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Key points

• Kainate receptors (KARs) are a subtype of ionotropic glutamate receptors, which mediate
excitatory neurotransmission. KARs can be regulated through assembly with the auxiliary
subunits neuropilin and tolloid-like 1 and 2 proteins (Neto1 and Neto2).

• We characterized the effect of Neto1 on the glutamate sensitivity and desensitization properties
of recombinant receptors containing different combinations of the five different KAR subunits
(GluK1–GluK5).

• We found that Neto1 reduces the onset of desensitization and speeds recovery from
desensitization of both homomeric (K2) and heteromeric (with K4 or K5) receptors.

• The largest impact of Neto1 was seen at sub-maximal glutamate concentrations, suggesting
that one functional role is to reduce desensitization in partially bound receptors.

• Neto1 co-assembly with neuronal KARs may alter the kinetics of the postsynaptic response,
regulating the efficacy of glutamate neurotransmission.

Abstract The ionotropic glutamate receptors are primary mediators of fast excitatory neuro-
transmission, and their properties are determined both by their subunit composition and their
association with auxiliary subunits. The neuropilin and tolloid-like 1 and 2 proteins (Neto1
and Neto2) have been recently identified as auxiliary subunits for kainate-type glutamate
receptors. Heteromeric kainate receptors (KARs) can be assembled from varying combinations
of low-affinity (GluK1–GluK3) and high-affinity (GluK4–GluK5) subunits. To better under-
stand the functional impact of auxiliary subunits on KARs, we examined the effect of Neto1 on
the responses of recombinant homomeric and heteromeric KARs to varying concentrations of
glutamate. We found that co-expression of Neto1 with homomeric GluK2 receptors had a small
effect on sensitivity of the receptors to glutamate, but decreased the onset of desensitization
while speeding recovery from desensitization. In the absence of Neto1, addition of GluK5
subunits to form GluK2/GluK5 heteromeric receptors slowed the onset of desensitization at
low glutamate concentrations, compared with GluK2 homomers. Co-expression of Neto1 with
GluK2/GluK5 receptors further enhanced these effects, essentially eliminating desensitization at
μM glutamate concentrations without altering the EC50 for activation by glutamate. In addition,
a prominent rebound current was observed upon removal of the agonist. The rate of recovery
from desensitization was increased to the same degree by Neto1 for both homomeric GluK2 and
heteromeric GluK2/GluK5 receptors. Expression of Neto1 with GluK1/GluK5, GluK3/GluK5 or
GluK2/GluK4 receptors produced qualitatively similar effects on whole-cell currents, suggesting
that the impact of Neto1 on the desensitization properties of heteromeric receptors was not sub-
unit dependent. These results provide greater insight into the functional effects of the auxiliary
subunit Neto1 on both homomeric and heteromeric KARs. Alteration of the characteristics of
desensitization at both sub-maximal and saturating glutamate concentrations could influence the
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responsiveness of these receptors to repeated stimuli. As a result, assembly of KARs with the Neto
auxiliary subunits could change the kinetic properties of the neuronal response to glutamatergic
input.
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Introduction

Fast synaptic transmission mediated by the excitatory
neurotransmitter glutamate is produced through
activation of ionotropic receptors belonging to three
distinct subclasses: NMDA; AMPA; and kainate receptors
(KARs; Traynelis et al. 2010). The KARs are tetramers
composed of combinations of GluK1–GluK3 (formerly
GluR5–GluR7) and GluK4–GluK5 (formerly KA1 and
KA2) subunits. The GluK1–GluK3 subunits are also
referred to as ‘low-affinity’ subunits, with KDs for
kainate near 50 nM, while the GluK4–GluK5 subunits
have ‘higher affinity’, with KDs in the range of 5–15 nM

(Werner et al. 1991; Sommer et al. 1992; Herb et al.
1992). While GluK1–GluK3 subunits can form homo-
meric receptors, the GluK4 or GluK5 subunits only
function in heteromeric assemblies with GluK1–GluK3
subunits. These heteromeric KARs predominate in the
CNS (Petralia et al. 1994). The KARs perform diverse
functions throughout the brain, acting in both pre- and
postsynaptic locations to regulate neurotransmitter release
and neuronal excitability (Pinheiro & Mulle, 2006; Jane
et al. 2009; Contractor et al. 2011).

In addition to the pore-forming subunits
(GluK1–GluK5), recent studies have identified neuropilin
and tolloid-like 1 and 2 proteins (Neto1 and Neto2) as
auxiliary subunits of KARs (Zhang et al. 2009; Straub
et al. 2011a; Copits & Swanson, 2012). Although Neto1
has also been shown to interact with NMDA receptors
(Ng et al. 2009; Tang et al. 2011; but see Straub et al.
2011a), neither Neto1 nor Neto2 appear to associate
with AMPA receptors. The Neto proteins associate
with KARs both in vitro and in vivo to modulate their
properties. In heterologous expression systems, Neto1
slowed deactivation and desensitization of GluK2/GluK5
heteromeric receptors (Straub et al. 2011a). In contrast,
it was found to enhance the onset of desensitization of
GluK1 receptors (Copits et al. 2011). Neto1 increased
the rate of recovery from desensitization for both the
homomeric (GluK1) and heteromeric (GluK2/GluK5)
receptors (Copits et al. 2011; Straub et al. 2011a).

