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Neto2 Assembles with Kainate Receptors in DRG Neurons
during Development and Modulates Neurite Outgrowth in
Adult Sensory Neurons

Claire G. Vernon and X Geoffrey T. Swanson
Department of Pharmacology, Northwestern University Feinberg School of Medicine, Chicago, Illinois 60611

Peripheral sensory neurons in the dorsal root ganglia (DRG) are the initial transducers of sensory stimuli, including painful stimuli, from
the periphery to central sensory and pain-processing centers. Small- to medium-diameter non-peptidergic neurons in the neonatal DRG
express functional kainate receptors (KARs), one of three subfamilies of ionotropic glutamate receptors, as well as the putative
KAR auxiliary subunit Neuropilin- and tolloid-like 2 (Neto2). Neto2 alters recombinant KAR function markedly but has yet to be
confirmed as an auxiliary subunit that assembles with and alters the function of endogenous KARs. KARs in neonatal DRG require the
GluK1 subunit as a necessary constituent, but it is unclear to what extent other KAR subunits contribute to the function and proposed
roles of KARs in sensory ganglia, which include promotion of neurite outgrowth and modulation of glutamate release at the DRG– dorsal
horn synapse. In addition, KARs containing the GluK1 subunit are implicated in modes of persistent but not acute pain signaling. We
show here that the Neto2 protein is highly expressed in neonatal DRG and modifies KAR gating in DRG neurons in a developmentally
regulated fashion in mice. Although normally at very low levels in adult DRG neurons, Neto2 protein expression can be upregulated via
MEK/ERK signaling and after sciatic nerve crush and Neto2�/� neurons from adult mice have stunted neurite outgrowth. These data
confirm that Neto2 is a bona fide KAR auxiliary subunit that is an important constituent of KARs early in sensory neuron development
and suggest that Neto2 assembly is critical to KAR modulation of DRG neuron process outgrowth.
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Introduction
Kainate receptors (KARs), a subfamily of ionotropic glutamate
receptors, modulate circuit activity and excitatory/inhibitory bal-

ance throughout the nervous system (Contractor et al., 2011).
KARs assemble as a diverse array of heteromeric proteins found
at both presynaptic and postsynaptic sites. Five pore-forming
subunits (GluK1–GluK5) form the tetrameric core of these re-
ceptors, which differ in their biophysical properties and neuronal
distribution depending on their subunit composition (Contrac-
tor et al., 2011). In addition, the Neuropilin- and tolloid-like
(Neto) proteins, Neto1 and Neto2, affect KAR biophysical prop-
erties and localization (Ng et al., 2009; Zhang et al., 2009; Copits
et al., 2011; Straub et al., 2011b; Tang et al., 2011). Both Neto
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Significance Statement

Pain-transducing peripheral sensory neurons of the dorsal root ganglia (DRG) express kainate receptors (KARs), a subfamily of
glutamate receptors that modulate neurite outgrowth and regulate glutamate release at the DRG– dorsal horn synapse. The
putative KAR auxiliary subunit Neuropilin- and tolloid-like 2 (Neto2) is also expressed in DRG. We show here that it is a develop-
mentally downregulated but dynamic component of KARs in these neurons, that it contributes to regulated neurite regrowth in
adult neurons, and that it is increased in adult mice after nerve injury. Our data confirm Neto2 as a KAR auxiliary subunit and
expand our knowledge of the molecular composition of KARs in nociceptive neurons, a key piece in understanding the mecha-
nistic contribution of KAR signaling to pain-processing circuits.
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proteins alter recombinant KAR properties but, to date, only Neto1
has been established as a constituent of native KARs (Straub et al.,
2011b; Tang et al., 2011). Modulation of native receptors represents
a critical criterion that distinguishes between putative and validated
auxiliary subunits (Yan and Tomita, 2012). Therefore, Neto2 has yet
to be confirmed as a bona fide KAR auxiliary subunit despite the
robust effects of recombinant Neto2 on KAR properties in heterol-
ogous expression systems and cultured neurons (Zhang et al., 2009;
Copits et al., 2011; Straub et al., 2011a; Tang et al., 2012; Sheng et al.,
2015; Palacios-Filardo et al., 2016).

KARs are expressed throughout the nervous system, including
in small-diameter non-peptidergic neurons located in the dorsal
root ganglia (DRG), which are presumed to be nociceptors based
on their molecular profile and their slow conduction velocity
(Agrawal and Evans, 1986; Huettner, 1990; Lee et al., 2001; Uso-
skin et al., 2015). GluK1 mRNA is expressed in DRG at high levels
(Bettler et al., 1990; Partin et al., 1993) and KAR currents and
calcium signals are dependent on expression of the GluK1 sub-
unit (Mulle et al., 2000; Rozas et al., 2003). Glutamate-evoked
currents in DRG neurons have properties similar to GluK1-
containing receptors (Swanson and Heinemann, 1998), although
there is evidence for GluK5 mRNA (Herb et al., 1992; Partin et al.,
1993) and Neto mRNA in DRG (Allen Institute for Brain Science,
2015).

The role of KARs in peripheral neurons is diverse. They act as
autoreceptors at central terminals to modulate glutamate release
onto dorsal horn neurons (Kerchner et al., 2001b; Kerchner et al.,
2002) and their activation affects neurite outgrowth in culture
(Joseph et al., 2011; Marques et al., 2013). Peripheral KARs are
thought to serve as glutamate sensors during inflammation or
tissue damage (Du et al., 2006) and somatic KARs might sense
glutamate released within the ganglia (Kung et al., 2013). GluK1-
containing KARs also modulate pathologic pain, although this
function does not necessarily arise from the KAR population in
DRG neurons (Wu et al., 2005; Koga et al., 2012), and pharma-
cological inhibition or genetic ablation of GluK1 alleviates di-
verse models of hypersensitive pain in rodents (for review, see
Bhangoo and Swanson, 2013). Although the obligatory role of the
GluK1 subunit is clear, to what extent additional pore-forming or
auxiliary subunits contribute to these receptors is not under-
stood. Moreover, the physiological properties of KARs in adult
DRG neurons, and how those might differ from neonatal recep-
tors, have not been characterized despite their relevance to noci-
ception and other activities. A better understanding of the
molecular composition of KARs will be critical to targeting re-
ceptors successfully for the treatment of pathological pain.

We confirm here that Neto2 is a bona fide KAR auxiliary
subunit and a component of KARs in peripheral sensory neurons.
Neto2 expression is highest in the first postnatal week, reducing
to low levels �2 weeks after birth. Adult neurons retain the ca-
pacity for high Neto2 expression, however, and their outgrowth
in culture is altered in the absence of Neto2. In addition, Neto2 is
upregulated after crush injury to the sciatic nerve. These findings
show that Neto2 is a developmentally regulated component of
KARs in the peripheral nervous system and is regulated dynam-
ically in adult neurons during axon outgrowth.

