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CRMP2 Tethers Kainate Receptor Activity to Cytoskeleton
Dynamics during Neuronal Maturation
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The CRMP2 and CRMP4 proteins are strongly expressed in the developing nervous system, mediating neurite outgrowth, neuronal
polarity, and axon guidance. In the present study, we demonstrate the interaction of the CRMP2 and CRMP4 proteins with the GluK5
subunit of the kainate (KA) receptor (KAR) and investigated the role of KARs in modulating the development of cultured mouse DRG
neurons. We found that KARs modulate neuronal maturation and neurite outgrowth in a bidirectional manner. Accordingly, low concentrations of KA delayed maturation and enhanced neurite outgrowth, whereas maturation was promoted by higher concentrations of
KA that attenuated neuritic elongation. The effects of weak KAR activation were prevented by blocking their noncanonical signaling and
involved a differential regulation of CRMP2. Whereas the delay in maturation involves PKC-mediated phosphorylation of CRMP2 at T555
leading to a downregulation of membrane Cav2.2, the promotion of neurite outgrowth is achieved by dephosphorylation at T514 at the
growth cones, the latter reflecting PKC-driven enhancement of GSK3␤ phosphorylation at S9. Together, these findings indicate that
noncanonical KAR signaling influences neuronal development by modulating CRMP2 activity.

Introduction
Although kainate receptors (KARs) are ubiquitous in the adult
nervous system (Bahn et al., 1994), unlike AMPA and NMDA
receptors, they contribute to the excitatory drive in only a limited
number of central synapses and generate small-amplitude EPSCs
(Castillo et al., 1997). Growing evidence suggests that the role of
KARs is much broader than the simple information transfer at
synapses and that they are probably involved in modulating synaptic function and in regulating the activity of neuronal networks. Indeed, KARs have been implicated in events as diverse as
presynaptic modulation of excitatory and inhibitory transmission, postsynaptic depolarization, and the regulation of intrinsic
neuronal excitability (Lerma, 2006; Pinheiro and Mulle, 2006;
Contractor et al., 2011). The prominent neuromodulatory role of
KARs is further supported by their ability to signal via noncanonical G-protein-coupled pathways (Rodriguez-Moreno and
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Lerma, 1998) in a manner that is independent of ion flux (Rozas
et al., 2003), in addition to their conventional ionotropic activity
(for review, see Rodrigues and Lerma, 2012), a capacity that was
first observed in the hippocampus and later confirmed in other
preparations.
The distinct roles and signaling capabilities of KARs are probably mediated by a number of different interacting proteins. To
identify those proteins, we performed a proteomic analysis of
GluK5, a high-affinity KAR subunit, in which we identified the
Collapsin Response Mediator Proteins 2 and 4 (CRMP2 and
CRMP4) as potential partners of this subunit. These phosphoproteins are strongly expressed in the developing nervous system
and play important roles in neuronal maturation (Yamashita and
Goshima, 2012). CRMP2, in particular, is implicated in neurite
outgrowth, axonal guidance, neuronal polarity, and neuronal
migration (Goshima et al., 1995; Inagaki et al., 2001; Arimura et
al., 2005; Uchida et al., 2005; Yoshimura et al., 2005; Ip et al.,
2012). KARs are also expressed highly during development,
transducing signals through multiple pathways (Lauri and Taira,
2011, 2012). Indeed, there is a growing body of evidence implicating KARs in the development of synaptic connectivity and in
the maturation of neuronal networks. However, the role of KARs
in these phenomena remains poorly understood and the specific
mechanisms underlying KAR activity during development wait
to be defined.
In this study, we demonstrate that KARs can bidirectionally
modulate neuronal maturation and neurite outgrowth using cultured sensory neurons as a model. This is achieved by a dual
KAR-mediated signaling module that adjusts the activity of the
microtubule-associated protein CRMP2, directly linking KAR
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activation and the modulation of cytoskeletal dynamics during
neuronal maturation. Our results reveal a number of emergent
roles of KARs that are mediated by noncanonical signaling pathways and play a crucial role in neuronal development.

Materials and Methods
All of the procedures relating to the handling of animals were performed
in accordance with the guidelines of the European Commission (86/609/
CEE) and were supervised by the veterinary officer at the Instituto de
Neurociencias de Alicante.
2D electrophoresis and identification of proteins by MALDI-TOF mass
spectrometry. Rabbit anti-GluK5 antibody (C8; Darstein et al., 2003 Herb
et al., 1992) and normal rabbit IgG (Sigma) were linked to protein-A
Sepharose (GE Healthcare) with 20 mM dimethyl pimelimidate (DMP,
Sigma) during 30 min at room temperature (RT) in a 1:1 ratio (1 g of
antibody per each 1 g of packed beads). The coupling efficiency of both
antibodies was monitored using 5 l of protein A-bound antibody sample taken before and after the covalent coupling, followed by the
SDS-PAGE and Coomassie staining of the respective gels. Immunoprecipitations were performed by first incubating membrane preparations
with 100 l of a 50% protein A-Sepharose slurry for 2 h at 4°C to eliminate nonspecific binding. Precleared supernatants containing 10 mg of
protein were incubated with 100 g of DMP-coupled antibodies overnight at 4°C in the presence of 1% BSA to further block nonspecific
binding. Immunoprecipitated proteins were eluted with 350 l of electrofocusing medium containing 7 M urea, 2 M thiourea, 4% CHAPS,
ampholines (preblended, pH 3.5–9.5, 8 mg/ml; GE Healthcare), 100 mM
DTT, 0.2% tergitol NP7 (Sigma), and traces of bromophenol blue. Proteins were then separated according to their isoelectric point along linear
immobilized pH-gradient (IPG) strips (pH, 3–10, 18 cm long; GE
Healthcare). Sample loading for the first dimension was performed by
passive in-gel swelling. The IPG strips were then equilibrated for 10 min
in a buffer containing 6 M urea, 50 mM Tris-HCl, pH 6.8, 30% glycerol,
2% SDS, 10 mg/ml DTT, and bromophenol blue and then equilibrated
for 15 min in the same buffer containing 15 mg/ml iodoacetamide instead of the DTT. For the second dimension, the strips were loaded onto
vertical 12.5% SDS polyacrylamide gels. Gels were silver stained
(Shevchenko et al., 1996). Coimmunoprecipitations were performed in
six independent experiments and only the protein spots present in all six
anti-GluK5, but not rabbit IgG (control), gels were excised and digested
in gel using trypsin (Promega; Shevchenko et al., 1996).
Digested samples were dehydrated in a vacuum centrifuge, solubilized
in 10 l of formic acid (2%), desalted using C18 ZipTips (Millipore:
elution with 10 l of 0.1% trifluoroacetic acid [TFA] in 50% acetonitrile), and concentrated to a 1 l volume. Aliquots of 0.3 l, mixed with
the same volume of ␣-cyano-4-hydroxy-trans-cinnamic acid (10 mg/ml
0.1% TFA in 50% acetonitrile), were deposited on a 384-well matrixassisted laser desorption/ionization (MALDI) target using the dry droplet procedure and air dried at room temperature. Analyses were
performed using an UltraFlex MALDI-time-of-flight (TOF)/TOF mass
spectrometer (Bruker-Franzen Analytik) operating in the reflectron
mode with a 20 kV accelerating voltage and a 70 ns delayed extraction.
Mass spectra were acquired in the automatic mode using the AutoXecute
module of Flexcontrol (laser power ranged from 30 to 70%, 500 shots;
Bruker-Franzen Analytik). Spectra were analyzed using FlexAnalysis
software (Bruker-Franzen Analytik) and auto-proteolysis peptides of
trypsin (mass-to-charge ratios 842.51, 1045.56, and 2211.10) were used
as internal calibrates. Peptides were selected in the mass range of 900 –
4000 Da. Identification of proteins was performed using the Mascot
software package (version 2.1; Matrixscience) against the Swiss-Prot/
Trembl databases (2006-08-01). The following parameters were used for
database interrogation: mass tolerance of 50 ppm (although the mass
accuracy of our analyses was usually better than 20 ppm); fixed chemical
modification: carbamidomethylation of cysteine residues; variable
chemical modification: oxidation of methionines; matching peptides
with one missed cleavage accepted only when they included two consecutive basic residues or when arginine or lysine residues were followed by
one or several acidic residues inside the peptide amino acid sequence and
significance threshold, p ⬍ 0.05.