Neuronal KAR-mediated currents can be observed in
a variety of brain regions, but have been best studied at

mossy fibre synapses onto CA3 pyramidal cells where they
control spike transmission and network activity (Contra-
ctor et al. 2011). At this synapse, Neto1 is highly expressed
(Straub et al. 2011a), and genetic deletion of Neto1 (but
not Neto2) has effects on KAR-mediated EPSCs (Straub
et al. 2011a; Tang et al. 2011). In the absence of Neto1,
postsynaptic responses showed faster decay and reduced
amplitudes, although the expression of KAR subunits
was unaffected (Straub et al. 2011a) or only slightly
reduced at the postsynaptic density (Tang et al. 2011).
Thus, Neto1 appears to play a crucial role in regulating
the kinetic properties of these KAR-mediated currents.
The postsynaptic response is most likely mediated
by heteromeric KARs composed of GluK2/GluK4
and GluK2/GluK5 subunit combinations (Contractor
et al. 2003; Darstein et al. 2003; Fernandes et al.
2009).

Previous studies have examined the effect of Neto1
on only two KAR isoforms (GluK1 and GluK2/GluK5).
KARs of different subunit composition have distinct
biophysical properties and roles in synaptic transmission
(Jane et al. 2009; Contractor et al. 2011). Therefore,
we compared the effect of Neto1 on the behaviour
of homomeric or heteromeric KARs composed of a
variety of different subunit combinations, focusing on
GluK5-containing receptors. In addition, the previous
studies used only maximally effective concentrations
of agonist. We examined the effects of Neto1 on the
sensitivity of the receptors to glutamate, as well as the
kinetic properties of responses to non-saturating agonist
concentrations. For GluK5-containing heteromeric
receptors, we found that Neto1 eliminated desensitization
at sub-maximal glutamate concentrations without
altering the concentration dependence of activation.
At saturating agonist concentrations, Neto1 slowed the
onset of desensitization of GluK2 homomers, but not
GluK2/GluK5 heteromers. For both receptors the rate of
recovery from desensitization was enhanced. Our results
demonstrate that the functional impact of Neto1 on
KAR desensitization can be dependent upon the level of
receptor activation, and suggest that this auxiliary subunit
stabilizes a high-affinity, non-desensitized state in partially
bound receptors.
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Methods

Culture and transfection of HEK-293T cells

HEK-293T cells (GenHunter, Nashville, TN, USA) were
maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 IU ml−1

penicillin and 100 μg ml−1 streptomycin. Cells were
passaged with a 0.025% trypsin/0.01% EDTA solution
in phosphate-buffered saline (10 mM Na2HPO4, 150 mM

NaCl, pH 7.3). Full-length cDNAs for the GluK or
Neto1 subunits in mammalian expression vectors
were transfected into cells using calcium phosphate
precipitation as previously described (Mott et al. 2010).
Rat GluK1, GluK2(Q), GluK4 and GluK5 plasmids were
provided by S. Heinemann (Salk Institute, San Diego, CA,
USA), and human GluK3 was provided by A. Srivastava
(Greenwood Genetics Center, Greenwood, SC, USA).
Human Neto 1 was provided by S. Tomita (Yale University,
New Haven, CN, USA). Plasmids were transfected at
ratios of 1:3:4 (GluK1–GluK3:GluK4–GluK5:Neto1),
previously shown to optimize formation of heteromeric
receptors (Barberis et al. 2008) and Neto1 assembly
with KARs (Fisher & Mott, 2012). To identify
transfected cells, we co-transfected 1 μg of a cDNA
encoding a single-chain antibody recognizing the hapten
4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (phOx;
Chesnut et al. 1996). Positively transfected cells were iso-
lated using phOx-coated beads 18–28 h after transfection
and plated onto glass coverslips treated with poly-L-lysine
and collagen.

Electrophysiological recordings

Whole-cell recordings were performed on isolated
HEK-293T cells 40–52 h after transfection under
voltage-clamp conditions. Patch pipettes were pulled from
borosilicate glass with an internal filament (World Pre-
cision Instruments, Sarasota, FL, USA) on a two-stage
puller (Narishige, Japan) to a resistance of 5–10 M� and
filled with a solution containing (in mM): CsGluconate,
130; CsCl, 5; Hepes, 10; CsBapta, 5; MgCl2, 2;
MgATP, 2; NaGTP, 0.3; with pH 7.4 and osmolarity
290–300 mosmol l−1. Cells were continually perfused with
an external solution containing (in mM): NaCl, 150; KCl, 3;
Hepes, 10; CaCl2, 1; MgCl2, 0.4; at pH 7.4 and osmolarity
295–305 mosmol l−1. For whole-cell recordings glutamate
was applied to cells using a stepper solution exchanger
(SF-77B, Warner Instruments, Hamden, CT, USA). The
time course of drug application was <50 ms in the
whole-cell recording configuration as determined using
a diluted external solution applied to the electrode. For
outside-out patch recordings the 3-barrel square glass of
the drug applicator was pulled to a final size near 200 μm.
Rise times (10–90%) of the junction potential at the open

tip were consistently faster than 400 μs and were tested
using a diluted external solution. Current recordings were
amplified (Axopatch 200B; Molecular Devices, Foster City,
CA, USA), filtered (1 kHz) and digitized at 10 kHz using a
Digidata 1320 analog to digital board (Molecular Devices)
and stored on a computer hard drive for off-line analysis.

Analysis of whole-cell and outside-out patch currents

Whole-cell currents were analysed using the programs
Clampfit (pClamp9.2 suite, Molecular Devices,
Foster City, CA, USA) and Prism (Graphpad,
San Diego, CA, USA). Concentration–response
data were fit with a four-parameter logistic
equation: Current = [Minimum current + (Maximum
current – Minimum Current)]/1 + (10∧(log EC50 – log
[Glutamate]) × n), where n represents the Hill number.
All fits were made to normalized data with current
expressed as a percentage of the maximum response to
glutamate for each cell. Peak currents and log EC50 values
were compared using unpaired Student’s t tests with a
significance level of P = 0.05. Currents from outside-out
patch recordings were analysed with the pClamp9.2 suite
of programs (Molecular Devices). The desensitization
rate was determined by fitting the decay current with
the Levenberg–Marquardt least squares method with
increasing numbers of exponential functions until
additional components did not significantly improve the
fit (F test of the sum of squared residuals).