Materials and Methods
Animals. All animals used in these studies were treated according to
protocols approved by Northwestern University’s Institutional Animal
Care and Use Committee, which were consistent with standards of care
established by the Guide for the Care and Use of Animals, 8th edition,
published by the National Institutes of Health in 2011. Male and female

mice were used for all experiments; no gender-dependent differences
were observed, so data from both genders was combined. For physiology
and biochemical experiments, wild-type animals were C57BL/6 from
Charles River Laboratories and The Jackson Laboratory or were the wild-
type littermates of the knock-out animals used. For outgrowth and be-
havioral experiments, wild-type animals were the littermates of the
Neto1 knock-out (Neto1�/�) and Neto2�/� mice that were generously
provided to us by Dr. Roderick McInnes (Ng et al., 2009; Tang et al.,
2011). GluK5�/� mice were provided by Dr. Anis Contractor (Contrac-
tor et al., 2003). For all experiments, neonatal animals were between
postnatal day 0 (P0) and P5, adult animals were P56 (8 weeks) and older,
and all other ages are specified.

Dissection and neuron culture. DRG neuron cultures were performed as
described previously (Copits et al., 2014). Briefly, mice were anesthetized
with isoflurane and rapidly decapitated. DRG were removed and cleaned
of nerve processes and connective tissue. For electrophysiology, only
lumbar ganglia were removed; for imaging and Western blotting, lumbar
and thoracic ganglia were removed. Tissue was digested at 37°C in colla-
genase A/D (1 mg/ml neonatal DRG, 3–5 mg/ml adult DRG), followed by
0.4 mg/ml activated papain (Roche). DRG were plated to poly-L-lysine/
laminin-coated glass coverslips in 50:50 DMEM:F12 medium (Corning)
containing 10% fetal bovine serum (Gemini Bio-Products,) and 0.5%
penicillin/streptomycin (Corning). Cells were plated in a minimal vol-
ume (100 –200 �l) to each coverslip and wells were filled with medium
after 2 h of culture. At this time, nerve growth factor (10 ng/ml) (Pro-
mega) was added to adult cultures and U0126 (Abcam), triciribine
(Sigma-Aldrich), and wortmannin (Sigma-Aldrich) were added as noted
in the Results section.

Western blotting. Total solubilized protein was separated on a 10%
denaturing polyacrylamide gel and transferred to a polyvinylidene fluo-
ride membrane. Neto2 was detected using rabbit anti-Neto2 (1:2000,
catalog #ab109288, RRID:AB_10863520; Abcam). Actin was detected
using mouse anti-actin (1:2000, catalog #A4700, RRID:AB_476730;
Sigma-Aldrich). Goat anti-rabbit and goat anti-mouse HRP-conjugated
secondary antibodies were from Thermo Fisher Scientific catalog
#31460, RRID:AB_228341, and catalog #31430, RRID:AB_228307,
respectively).

Imaging and neurite outgrowth quantification. To visualize and quan-
tify neuron axon outgrowth, dissociated neurons were electroporated
with eGFP using the MaxCyte Electroporation System immediately be-
fore plating. Twenty-four hours after plating, neurons were fixed in 4%
PFA for 1 h by gently exchanging the growth medium for PBS in four
50% volume exchanges, then exchanging the PBS for PFA in four 50%
volume exchanges. PFA was again exchanged for PBS and coverslips were
mounted in ProlongGold mounting medium (Invitrogen) and dried
overnight. DRG neurons were identified by their large, bright, round
somas and were imaged on a Nikon AR1 laser scanning microscope at the
Northwestern University Center for Advanced Microscopy. Confocal
image stacks were flattened and neurite arbors were traced using the
Simple Neurite Tracer plugin in FIJI (Fiji Is Just ImageJ, RRID:
SCR_002285; Schindelin et al., 2012). Arbor information was exported to
Excel and automated Sholl analysis was performed at 5 �m intervals in
the Simple Neurite Tracer, exported to Excel, and statistics performed in
Prism 5 (GraphPad Software). For statistical comparisons between
equivalent maturation stages, cells were categorized as described previ-
ously (Marques et al., 2013). After analysis, defined parameters for each
maturation stage were determined by evaluating cells in each stage from
both genotypes combined. Cells with �60 branch points were Stage 2
regardless of the length of their longest axon. Cells with 60 or fewer
branch points were categorized as Stage 1 if their longest axon was 150
�m long or less and as Stage 3 if their longest axon was �150 �m long.
The experimenter was blinded to genotype for the dissection, culture,
imaging, tracing, and analysis of all cells.

Electrophysiology. Whole-cell recordings from acutely isolated DRG
neurons were performed as described previously (Copits et al., 2014).
Currents were elicited by fast application of 10 mM glutamate (Sigma-
Aldrich) to lifted cells using a piezoceramic system; rise times (10 –90%)
ranged from 0.5 to 3.0 ms. Weighted desensitization rates and relative
proportions were calculated from biexponential fits of current decays
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during a 1 s application of glutamate using Clampfit10 (Molecular De-
vices). Recordings were made and agonist was applied in our standard
external solution containing the following (in mM): 150 NaCl, 2.8 KCl,
1.8 CaCl2, 1.0 MgCl2, 10 glucose, and 10 HEPES, adjusted to pH 7.3.
Intracellular solution contained the following (in mM): 95 CsF, 25 CsCl,
2 NaCl, 10 HEPES, 10 EGTA, 2 Mg-ATP, 10 QX-314, 5 TEA-Cl, and 5
4-aminopyridine, adjusted to pH 7.3 with CsOH. To isolate KAR cur-
rents in adult neurons, AMPAR and NMDAR were blocked with 50 �M

each of GYKI53655 (Tocris Bioscience) and D-APV (Abcam). Acutely
isolated neonatal neurons do not express detectible AMPAR or NMDAR
currents before growing axons (Lovinger and Weight, 1988; Huettner,
1990). We confirmed this by recording glutamate-evoked currents from
a subset of neonatal neurons in the presence of GYKI53655 and D-APV;
no difference in current amplitudes or desensitization rates was observed
compared with the absence of antagonists. Therefore, most neonatal
KAR currents were evoked in the absence of antagonists.

Behavior. The experimenter was blinded to genotype and injection
(formalin or saline) for all behavioral experiments, which were per-
formed as described previously (Qiu et al., 2011). Briefly, thermal sensory
thresholds were determined by Hargreaves test on a Plantar Test Har-
greaves Apparatus from Ugo Basile; a cutoff time of 15 s was set to avoid
tissue damage. Mechanical sensory thresholds were determined using
increasing weights of von Frey sensory evaluator filaments (North Coast
Medical). Nocifensive reactions to three of five trials was considered a
response and that filament weight was recorded as threshold. For
formalin-induced inflammation, 10 �l of saline or 5% formalin in saline
was injected subcutaneously into the left hindpaw plantar. Immediately
after formalin injection, mice were placed in an observation chamber.
The amount of time spent biting, licking, or shaking the paw was mea-
sured and data were pooled into 5 min bins. Total observation time was
60 min. Mice were habituated to the experimental chamber for 30 min
before beginning any experiment.

