neuron transfected with myc-GluK1–2a (surface expressed myc
labeled in red) and YFP-PSD-95 (green) showing patchy distribution of the receptor on dendritic shafts rather than within spines. D, Representative images of dendrites from neurons transfected
with myc-GluK1–2a, YFP-PSD-95, and either NETO1 or NETO2. Anti-myc labeling of neurons before permeabilization localizes GluK1 receptors on the plasma membrane (red), YFP-PSD-95 labels
postsynaptic densities (green), and anti-bassoon labeling identifies presynaptic terminals. GluK1–2a is colocalized to synaptic sites positive for PSD-95 and bassoon only in the presence of NETO2.
Scale bar, 1 m. E, Quantification of the percentage of YFP-PSD-95 puncta that also contain myc-GluK1–2a fluorescence in neurons transfected with GluK1–2a alone or with either NETO1 or NETO2.
Values shown are mean ⫾ SEM. Statistical significance is denoted as ***p ⬍ 0.001.

expressed at very low levels on the plasma membrane of transfected COS-7 cells under basal conditions (GluK1–2a, 4.3 ⫾ 1.7%;
GluK1–2b, 6.4 ⫾ 1.8%; n ⫽ 5 and 7, respectively). Coexpression
with NETO2 increased relative surface localization to 10.8 ⫾
1.1% for GluK1–2a/NETO2 and 13.0 ⫾ 3.5% for GluK1–2b/
NETO2 ( p ⬍ 0.05, paired t test). The auxiliary protein also promoted surface localization of GluK1–2b(GGAA) receptors in
COS-7 cells from 16.3 ⫾ 1.4% to 24 ⫾ 2.9% ( p ⫽ 0.014, paired t
test). These modest increases in protein localization, while significant, are not sufficient to fully account for the fivefold to sixfold
enhancement of peak current amplitudes. Thus, NETO2 might
also enhance intrinsic aspects of channel function, such as the
single-channel conductance or probability of channel opening, as
occurs with GluK2a receptors assembled with NETO2 (Zhang et
al., 2009).

The association between myc-tagged GluK1–2a and either
HA-tagged NETO1 or untagged NETO2 proteins next was confirmed biochemically in coimmunoprecipitation experiments
from transfected COS-7 cells. As expected, immunoprecipitation
of myc-GluK1–2a protein with anti-myc antibody coprecipitated
HA-NETO1 or NETO2 auxiliary proteins when the proteins were
coexpressed, as verified in Western blots (Fig. 2 B). Figure 2B,
bottom, confirms expression of the NETO proteins through immunoblotting of lysate proteins with either anti-HA or antiNETO2 antibody. GluK1 receptors therefore assemble into
macromolecular complexes with NETO proteins.
We further found that NETO2 promoted plasma membrane
localization and redistributed GluK1-containing KARs to synapses in transfected hippocampal neurons. Myc-GluK1–2a receptors on the cell surface were predominantly restricted to the
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somatic compartment and patches on
principal dendritic processes when expressed alone in cultured hippocampal
neurons (Fig. 3A, red panel) (Kayadjanian
et al., 2007), despite extensive intracellular localization within dendrites (Fig. 3A,
green panel) and the likely presence of endogenous KAR subunits (Ruano et al.,
1995; Jaskolski et al., 2004). A similar pattern of distribution was observed when
GluK1–2a was combined with NETO1
(Fig. 3A). In contrast, coexpression with
NETO2 enhanced plasma membrane expression of GluK1–2a and greatly in- Figure 4. SynaptickainatereceptorcurrentsinhippocampalneuronstransfectedwithSEP-GluK1–2aandNETO2.A,Animageofalive
hippocampal neuron in culture expressing SEP-GluK1–2a and NETO2. Fluorescence arises from receptors exposed to neutral pH on the
creased dendritic localization, producing extracellular domain, which occurs predominantly with plasma membrane receptors in dendrites. B, Sample EPSC recorded from two
a distinct punctate distribution suggestive different transfected neurons. Gray traces are individual EPSC , solid black lines are the averaged synaptic currents,KAand the red lines are
KA
of substantial accumulation in dendritic exponentialfitstotheaveragedcurrentdecay.Calibrationbarsapplytobothsetsoftraces.C,QuantificationofthemeanEPSCKA frequency
spines (Fig. 3A, higher-magnification in- inhippocampalneuronsthatwereuntransfected(Un),expressingNETO2,orexpressingSEP-GluK1–2aandNETO2.EPSCKA recordingswere
sets). Quantitation of the relative plasma analyzed blind before and during application of CNQX (50 M), which inhibits KARs, to validate the detected events as bona fide EPSCKA.