Results

Neto1 shifts the concentration dependence of
desensitization

Co-expression of the Neto1 auxiliary subunit with
recombinant KARs has been shown to alter both agonist
binding and desensitization kinetics in response to
saturating agonist concentrations (Copits et al. 2011;
Straub et al. 2011a). To examine the effect of the
KAR subunit composition on modulation by Neto1
and to better understand the mechanisms under-
lying this modulation, we first compared the effect of
glutamate concentration on the properties of GluK2 and
GluK2/GluK5 receptors co-expressed with Neto1 in trans-
iently transfected HEK-293T cells.

GluK2 homomeric receptors. Homomeric GluK2
receptors are characterized by a relatively low sensitivity
to glutamate (EC50 > 100 μM), and by rapid and complete
desensitization in response to even sub-EC50 glutamate
concentrations (Heckmann et al. 1996; Pasternain et al.
1998; Barberis et al. 2008; Fig. 1). Co-transfection of
Neto1 with GluK2 caused a modest increase in glutamate
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sensitivity (Table 1; Fig. 1A and B). This is consistent
with the previously reported increase in kainate binding
affinity when GluK2 subunits were co-expressed with
Neto1 in oocytes (Straub et al. 2011a). We found that
addition of Neto1 did not significantly change the
peak amplitude of the response to maximally effective
glutamate concentrations (Table 1). Neto1 slowed the
onset and reduced the extent of desensitization of the
whole-cell current (Fig. 1A). At low μM concentrations,
GluK2 receptors with Neto1 showed little desensitization.
A lack of desensitization observed at the macroscopic level
does not necessarily indicate that microscopic transitions
to desensitized states do not occur, only that they are
not apparent under the conditions of these recordings.
Although desensitization increased with increasing
glutamate concentrations, the 5 s application never

produced complete desensitization, and a steady-state
current nearly 10% of the peak current remained even in
response to 10 mM glutamate (Figs 1A and 2C).

The whole-cell recording configuration does not permit
accurate measurement of the fast phases of desensitization.
To quantify the effects of Neto1 on the onset of
desensitization, we used rapid application of 10 μM or
10 mM glutamate to excised outside-out patches (Fig. 1C).
Addition of Neto1 reduced desensitization of GluK2
receptors for both glutamate concentrations. The average
time constant of desensitization in response to a 1 s
application of 10 μM glutamate was significantly slowed,
from 142.1 ± 12.3 ms (n = 4, GluK2) to 386.2 ± 64.2 ms
(n = 5, +Neto1, P ≤ 0.05). The characteristics of
desensitization in response to 10 mM glutamate, a
maximally effective concentration, were also altered by

Figure 1. Effect of Neto1 on GluK2 homomeric receptors
A, whole-cell current responses from HEK-293T cells transiently transfected with GluK2 alone or GluK2 + Neto1
(1:4 cDNA ratio). Glutamate was applied for 5 s (continuous line) at the concentration indicated to cells
voltage-clamped at −70 mV. B, the peak current response at each glutamate concentration was measured and
normalized to the maximum response for each cell. Symbols indicate the mean ± SEM (n = 5 cells) of the response
of GluK2 homomers either with (open circles) or without (filled circles) Neto1. Averaged data were fit with a
four-parameter logistic equation (solid or dashed line). C, 10 μM or 10 mM glutamate was rapidly applied for 1 s
(continuous line) to outside-out patches from cells transfected with either GluK2 alone or GluK2 + Neto1. Patches
were voltage-clamped at −70 mV.
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Table 1. Summary of characteristics from whole-cell recordings

Peak amplitude (pA) Glutamate EC50 (μM)
Steady-state current 10 μM

glutamate, (% of peak)

Subunit composition −Neto1 +Neto1 −Neto1 +Neto1 −Neto1 +Neto1

GluK2 654 ± 135 547 ± 74 186.0 ± 34.2 60.0 ± 2.6∗∗∗ 0.88 ± 0.33 7.12 ± 0.87∗∗∗

(n = 5) (n = 5)
GluK2/GluK5 391 ± 26 467 ± 179 6.0 ± 1.2 5.0 ± 0.3 10.1 ± 1.9 98.6 ± 1.4∗∗∗

(n = 5) (n = 5)
GluK2/GluK4 447 ± 92 561 ± 118 43.2 ± 7.2 9.1 ± 1.2∗∗∗ 2.6 ± 1.3 96.8 ± 2.0∗∗∗

(n = 5) (n = 5)
GluK1/GluK5 200 ± 40 335 ± 180 7.8 ± 1.3 5.2 ± 0.2 3.7 ± 1.4 87.8 ± 2.8∗∗∗

(n = 5) (n = 5)
GluK3/GluK5 55 ± 6 194 ± 35∗∗ 6.0 ± 0.7 4.8 ± 0.5 6.4 ± 0.8 91.2 ± 2.1∗∗∗

(n = 5) (n = 5)

∗∗P ≤ 0.01 or ∗∗∗P ≤ 0.001 indicate a significant difference from the same subunit combination without Neto1 (unpaired
Student’s t test).