Sciatic nerve crush. The sciatic nerve was crushed as described previ-
ously (Decosterd et al., 2002). Briefly, adult male and female C57BL/6
mice were brought to a surgical plane of anesthesia with ketamine/xyla-
zine and the sciatic nerve was exposed at midthigh level. The nerve was
crushed proximal to the trifurcation with a pair of hemostat forceps for
30 s. For sham animals, the nerve was exposed for 30 s without crush.
Three, 7, and 10 d after surgery, the L3–L5 ganglia and the attached
nerve to the trifurcation were recovered and homogenized for West-
ern blotting.

Statistical methods. Comparisons between two sets of data were per-
formed with an unpaired t test. One-sample t tests evaluated the differ-
ence between samples and a theoretical mean of 1.0 and were used to
determine significance of the fold change from baseline values. Data
consisting of three or more groups were analyzed by one-way ANOVA,
followed by Tukey’s post hoc comparison. Confidence intervals (95%
CIs) of proportions were calculated with the modified Wald method and
total numbers of KAR-positive and KAR-negative cells were compared
using a � 2 test. All other data are presented as mean � SEM. Sholl curves
were analyzed by two-way ANOVA, followed by Bonferroni post hoc
comparison. Spearman’s or Pearson’s correlation was used to evaluate
correlations between time spent in culture and desensitization kinetics,
based on results from Krustal–Wallis normality test performed in Origin
software (OriginLab). All other statistical tests were performed in Prism
5 software (GraphPad Software).

Results
How the putative KAR auxiliary subunit Neto2 contributes to
KAR signaling in the central and peripheral nervous systems is
unknown. To address this question, we first identified neurons
that expressed Neto2 mRNA and which were known to have
detectable KAR currents. One such population of neurons was
found in DRG using the publicly available in situ hybridization
data from the Allen Spinal Cord Atlas (Allen Institute for Brain
Science, 2015), which showed Neto2 transcription in DRG tissue
from P4 mice (Fig. 1a). Consistent with the Allen Spinal Cord
Atlas data, Neto2 protein was detected in Western blots from

wild-type P3 DRG but not from DRG isolated from Neto2�/�

mice (Fig. 1b). We also observed that Neto2 was most highly
expressed at the earliest neonatal ages tested and was downregu-
lated over development, plateauing at a barely detectable level of
immunoreactivity by 2 weeks after birth and remaining low
through adulthood (Fig. 1c,d; percentage of P2 expression: P5 �
62 � 14%, P10 � 55 � 10%, P14 � 24 � 10%, adult � 12 � 3%,
n � 3, repeated-measures ANOVA, p � 0.0001).

We hypothesized that reduced Neto2 might alter KAR subunit
composition and current properties in adult neurons compared
with neonatal neurons. To test this possibility, glutamate (10 mM,
100 ms) was fast-applied to dissociated neurons of small to me-
dium diameter to elicit KAR currents from acutely dissociated
adult and neonatal wild-type neurons. Fitting of the current de-
cay with either a one- or two-component exponential function
yielded a mean weighted tau of 8.2 � 1.2 ms (n � 42) in adult
neurons, more than twice as fast as the 20.2 � 3.7 ms (n � 18)
glutamate-evoked desensitization rate from neonatal neurons
(p � 0.0063) (Fig. 1d,e). The adult neuron population also had
smaller peak amplitudes (85 � 9 pA, n � 43) than were seen in
neonatal neurons (229 � 29 pA, n � 22) (p � 0.0001; Fig. 1d,f).

We next tested whether Neto2 is indeed a component of
KARs by comparing glutamate-evoked currents in DRG neurons
acutely isolated from wild-type and Neto2�/� mice (Tang et al.,
2011). Consistent with previous studies, glutamate elicited rap-
idly desensitizing currents in 71% of neonatal wild-type neurons
recorded (95% CI � 53– 85%) and 46% of neonatal Neto2�/�

neurons (95% CI � 30 – 62%, � 2 p � 0.1358, df � 3) (Fig. 2a,b).
KAR currents in neonatal wild-type neurons exhibited somewhat
variable desensitization kinetics (Figs. 1e, 2d), an observation
supported by a high coefficient of variation (CV) of 0.78 for the
fitted time course of desensitization. This intercell variability in
neonatal neurons depended on genotype (Bartlett’s test, p �
0.0001) and was much lower (0.35) in neurons isolated from
Neto2�/� mice, which showed an �10-fold faster KAR desensi-
tization rate of 2.1 � 0.2 ms (n � 14, p � 0.0001 with a Tukey’s
multiple-comparison test; Fig. 2c). KAR currents in neurons
from Neto2�/� mice also exhibited much lower peak amplitudes
of their glutamate-evoked currents (28 � 4 pA, n � 14) com-
pared with wild-type (p � 0.0001; Fig. 2e,f) and the CV for
Neto2�/� current amplitudes (0.48) was lower than for wild-type
neurons (0.60). These results support a role for Neto2 auxiliary
proteins in shaping KARs in DRG neurons.

The very rapid desensitization of currents during glutamate
application to Neto2�/� neurons appeared similar in time course
to recombinant GluK1/GluK5-containing heteromeric KARs
(Herb et al., 1992; Swanson et al., 1998). GluK5 is transcribed in
both DRG and trigeminal ganglia and was suggested to assemble
into KARs in trigeminal neurons (Sahara et al., 1997). We tested
the inclusion of GluK5 in DRG KARs in additional compara-
tive recordings of glutamate-evoked currents in neurons from
GluK5�/� mice. KAR currents were evoked from 52% of neona-
tal GluK5�/� neurons (95% CI � 35– 68%; Fig. 2a,b) and exhib-
ited significantly slower desensitization (39.5 � 3.5 ms) and
larger current amplitudes (449 � 51 pA) relative to recordings
from wild-type neurons (n � 15; p � 0.0001 for both measures
relative to wild-type; Fig. 2c–f). In addition, the relative variabil-
ity of currents evoked from GluK5�/� neurons was more similar
to Neto2�/� neurons than to wild-type in that the CV was 0.34
for desensitization rates and 0.44 for peak current amplitudes.
Although the Allen Spinal Cord Atlas shows Neto1 mRNA in P4
DRG (Allen Institute for Brain Science, 2015), we found no evi-
dence of Neto1 assembly into KARs in neonatal DRG neurons.
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KAR currents were elicited from 41% of Neto1�/� neurons (95%
CI � 23– 64%, Fig. 2a,b) and, similar to wild-type neurons, the
mean weighted tau of desensitization was 20.4 � 4.0 ms (n � 11,
p � 0.05) (Fig. 2c,d). Peak current amplitudes in Neto1�/� neu-
rons were 236 � 44 pA (n � 11, p � 0.05 compared with wild-
type) (Fig. 2c,e). Intercell variability in currents evoked from
Neto1�/� neurons was similar to wild-type neurons with a CV of
0.66 for the mean weighted tau and 0.62 for peak current ampli-
tudes. These results are consistent with the interpretation that
neonatal wild-type neurons express KARs composed of the
GluK1, GluK5, and Neto2 subunits.