membrane expression average over entire Values shown are mean ⫾ SEM. Statistical significance is denoted as **p ⬍ 0.01.
neurons confirmed that the proportion of
transfected neurons under epifluorescence. SEP-GluK1–2a recepGluK1–2a receptor on the membrane increased significantly in
tors were confirmed as functional in recordings from transfected
the presence of NETO2 but not NETO1 (GluK1–2a: 21.3 ⫾ 3.0%;
HEK293-T/17 cells (data not shown). Neurons cotransfected with
GluK1–2a/NETO1:14.3 ⫾ 2.9%; GluK1–2a/NETO2: 37.0 ⫾
SEP-GluK1–2a and NETO2 were readily identified by the strong
4.8%, respectively, n ⫽ 15, 12, and 14 neurons, respectively; p ⬍
GFP fluorescence throughout dendrites, which arises predomi0.01 by ANOVA with Bonferroni’s post hoc test) (Fig. 4 B). Analnantly from plasma membrane receptors (Fig. 4, representative imysis of somatic versus dendritic domains in these images revealed
age from a live cell).
that the new distribution pattern could be ascribed to increases in
While initially we were unable to detect EPSCKA in whole-cell
the proportion of dendritic GluK1–2a receptors localized to the
patch-clamp recordings performed from transfected hippocamplasma membrane (from a mean of 13.9 ⫾ 2.2% for GluK1–2a
pal neurons expressing SEP-GluK1–2a and NETO2 (n ⫽ 10),
alone to 37.5 ⫾ 5.6% with NETO2; p ⬍ 0.001) rather than a
EPSCKA neurons were successfully elicited by addition of 10 mM
change in somatic receptor membrane localization (Fig. 3B).
BaCl to the external solution to increase release probability.
NETO1, in contrast, did not promote redistribution of GluK1–2a
Spontaneous synaptic events from GluK1–2a/NETO-expressing
into dendrites. Distribution of intracellular GluK1–2a receptors
cells occurred at low frequency but were largely absent from unwas not altered by either NETO1 or NETO2 coexpression (data
transfected or NETO2-transfected neurons. Representative
not shown).
EPSCKA neurons from two cells are shown in Figure 4; gray traces
Colocalization of plasma membrane myc-GluK1–2a recepare individual synaptic currents, and the solid black traces are the
tors with exogenous PSD-95, which distributes to postsynaptic
averaged EPSCKA neurons. Segments of EPSCKA recordings both
sites, and endogenous bassoon, a presynaptic marker, confirmed
before and after addition of CNQX were analyzed blind to the
that the GluK1 assembled with NETO2 accumulated in dendritic
treatment; the mean frequencies for these data are shown in Figspines. Myc-GluK1–2a transfected alone did not overlap with
ure 4. The frequency of events in the GluK1–2/NETO2 neurons
coexpressed YFP-PSD-95 (Fig. 3C). In contrast, myc-GluK1–2a
was quite low (0.032 ⫾ 0.009 Hz) but nevertheless significantly
coexpressed with NETO2 exhibited strong colocalization with
higher than the frequency in the presence of CNQX (0.001 ⫾
YFP-PSD-95 and bassoon (Fig. 3D). NETO1 failed to redistribute
0.001 Hz; n ⫽ 7; p ⬍ 0.01, paired t test); the latter likely represents
myc-GluK1–2a receptors to synapses, consistent with the lack of
our false-positive rate in fitting the small-amplitude synaptic curpunctate staining in the previous set of experiments. Quantitarents. The mean amplitude of GluK1–2a/NETO2 EPSCKA was
tion of the percentage of YFP-PSD-95-positive puncta that also
20.0 ⫾ 5.6 pA, although in most cells the currents were of smaller
contained myc-GluK1 revealed that 78.4 ⫾ 4.4% of postsynaptic
amplitude (median of all EPSCKA cells was 14.3 pA). The time
densities contained the receptor when NETO2 was present, comconstant of decay for averaged traces generated by alignment of