Neto1. For GluK2 alone, the onset of desensitization was
best fit with a single exponential component with an
average time constant of 6.2 ± 0.3 ms (n = 3). In the pre-
sence of Neto1, the decay was fit with the sum of two
exponentials with average time constants of 20.4 ± 2.8 ms
(90.5 ± 5.5% of the total area) and 147.2 ± 20.5 ms,
producing a weighted mean average of 32.2 ± 3.8 ms
(n = 3, P ≤ 0.05 compared with GluK2 alone). In addition,
unlike for GluK2 alone, desensitization was not complete,
and a steady-state current averaging 5.9 ± 1.6% of the peak
current remained at the end of the 1 s application. These
results are consistent with our findings from whole-cell
recordings.

GluK2/GluK5 heteromeric receptors. Addition of the
GluK5 subunit to form K2/K5 heteromeric receptors
increases glutamate sensitivity, slows deactivation, and
slows the rate of onset and the extent of desensitization
at low (<100 μM) agonist concentrations (Barberis et al.
2008; Fisher & Mott, 2011; Yan et al. 2013). Earlier studies
have suggested that the heteromeric receptor is activated
by glutamate binding to the higher affinity GluK5 sub-
unit, and that binding to the lower affinity GluK2 sub-
unit is required for desensitization (Mott et al. 2010;
Fisher & Mott, 2011). Straub et al. (2011a) reported that
co-expression of Neto1 with GluK2/GluK5 heteromers
in mammalian cells slowed both desensitization and
deactivation in response to 10 mM glutamate and caused
faster recovery from desensitization. We extended these
studies by characterizing the response of these receptors
to sub-maximal glutamate levels.

In contrast to the GluK2 homomeric receptors,
we found that co-transfection of Neto1 with GluK2
and GluK5 did not change the glutamate sensitivity
of whole-cell current activation (Fig. 2A and B;
Table 1). However, Neto1 had a dramatic effect on

the desensitization characteristics of these heteromeric
receptors (Fig. 2). In the absence of Neto1, GluK2/GluK5
receptors typically first began to desensitize at
concentrations near 1–3 μM glutamate. As the agonist
concentration increased, desensitization became faster
and more complete, and at mM concentrations was
very similar to that of the GluK2 homomer. A small
rebound current could be observed following removal
of agonist at high glutamate concentrations, which has
been attributed to the large difference in glutamate
affinity between the GluK2 and GluK5 subunits (Mott
et al. 2010; Fisher & Mott, 2011). With the addition of
Neto1, the concentration dependence of desensitization
for GluK2/GluK5 heteromers was substantially altered
(Fig. 2). Glutamate at levels up to 10 μM produced
non-desensitizing whole-cell responses, and at higher
concentrations desensitization was less complete than in
the absence of Neto1 (Fig. 2A and C). At the end of
the 5 s application a large rebound current was observed
(Fig. 2A). These characteristics are strikingly similar to
those seen in heteromeric receptors when the glutamate
sensitivity of the GluK2 subunit was reduced by a mutation
within the agonist binding site (Fisher & Mott, 2011).
However, we found that Neto1 actually increased the
glutamate sensitivity of GluK2 homomeric receptors
(Fig. 1), making it unlikely that decreased activation of
the GluK2 subunit in the heteromer underlies this change
in receptor behaviour. A more reasonable explanation is
that the rebound current arises from alteration of the
desensitization kinetics. The averaged data in Fig. 2C were
fit with logistic equations to determine the glutamate
EC50 for the onset of desensitization. Because substantial
desensitization was observed with GluK2 receptors even at
the lowest concentrations tested, the minimum response
was fixed at zero for this data set. In the absence of
Neto1, the values of EC50 for onset of desensitization were

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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Figure 2. Effect of Neto1 on GluK2/GluK5 heteromeric receptors
A, cells were transiently transfected with GluK2/GluK5 alone or plus Neto1. Whole-cell currents are shown in
response to glutamate applied for 5 s (continuous line) at the concentration indicated to cells voltage-clamped
at −70 mV. B, the peak current response was measured and normalized to the maximum response for each cell.
Symbols indicate the mean ± SEM (n = 5 cells) of the response of GluK2/GluK5 receptors with (open squares) or
without (filled squares) Neto1. Averaged data were fit with a four-parameter logistic equation (solid or dashed
line). C, the extent of desensitization was measured by subtracting the steady-state /peak current ratio from 1 and
multiplying by 100 to give percentage desensitization. Steady-state current was measured at the end of the 5 s
application. Symbols show mean ± SEM (n = 5 cells). D, the amplitude of the steady-state current was measured
at the end of the 5 s application and normalized to the maximum steady-state current for each cell. Symbols
show mean ± SEM (n = 5 cells). E, 10 μM or 10 mM glutamate was rapidly applied for 1 s (continuous line) to
outside-out patches from cells transfected with either GluK2/GluK5 alone or GluK2/GluK5 + Neto1. Patches were
voltage-clamped at −70 mV.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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1.2 μM (GluK2) and 6.7 μM (GluK2/GluK5). These levels
are far lower than the glutamate concentrations required
to fully activate GluK2 homomeric receptors (see Fig. 1;
Table 1). In the presence of Neto1, higher concentrations
are required to produce desensitization, and the values
of EC50 are shifted to 6.7 μM (GluK2 + Neto1) and
84.9 μM (GluK2/GluK5 + Neto1). We also measured the
steady-state current amplitude and found a similar pattern
(Fig. 2D). Addition of Neto1 causes a rightward shift in the
concentration–response relationship of the steady-state
current, as the maximum amplitude of these currents is
now reached at a higher glutamate concentration.