Our data suggest that Neto2 could be
the principal component that differenti-
ates properties of neonatal and adult
DRG KARs. To test this, we evoked KAR-
mediated currents in adult neurons from
wild-type and knock-out mice. Because
adult neurons grew processes more slowly
than neonatal neurons, we were able to lift
and record from healthy adult neurons
over a longer time span (3–22 h) than for
neonatal neurons (3–12 h) while still
achieving the solution exchange required
to resolved rapid glutamate-evoked cur-
rents (example traces are shown in Fig.
3a). Adult wild-type neurons had KAR
currents in 54% of small- and medium-
diameter neurons (95% CI � 43– 64%),
which was similar in all the genotypes ex-
amined (Fig. 3b). Notably, we observed
a time-in-culture-dependent slowing of
KAR current desensitization in adult neu-
rons. That is, in the first 12 h after plating,
currents from wild-type cells desensitized
with a mean weighted tau of 3.1 � 0.3 ms
(n � 16), similar to the decay rate that we
observed in adult Neto2�/� neurons in
this same time frame (2.2 � 0.2 ms, n �
15, p � 0.05). At later time points, how-
ever, neurons with more slowly desensi-
tizing kinetics emerged in cultures from
adult wild-type mice, shifting the mean
desensitization rate to 12.6 � 1.9 ms (n �
22, p � 0.001 vs adult wild-type neurons
recorded 3–12 h after dissociation; Fig.
3c,d). The slower desensitization of cur-
rents in wild-type neurons was accompa-
nied by greater variability (CV � 0.70)
compared with those recorded at �12 h in
culture (CV � 0.33). In contrast, currents
evoked from Neto2�/� neurons desensi-
tized rapidly at later time points (2.5 � 0.2
ms, n � 17; p � 0.0001 vs wild-type 12–22
h, p � 0.05 vs wild-type 3–12 h) and the
variability of desensitization kinetics re-
mained relatively low (Fig. 3c,d). There
was a positive correlation between the
mean weighted tau of desensitization and
the time wild-type neurons spent in cul-
ture before the recordings (n � 38, r �
0.7728, p � 0.0001 Spearman’s correla-
tion) that was not seen for adult Neto2�/�

neurons (n � 32, r � 0.1450, p � 0.2143
Pearson’s correlation) (Fig. 3g). These data underscore the differ-
ence in KAR current properties between neonatal and adult sen-
sory neurons and demonstrate that Neto2 incorporation
critically distinguishes KARs at different ages. In addition, the
data suggest that Neto2 incorporation increases over time in
adult sensory neuron cultures.

Consistent with this interpretation, current amplitudes in wild-
type adult neurons increased from 62 � 10 pA at 3–12 h after plating
to 109 � 13 pA at 12–22 h (p � 0.05). Current amplitudes in
Neto2�/� neurons were 38 � 4 pA at 3–12 h and 19 � 2 pA after
12–22 h in culture, which were similar to currents from wild-type

Figure 1. Neto2 is highly expressed in neonatal DRG and downregulated over development. a, In situ hybridization in a P4
spinal section with a probe directed against Neto2 transcripts. DRG are outlined with the dotted lines and denoted by arrowheads.
b, Neto2 protein is detected by Western blot in wild-type but not Neto2�/� DRG homogenate. c, Representative Western blot
showing Neto2 protein expression from acutely homogenized P2, P5, P10, P14, and adult DRG. d, Densitometry quantification of
Neto2 expression normalized to actin represented as percentage of Neto2 expression at P2. e, Representative current traces from
neonatal and adult wild-type DRG neurons. Gray bar indicates glutamate (10 mM) application. Currents are reproduced from Figure
2a (neonatal) and Figure 3a (adult) for comparison. f, Quantification of mean weighted tau of glutamate-evoked desensitization
for neonatal and adult DRG neurons. g, Quantification of peak current amplitude for neonatal and adult DRG neurons. *p � 0.05;
**p � 0.01; ***p � 0.001.
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neurons at early time points (p � 0.05) but
significantly different from recordings
made �12 h after plating the cells (p �
0.001) (Fig. 3e,f). We detect a modest but
significant positive correlation of wild-type
peak current amplitudes with time in cul-
ture (r � 0.3755 and p � 0.0092) that was
not observed in Neto2�/� neurons (r �
�0.7660, p � 0.05) (Fig. 3h), supporting
our interpretation that Neto2 incorporation
into KARs increases in adult neurons over
time in culture.

As in neonatal neurons, fast desensiti-
zation of currents evoked from Neto2�/�

and early wild-type neurons was sugges-
tive of GluK5 subunit incorporation. KAR
currents evoked in GluK5�/� neurons de-
sensitized with a mean weighted tau of
9.3 � 2.1 ms (n � 18) (Fig. 3c). The pres-
ence of two somewhat distinct groups of
desensitization rates, as reflected in the
cumulative probability plot (Fig. 3d), pro-
duced a very high CV of 0.97; accordingly,
the mean weighted tau of GluK5�/� cur-
rents at 3–12 h was not different from
wild-type decay either at early or at late
time points (p � 0.05 for both compari-
sons). From 12 to 22 h, GluK5�/� neu-
rons had a mean weighted tau of 19.4 �
4.9 ms, similar to wild-type neurons at
late, rather than early, time points (p �
0.05 and p � 0.001, respectively; Fig. 3c,d).
In addition, the desensitization rate was
not positively correlated with time in cul-
ture in GluK5�/� neurons (r � 0.3120,
p � 0.0787, Spearman’s correlation, data
not shown), unlike currents in wild-type
neurons. KAR current amplitudes from
adult GluK5�/�neurons were similar to
those in wild-type neurons (89 � 13 pA
from 3 to 12 h and 109 � 15 pA from 12 to
22 h, p � 0.05 compared with wild-type)
(Fig. 3e,f). These data support the inter-
pretation that GluK5 incorporates into
adult DRG KARs, perhaps with some de-
gree of heterogeneity.

Similar to neonatal neurons, we did not
find evidence for Neto1 incorporation into
adult KARs. The 40% of Neto1�/� neurons
with KAR-mediated currents (95% CI �
26–55%, Fig. 3b) exhibited fast desensitiza-
tion kinetics of 3.1 � 1.0 ms in the first 12 h
after dissociation (n � 4) and cells with slower desensitization kinet-
ics emerged from 12 to 22 h, shifting the mean desensitization
rate to 13.1 � 3.6 ms (n � 8) (Fig. 3c,d). Like adult wild-type
neurons, Neto1�/� desensitization rates correlated positively
with the time neurons spent in culture (r � 0.8601, p � 0.0002,
Spearman’s correlation, data not shown) and peak current am-
plitudes of 81 � 8 pA at early and 83 � 17 pA at late time points
were not different from wild-type (p � 0.05) (Fig. 3e,f). These
data show that DRG KAR composition is more complex than
homomeric GluK1-containing receptors (Swanson and Heine-
mann, 1998). We propose that most DRG KARs are heteromeric

GluK1/GluK5-containing receptors, that a variable proportion of
KARs incorporate Neto2, and that Neto2 incorporation is a critical
distinguishing factor between receptors in neonatal and adult neurons.