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DRG cell culture. DRG from postnatal day 0 (P0)-P2 C57 male and
female mice were dissected out and digested for 40 min at 37°C with a
mixture of collagenase (0.25%), DNase (5 g/ml), and trypsin (0.125%)
in HBSS medium. DRG neurons were then dissociated with a flamepolished Pasteur pipette and plated onto glass coverslips (for morphological analysis) or plastic Petri dishes (for biochemical studies) that had
been pretreated with 50 g/ml poly-D-lysine and 10 g/ml laminin. The
cells (2500 cells/cm 2) were cultured in DMEM supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, 10 ng/ml
NGF, and 20 ng/ml BDNF (DRG medium). For cultures without glia,
DRG neurons were treated as described above, preplated in DMEM medium for 2 h, and then resuspended in DRG medium and cultured. For
morphological and electrophysiological analysis, 1 h after plating, DRG
neurons were infected with a Sindbis virus carrying a copy of GFP mRNA
to visualize neuronal processes by adding Sindbis supernatant (1:500
dilution) directly to the culture medium. A similar procedure was used
for DRG neurons infection with Sindbis virus encoding GFP-CRMP2,
GFP-CRMP2 T555A, GFP-CRMP2 T555D, GFP-CRMP2 T514A, and GFPCRMP2 T514D. Less than 5% of the cells infected were glial cells, as easily
identified by the distinct cell morphology and because they presented
lower fluorescence intensity (i.e., lower levels of GFP expression). In
parallel experiments, this was further corroborated by the absence of
␤-tubulin III immunoreactivity. Drugs were added to the culture 2 h
after plating the cells. DRG neurons were fixed 20 h after infection (i.e.,
21 h after plating) for morphological analysis by sequentially replacing
50% of the culture medium in four steps with 4% prewarmed paraformaldehyde to preserve the cytoskeletal structure. For biochemical studies, protein extracts were collected by scraping the cells off the plates 21 h
after plating in 100 l of cell lysis buffer (10 mM Tris-HCl, 10 mM EDTA,
1% Triton X-100, 0.1% SDS, and protease inhibitors, pH 7.4; Roche
Diagnostics]). Cell viability and KA-induced currents were also evaluated in DRG neurons held in culture for 21 h. Ca 2⫹ current density was
performed in DRG neurons cultured for 20 –36 h.
Generation of Sindbis virus. To generate Sindbis virus carrying GFP,
GFP was cloned in the StuI site of pSinRep5 (Invitrogen). For the Sindbis
virus encoding GFP-CRMP2, GFP lacking a stop codon was placed at the
N-terminal of CRMP2 and cloned between the HindIII and EcoRI sites of
the pcDNA3 expression vector. This construct was used to generate several point mutations using the QuiKchange II XL Site-Directed Mutagenesis Kit (Stratagene). Four different single mutations in CRMP2
were generated at amino acid residues 514 and 555 by switching threonine to alanine (A) or aspartic acid (D) to produce the phospho-null and
phospho-mimetic mutants, respectively. GFP-CRMP2 and all mutated
forms thereof were cloned into the pSinRep5 vector under the control of
the Sindbis subgenomic promoter and Sindbis virus was produced using
the Sindbis Expression System (Invitrogen). Briefly, pSinRep5 and the
helper plasmid were linearized, transcribed to mRNA, and cotransfected
into BHK cells to produce virions encoding the different proteins of
interest. After 24 – 48 h, the supernatant was collected and stored at
⫺80°C.
Morphological analysis. DRG neurons expressing GFP or GFP-CRMP2
(wild-type and mutants) were visualized 20 h after infection on a Leica
DM 4000B fluorescence microscope equipped with a MBFCX 9000 camera (MBF Bioscience). The neurons were classified into three groups
based on their level of maturation according to morphological criteria
(see Results section) and reflecting the natural process going on in culture gauged by time-lapse experiments (data not shown). A few percentage of neurons (⬍5%) presented morphology in between stages difficult
to ascribe to a given stage, further showing maturation as a continuous
process. For quantification purposes, these neurons were equally ascribed to the closer stages. Evaluating the branching profile of the neurons by Sholl analysis further validated this qualitative morphological
analysis. For this purpose, concentric circles with increasing radius (1
m increments) were drawn around the soma using Neurolucida software (MBF Bioscience) and the number of times each circle crossed a
neurite segment was recorded. Neurons in each stage of maturation presented characteristic branching profiles in addition to distinct morphological features (a minimum of 100 cells per condition per culture were
analyzed). Neurite length corresponded to the total length of the longest
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neurite. The length of the longest neuritic process (measured from the
soma to the most distant neurite tip) was always analyzed providing
similar results, as expected because no significant changes in the number
of branches per neurite were observed upon exposure to KA. A minimum
of 25 stage 1, 50 stage 2, and 25 stage 3 neurons per condition per culture
were analyzed. Quantitative analysis of neuritic properties was performed using Neurolucida software (MBF Bioscience). This time point
was chosen because neurons of each stage were clearly identified. At later
times (e.g., 48 h), the majority of cells presented a mature (stage 3)
phenotype.
Cell viability. Cell viability was assessed by Alamar Blue assay (Invitrogen). Twenty hours after plating, 10% (v/v) of Alamar blue dye was
added to each well containing cultured DRG neurons. After 4 h, aliquots
of the media were collected from each well and absorbance of either
reduced (570 nm) or oxidized form (600 nm) was measured. The relative
change in reduction was considered equivalent to the relative change in
cell viability. This was complemented by counterstaining the cell nucleus
with DAPI (Vectashield; Vector Laboratories), allowing evaluation of the
percentage of nonviable cells.
Immunocytochemistry. COS-7 cells cultured in DMEM containing
10% fetal bovine serum were transfected with N-terminal Myc-tagged
GluK5, untagged GluK1–2a, and CRMP2 constructs using Lipofectamine 2000 (Invitrogen). COS-7 cells were fixed 48 h after transfection and DRG neurons were fixed 20 h after infection. Both COS-7 and
DRG neurons were permeabilized by incubating with PBS ⫹ 0.2% Triton
X-100 for 10 min. The cells were then blocked with PBS ⫹ 3% BSA for 30
min to prevent nonspecific binding and then incubated with the primary
antibodies in blocking solution for 1 h at RT. COS-7 cells were incubated
with a mouse monoclonal anti-Myc antibody (1:500; Santa Cruz Biotechnology) and a rabbit polyclonal anti-CRMP2 antibody (1:1000;
Millipore Bioscience Research Reagents) and DRG neurons were immunolabeled with a rabbit polyclonal antibody against neuron-specific
␤-tubulin III (1:500; Abcam). Next, the cells were incubated with Alexa
Fluor-488-conjugated donkey anti-mouse (COS-7 cells) and Alexa
Fluor-555-conjugated donkey anti-rabbit (COS-7 cells and DRG neurons; 1:400; Invitrogen) in blocking solution for 1 h at RT. Coverslips
were mounted on slides using DAPI-supplemented mounting medium
(Vectashield; Vector Laboratories). Although COS-7 cells were visualized on a Leica confocal microscope, DRG neurons were visualized using
a Leica DM 4000B fluorescence microscope equipped with a MBFCX
9000 camera (MBF Bioscience) and analyzed using Neurolucida software
(MBF Bioscience). For growth cone immunocytochemistry, DRG cells
were incubated for 20 min with Alexa Fluor-488-conjugated phalloidin
(1:500; Invitrogen) at room temperature to label the actin cytoskeleton,
and then incubated overnight at 4°C with rabbit anti-CRMP2 pT514
antibody (1:250; Cell Signaling Technology) in blocking solution. Cells
were then immunolabeled with Alexa Fluor-555-conjugated goat antirabbit antibody (1:1000; Invitrogen) in blocking solution for 2 h at RT.