Using recordings from excised outside-out patches, we
measured the onset of desensitization in response to 1 s
applications of 10 μM or 10 mM glutamate (Fig. 2E). As we
observed in whole-cell recordings, GluK2/GluK5 receptors
with Neto1 showed no desensitization in response to
10 μM glutamate (n = 3 patches), while in the absence of
Neto1 the time constant of decay averaged 160.2 ± 9.1 ms
(n = 6). Rapid desensitization in both cases was produced
with 10 mM glutamate, averaging 5.9 ± 0.6 ms (n = 4,
GluK2/GluK5 alone) and 6.2 ± 0.6 ms (n = 3, +Neto1).
However, in the presence of Neto1, desensitization was not
complete, with a steady-state current averaging 8.2 ± 0.2%
of the peak current. As with the whole-cell recordings, a
rebound current could be observed after the end of the
glutamate application. These results with 10 mM glutamate
differ from those of Straub et al. (2011a) using the
same subunit combinations. Compared with our findings,
they observed a greater effect of Neto1 on the rate of
desensitization but less impact on the steady-state current,
and did not report a rebound current following agonist
removal.

Recovery from desensitization – GluK2 and
GluK2/GluK5

One consistent effect of the Neto proteins on KARs is
an increase in the rate of recovery from desensitization
(Zhang et al. 2009; Straub et al. 2011a,b; Copits
et al. 2011). We compared the effect of Neto1 on
GluK2 and GluK2/GluK5 receptors using paired, 100 ms
applications of 10 mM glutamate (Fig. 3). Recovery time
constants for homomeric and heteromeric receptors
without Neto1 averaged 1.67 ± 0.24 s (n = 5, GluK2) and
1.74 ± 0.19 s (n = 4, GluK2/GluK5), similar to previous
reports (Heckmann et al. 1996; Mott et al. 2010; Straub
et al. 2011a). We found that recovery was significantly
faster in the presence of Neto1 for both receptor isoforms
(P ≤ 0.01), with average time constants of 0.24 ± 0.12 s
(n = 4) for GluK2 + Neto1 and 0.25 ± 0.05 s (n = 3) for
GluK2/GluK5 + Neto1. In both the presence and absence
of Neto1, recovery was not affected by inclusion of
the GluK5 subunit, consistent with the view that the

desensitization properties of heteromeric receptors are
determined primarily by the GluK2 subunits.

The effect of Neto1 on heteromeric receptors does
not depend upon the GluK1–GluK3 subunit subtype

The tetrameric KARs can be assembled from a
combination of five different subunits. Earlier studies
suggested that the functional effect of Neto1 on
homomeric receptors was subunit dependent, slowing
desensitization of GluK2 homomers, but speeding
desensitization of GluK1 homomers (Copits et al. 2011).
To determine if the effect of Neto1 on the properties
of heteromeric receptors was also influenced by the
subunit composition, we compared the characteristics
of GluK1/GluK5 and GluK3/GluK5 in the absence and
presence of Neto1 (Fig. 4). Just as we observed for
GluK2/GluK5 receptors, co-expression with Neto1 did
not change the glutamate sensitivity of activation (Fig. 4B;
Table 1). The only subunit combination for which Neto1
significantly altered maximum current amplitude was
GluK3/GluK5, which increased about 350% when Neto1
was co-transfected (Table 1).

The impact of Neto1 on desensitization of the whole-cell
current was similar for heteromeric receptors containing
GluK1, GluK2 or GluK3 in combination with GluK5
(Fig. 4). In the absence of Neto1, GluK1/GluK5 receptors
showed substantial desensitization in response to low
μM levels of glutamate, and the rate and extent of
desensitization increased in a concentration-dependent
manner, consistent with the behaviour of GluK1 homo-
mers (Sommer et al. 1992). GluK3 subunits are
characterized by a very low sensitivity to glutamate
(EC50 > 10 mM for homomeric receptors) as well as rapid
onset of desensitization (Schiffer et al. 1997; Perrais
et al. 2009). We found that the GluK3/GluK5 heteromers
have high glutamate sensitivity, but rapidly desensitize
in response to concentrations above 1 μM and exhibit
a large rebound current following removal of agonist
(Fig. 4A). This is consistent with a relatively rapid recovery
from the desensitized state, and could be produced by a
large separation between the agonist affinities for the two
different subunits (Mott et al. 2010; Fisher & Mott, 2011).
As with the GluK2/GluK5 receptors (Fig. 2), addition
of Neto1 to GluK1/GluK5 or GluK3/GluK5 shifted the
concentration dependence of desensitization to the right,
and reduced the extent of desensitization at all glutamate
concentrations (Fig. 4A and C). These results suggest that
the functional impact of Neto1 is similar at heteromeric
receptors containing the GluK5 subunit in combination
with any of the GluK1, GluK2 or GluK3 subunits.

We also examined GluK2/GluK4 heteromeric receptors,
to determine if the effects of Neto1 were dependent on
the identity of the ‘high-affinity’ subunit. Like GluK5,

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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co-assembly with GluK4 increased glutamate sensitivity
compared with the GluK2 homomeric receptor, although
the presence of GluK4 had less impact on the receptor’s
kinetic properties (Fig. 5A and B). The addition of
Neto1 to GluK2/GluK4 receptors reduced the extent of
desensitization in whole-cell recordings, and produced
a prominent rebound current (Fig. 5A and C). As with
GluK2/GluK5, Neto1 changed the glutamate EC50 for the
extent of desensitization from 1.3 μM (GluK2/GluK4) to
63 μM (GluK2/GluK4 + Neto1). The functional impact
was therefore qualitatively similar to that seen with
GluK2/GluK5 receptors. Unlike GluK2/GluK5, Neto1 also
increased glutamate sensitivity of GluK2/GluK4 receptors
(Fig. 5B; Table 1), demonstrating a distinct functional
impact at the GluK4 subunit that is not observed with
GluK5-containing receptors.