To test the hypothesis that Neto2 protein is upregulated with
time in culture, we cultured wild-type DRG neurons for either 4
or 24 h before lysing the cells and probing for Neto2 expression by
Western blot. In agreement with our physiology data, we found
that Neto2 expression in young cultures was high at early time
points (Fig. 4a). Neto2 immunoreactivity from P5 cultures lysed
at 4 h was 91 � 8% of P5 cultures lysed at 24 h (Fig. 4b). In
contrast, Neto2 immunoreactivity from P10 and P14 cultures

Figure 2. Neto2 assembles into functional GluK1/GluK5-containing KARs in neonatal DRG neurons. a, Representative current
traces from wild-type (also presented in Fig. 1e), Neto2�/�, and GluK5�/� neonatal DRG neurons. Gray bar indicates glutamate
(10 mM) application. b, Proportion of small- and medium-diameter cells patched that expressed KAR-mediated current is repre-
sented in the filled bars. Empty bars are the proportion of KAR-negative cells patched for each genotype. c, Quantification of mean
weighted tau of glutamate-evoked desensitization for wild-type, Neto1�/�, Neto2�/�, and GluK5�/� neonatal DRG neurons.
d, Cumulative probability histogram of individual cell desensitization rates for wild-type, Neto1�/�, Neto2�/�, and GluK5�/�

neonatal DRG neurons. e, Quantification of peak glutamate-evoked current amplitude for wild-type, Neto1�/�, Neto2�/�, and
GluK5�/� neonatal DRG neurons. f, Cumulative probability histogram of individual cell peak current amplitudes for wild-type,
Neto1�/�, Neto2�/�, and GluK5�/� neonatal DRG neurons. **p � 0.01; ***p � 0.001. Error bars in column graphs indicate
SEM.
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Figure 3. KARs in acutely plated adult DRG do not contain Neto2 but increase Neto2 incorporation over time in culture. a, Representative current traces from wild-type, Neto2�/�, and GluK5�/�

adult DRG neurons are shown for both early and late recording time points: 3–12 h and 12–22 h in culture, respectively. b, Proportion of small- and medium-diameter cells patched that expressed
KAR-mediated current is represented in the filled bars. Empty bars are the proportion of KAR-negative cells patched for each genotype. c, Quantification of mean weighted tau of glutamate-evoked
desensitization for wild-type, Neto1�/�, Neto2�/�, and GluK5�/� adult DRG neurons. Data are grouped by whether the cell was recorded at 3–12 h or 12–22 h after the (Figure legend continues.)
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lysed at 4 h was only 67 � 26% and 24 �
12% of P5 cultures at 24 h, respectively
(n � 3; p � 0.0169; P14 at 4 h compared
with P5 and P14 at 24 h, p � 0.05) (Fig.
4b). Neto2 expression at the early time
point in P14 cultures was similar to that in
adult DRG cultures, in which Neto2 im-
munoreactivity from cultures lysed at 4 h
was only 28 � 5% of the Neto2 signal
from cultures lysed after 24 h (p � 0.001;
Fig. 4c,d). Furthermore, this upregulation
of Neto2 in culture depended on intact
ERK1/2 signaling because inhibition of
ERK phosphorylation by 50 �M U0126
maintained Neto2 expression at 38 � 7%
of control cultures at 24 h (p � 0.001
compared with untreated cultures at 24 h;
Fig. 4c,d). Phosphorylated ERK1/2 is
transported from the site of axonal injury
to the nucleus in DRG neurons and is a
critical early component of the cellular
program mobilized for process regenera-
tion in sensory neurons (Perlson et al.,
2005). Acutely isolated DRG neurons un-
derwent exuberant axon regrowth during
the 24 h in which we observed Neto2
upregulation. We therefore tested the
contribution of other signaling molecules
implicated in axon outgrowth, PI3K (Sai-
jilafu et al., 2013) and its downstream ef-
fector Akt, to Neto2 upregulation in the
adult DRG cultures. Neto2 upregulation
was unaffected by the PI3K inhibitor
wortmannin (10 nM, 102 � 6% of control
immunoreactivity; p � 0.05 vs untreated
cultures at 24 h), but was significantly re-
duced by the Akt inhibitor triciribine (20 �M), which reduced
Neto2 immunoreactivity to 63 � 10% of control (p � 0.05 vs
untreated cultures at 24 h) (Fig. 4a,b). It seems, therefore that
Neto2 upregulation is supported by multiple kinases, but is not a
general component of growth-permissive signaling pathways.

KARs in DRG neurons have been implicated in multiple func-
tional roles as peripheral chemosensors (Carlton et al., 1995),
presynaptic autoreceptors in the spinal cord (Kerchner et al.,
2001b; Kerchner et al., 2002), and trophic stimulators of axon out-
growth (Joseph et al., 2011; Marques et al., 2013). Pharmacological
inhibition or genetic ablation of GluK1-containing KARs also
reduces some forms of inflammatory or neuropathic pain (Sim-
mons et al., 1998; Qiu et al., 2011). We tested the role of Neto2 in
mediating persistent pain modalities and neurite outgrowth in

cultured adult DRG neurons. First, we evaluated baseline and
short-term pain behaviors in Neto1�/� and Neto2�/� mice, an
experiment that had the additional use of evaluating a known
GluK1-dependent behavioral phenotype in KAR auxiliary sub-
unit knock-out mice, the behavior of which has been minimally
characterized to date (Ng et al., 2009; Mahadevan et al., 2015).
Given that GluK1-containing KARs are not involved in acute
pain signaling (Sang et al., 1998; Qiu et al., 2011), we expected
basal pain thresholds to be intact in the absence of Neto proteins.
Neto1�/� mice showed withdrawal latencies from a calibrated
heat source of 6.7 � 0.4 s (n � 33), which were indistinguishable
from the 7.0 � 0.4 s latencies (n � 31) of their wild-type litter-
mates (p � 0.5726); Neto2�/� mice also withdrew from the heat
source similar to their wild-type littermates with latencies of
5.2 � 0.3 s (n � 36) and 5.8 � 0.2 s (n � 42), respectively (p �
0.0825; data not shown). Like thermal sensitivity, mechanical
sensitivity was unchanged by genetic ablation of Neto proteins.
Wild-type and Neto1�/� littermates responded at 0.72 � 0.06 g
(n � 30) and 0.80 � 0.07 g (n � 27), respectively (p � 0.3962),
and Neto2�/� animals (n � 25) and their wild-type littermates
(n � 21) had indistinguishable mechanical thresholds of 0.61 �
0.05 g and 0.67 � 0.06 g (p � 0.429).