Immunoprecipitation assays. Mouse brain homogenate (MBH) was
obtained from P21-P26 C57 mice as described previously (Selak et al.,
2006) and incubated with 50% protein A-Sepharose bead slurry (GE
Healthcare) for 3 h at 4°C to eliminate nonspecific binding. After incubation, precleared supernatants containing 1 mg of protein were incubated overnight with rotation at 4°C with a rabbit anti-GluK5 antibody
(kindly provided by Dr. Melanie Darstein; Darstein et al., 2003) precoupled to protein A-Sepharose (GE Healthcare) in the presence of 1%
BSA (to further block nonspecific binding) and protease inhibitors
(Roche Diagnostics). The beads were washed 3 times with isolation buffer (150 mM KCl, 20 mM MOPS, 1% Triton X-100, pH 7.4) and resuspended in 6⫻ diluted SDS-PAGE sample buffer (0.35 M Tris, 30%
glycerol, 10% SDS, 0.6 M DTT, 0.012% bromophenol blue, pH 6.8).
Immune complexes were dissociated from the beads, denatured by heating to 95°C for 5 min, and then analyzed by Western blot. A negative
control containing the same amount of rabbit polyclonal IgG instead of
the rabbit anti-GluK5 antibody was run in parallel for each experiment.
GST protein-binding assays. GST-GluK5825–979 recombinant protein
was expressed in the protease-deficient BL21 E. coli strain and the bacterial cells were then lysed by sonication in the presence of 0.3 mg/ml
lysozyme to purify the GST fusion proteins by incubation for 2 h at 4°C
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with glutathione Sepharose 4B beads (GE Healthcare). Purified GST proteins were incubated with 400 g of MBH in buffer N (25 mM HEPESKOH, pH 7.3, 150 mM KCl, 1% Triton X-100, 10% glycerol, 0.2% BSA, 1
mM DTT) and the fusion protein was washed extensively in ice-cold
buffer containing 20 mM Tris, pH 7.5, 0.25 M NaCl, 2 mM EDTA, 2 mM
EGTA, and 0.02% Tween 20. After the last wash, the proteins were eluted
in the same buffer containing 20 mM glutathione, pH 8.0, and the purified protein was dialyzed against PBS buffer in mini dialysis units (SlideA-Lyzer; Pierce). Bound proteins were separated by SDS-PAGE and
analyzed in immunoblots.
Western blotting. Protein extracts from DRG neurons, immunoprecipitates, or GST-pull-down assays were diluted in 6⫻ SDS-PAGE sample buffer, boiled at 95°C for 10 min, and then separated by 10%
SDS-PAGE electrophoresis. Phosphorylated forms of the CRMP2 protein were detected using rabbit antibodies directed against p-CRMP2 T555
(1:200; ECM Biosciences) and p-CRMP2 T514 (1:500; Cell Signaling
Technology) diluted in TBS-T containing 5% BSA. Phosphorylated
forms of GSK3␤ were detected using rabbit antibodies directed against
p-GSK3␤ Y216 (1:1000; Abcam) and p-GSK3␤ S9 (1:1000; Abcam) diluted
in TBS-T containing 5% PhosphoBLOCKER blocking reagent (Cell Biolabs). Total CRMP2 protein was detected using a rabbit antibody directed against CRMP2 (1:4000; Abcam) diluted in TBS-T containing 5%
dried milk. Total GSK3␤ was detected using a rabbit antibody directed
against GSK3␤ (1:500; Abcam) in TBS-T containing 5% dried milk.
Cav2.2 was detected using a rabbit antibody directed against CACNA1B
(N-type, 1:200; Abcam) diluted in TBS-T containing 5% dried milk. A
rabbit antibody directed against GAPDH (1:1000; Abcam) was used as a
loading control. The membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibodies (1:
5000; Pierce) and then with SuperSignal West Pico Chemiluminescent
Substrate (Pierce) to detect total CRMP2, GAPDH, and p-GSK3␤ Y216, or
with Luminata Forte Western HRP Substrate (Millipore) to detect
p-CRMP2 T555, p-CRMP2 T514, GSK3␤, and p-GSK3␤ S9 and CACNA1B
(N-type). The results were analyzed using a BioImage apparatus and
software (Fuji). Striping primary antibodies was not efficient, making
impossible a clean signal from the reblotting with different antibodies.
Therefore, to determine the ratios pCRMP2/CRMP2 and pGSK3␤/
GSK3␤, gels were run in parallel for total CRMP2 and GSK3␤ and for
each phosphorylated form. The immunoreactivity in each gel was normalized by GAPDH signal in each case and the ratio evaluated by (pprotein1/GAPDH1)/(protein2/GAPDH2) and then normalized to
control (untreated) conditions.
Electrophysiological recordings. After 20 h in culture, KA-induced currents were recorded in DRG neurons at ⫺60 mV by whole-cell patchclamping using a List EPC-7 amplifier as described previously (Rivera et
al., 2007). The internal solution contained the following (in mM): 127
CsMeSO4, 10 CsCl, 1 EGTA, 10 NaCl, and 10 HEPES, pH 7.4. The external solution contained the following (in mM): 140 NaCl, 2.5 KCl, 1.8
CaCl2, 1 MgCl2, 10 HEPES, and 15 glucose, pH 7.4. Cells were rapidly
perfused as described previously (Paternain et al., 2003). Borosilicate
glass patch pipettes were used with resistance of 2–5 M⍀ and series
resistance was compensated by 60 – 80%. Whole-cell voltage-clamp recordings of Ca 2⫹ currents were performed 20 –36 h after infection with
Sindbis virus encoding GFP, GFP-CRMP2, GFP-CRMP2 T555A, or GFPCRMP2 T555D, as described previously (Chi et al., 2009). Neurons were
perfused with the following (in mM): 110 NaCl, 2 CaCl2, 30 TEA-Cl, 10
HEPES, 10 glucose, and 1 M TTX. To remove the TTX-resistant Na ⫹
current and to isolate Ca 2⫹ currents, NaCl was substituted by N-methyl
glucamine. The recording pipettes (2–5 M⍀ resistance) contained the
following (in mM): 140 CsMeSO4, 10 CsCl, 10 HEPES, 5 Mg-ATP, 5
BAPTA, adjusted to pH 7.2 with KOH. All experiments were performed
at RT (22–25°C). The currents were filtered at 1 kHz (2-pole Butterworth
filter, ⫺12 dB/octave) and digitized at 20 kHz with a standard P/4 leak
subtraction protocol to a personal computer to be analyzed with pClamp
software (AXON Instruments).
Statistical analysis. All data are presented as the mean ⫾ SEM of n
experiments. The distribution of neurons at each stage of maturation is
represented as a percentage quantified in a minimum of 100 cells per
condition per culture. The effects of the various interventions on DRG
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neuron maturation were analyzed by two-way ANOVA. Where significant interactions were detected, post hoc comparisons for each stage
were performed using Bonferroni’s post hoc test. Comparison of branching profiles in neurons exposed to increasing concentrations of KA was
determined by Sholl analysis and analyzed by two-way ANOVA, followed by Bonferroni’s post hoc test. Comparison of nonlinear fits (null
hypothesis defined as one curve for all datasets) and one-way ANOVA
analysis of the area under curve revealed similar qualitative results. Neurite length and the changes in phosphorylation determined in Western
blots were expressed as the fold change relative to the controls. Relative
differences were analyzed by one-sample t test by comparison with a
hypothetical value of 1 (control condition). Modifications in Ca 2⫹ current density, were quantified as the current density (pA/pF) from a minimum of six cells per condition per culture (also expressed as relative ⌬
values of current density) and analyzed using a one-sample t test by
comparison with a hypothetical value of 0 (no effect). Group differences
were analyzed using an unpaired t test (comparison of two independent
groups) or one-way ANOVA (comparison of several independent
groups). Where ANOVA revealed significant general group effects, Dunnet’s post hoc test was used to compare different groups with the control
group and Tukey’s post hoc test for multiple comparisons. In all analyses
performed, a familywise 95% confidence level ( p ⬍ 0.05) was applied. All
data processing and analyses were performed using Prism 5.0 software
(GraphPad).