Discussion

We examined the impact of the auxiliary sub-
unit Neto1 on the properties of recombinant homo-
meric and heteromeric KARs with varying subunit
composition. For all isoforms studied, co-expression
of Neto1 shifted the concentration dependence for
the onset of desensitization towards higher levels of
glutamate. Little or no macroscopic desensitization was
observed at low glutamate concentrations (<30 μM),
particularly for heteromeric GluK4- or GluK5-containing
receptors. Neto1 also increased the rate of recovery
from desensitization for both homomeric (GluK2) and
heteromeric (GluK2/GluK5) receptors and increased
the steady-state current, even at saturating agonist

concentrations. We found that the effect of Neto1 on
the glutamate sensitivity of channel activation was sub-
unit dependent and relatively modest. The glutamate
EC50 was unchanged for all GluK5-containing isoforms,
and was significantly reduced only for GluK2 homo-
mers and GluK2/GluK4 heteromers. This is consistent
with the slight enhancement of [3H]kainate binding affinity
for GluK2 homomers previously observed (Straub et al.
2011a). Neto1 also had little effect on the peak current
amplitude of GluK1- and GluK2-containing receptors,
but increased the maximum response of GluK3/GluK5
receptors. This selective effect at GluK3-containing
receptors might arise through changes in kinetic
properties. GluK3-containing receptors have been found
to strongly desensitize without channel opening and, as
a result, reducing desensitization would be expected to
increase current amplitude (Perrais et al. 2009). Therefore,
our results are in line with previous reports that Neto1
has little impact on surface expression of recombinant
receptors (Copits et al. 2011; Straub et al. 2011a; Copits &
Swanson, 2012).

Our studies also demonstrate the distinct properties
associated with each of the five KAR subunits. Homo-
meric receptors composed of GluK1–GluK3 subunits
differ in agonist affinity and desensitization kinetics
(Perrais et al. 2010), and these characteristics also
contribute to some aspects of the behaviour of
heteromeric receptors. In homomeric KARs, the onset
of desensitization has only a small dependence upon
glutamate concentration (Heckmann et al. 1996), and
even low μM levels of glutamate cause rapid and complete
desensitization. This pattern changes in heteromers
containing GluK4 or GluK5 subunits, suggesting that

Figure 3. Effect of Neto1 on recovery from desensitization
A, outside-out patches were excised from cells transfected with the subunits indicated. Pairs of 100 ms applications
of 10 mM glutamate (continuous lines) were applied 1 s apart to patches voltage-clamped at −70 mV. B, paired
pulses of 10 mM glutamate (100 ms) were applied to outside-out patches at intervals ranging from 100 ms to 5 s.
The peak amplitude of the 2nd response was divided by that of the 1st response and multiplied by 100 to give
percentage recovery. Data were fitted with a single exponential shown by the continuous line (GluK2) or dashed
line (GluK2/GluK5).
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the process of glutamate-induced desensitization differs
in these receptors. In the absence of Neto1, the
concentration-dependent kinetics of heteromeric KARs
can be ascribed to the unique properties of the individual

subunits (Swanson et al. 2002; Mott et al. 2010; Fisher
& Mott, 2011). Thus, at heteromeric GluK2/GluK5
receptors, glutamate binding to the high-affinity GluK5
subunit opens the channel and rapid desensitization

Figure 4. Neto 1 effects on GluK1/GluK5 and GluK3/GluK5 heteromeric receptors
A, whole-cell currents from cells transfected with the indicated subunits. Glutamate was applied for 5 s
(continuous line) at the concentration shown to cells voltage-clamped at −70 mV. B, the peak current response
at each glutamate concentration was normalized to the maximum response for each cell. Symbols indicate the
mean ± SEM of the response of heteromeric receptors either with (open symbols, dashed line) or without Neto1
(filled symbols, continuous line). Averaged data were fit with a four-parameter logistic equation. C, the extent of
desensitization was measured by subtracting the steady-state/peak current ratio from 1 and multiplying by 100
to give percentage desensitization. Steady-state current was measured at the end of the 5 s application. Symbols
(mean ± SEM) represent subunit combinations with or without Neto1, as indicated in B.
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occurs only when the lower-affinity GluK2 subunit is
activated by agonist. The non-desensitizing properties
associated with the high-affinity GluK4 or GluK5 sub-
units contribute to the slow kinetics of heteromeric
KARs at non-saturating glutamate concentrations. This
theory is further supported by the behaviour we observed
for GluK3/GluK5 receptors in this study. GluK3 homo-
meric receptors are characterized by a low affinity
for activation, with a glutamate EC50 in the mM

range, and are likely to desensitize without opening,
especially at low agonist concentrations (Schiffer et al.
1997; Perrais et al. 2009). In contrast, co-assembly of
GluK5 with GluK3 in a heteromer enabled receptor
activation at low μM glutamate concentrations, similar
to the glutamate sensitivity of other GluK5-containing
heteromers. We found that the onset of desensitization of
the GluK3/GluK5 heteromeric receptors begins in the μM

range, consistent with levels that desensitize (but do not
activate) GluK3 homomeric receptors. This suggests that

glutamate binding to GluK5 subunits in these receptors
was responsible for receptor activation, whereas agonist
binding to GluK3 subunits produced desensitization. The
relatively low affinity of these GluK3 subunits would
allow rapid recovery and produce the rebound current
we observed upon agonist washout.