Although our data (Figs. 1, 3) suggest that Neto2 in adult
peripheral neurons would not contribute to immediate inflam-
matory pain behaviors, it was possible that KARs elsewhere in the
pain neuraxis would be compromised by loss of an auxiliary
subunit and that this would result in a deficit in spontaneous

4

(Figure legend continued.) cultures were plated. d, Cumulative probability histogram of indi-
vidual cell desensitization rates for wild-type, Neto1�/�, Neto2�/�, and GluK5�/� adult DRG
neurons. e, Quantification of peak glutamate-evoked current amplitudes for wild-type,
Neto1�/�, Neto2�/�, and GluK5�/� adult DRG neurons. Data are grouped by whether the
cell was recorded 3–12 h or 12–22 h after the cultures were plated. f, Cumulative probability
histogram of individual cell peak current amplitudes for wild-type, Neto1�/�, Neto2�/�, and
GluK5�/� adult DRG neurons. g, Wild-type and Neto2�/� data from d represented as desen-
sitization rate versus time-in-culture to demonstrate visually the correlations reported in the
text. h, Wild-type and Neto2�/� data from e represented as peak current amplitude versus
time-in-culture to demonstrate visually the correlations reported in the text. ***p � 0.001.
Error bars in column graphs indicate SEM.

Figure 4. Neto2 is upregulated in older DRG cultures and ERK activation is required for Neto2 upregulation in adult DRG neurons.
a, Representative Western blot of Neto2 expression in young wild-type DRG cultures at 4 and 24 h. b, Densitometry quantification
of Neto2 expression normalized to actin and represented as the percentage of P5 culture at 24 h. c, Representative Western blot of
Neto2 expression in adult wild-type DRG cultures at 4 and 24 h in untreated cultures and at 24 h in cultures treated with the ERK1/2
inhibitor U0126 (50 �M), the PI3K inhibitor wortmannin (10 nM), and the Akt inhibitor triciribine (20 �M). d, Densitometry
quantification of Neto2 expression normalized to actin and represented as percentage of control culture at 24 h. Error bars indicate
SEM. *p � 0.05; ***p � 0.001. con, Untreated control cultures; U0, cultures treated with U0126; wor, cultures treated with
wortmannin; tric, cultures treated with triciribine.
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formalin behaviors like that seen in the GluK1�/� mouse (Ko et
al., 2005). We found, however, that Neto1�/� (n � 20) and
Neto2�/� mice (n � 22) exhibited the same two-phase sponta-
neous pain behaviors as their respective wild-type littermates
(n � 18 Neto1�/� and n � 25 Neto2�/� animals), with genotype
not altering the time course of either curve (two-way repeated-
measures ANOVA, Neto1 comparison p � 0.0554, Neto2 com-
parison p � 0.5974) (Fig. 5a). In addition, it was possible that
inflammation would upregulate Neto2 in DRG neurons in a
manner similar to what we saw in cultures and that we would
observe a Neto2-dependent deficit in inflammatory hypersensi-
tivity. To test this idea, we retested the latency to withdrawal from
heat 3 h after either formalin or saline injection. Saline-injected
mice showed unchanged heat sensitivity in both the Neto1
(0.98 � 0.09 and 0.92 � 0.06 fold-change from baseline for
Neto1�/� and Neto1�/�, respectively; n � 13 for both groups,
one-sample t test p � 0.8388 and 0.1733) and Neto2 strains
(0.94 � 0.06 (n � 18) and 1.04 � 0.09 (n � 14) fold-change was
observed for Neto2�/� and Neto2�/� mice, p � 0.3198 and
0.6354) (Fig. 5b). Formalin-inflamed Neto1�/� mice (n � 20)
developed hypersensitivity that reduced their heat tolerance to
0.66 � 0.10-fold of their baseline withdrawal latency (p �
0.0029), similar to 0.59 � 0.07-fold heat tolerance seen in their
formalin-injected wild-type littermates (n � 18, p � 0.0001) (Fig.
5b). The same normal hypersensitivity developed in both geno-
types of Neto2 animals, in which heat tolerance was reduced to
0.56 � 0.05-fold of baseline in wild-type littermates (n � 25, p �
0.0001) and to 0.70 � 0.07-fold of baseline thresholds in

Neto2�/� mice (n � 22, p � 0.0006) (Fig.
5b). Therefore, these knock-out mice have
intact short-term hypersensitivity.

KARs are known to modulate axon
outgrowth in cultured DRG neurons from
early developmental stages and the Neto2
upregulation that we observed in adult
neuron cultures coincides with a period of
rapid axon regeneration that, like Neto2
upregulation, is stunted by ERK1/2 inhi-
bition. In addition, our recordings from
neurons that had not yet grown neurites
(Fig. 3) suggest that Neto2 upregulation
begins before axonal outgrowth. To deter-
mine whether upregulation of Neto2-con-
taining KARs modulated neurite outgrowth
in our adult cultures, we electroporated
neurons from wild-type and Neto2�/� mice
with eGFP and fixed them 24 h after plating.
At this time in culture, neurons are still ma-
turing and show multiple stages of out-
growth (Smith and Skene, 1997; Marques et
al., 2013). Neuronal axon arbors were im-
aged and traced to quantify outgrowth; ex-
periments and analysis were performed
blinded to genotype. To compare neurons
at similar growth stages, we divided neurons
into three groups based on the size and
complexity of their axon arbors: immature
(Stage 1), intermediate (Stage 2), and ma-
ture/elongating (Stage 3) (Marques et al.,
2013; see Materials and Methods for details;
see Fig. 6a for example images). Twenty-
four hours after plating, 51% of wild-type
neurons had reached the intermediate

growth stage with highly ramified arbors, 16% had fully matured
and reached elongating growth, and only 33% remained in early
stages of growth. In contrast, 42% of Neto2�/� neurons remained in
the early growth stage and smaller proportions of 46% and 12%
reached intermediate and mature/elongating growth, respectively
(Fig. 6b). In wild-type neurons, the length of the longest neurite on
each cell increased significantly from 30 � 8 �m in Stage 1 neurons
(n � 22) to 266 � 14 �m in Stage 2 (n � 34) and 462 � 60 �m in
Stage 3 neurons (n � 11) (ANOVA p � 0.0001, p � 0.001 for all
comparisons) (Fig. 6c). We found that Neto2�/� neurons also
showed an increase in longest neurite length between Stage 1 and
Stage 2 (37 � 10 �m, n � 17, and 232 � 16 �m, n � 19, respectively;
p � 0.001). However, neurites on Stage 3 neurons from Neto2�/�

mice elongated to only 241 � 25 �m (n � 5), a length that was not
longer than the Stage 2 Neto2�/� neurites (p � 0.05) and signifi-
cantly shorter than the longest axons measured on Stage 3 wild-type
neurons (p � 0.001) (Fig. 6c). At each stage, we observed no differ-
ence between wild-type and Neto2�/� neuron branch number
(Stage 1: 7 � 3 and 6 � 2; Stage 2: 231 � 20 and 244 � 32; Stage 3:
34 � 6 and 36 � 10; p � 0.05 for all within-stage comparisons)
(Fig. 6d).