Results
CRMP2 and CRMP4 are KAR-interacting proteins
To identify proteins interacting with the GluK5 KAR subunit, we
immunoprecipitated detergent solubilized membrane fractions
from mouse brain homogenates using a well characterized rabbit
anti-GluK5 antibody that recognizes the last eight amino acids of
the GluK5 C terminus (C8; kindly provided by Malanie Darstein;
Herb et al., 1992; Darstein et al., 2003). Immunoprecipitated protein complexes were separated by 2D electrophoresis and the
protein spots recruited by the anti-GluK5 antibody, but not by
the control rabbit Ig, were excised and identified by MALDI-TOF
mass spectrometry. Three proteins were unambiguously and reproducibly identified in GluK5 immunoprecipitates: DPYL2
(CRMP2), DPYL3 (CRMP4), and a microtubule-associated protein RP/EB family member (MARE-3; Fig. 1A). To confirm these
results, the material immunoprecipitated was probed in immunoblots with the antibodies specifically recognizing CRMP2 and
CRMP4 (Fig. 1B). Both CRMP2 and CRMP4 were readily detected in complexes immunoprecipitated with the anti-GluK5
antibody, but not with the control rabbit IgG (Fig. 1B). In addition, exogenously expressed GluK5 and CRMP2 colocalized at
the plasma membrane of the transfected COS-7 cells (Fig. 1C)
and CRMP2 was readily retained in GST pull-down assays using
the C-terminal domain of GluK5 (Fig. 1D). These data demonstrate that CRMP2 and probably CRMP4 interact with the C
terminus of the GluK5 KAR subunit.
KARs bidirectionally modulate neuronal maturation
Given the interaction observed between KARs and the
microtubule-interacting proteins involved in developmental and
maturation processes, we investigated the role of KARs in neuronal development. For this purpose, we used DRG neurons
because these neurons exclusively express GluK1 and GluK5 subunits of KARs, lack AMPA and NMDA receptors (Bettler et al.,
1990; Bahn et al., 1994), and exhibit both canonical and noncanonical KAR signaling (Rozas et al., 2003). To visualize the entire
neuronal processes of DRG neurons, they were infected with
Sindbis virus carrying a copy of GFP mRNA. Although maturation is a continuous process, for simplification purposes, DRG

Figure 1. Identification of KAR interacting proteins. A, Proteins interacting with the GluK5
KAR subunit were purified by immunoprecipitation of detergent-solubilized membrane fractions from mouse brain homogenate using rabbit anti-GluK5 antibody and separated by 2D
electrophoresis. MW, molecular weight; IEF, isoelectric focusing. The specific protein spots recruited by rabbit anti-GluK5, identified by MALDI-TOF mass spectrometry, corresponded to
DPYL2 or CRMP2 (spot 1), DPYL3 or CRMP4 (spot 2), and MARE-3 (spot 3). B, GluK5 antibody
immunoprecipitates CRMP2 and CRMP4 in mouse brain extracts. C, Exogenously expressed
CRMP2 and GluK5 colocalize in the plasma membrane of COS-7 cells transfected with
N-terminal Myc-tagged GluK5 (blue), untagged GluK1-a, and a CRMP2 construct (yellow). Colocalization is shown in white. D, GST-pull-down analysis of CRMP2 from mouse brain extracts
targeting the C-terminal domain of GluK5.

neurons were classified 20 h after infection into one of three
different maturation stages based on morphological criteria and
by Sholl analysis, which indicated distinct branching profiles for
each group (see Materials and Methods), providing strong, unbiased support for this classification (Fig. 2A). Stage 1 neurons
are immature cells characterized by the presence of very short
neurites with profuse filopodia, with lamellipodia present close to
the soma and in the growth cones. Stage 3 neurons are mature
neurons lacking filopodia and lamellipodia, yet with long, clean
neurites with few ramifications. Intermediate-stage neurons,
characterized by ramified, intermediate-length neurites with numerous branching points near the soma and fewer filopodia and
lamellipodia not fitting in general within either stage, were classified as stage 2 neurons (Fig. 2A).
The effect of tonic KAR activity on neuronal maturation was
investigated by incubating DRG neurons with CNQX, a selective
AMPAR/KAR antagonist. CNQX (30 M) appeared to delay neuronal maturation when added 2 h after plating, reducing the proportion of mature neurons (stage 3, ⬃25%) while augmenting
that of immature neurons (stage 1) by a comparable extent (Fig.
2B). In all cases in which a significant effect on maturation was
observed, post hoc analyses revealed significant alterations in the
number of neurons in stages 1 and/or 3. In contrast, stage 2
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neurons were present in similar proportions. Consistent with the fact that DRG
neurons lack AMPARs, the selective AMPAR antagonist LY303070 failed to produce any effects on neuronal maturation
(data not shown). Together, these results
suggested that tonic activation of KARs by
endogenous glutamate may affect neuronal maturation in culture. Coculturing
neurons with glia prevented tonic activation of KARs by endogenous glutamate,
evident through the failure of CNQX to
influence the maturation of these neurons
(Fig. 2B). Therefore, we used this condition (coculturing DRG neurons with glial
cells) to prevent any interference by endogenous glutamate when analyzing the
effects of activating KARs with different
concentrations of KA added 2 h after
plating.
To our surprise, KA exerted a bidirectional effect on neuronal maturation as a
function of the concentration used. Accordingly, neuronal maturation was delayed by low KA concentrations (300 nM),
whereas it was enhanced at higher concentrations (3 and 10 M; Fig. 2B). Both
the inhibitory and stimulatory effects of
KA on neuronal maturation were blocked
Figure 2. KARs bidirectionally modulate neuronal maturation and neuritic morphology in DRG neurons. A, Representative
by CNQX and by LY382884 (10 M), a images of DRG neurons 20 h after infection with a Sindbis virus encoding GFP, showing neurons classified according to morphoselective antagonist of GluK1-containing logical criteria: immature stage 1 neurons, intermediate stage 2 neurons, and mature stage 3 neurons. Scale bars, 50 m. Neurons
receptors, but not by the AMPAR antago- at each stage of maturation exhibit distinguishable characteristics and branching profiles, as determined by Sholl analysis (graph,
nist LY303070 (25 M; Fig. 2B). To dis- right). B, In the absence of glial cells, the selective antagonist of AMPAR/KAR CNQX (30 M) delayed neuronal maturation. Left: In
card a cytotoxic effect of KA exposure, cell neurons cultured with glia, the tonic activation of KARs was prevented, as indicated by the absence of effect of CNQX. Right:
viability was assessed 20 h after plating by Bidirectional effect of KA on the maturation of GFP ⫹-DRG neurons. KA delays maturation at low concentrations, promoting
Alamar blue assay. No differences were maturation at higher concentrations. This biphasic effect is prevented by the selective AMPAR/KAR antagonist CNQX (30 M) and
found in KA-treated cultures compared by LY382884 (10 M), an antagonist of GluK1-containing KARs, yet not by the selective AMPAR antagonist LY303070 (25 M). Data
with untreated cultures (data not shown), are expressed as the percentage of neurons (mean ⫾ SEM) at each stage of maturation quantified from 4 –5 different cultures with
indicating that KA was not toxic under a minimum of 100 neurons analyzed per condition and culture. **p ⬍ 0.01 and ***p ⬍ 0.001, two-way ANOVA with Bonferroni’s
post hoc test for comparisons versus control conditions. C, Bidirectional modulation of the neuritic morphology of DRG neurons
our experimental conditions. This is con- (Sholl analysis) after exposure to KA. The data are expressed as the number of intersections (mean ⫾ SEM) in 1 m incremental
sistent with the suggestion that KA- radii from the soma quantified from four different cultures analyzing 25–50 neurons per stage, condition, and culture: *p ⬍ 0.05
induced activation of AMPARs, rather and ***p ⬍ 0.001, two-way ANOVA.