pared with just 2.2 ⫾ 0.6% for GluK1–2a alone and 4.7 ⫾ 0.9%
the 10 –90% rise of individual events in each cell was 13.3 ⫾ 2.3
for GluK1–2a/NETO1-expressing neurons (GluK1–2a: n ⫽ 5
ms. In sum, these data demonstrate that EPSCKA neurons are
cells and 2423 puncta; GluK1–2a/NETO1: n ⫽ 10 cells and 4469
detectable under conditions of elevated release probability when
puncta; GluK1–2a/NETO2: n ⫽ 7 cells and 3745 puncta; p ⬍
GluK1–2a and NETO2 are expressed in cultured hippocampal
0.001 vs GluK1–2a alone using ANOVA). Thus, NETO2, but not
neurons.
NETO1, acts as a chaperone for GluK1 expression within dendrites, delivering the receptor to sites of synaptic contact in culDiscussion
tured hippocampal neurons.
These results confirm and extend the hypothesis that associations
The striking redistribution of GluK1–2a protein to synapses
with the CUB domain-containing integral proteins NETO1 and
prompted us to attempt to record EPSCKA, which has not been possible previously in cultured hippocampal neurons (Lerma et al.,
NETO2 constitute important determinants of KAR function. We
1997; Zhang et al., 2009). To increase the likelihood of identifying
found in the current study that both NETO1 and NETO2 proneurons with synaptic KARs, we generated a SEP-tagged GluK1–2a
foundly altered desensitization and recovery kinetics of recombiconstruct, which fluoresces only at neutral pH, and visualized live
nant GluK1 receptors. To our surprise, however, the effect of the
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two closely related auxiliary proteins on GluK1 function and distribution was highly divergent: NETO1 sped up desensitization
and reduced neuronal membrane localization whereas NETO2
slowed receptor desensitization and promoted plasma membrane localization in both heterologous cells and neurons. Furthermore, NETO2 strongly enhanced accumulation of GluK1
receptors in postsynaptic densities, resulting in infrequent but
detectable EPSCKA. Thus, NETO proteins likely modify the function of both GluK1- and GluK2-containing receptors in the nervous system, and regulation of assembly with NETO proteins
could serve as a mechanism for fine-tuning KAR signaling. A
clearer understanding of how these and other KAR auxiliary proteins, such as the KAR-interacting protein for GluR6 (KRIP6)
(Laezza et al., 2007), modify receptor gating and engage neuronal
targeting systems will facilitate elucidation of the diverse roles
played by KARs in the CNS and peripheral nervous system.
The impact of NETO proteins on KAR function and localization appears to be subunit dependent. Most obviously, rather
than slowing kinetics, coassembly with NETO1 increased the rate
of desensitization from a mean time constant of 13 ms (GluK1–2a)
to 5 ms (GluK1–2a/NETO1). With GluK2a receptors, however,
NETO1 enhanced KAR steady-state currents in two-electrode
voltage-clamp recordings from Xenopus oocytes, albeit to a lesser
degree than NETO2, suggesting that the two auxiliary proteins
had analogous effects on KAR function (Zhang et al., 2009).
NETO2, on the other hand, slowed the GluK1 desensitization
rate by over an order of magnitude, a similar but more substantial
change in kinetics than that observed with GluK2a receptors. The
rate of recovery from desensitization of GluK1/NETO1 receptors
also was significantly faster than homomeric GluK1 receptors,
with the majority of the receptors recovering within 1 s of activation. The NETO proteins therefore have a bidirectional and substantial impact on homomeric GluK1 receptor function.