To further characterize neurite outgrowth in these cultures,
we performed Sholl analysis on the traced neurite arbors, quan-
tifying the total number of neurite crossings at 5 �m increasing
intervals from the soma. Both Stage 2 and Stage 3 neurons from
Neto2�/� cultures showed significantly reduced arbor complex-
ity compared with wild-type neurons of the same stage (two-way
ANOVA, p � 0.0001 for genotype as a source of variation at both

Figure 5. Neto�/� mice show normal formalin pain behaviors and normal formalin-induced inflammatory heat hypersensi-
tivity. a, Neto1�/� and Neto2�/� mouse spontaneous pain behavior after formalin injection compared with their wild-type
littermates. Measured time spent on nocifensive behaviors was pooled into 5 min bins. Saline-injected animals did not show
nocifensive behaviors over the 60 min after injection and these data are omitted from graphs for the purpose of clarity. b,
Neto1�/� and Neto2�/� mouse thermal hypersensitivity compared with their wild-type littermates. Hypersensitivity was mea-
sured by Hargreaves test 3 h after formalin injection and is represented as the fold change from the withdrawal latency measured
before formalin injection. Error bars indicate SEM. *p � 0.05; ***p � 0.001.
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Stage 2 and Stage 3; Fig. 6e). Interestingly, Sholl analysis of Stage
1 neurons showed increased complexity in Neto2�/� neurons
compared with their wild-type counterparts (p � 0.0123 for
genotype as a source of variation; Fig. 6e), suggesting that the
contribution of Neto2-containing receptors early in neurite out-
growth might differ from their role in later stages of growth.

The peripheral branch of DRG axons retains the capacity for
regeneration in the adult. Crush injury to the sciatic nerve in-
duces regrowth of axons through the site of injury and recovery of
motor control and sensation in the distal toes within �10 weeks
in mouse (Decosterd et al., 2002). To determine whether Neto2
might be upregulated in this in vivo regeneration, as would be
predicted from our results in cultured neurons, we performed
nerve crush injury on wild-type mice and then tested Neto2 pro-
tein levels in DRG and sciatic nerve by Western blot 3, 7, and 10 d
after surgery (Fig. 7a). We found that Neto2 protein expression
ipsilateral to the crush injury increased to twice that of sham after
7 d (p � 0.0467, repeated-measures ANOVA, n � 3, p � 0.05 d 7
ipsilateral crush vs sham) and 10 d (p � 0.0538, p � 0.05 d 10
ipsilateral crush vs sham) (Fig. 7b). Neto2 expression was not
different between crushed and sham tissue 3 d after nerve crush
injury (p � 0.6626) (Fig. 7b). Therefore, Neto2 protein is up-
regulated in an injury model that induces axon outgrowth from
sensory ganglia neurons.

Discussion
We report here that Neto2 is a bona fide KAR auxiliary subunit
because it assembles with KARs and affects their functional prop-
erties in DRG neurons. Moreover, we find a substantial difference
in the composition of neonatal and adult KARs that primarily
results from developmental downregulation of Neto2. Finally,
our data suggest that Neto2-containing KARs contribute to reg-
ulated process outgrowth from sensory neurons rather than me-
diating inflammatory pain states.

KARs in DRG neurons contain the GluK1 subunit as an essen-
tial constituent (Mulle et al., 2000; Kerchner et al., 2002; Rozas et
al., 2003), but the extent to which other subunits contribute to
KAR signaling is less clear. GluK1, GluK5, and Neto2 mRNAs are
detected in DRG (Bettler et al., 1990; Herb et al., 1992; Partin et
al., 1993; Allen Institute for Brain Science, 2015). Here, we show
that Neto2 shapes KAR currents evoked from DRG neurons in a
manner consistent with its effects on recombinant KARs (Zhang
et al., 2009; Copits et al., 2011; Straub et al., 2011a) and neuronal
KARs (Palacios-Filardo et al., 2016). KAR currents desensitize at
different rates depending on the subunit composition of the re-
ceptors, with GluK5 incorporation speeding desensitization of
recombinant GluK1-containing receptors (Swanson et al., 1998)
and Neto2 incorporation slowing desensitization of GluK1-

Figure 6. Neto2�/� DRG neurons from adult mice show stunted neurite outgrowth and maturation in culture compared with wild-type neurons. a, Representative images of wild-type and
Neto2�/� neurons from each maturation stage. Stage 2 and 3 inverted images show the full axon arbor for each cell and the area within the blue boxes is magnified to demonstrate branching. Black
scale bars, 100 �m; white scale bars, 50 �m. b, Percentage of wild-type and Neto2�/� cells at each maturation stage (see Materials and Methods for details). c, Length of the longest neurite
measured from each cell in wild-type and Neto2�/� adult neurons. Cells were electroporated with eGFP and fixed after 24 h in culture. Data are grouped by the cell’s maturation stage. d, Number
of branch points measured on each cell in wild-type and Neto2�/� adult neurons. Data are grouped by the cell’s maturation stage. e, Sholl analysis was performed on axon arbor tracings of wild-type
and Neto2�/� adult neurons at 5 �m intervals from the soma center. Sholl data are grouped by maturation stage for presentation and analysis. Error bars on column graphs indicate SEM.
*p � 0.05; **p � 0.01; ***p � 0.001.
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containing and GluK1/GluK5-containing receptors (Copits et al.,
2011; Straub et al., 2011a). We found that genetic deletion of
Neto2 makes KAR currents in neonatal neurons desensitize more
rapidly, whereas elimination of GluK5 has the opposite effect,
suggesting that these neurons express predominantly GluK1/
GluK5/Neto2-containing KARs. DRG KAR desensitization is
slower than for recombinant GluK1/GluK5/Neto2-containing
receptors, however, which could reflect the mixed composition
of receptors on the cell surface or might be due to an additional
component of native receptors that has yet to be recapitulated in
recombinant systems. Regardless, our data confirm that Neto2 is
a component of endogenous KARs in sensory neurons.

KAR composition and function have not been studied in adult
DRG neurons. We found that neonatal Neto2 expression was
downregulated by P14 and adult KAR currents differ strikingly
from neonatal currents in a Neto2-dependent manner. Distinct
KAR subunit composition between adult and neonatal neurons is
intriguing given that GluK1-containing KARs in DRG are ex-
pressed specifically in nociceptors, are involved in persistent but
not acute pain in adult animals, and modulate neonatal DRG
neurite outgrowth. It is possible that KAR function in sensory
neurons is altered over the rodent lifetime as the receptor subunit
composition changes.