than KARs, is mostly responsible for KA
excitotoxicity (Tomita et al., 2007). We
branching profile at the different stages of neuronal developmenalso measured KA-induced currents in the three stages of mattal (Fig. 2C), whereas higher concentrations (3–10 M) signifiuration and found that KA (30 M; ⫺60 mV of holding pocantly modified the branching profile of stage 2 and 3 neurons,
tential) induced ionotropic responses in ⬃70 –75% of cells
but not of stage 1 neurons (Fig. 2C). These modifications in
studied with amplitudes that were not significantly different
neuritic morphology induced by KA were not due to changes in
among the three different maturation stages. Pooling out all
the number of branches because no significant alterations were
cells from the 3 stages, these were 3.2 ⫾ 0.8 pA/pF (n ⫽ 25; 3
observed in the number of neurite tips per neuron (data not
different cultures) for untreated neurons and 3.4 ⫾ 0.5 pA/pF
shown). Rather, KA affected neurite elongation at different stages
(n ⫽ 39; 3 different cultures) for cultures treated with 300 nM
of maturation in a concentration-dependent manner in which
KA. These results demonstrate that GluK1-containing KARs
the length of the longest neurite increased at all stages in the
modulate the maturation of cultured DRG neurons in a bidipresence of 300 nM KA but decreased significantly at higher conrectional manner.
centrations (3–10 M) in stage 2 and 3 neurons (Fig. 3 A, B). The
effects
of KA on neurite length were blocked by CNQX in neuKARs bidirectionally modulate neurite outgrowth
rons
at
all stages, whereas the selective AMPAR antagonist
The results described above demonstrate a clear action of KAR
LY303070
(25 M) had no effect (Fig. 3C). The bidirectional
activity on the degree of neuron maturation and suggest that
action of KA on neuritic growth was also blocked by the GluK1neuritic outgrowth could change accordingly. To test this, we
specific antagonist LY382884 (Fig. 3C). These findings indicate
measured the branching profile of DRG neurons treated with low
that GluK1-containing KARs modulate neurite outgrowth in
and high doses of KA. Sholl analysis of cultured neurons revealed
DRG neurons in a bidirectional manner.
that low concentrations of KA (300 nM) modified the neurite
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KARs regulate
CRMP2 phosphorylation
CRMP2 is a cytosolic phosphoprotein
that is expressed strongly in the developing nervous system (Goshima et al., 1995),
where it influences multiple processes
associated with neuronal development,
including axonal guidance and outgrowth (Arimura et al., 2005; Uchida et
al., 2005; Yoshimura et al., 2005), neuronal polarity (Inagaki et al., 2001; Yoshimura et al., 2005), and neuronal
migration (Ip et al., 2012). Based on the
association observed between KARs and
CRMP2, we hypothesized that the effects of KARs on neuronal maturation
and neurite outgrowth involve the modulation of CRMP2 function.
CRMP2 is known to be negatively regulated by two independent phosphorylation pathways that have been described
thus far: one mediated by Cdk5 (priming
kinase; Cole et al., 2006) and GSK3␤
Figure 3. KARs bidirectionally modulate neurite outgrowth in DRG neurons. Low KA concentrations (300 nM) enhanced neurite (Uchida et al., 2005; Yoshimura et al.,
elongation in DRG neurons 20 h after infection with Sindbis virus encoding GFP, whereas higher concentrations (3 M) reduced 2005) and another by Rho kinase
neurite length in DRG neurons at stages 2 and 3. A, Representative examples at stages 1 and 3. In addition to GFP fluorescence (Arimura et al., 2000). Both pathways at(blue), neurons were immunolabeled with an anti-␤-tubulin III antibody (yellow). Colocalization appears as white. Scale bars, 50
tenuate CRMP2-mediated stimulation of
m. B, Data quantification of the action of KA on these cultures. C, Bidirectional modulation of neurite length was blocked by the
axonal outgrowth by disrupting CRMP2AMPAR/KAR antagonist CNQX (30 M) and by the selective antagonist of GluK1-containing KARs, LY382884 (10 M), yet not by the
selective AMPAR antagonist LY303070 (25 M). Data are expressed as the fold change (mean ⫾ SEM) relative to the untreated tubulin binding, and thus microtubule ascultures (B) or the cultures exposed to each antagonist alone (C), quantified from four different cultures and analyzing 25–50 sembly, resulting in growth cone collapse
(Fukata et al., 2002; Arimura et al., 2005;
neurons per stage, condition, and culture: *p ⬍ 0.05, one-sample t test.
Yoshimura et al., 2005). Using Western
blot analysis, we studied the effect of KAR
activation on the phosphorylation state of
Bidirectional modulation of neuronal maturation and neurite
CRMP2 at its two inhibitory phosphorylation sites: T514 (GSK3␤
outgrowth is mediated by dual KAR signaling pathways
target) and T555 (Rho kinase target). A mild but consistent deWe hypothesized that the bidirectional regulation of neuronal
crease in CRMP2 phosphorylation at T514 was evident when cells
maturation and neurite elongation by KARs may be mediated by
were exposed to 300 nM but not to 3 M KA, whereas CRMP2
the dual signaling capacity of these receptors (Rozas et al., 2003).
phosphorylation at T555 was enhanced robustly by 300 nM KA
Indeed, the ionotropic activity of KARs in DRG neurons was only
(Fig. 5A).
detected at micromolar concentrations of KA, as evident in
According to the sequence of CRMP2, T555 may be also tarpatch-clamp recordings (Fig. 4A), and these inward currents
geted by PKC because this residue is located in a PKC consensus
were insensitive to the AMPAR antagonist LY303070 (25 M),
site (RRTTQR) and has been identified as a putative PKC subindicating that are exclusively mediated by KAR activation.
strate (Kang et al., 2007). We investigated the roles of PKC and
We next characterized the signaling underlying the bidirecRho kinase in the phosphorylation of T555 induced by KA in
tional effects of KAR activation on neuronal maturation and neuDRG neurons. The phosphorylation of T555 induced by KA (300
rite outgrowth. The inhibitory effect of 300 nM KA on neuronal
nM) was prevented by the PKC inhibitor bisindolylmaleimide,
maturation in culture was prevented by the blockade of either
but not by GSK429286, a blocker of Rho kinase, indicating that
Gi/o-proteins (Pertussis toxin, 0.2 g/ml) or PKC (bisindolylmaupon KAR activation T555 is directly phosphorylated by PKC not
leimide, 0.5 M; Fig. 4B), whereas the stimulatory effect of 3 M
involving Rho kinase (Fig. 5B).
KA on such neuronal maturation was unaffected by either treatT514 is a substrate for GSK3␤, a kinase that is inactivated by
ment, although it was blocked by TTX (Fig. 4C). An identical
phosphorylation at S9 (Grimes and Jope, 2001). Because a downpharmacological profile was observed for the effects of KA on
regulation of GSK3␤ activity could in turn diminish CRMP2 T514
neurite elongation (Fig. 4D). These results demonstrate that both
phosphorylation, we investigated whether KAR-mediated PKC
the delay in neuronal maturation and the stimulation of neurite
activation could also result in GSK3␤ S9 phosphorylation, as was
outgrowth induced by low concentrations of KA are mediated by
indicated previously (Frame et al., 2001; Cole et al., 2006).
a Gi/o-protein-coupled pathway that involves the activation of
GSK3␤ S9 phosphorylation increased significantly upon KAR acPKC. In contrast, the stimulation of neuronal maturation and the
tivation by low KA concentrations (Fig. 5C), an effect prevented
attenuation of neuritic elongation induced by higher concentraby the PKC inhibitor bisindolylmaleimide (Fig. 5D). As expected,
tions of KA are independent of G-protein activation and these
the concomitant reduction of CRMP2 T514 phosphorylation was
effects are most likely mediated by canonical ionotropic signaling
not observed when upstream phosphorylation at GSK3␤ S9 was
blocked pharmacologically (Fig. 5D). Furthermore, the phos(i.e., membrane depolarization).