NETO2 altered neuronal localization of GluK1-containing receptors in hippocampal neurons, promoting plasma membrane
expression and causing the receptors to accumulate in postsynaptic densities, resulting in functional synaptic currents. GluK1 is
predominantly expressed by interneurons in the hippocampus
(Bureau et al., 1999; Paternain et al., 2000), which also contain
NETO1 mRNA (Michishita et al., 2004; Ng et al., 2009); in these
neurons, EPSCKA kinetics are relatively fast compared with those
at mossy fiber–CA3 pyramidal cell synapses (Castillo et al., 1997;
Vignes and Collingridge, 1997; Cossart et al., 1998; Frerking et al.,
1998), consistent with the effect of NETO1 on GluK1 receptor
gating. Mossy fiber KARs are likely composed of GluK2 (Mulle et
al., 1998), in combination with GluK4 and GluK5 subunits (Contractor et al., 2003; Fernandes et al., 2009) and further could
incorporate either NETO1 or NETO2 based on the expression of
both auxiliary proteins in CA3 (Michishita et al., 2004; Ng et al.,
2009). The EPSCKA we observed in transfected hippocampal
neurons decayed at a faster rate than that at mossy fiber–CA3
pyramidal neuron synapses in brain slice preparations (time
constants of 13 vs 60 –100 ms, respectively) (Castillo et al., 1997;
Cossart et al., 2002; Contractor et al., 2003), which likely arises
from divergent synaptic structure, molecular composition, and
expression of distinct synaptic KARs in the two preparations. It
remains to be determined how NETO2 promotes surface expression and synaptic accumulation of GluK1 receptors at a mechanistic level and the importance of subunit-dependent alterations
in KAR gating by NETO proteins to neuronal KAR signaling.
Furthermore, differential association between NETO proteins
and important scaffolding proteins such as PSD-95 could addi-
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tionally contribute to the highly compartmentalized and diverse
localization of KARs in the CNS.
KARs have been implicated in specific modalities of nociceptive transmission (Wu et al., 2007). GluK1 subunits comprise
the principal glutamate receptor subunit expressed by smalldiameter sensory neurons (Partin et al., 1993), and DRG glutamate receptor currents have many kinetic and pharmacological
similarities to homomeric GluK1 receptor currents with minor
contributions from GluK4- or GluK5-containing receptors (Huettner, 1990; Swanson and Heinemann, 1998). NETO1 and NETO2
mRNAs are expressed highly in DRG neurons (Allen Brain Atlas,
http://mouse.brain-map.org) and therefore could contribute to
the receptor signaling complex and control of nociceptive transmission. However, KAR currents evoked by glutamate from
acutely isolated DRG neurons differ from NETO-containing
GluK1 receptors in at least two substantive aspects (Swanson and
Heinemann, 1998). The neuronal currents desensitize rapidly,
which was not observed for GluK1 in the presence of NETO2,
and recover with a relatively slow time course, unlike NETO1containing receptors. Thus, our results are more consistent with
the hypothesis that DRG kainate currents are composed of GluK1
receptors lacking NETO1 and NETO2. It also is possible that the
auxiliary proteins serve to target GluK1-containing receptors to
either sites of action in the spinal cord or to peripheral nerve
endings, and recording from acutely dissociated neurons (lacking
processes) biases our analysis toward NETO-less KARs. It will be
of interest to test the ideas in future experiments with the NETO
knock-out animals (Ng et al., 2009) or acute knock-down strategies (Zhang et al., 2009). If either of these manipulations reduces
KAR function in sensory neurons, it is likely that pain transmission will be attenuated in a fashion similar to that produced by
GluK1 gene targeting or pharmacological inhibition (Wu et al.,
2007).
In summary, we found that NETO proteins fundamentally
alter the function and neuronal localization of GluK1-containing
KARs. These results serve as a basis for further elucidation of
mechanisms underlying these actions and additional roles for the
auxiliary proteins, which could include serving as adaptor proteins or targets of second messenger signaling systems that influence KAR function in the CNS.
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