It is clear from the properties of homomeric receptors
that the Neto proteins can modulate the function of GluK1
or GluK2 subunits. It is not known if they can also alter
the properties of GluK4 or GluK5 subunits, which must
co-assemble with one of the GluK1–GluK3 subunits to
form heteromeric receptors. Interaction of Neto1 with
GluK2/GluK4 or GluK2/GluK5 receptors slowed the onset
of desensitization in response to sub-maximal glutamate
concentrations and caused a prominent rebound current
following removal of higher glutamate concentrations.
This ‘tail’ current is consistent with rapid recovery from
desensitization, allowing re-activation of the receptors
through the glutamate bound to the high-affinity

Figure 5. Effect of Neto 1 on the properties of GluK2/GluK4 heteromeric receptors
A, representative whole-cell currents from cells transfected with GluK2 and GluK4 with or without Neto1.
Glutamate was applied for 5 s (continuous line) at the concentration indicated to cells voltage-clamped at −70 mV.
B, the peak current response at each glutamate concentration was normalized to the maximum response for each
cell. Symbols indicate the mean ± SEM of the response of receptors either with (open symbols, dashed line) or
without Neto1 (filled symbols, continuous line). Averaged data were fit with a four-parameter logistic equation.
C, the extent of desensitization was measured by subtracting the steady-state/peak current ratio from 1 and
multiplying by 100 to give percentage desensitization. Steady-state current was measured at the end of the 5 s
application. Symbols (mean ± SEM) represent GluK2/GluK4 with (open) or without (filled) Neto1, as in B.
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GluK4/GluK5 subunits. It is interesting that many of the
effects of Neto1 are comparable to those of adding the
GluK5 subunit to homomeric receptors. Both Neto1 and
GluK5 increase glutamate sensitivity, slow the onset of
desensitization at sub-maximal glutamate concentrations,
and reduce voltage-dependent block by intracellular poly-
amines (Barberis et al. 2008; Fisher & Mott, 2011,
2012). Because binding of glutamate to the GluK5 sub-
unit does not normally appear to contribute to the
onset of desensitization, it may be difficult to discern
whether Neto1 has any functional impact on this sub-
unit. Further studies will be necessary to clarify whether
there are interactions between these subunits. We found
similar effects of Neto1 on heteromeric GluK5-containing
receptors regardless of the GluK1–GluK3 partner. Inter-
estingly, Copits et al. (2011) previously reported that
Neto1 accelerated desensitization of GluK1 homomers, in
contrast to its effects on GluK2 homomers. This suggests
that the presence of GluK5 may regulate the interaction of
Neto1 with GluK1. With GluK2 homomers, we found that
Neto1 had a comparable effect slowing desensitization at
both low and high agonist concentrations, but was effective
only at low agonist concentrations for GluK2/GluK5.
This subunit dependence might arise from preferential
assembly of Neto1 with either GluK2 or GluK5, or may
reflect differences in the structural changes that under-
lie desensitization states in homomeric and heteromeric
receptors.

Neto1 did not alter the glutamate sensitivity of
activation of GluK5-containing receptors, but caused
a fivefold increase in the glutamate sensitivity of
GluK2/GluK4 receptors. This suggests that Neto1 interacts
with GluK4- and GluK5-containing receptors differently.
The GluK4 subunit appears to make a greater contribution
to desensitization of heteromeric receptors than does the
GluK5 subunit (Mott et al. 2010; Copits & Swanson, 2012),
which may account for its modulation by Neto1. However,
the observed shift in glutamate sensitivity might also have
arisen from a change in receptor assembly. GluK4 sub-
units do not always readily incorporate into functional
receptors in expression systems (see Perrais et al. 2010)
and, as a result, the receptor population is likely to be
heterogeneous, with some homomeric GluK2 receptors
contributing to the response. If co-expression of Neto1
preferentially enhanced the formation of higher-affinity
heteromeric receptors, an apparent increase in glutamate
sensitivity would result.

The effects of Neto1 on the properties of GluK2/GluK5
receptors that we observed differ substantially from
those previously reported by Straub et al. (2011a). They
found that Neto1 significantly slowed both desensitization
and deactivation of the channels in response to 10 mM

glutamate or 1 mM kainate, and that no rebound current
occurred at the end of agonist application. They also
reported that Neto1 co-expression had only a small effect

on the steady-state current when glutamate was the
agonist. These characteristics are similar to our results
using GluK2 homomeric receptors, and it is possible
that in their studies the co-transfection of GluK2 and
GluK5 produced a heterogeneous population of receptors
with a prominent homomeric component. The kinetic
properties they reported for receptors in the absence
of Neto1 are also more consistent with homomeric
receptors, with fast deactivation rates in response to 1 ms
applications of 10 mM glutamate (weighted mean time
constants of ∼1.5 ms). These values would be expected
from GluK2 receptors but not GluK2/GluK5 heteromers,
which deactivate with time constants closer to 50 ms
(Barberis et al. 2008).