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Figure 4. Bidirectional modulation of neuronal maturation and neurite outgrowth is mediated by dual KAR-mediated signaling pathways. A, Representative traces of KA-induced
inward currents in DRG neurons. Net currents were only observed at KA concentrations in the micromolar range (⬎300 nM; top) and were resistant to AMPA receptor antagonism
(bottom). B, The delay in neuronal maturation induced by 300 nM KA was blocked by bisindolylmaleimide (Bisind, 0.5 M) and by pertussis toxin (PTx, 0.2 g/ml), but persisted in the
presence of TTX (50 nM). C, The promotion of neuronal maturation induced by 3 M KA was unaffected by the presence of Bisind or PTx, but was abrogated in TTX-treated cells. Data are
expressed as the percentage of neurons (mean ⫾ SEM) in each stage of maturation quantified from six different experiments with a minimum of 100 neurons analyzed per condition and
culture. **p ⬍ 0.01 and ***p ⬍ 0.001, two-way ANOVA followed by Bonferroni’s post hoc test. D, The increase in neurite length induced by 300 nM KA in Stage 1, 2 and 3 neurons was
prevented by Bisind and PTx, yet was unaffected by TTX. In contrast, the decrease in neurite length induced by 3 M KA was unaffected by bisindolylmaleimide or PTx, yet was abolished
by TTX. The data are expressed as the fold change (mean ⫾ SEM) relative to untreated neurons or cells exposed to Bisind, PTx, or TTX alone quantified from four different cultures
analyzing 25–50 neurons per stage, condition, and culture. *p ⬍ 0.05 and **p ⬍ 0.01, one-sample t test.

phorylation of GSK3␤ Y216 was unaffected by KA administration
(Fig. 5C).
We further determined whether the modest reduction of T514
phosphorylation observed after treatment with low concentrations of KA would be more notorious in compartments relevant
for neuritic extension (e.g., growth cones), Therefore, immunocytochemical detection of pCRMP T514 was done in cultures
treated with KA and normalized to the label provided by fluorescent phalloidin to visualize actin filaments (Fig. 6A). Interestingly, KA regulated in a bidirectional manner the degree of T514
phosphorylation at growth cones but not at neuritic shafts (Fig.
6B), leaving other properties of growth cones (i.e., the number of
filopodia) unaffected (Fig. 6B).
Together, these findings indicate that the activation of noncanonical KAR signaling modulates the phosphorylation state of
CRMP2 in a PKC-dependent manner and that this modulation
takes place at subcellular structures relevant for neuritic extension, such as growth cones.
KAR-induced inhibition of neuronal maturation is mediated
by enhanced CRMP2 T555 phosphorylation
Because phosphorylation at T555 depresses CRMP2 activity
(Arimura et al., 2005), we proposed that this signaling module
may be involved in the delay of neuronal maturation induced by
low KA concentrations. Conversely, because reduced T514 phosphorylation enhances CRMP2 activity, we proposed a role for
this module in the KA-induced stimulation of neurite growth.
We analyzed the effect of 300 nM KA on DRG neurons infected
with Sindbis virus carrying phospho-null and phospho-mimetic
mutants of CRMP2 T514 and CRMP2 T555 (T514A, T514D,
T555A, and T555D). Overexpression of CRMP2 and phosphonull CRMP2 mutants promoted by themselves neuronal maturation. However, expression of the phospho-mimetic mutants had

no effect (Fig. 7A). In DRG cultures that expressed either the
CRMP2 T514A or CRMP2 T514D mutants, 300 nM KA was still
able to delay neuronal maturation, whereas expression of
CRMP2 T555A or CRMP2 T555D blocked the action of KA (Fig. 7B).
Together, these results demonstrate that the inhibition of neuronal maturation induced by 300 nM KA involves the phosphorylation of CRMP2 at T555 but not at T514. Indeed, the inhibitory
effect of KA on neuronal maturation was unaffected by the presence of the GSK3␤ inhibitor SB216763 (5 M) or by the inhibition of Rho kinase activity (GSK429286, 5 M; Fig. 7C), further
evidence that PKC triggers directly the inhibition of neuronal
maturation induced by the increased CRMP2 T555 phosphorylation provoked by KA.
Enhanced neurite outgrowth induced by KAR is mediated by
reduced CRMP2 T514 phosphorylation
In the light of the above, we investigated whether the enhancement of neuritic elongation induced by 300 nM KA also involves
the modulation of CRMP2 phosphorylation. Overexpression of
CRMP2 enhanced neuritic elongation at all stages of maturation
at a similar extent. Therefore, data from the three stages were
pooled. In this pooled group, neurite outgrowth was enhanced by
the expression of CRMP2 T514A or CRMP2 T555A mutants, but it
diminished with respect to that induced by CRMP2 expression
when the phospho-mimetic mutants T514D or T555D were expressed in the cells (Fig. 7D). Although the stimulatory effect of
300 nM KA on neurite elongation remained unchanged in neurons expressing CRMP2 T555A or CRMP2 T555D mutants, it was
completely blocked in DRG neurons expressing CRMP2 T514A or
CRMP2 T514D (Fig. 7E). Therefore, unlike its inhibitory effect on
neuronal maturation, the stimulation of 300 nM KA on neuritic
elongation appears to involve the regulation of CRMP2 phosphorylation at T514. Accordingly, the GSK3␤ inhibitor
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Figure 5. KARs regulate the phosphorylation state of CRMP2. A, In Western blots, KAR activation by 300 nM but not 3 M KA decreased T514 phosphorylation of CRMP2 (pCRMP2 T514)
and increased the T555 phosphorylation of CRMP2 (pCRMP2 T555). CNQX (30 M) alone had no effect on the phosphorylation of CRMP2. **p ⬍ 0.01 and ***p ⬍ 0.001, one-sample t test
(n ⫽ 6). B, The increase in pCRMP2 T555 caused by 300 nM KA was blocked by the PKC inhibitor bisindolylmaleimide (Bisind; p ⫽ 0.2683 vs Bisind alone, unpaired t test, n ⫽ 6), whereas
it was unaffected by the Rho-kinase inhibitor GSK429286 (5 M): ###p ⬍ 0.001, unpaired t test (n ⫽ 6); *p ⬍ 0.05, **p ⬍ 0.01, and ***p ⬍ 0.001, one-sample t test (n ⫽ 6). C, KA
at 300 nM but not 3 M increased the S9 phosphorylation of GSK3␤ (pGSK3␤ S9). None of the KA concentrations tested modified the Y216 phosphorylation of GSK3␤ (pGSK3␤ Y216). CNQX
alone had no effect on any of the phosphorylation targets at GSK3␤. ***p ⬍ 0.001, one-sample t test (n ⫽ 6). D, Bisindolylmaleimide prevented the alterations to pGSK3␤ S9 and
pCRMP2 T514 caused by 300 nM KA ( p ⬎ 0.2 vs Bisind alone in both cases; unpaired t test, n ⫽ 6). *p ⬍ 0.05, **p ⬍ 0.01, and ***p ⬍ 0.001, one-sample t test (n ⫽ 6). The data are
expressed as the fold change (mean ⫾ SEM) in the ratio of phosphorylated to total protein compared with untreated or DMSO (0.1%)-treated cells. Representative Western blots are
shown above the graphs.

SB216763 (5 M) completely blocked the stimulation of neuritic
elongation by 300 nM KA, whereas inhibition of Rho kinase (5 M
GSK429286) had no such effect (Fig. 7F ).
Overall, these results demonstrate that KAR activation with
300 nM KA stimulates neurite outgrowth in DRG neurons by
enhancing the PKC-dependent phosphorylation of GSK3␤ S9,
which results in a reduction of the phosphorylation of
CRMP2 T514 and the subsequent derepression of CRMP2 activity.