The expression of KARs in peripheral nociceptors is rele-
vant to understanding their contribution to pathological pain.
GluK1�/� mice have reduced formalin-induced pain behaviors
(Ko et al., 2005) and GluK1-directed functional antagonists alle-
viate hypersensitive pain in rodents (Simmons et al., 1998;
Dominguez et al., 2005; Qiu et al., 2011). In addition, a GluK1

antagonist alleviated inflammatory thermal hypersensitivity and
migraine pain in people (Sang et al., 1998; Sang et al., 2004). It
remains unclear precisely where in the pain neuraxis GluK1-
containing KAR signaling supports these pathologic pain states,
however, because GluK1-containing KARs are expressed in cen-
tral pain centers and modulate various functions related to circuit
excitability and pain behaviors (Kerchner et al., 2001a; Kerchner
et al., 2002; Binns et al., 2003; Palecek et al., 2004; Wu et al., 2007;
Nakamura et al., 2010; Descalzi et al., 2013; Koga et al., 2015). We
find that Neto1�/� and Neto2�/� mice have normal acute ther-
mal and mechanical pain thresholds, an expected finding given
that KARs do not affect acute pain signaling (Sang et al., 1998;
Qiu et al., 2011). Our behavioral data also show that Neto pro-
teins do not contribute to short-term inflammatory pain, consis-
tent with the absence of Neto-containing KARs in adult sensory
neurons. The delayed Neto2 upregulation that we observed after
sciatic nerve crush suggests that it will be important to determine
whether KAR contributions to long-term persistent pain engage
or are independent of Neto proteins.

KARs modulate neurite outgrowth from peripheral sensory neu-
rons. In embryonic cultures, the agonist kainate inhibited out-
growth, whereas KAR antagonists promoted elongation (Joseph et
al., 2011). Further, KARs modulated early and elongating outgrowth
bidirectionally and the rate at which neonatal neurons progressed
through outgrowth stages (Marques et al., 2013). The high Neto2
expression in neonatal DRG neurons suggests it is a component of
the KAR signaling complex modulating axon outgrowth. Our find-
ing that Neto2 expression is low in adult DRG is consistent with the
static growth state of these neurons and the culture results suggest
that axon regeneration engages Neto2-containing KARs. We ob-
served aberrant Neto2�/� arbor complexity at both early and later
growth stages. Most of these alterations are consistent with the pre-
viously reported effect of high kainate concentrations on young
wild-type cultures: reduced elongating outgrowth and reduced in-
termediate and elongating arbor complexity (Joseph et al., 2011;
Marques et al., 2013).

A change in KAR signaling is the most straightforward expla-
nation of the altered outgrowth that we saw in Neto2�/� neu-
rons, given the previous evidence that these receptors play a role
in this process (Joseph et al., 2011; Marques et al., 2013). How-
ever, other mechanisms that we cannot rule out include compen-
satory responses to genetic deletion of Neto2 or interactions
between Neto2 and non-KAR signaling systems that change the
process of axon regeneration. With respect to compensation,
Neto2�/� mice show normal expression of kainate, AMPA, and
NMDA receptor subunits in the hippocampus (Tang et al., 2011;
Tang et al., 2012) and no evidence exists for functional replace-
ment of the auxiliary protein in KAR currents (Straub et al.,
2011b; Tang et al., 2011; Wyeth et al., 2014). Neto2 does interact
with and modulate the function of the chloride transporter KCC2
and KCC2 protein is reduced in Neto2�/� hippocampus (Ivakine
et al., 2013; Mahadevan et al., 2014). This interaction is unlikely
to be relevant to our outgrowth data because DRG neuron intra-
cellular chloride levels are controlled primarily by NKCC1 and
KCC3 rather than the KCC2 isoform (Sung et al., 2000; Lucas et
al., 2012; Mao et al., 2012). Therefore, the weight of evidence
supports our working hypothesis that Neto2 plays a role in axon
outgrowth as a result of assembly into KARs and consequent
modification of their functional properties.

Altered outgrowth in adult Neto2�/� DRG cultures is consis-
tent with our finding that Neto2 upregulation in adult neurons
depended on activation of the positive regenerative injury signal
pERK. Transportation of pERK1/2 from the axonal site of injury

Figure 7. Sciatic nerve crush upregulates Neto2 in vivo. a, Representative Western blot
showing Neto2 and actin expression in homogenized DRG and sciatic nerve tissue taken 3, 7, or
10 d post-sciatic nerve crush (dp-SNC). Tissue was taken ipsilateral to the crushed nerve (Ipsil.),
contralateral to the crushed nerve (Contral.), or ipsilateral to an exposed surgical sham nerve
(Sham). b, Densitometry quantification of Neto2 normalized to actin. Within each time point,
Neto2 expression in Sham tissue was set to 100%. Error bars indicate SEM. *p � 0.05.
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to the nucleus is critical to neurite regrowth and the outgrowth-
priming effect of peripheral nerve injury (Perlson et al., 2005).
We found that inhibition of MEK/ERK signaling blocked Neto2
upregulation in adult DRG cultures. Akt is the major effector of
PI3K, another kinase that promotes neurite regrowth (Saijilafu et
al., 2013), yet Akt-mediated signaling partially contributes to
Neto2 upregulation whereas PI3K-mediated signaling does not.
It is becoming evident that a number of kinases can activate Akt
independently of PI3K (Mahajan and Mahajan, 2012) and, of
these, the Src family of kinases has known functions in DRG that
include transducing growth-supportive signaling (Tucker et al.,
2008). It will be informative to determine whether the signaling
cascades that control Neto2 expression during regeneration also
regulate KAR subunits during innervation of the spinal cord dur-
ing development.

The observation that Neto2 increased after sciatic nerve crush
confirms that its expression in adult neurons is malleable under
pathological conditions. Whether nerve injury induces a general
upregulation of all KAR subunits or a selective increase of Neto2
remains to be determined. Nerve crush injury induces a broad
array of changes in peripheral neurons as distal axons degenerate
and neurons switch from a signal-conducting expression profile
to a regenerative expression profile (Navarro et al., 2007). Neto2
expression peaks �1 week after injury, following a slower time
course than was observed in our cultures. Although peripheral
axons can sprout growth cones and begin regenerating within the
first day after injury, the majority of axons initiate growth more
slowly, with fewer than half reaching 3 mm past the proximal site
of injury after 5 d (Pan et al., 2003). A regenerative lag period
exists during the first 3 d after nerve crush (Danielsen et al., 1986;
Pan et al., 2003; Sta et al., 2014); the lack of Neto2 upregulation at
3 d after nerve crush therefore suggests that KARs containing
Neto2 are not involved in initial growth cone sprouting, but
rather in established regrowth, an interpretation that is consistent
with our culture outgrowth data. It will be important to deter-
mine what effect loss of Neto2 from KARs has on regenerating
peripheral axons. Our culture experiments suggest that the initial
growth sprouting could be more robust, but that elongating re-
growth would ultimately be stunted in Neto2�/� mice, poten-
tially affecting the rate or extent of functional recovery.

In conclusion, we demonstrate that Neto2 is a bona fide auxiliary
subunit that is a developmentally downregulated but dynamic com-
ponent of KARs that regulates sensory axon regrowth in nociceptors.
These findings raise the possibility of differential KAR functions in
neonatal and adult nociceptors. This information is critical to im-
proving our mechanistic understanding of neural circuit modula-
tion by KARs and the contributions of KAR-mediated signaling to
normal development and disease states.
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