At GluK2/GluK5 heteromeric receptors, the effect of
Neto1 on the onset of desensitization was concentration
dependent, producing a significant change at sub-maximal
agonist concentrations, but not saturating concentrations.
This suggests that, at least in heteromeric receptors, Neto1
primarily regulates the kinetic properties of partially
bound receptors. Neto1 seems to stabilize the open state(s)
and/or destabilize the desensitized state(s) of the channel.
Similarly, Neto2 increases the open probability and burst
length of individual GluK2 receptors (Zhang et al. 2009).
Significant progress has been made towards understanding
the structural mechanisms that regulate desensitization of
ionotropic glutamate receptors (Sun et al. 2002; Horning
& Mayer, 2004; Armstrong et al. 2006; Weston et al. 2006;
Schauder et al. 2013). KARs, like AMPA receptors, have
been proposed to function largely as a ‘dimer-of-dimers’
in which the onset of desensitization is regulated by
residues that contribute to the dimer interface for each
pair of subunits (Zhang et al. 2006; Chaudhry et al. 2009;
Das et al. 2010; Gonzalez et al., 2010; Nayeem et al.
2011). According to this proposal, desensitization occurs
when agonist binding causes a conformational change
within the ligand-binding domain, leading to disruption
of the dimer interface and transition to an energetically
favourable desensitized state (see reviews by Traynelis
et al. 2010; Mayer, 2011). Recent work has expanded
this mechanism by demonstrating that fully occupied
GluK2 receptors assume a stable desensitized state by
undergoing a major conformational rearrangement in
which the ligand-binding domains no longer form dimer
assemblies, but emerge instead as four separate protomers
(Schauder et al. 2013). Schauder et al. (2013) suggested
that conformational changes of individual dimers within
the receptor may represent an intermediate desensitized
state. Accordingly, in a partially bound receptor, one
fully occupied dimer pair could enter the desensitized
state, closing the channel. The other dimer pair may
be in a different conformation, with one or neither of
the subunits bound to the agonist. The conformation
of the desensitized receptor may thus depend upon
agonist concentration, consistent with an earlier proposal
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suggesting the existence of multiple desensitized states
(Patneau & Mayer, 1991). The heteromeric KAR is likely
composed of two dimers, each of which contains one
GluK2 and one GluK5 subunit (Kumar et al. 2011;
Reiner et al. 2012). The higher affinity of the GluK5 sub-
units increases the likelihood that they will be bound
before the GluK2, leading to a condition in which one
binding site is occupied by glutamate in each dimer.
Our previous studies suggest that this produces channel
activation but not desensitization (Fisher & Mott, 2011).
With increasing levels of glutamate, the agonist binds
to the GluK2 subunits, and occupancy of both sub-
units within a dimer produces desensitization. Neto1
could regulate this process in a manner dependent
upon the conformation of the desensitized state of the
receptor. In heteromeric receptors, Neto1 had its greatest
effect at sub-maximal concentrations, suggesting that it
modulates the interaction between subunits forming a
dimer in partially bound receptors. In these partially
bound receptors Neto1 may stabilize the dimer inter-
face, allowing the channel to remain open, despite agonist
binding to both subunits in the dimer. In contrast,
Neto1 had a reduced effect on desensitization at maximal
glutamate concentrations, when all four subunits are
bound to the agonist. Our data suggest that Neto1
only minimally modulates the conformational changes
associated with transitions into this desensitized state
in the heteromeric receptor. However, the increase in
recovery from desensitization suggests that it may reduce
the stability of this closed but fully bound state. The effect
of Neto1 on the glutamate EC50 for onset of desensitization
is also consistent with this type of model. In the presence of
Neto1, the EC50 for desensitization of both GluK2 homo-
mers and GluK2/GluK5 heteromers shifts to the right,
although the EC50 for activation is either slightly decreased
or unchanged. This change is consistent with the idea
that in the absence of Neto1, partially bound receptors
can produce complete desensitization while, in the pre-
sence of Neto1, fully bound receptors may be required for
desensitization.

While the effects of agonist concentration on the
modulation produced by Neto1 could arise from
differences in the ability of the auxiliary subunit to
influence various desensitized states of the receptor,
the concentration dependence could also result from a
rapidly regulated interaction between Neto1 and the KAR
subunits. Either glutamate itself or the conformational
changes associated with activation could disrupt the inter-
action between the pore-forming and auxiliary subunits,
removing the positive modulation produced by Neto1
and causing a rapid ‘depotentiation’ that would appear
to be desensitization. Recovery of Neto1 to its site as
glutamate unbinds could produce the observed rebound
current. A similar mechanism has been demonstrated
for TARP modulation of AMPA receptors, as high

concentrations of glutamate induce rapid dissociation of
stargazin (γ-2) from neuronal or recombinant AMPA
receptors (Morimoto-Tomita et al. 2009). Future studies
uncovering the structural basis of the KAR–Neto inter-
action may shed light on the potential for this process to
occur.

Our studies focused on Neto1 modulation of KARs
because it appears to have an important role in the
CA3 region of the hippocampus (Straub et al. 2011a;
Tang et al. 2011). While Neto1 and Neto2 have high
structural homology to one another, they show different
expression patterns in the brain and have distinct effects
on channel function. Unlike Neto1, Neto2 appears to
have an important functional role in regulation of surface
expression and synaptic targeting of KARs in neurons
(Copits & Swanson, 2012). Their effects on channel
kinetics are generally comparable, except at GluK1 homo-
meric receptors where they have opposing effects (Copits
et al. 2011). In addition, at the receptors that have been
studied so far, Neto2 has a larger impact than Neto1 on
the onset of desensitization, and its effect appears to be
less dependent upon subunit composition (Zhang et al.
2009; Copits et al. 2011; Straub et al. 2011a,b; Copits &
Swanson, 2012). Further work may clarify the functional
differences between these two auxiliary subunits.

Synaptic KAR currents differ from those mediated
by AMPA receptors in their slow kinetics, decaying in
tens or hundreds of milliseconds. These slow kinetics
provide an important synaptic mechanism through
which KARs encode temporal information (Castillo
et al. 1997; Vignes & Collingridge, 1997; Mulle et al.
1998). Studies using Neto1 knockout animals show that
the presence of Neto1 impacts the properties of KAR
EPSCs at mossy fibre synapses in the hippocampus and
suggest that this regulation is crucial for conferring the
slow decay kinetics associated with KAR-mediated post-
synaptic currents (Straub et al. 2011a). These KARs
are likely heteromeric receptors containing GluK4 or
GluK5 subunits, which may be associated with Neto1.
Rapid recovery from desensitization conferred by Neto1
may give these neurons the ability to respond to fast
stimulation frequencies. Our results also suggest that
tonic KAR-mediated currents could be produced at low
(<100 μM) glutamate concentrations. If expression of
the Neto proteins is regulated by activity, changes in
the proportion of Neto-associated KARs may provide a
mechanism for altering the properties of KAR-mediated
neurotransmission.
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