KAR-induced inhibition of neuronal maturation involves the
downregulation of voltage-gated calcium channels
Ca 2⫹ plays a key role in neuronal development and, in both
developing hippocampal and DRG neurons, cell surface Cav2.2
expression increases in response to CRMP2 overexpression and
decreases after CRMP2 knock-down (Brittain et al., 2009; Chi et
al., 2009). This effect has been shown recently to be regulated by
phosphorylation of CRMP2 (Brittain et al., 2012). Because 300
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nM KA inhibits neuronal maturation by
increasing CRMP2 phosphorylation at
T555, we investigated whether a reduction
in cell surface expression of Ca 2⫹ channels might be involved in this action. Indeed, inhibition of N-type Ca 2⫹ channel
activity with -conotoxin (50 nM) did occlude the KA-induced delay in neuronal
maturation (Fig. 8A). When Ca 2⫹ current
density was measured in whole-cell patchclamp recordings, a reduction was observed in the density of Ca 2⫹ currents
elicited by the application of 50 ms voltage
steps to 0 mV from a holding potential of
⫺80 mV in GFP-expressing cells cultured
in the presence of 300 nM KA (⫺33.0 ⫾
6.57% vs untreated cultures, n ⫽ 5, p ⫽
0.0074; Fig. 8B). Cells expressing CRMP2
or CRMP2 T555A presented a greater basal
Ca 2⫹ current density compared with
GFP-expressing cells (Fig. 8C; see also Chi
et al., 2009). A similar reduction in Ca 2⫹
current density by 300 nM KA was observed in cells expressing GFP-CRMP2
(Fig. 8D). However, the KA-induced
decrease in Ca 2⫹ current density was
T514
manner at the growth cones. A, Examples of growth
prevented in cells expressing GFP- Figure 6. KA regulates the phosphorylation of CRMP2 in a bidirectional
cones labeled with phalloidin (cyan) and an antibody recognizing pCRMP2 T514 (yellow) and superimposed (calibration bars are 25
T555A
CRMP2
(Fig. 8D). Similarly, the
m). B, The amount of pCRMP2 T514 immunoreactivity was referred to the phalloidin signal and quantified in growth cones and
action of KA was occluded in cells ex- neuritic shafts. The number of filopodia per growth cone was also measured, showing no alteration after KA treatment. **p ⬍
pressing GFP-CRMP2 T555D (Fig. 8D), 0.01, one-way ANOVA with Dunnet post hoc test (n ⫽ 27–29 growth cones per condition).
which already had a reduced basal Ca 2⫹
current density in relation to CRMP2scribed previously (Yoshimura et al., 2005). It is well known that
expressing cells (Fig. 8C). Together, these observations show that
phosphorylation of CRMP2 at either T555 or T514 blocks the
KARs delay neuronal maturation by downregulating the density
binding of CRMP2 to tubulin dimers, which in turn prevents
2⫹
of Ca channels at the neuronal membrane through the phosmicrotubule polymerization, leading to growth cone collapse and
2⫹
phorylation of CRMP2 at T555, thereby reducing overall Ca
the arrest of neurite outgrowth (Fukata et al., 2002; Arimura et al.,
activity.
2005; Uchida et al., 2005; Yoshimura et al., 2005). This suggested
that the KA-induced promotion of neurite elongation should
Discussion
involve the decrease in the phosphorylation of CRMP2 T514, enIn the present study, we demonstrate that KARs modulate neuhancing CRMP2 activity. Accordingly, the increase in neurite
ronal development in DRG neurons in a bidirectional manner
outgrowth induced by low-level KAR activity was prevented by
that is mediated by the activation of two distinct signaling paththe expression of CRMP2 T514 phospho-mimetic mutants
ways. Weak activation of KARs at low agonist concentrations
(CRMP2 T514D) and occluded by phospho-null mutants
delays maturation and promotes neurite outgrowth, whereas
(CRMP2 T514A), whereas it was unaffected by the expression of
moderate to strong KAR activation promotes the maturation of
T555 mutants. In contrast, the delay in maturation induced by
neurons while limiting neuritic growth. Accordingly, low-level
low-level KAR activity was prevented by a CRMP2 T555 phosphoKAR activity would promote neurite growth in immature neumimetic (CRMP2 T555D) and occluded by phospho-null mutants
rons, allowing such developing cells to find their targets. This
(CRMP2 T555A), whereas it was unaffected by the T514 mutants.
effect is mediated by noncanonical signaling and it involves the
activation of both Gi/o-proteins and PKC. In contrast, strong
Moreover, a GSK3␤ inhibitor abrogated the increase in neurite
KAR stimulation promotes neuronal maturation and the arrest
outgrowth induced by KAR stimulation, although it had no effect
of neurite growth, likely by facilitating growth cone collapse, a
on the KAR-induced delay in maturation. The contribution of
process mediated by the canonical ionotropic activity of these
other modulators, such as Rho-kinase, to these effects was disreceptors.
carded because the presence of Rho-kinase inhibitors did not
We also demonstrate that KAR-stimulated PKC activity deaffect the action of KA. The most plausible explanation for these
lays maturation and stimulates neurite outgrowth through the
findings is that the enhanced neurite outgrowth induced by weak
differential phosphorylation of CRMP2, a protein that interacts
KAR activation involves an increase in the activity of CRMP2 due
T555
with the KAR subunit GluK5. PKC phosphorylates CRMP2
,
to a reduction in the phosphorylation at CRMP2 T514. This effect
a known target of the Rho kinase (Arimura et al., 2000), directly
T514
is most likely driven by PKC-mediated phosphorylation of
and it decreases the phosphorylation of CRMP2
. The latter
GSK3␤ S9, whereas the delay in maturation is driven by a PKCeffect is most likely triggered by PKC-mediated phosphorylation
S9
mediated increase in p-CRMP2 T555 levels. Moreover, our data
of GSK3␤ , which inactivates GSK3␤ kinase activity (Grimes
T514
and Jope, 2001), subsequently diminishing p-CRMP2
indicate that the delay in maturation also involves the downregu, as de-
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outgrowth at the growth cone (Arimura et
al., 2005; Yoshimura et al., 2005), the
changes in phosphorylation induced by
KA at T514 are expected to take place in
this structure. For this to occur, KARs
must be expressed in the growth cones of
DRG neurons and there is indeed evidence that both metabotropic and conventional KARs do not accumulate
throughout the entire cell, but rather are
expressed at specific sites of cell soma and
along neurites, including growth cones
and neurite bifurcation points (Rozas et
al., 2003). Ca 2⫹-imaging experiments revealed that KA administration induces an
increase of Ca 2⫹ in the growth cones of
DRG neurons directly, probably via
Ca 2⫹-permeable KARs (Joseph et al.,
2011), and also inhibits Ca 2⫹ entry via
voltage-gated calcium channels, an effect
mediated by noncanonical KAR signaling
(Rozas et al., 2003). Therefore, not only are
KARs present in the growth cone, but they
can also trigger metabotropic signaling to
modulate CRMP2 and GSK3␤ activity
within this structure. Indeed, we observed
that 300 nM KA induces the dephosphorylation of CRMP2 at T514 precisely at the
growth cones. Unfortunately, we could not
detect CRMP2 phosphorylated at T555 by
immunocytochemistry due to the poor signal obtained with the commercially available antibodies. However, the increase in
CRMP2 T555 phosphorylation observed after KA treatment that delays maturation
likely occurs throughout the cell and not
specifically in the growth cone, likely involvFigure 7. KAR-induced delayed neuronal maturation is mediated by increased T555 phosphorylation of CRMP2, whereas the ing the downregulation of Cav2.2 in the
KAR-induced increase in neurite outgrowth is mediated by decreased phosphorylation of T514 of CRMP2. DRG neurons were soma and neurites, as indicated by data preinfected with Sindbis virus encoding GFP-CRMP2 and phospho-null or phospho-mimetic mutants of CRMP2 T514 and CRMP2 T555 sented in Figure 8.
(T514A, T514D, T555A, and T555D). Subsequently, neuronal maturation level and neurite length of GFP ⫹-DRG neurons cultured
Regarding the mechanisms underlying
in the presence or in the absence of 300 nM KA were analyzed 20 h after infection. A, Effect on neuronal maturation of expression
the effects of moderate to strong KAR acof CRMP2 and phospho-null and phospho-mimetic mutants. Top: Arrow marks a noninfected stage 3 neuron and arrowheads point
tivation, our data indicate an involvement
to two stage 2 neurons. B, The inhibition of neuronal maturation caused by 300 nM KA observed in CRMP2-expressing cells was still
of ionotropic signaling, predominantly
observed in DRG neurons expressing either T514A or T514D mutants, but not in those expressing T555A or T555D mutants. C,
relying on induced electrical activity. The
Neither the GSK3␤ inhibitor SB216763 (5 M) nor the Rho kinase inhibitor GSK 429286 (5 M) prevented the inhibitory effect of
300 nM KA on neuronal maturation. The data are expressed as the percentage of neurons (mean ⫾ SEM) at each stage of increase in neuronal maturation promaturation quantified from five to six different cultures with a minimum of 100 neurons analyzed per condition and culture. voked by this level of activation was TTX
***p ⬍ 0.001, two-way ANOVA followed by Bonferroni’s post hoc test. D, Effect on neurite growth of expression of CRMP2, sensitive, indicating the involvement of
phospho-null, and phospho-mimetic mutants. E, The enhancement in neurite length induced by 300 nM KA either in GFP- or in depolarization-induced action potentials
CRMP2-expressing DRG neurons was unchanged in cells expressing CRMP2 T555A and CRMP2 T555D, whereas it was impaired in DRG that are critical in the development of
neurons expressing CRMP2 T514A or CRMP2 T514D. F, The increase in neurite elongation caused by 300 nM KA was prevented by the DRG neurons (Fields, 1998). The reducGSK3␤ inhibitor SB216763 (5 M) but not by the Rho kinase inhibitor GSK429286 (5 M). The data are expressed as the fold tion in neurite elongation induced by
change (mean ⫾ SEM) relative to GFP-expressing cells in D, untreated cells in E, or those treated with inhibitor alone in F, each higher KA concentrations was also sensiquantified from four to five different cultures analyzing 25–50 neurons per stage, condition, and culture. Neurons from all stages tive to TTX, indicating that it involves
of maturation were pooled in D, E, and F because similar effects were observed for each group. *p ⬍ 0.05, **p ⬍ 0.01, and ***p ⬍ substantial depolarization provided by
0.001, one-sample t test. #p ⬍ 0.05 and ##p ⬍ 0.01, one-way ANOVA with Dunnet’s post hoc test versus the effect of CRMP2.
Na ⫹ channel activation, as was shown
previously in hippocampal neurons (Cohan and Kater, 1986; Ibarretxe et al.,
lation of CRMP2-mediated Cav2.2 trafficking to the membrane
2007). Such a depolarization would convey Ca 2⫹ channel activathrough the increase in the phosphorylation of CRMP2 T555.
tion and Ca 2⫹ entry in growth cones, likely arresting growth cone
This interpretation implies the segregation of CRMP2 activity
motility and axon extension (Cohan et al., 1987; Gomez and Spitzer,
at the cellular level that is differentially modulated by KARs at
1999). Moreover, canonical KAR signaling could arrest neurite outthese two phosphorylation sites. Because CRMP2 affects neurite
growth by mediating Ca 2⫹ entry directly (Joseph et al., 2011).
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Our findings help improve our understanding of the role of KARs in neuronal
development and maturation, for the first
time providing a direct link between KAR
activation and the modulation of neuronal cytoskeleton dynamics. KARs are
strongly expressed during development in
a complex, cell-type-specific manner, and
endowed with several properties that allow them to modulate GABAergic and
glutamatergic drive during development
(for review, see Lauri and Taira, 2011 and
2012). Therefore, KARs can determine the
spontaneous rhythmic activity in the immature network (Lauri et al., 2005), which
appears to be instrumental in the development of synaptic connectivity (Zhang and
Poo, 2001). Indeed, tonic KAR activity in
immature neurons may be essential for
the formation and stabilization of synaptic contacts (Vesikansa et al., 2007), and
activity-dependent downregulation of
KAR activity (Kidd and Isaac, 1999; Lauri
et al., 2006) is crucial for the functional
Figure 8. KAR-induced delay of DRG neuronal maturation involves the downregulation of Cav2.2 channel density. A, The Cav2.2
maturation of glutamatergic synapses inhibitor -conotoxin (50 nM) occluded the inhibitory effect of 300 nM but not the facilitatory effect of 3 M KA on neuronal
(Marchal and Mulle, 2004; Lauri et al., maturation. Data are expressed as the percentage of neurons (mean ⫾ SEM) at each stage of maturation quantified from five
2006). KARs can also regulate growth different cultures with a minimum of 100 neurons analyzed per condition and culture. ***p ⬍ 0.001, two-way ANOVA with
cone motility (Tashiro et al., 2003; Ibar- Bonferroni’s post hoc test. B, KA exposure (300 nM, 20 –36 h) reduced N-type Ca 2⫹ currents elicited by the application of 50 ms
retxe et al., 2007), a crucial event that al- voltage steps (10 mV increments) from a holding potential of ⫺80 mV in patch-clamped GFP ⫹-DRG neurons. C, DRG neurons
lows the axon to explore the environment overexpressing GFP-CRMP2 presented a significant higher peak Ca 2⫹ current density (pulses from ⫺80 to 0 mV) compared with
2⫹
and to detect appropriate synaptic targets GFP-expressing cells. Ca current density was similar in cells overexpressing GFP-CRMP2 and the phospho-null mutant GFPT555A
T514D
(Goda and Davis, 2003). These observa- CRMP2 2⫹, but significantly lower in cells expressing the phospho-mimic mutant GFP-CRMP2 . The data are mean ⫾ SEM
of
peak
Ca
current
density
(pA/pF)
of
30
–37
cells
from
five
to
six
different
cultures.
**p
⬍
0.01,
one-way ANOVA with Tukey’s
tions support a role for KARs in the early
multiple-comparisons test. Dots represent single current density values from each individual cell. D, Summary of the alterations in
stages of contact formation and rearCa 2⫹ current density induced by exposure to 300 nM KA in cells expressing GFP, GFP-CRMP2, GFP-CRMP2 T555A, and GFPrangement during the development of CRMP2 T555D. The data are expressed as the percentage change relative to the untreated neurons (five to six different cultures, six
neuronal connectivity. In the developing neurons minimum per condition per culture). **p ⬍ 0.01, one-sample t test.
hippocampus, KARs bidirectionally regulate the motility of hippocampal mossy fisprouting is involved, and it is tempting to speculate that in these
ber filopodia in a developmentally regulated and concentrationcircumstances, abnormal KAR activation may provoke CRMP2
dependent manner (Tashiro et al., 2003). Together, these data
deregulation. CRMP2 activity may also contribute to the pathodescribe a scenario in which low concentrations of glutamate in
genesis of Alzheimer⬘s disease because transgenic mice overexearly developmental stages enhance neuron motility and neurite
pressing the intracellular domain of amyloid precursor protein
outgrowth through KAR-mediated modulation of CRMP2 to
exhibit elevated levels of phosphorylated CRMP2, probably due
promote synaptic target finding while keeping the neuron immato increased GSK3␤ activity (Cole et al., 2007). The KAR-CRMP2
ture until proper targets are found. Upon the formation of the
signaling module described here may also be implicated in the
nascent synapse, the increase in glutamate concentration resultpathogenesis of other disorders, such as neuropathic pain (Briting from enhanced release and/or the reduction in extracellular
tain et al., 2011) and schizophrenia (Hensley et al., 2011),
volume may lead to moderate to strong KAR activation, which
although the degree to which KAR contributes to these pathologreduces filopodia motility (Chang and De Camilli, 2001; Tashiro
ical processes remains to be defined. Nonetheless, the present
et al., 2003) and inhibits neurite outgrowth (present data and
data suggest that CRMP2 tethers KAR activity (i.e., glutamatergic
Ibarretxe et al., 2007; Joseph et al., 2011), thereby promoting the
signaling) to such events. Therefore, a greater understanding of
transition of filopodia into presynaptic structures (Goda and Dathe interplay between KARs and CRMP2 is required to elucidate
vis, 2003).
their role in physiological and pathological processes, and ultiUnderstanding KAR signaling during development has signifmately in pharmacotherapeutic strategies.
icant physiological and pathological implications. The ability of
KARs to modulate CRMP2 signaling is particularly interesting
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