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MOLECULAR AND SYNAPTIC MECHANISMS
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Abstract

MAP6 proteins were first described as microtubule-stabilizing agents, whose properties were thought to be essential for neuronal
development and maintenance of complex neuronal networks. However, deletion of all MAP6 isoforms in MAP6 KO mice does
not lead to dramatic morphological aberrations of the brain but rather to alterations in multiple neurotransmissions and severe
behavioural impairments. A search for protein partners of MAP6 proteins identified Tctex1 – a dynein light chain with multiple
non-microtubule-related functions. The involvement of Tctex1 in calcium signalling led to investigate it in MAP6 KO neurons. In
this study, we show that functional Cav2.2/N-type calcium channels are deficient in MAP6 KO neurons, due to improper location.
We also show that MAP6 proteins interact directly with both Tctex1 and the C-terminus of Cav2.2/N-type calcium channels. A bal-
ance of these two interactions seems to be crucial for MAP6 to modulate calcium signalling in neurons.

Introduction

MAP6 proteins were first described as microtubule-associated agents
protecting microtubules vis-�a-vis cold temperatures [coined STOP
for Stable Tubule Only Polypeptides (Margolis et al., 1986)]. When
the corresponding Mtap6 gene was cloned a decade later, it was
realized that MAP6 proteins were sufficient to transfer cold resis-
tance to microtubular networks in neuronal as well as non-neuronal
cells (Denarier et al., 1998b; Guillaud et al., 1998). From the multi-
ple MAP6 isoforms produced by the Mtap6 gene (Denarier et al.,
1998a), the highly expressed MAP6-E (Embryonic) and MAP6-N
(Neuronal) are only found in the brain. In addition, it was shown

that knocking down MAP6 protein expression in neuronal PC12
cells inhibited neurite formation upon differentiation (Guillaud et al.,
1998). Hence, it was expected that MAP6 proteins possessed an
obligatory function in microtubule stabilization in neuronal cells,
possibly controlling axonal polarization and outgrowth. However, a
MAP6 knockout (KO) mouse line was raised with success and hip-
pocampal neurons cultured from these animals underwent every step
of neuronal differentiation, including axonal polarization, full neu-
ritic outgrowth and synaptogenesis (Andrieux et al., 2002). Gross
brain organization also appeared to be normal although synaptic
abnormalities were detected in MAP6 KO mice, such as depleted
synaptic vesicle pools and defects in long-term plasticity (Andrieux
et al., 2002). These anomalies were associated with severe beha-
vioural disorders including fragmentation of spontaneous activity,
hyperlocomotion, anxiety-related disorders, social withdrawal and
deficient sensory gating mechanisms (Andrieux et al., 2002). Indica-
tions that MAP6 proteins may have biological roles unrelated to
microtubules arose from observing their subcellular localization in
the Golgi apparatus or in the mitochondria of non-neuronal cells
(Gory-Faure et al., 2006, 2014). Also, phosphorylated MAP6-N
could be detected in the synaptic compartment of mature neuronal
cultures (Baratier et al., 2006). More recently, it was shown that
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MAP6 proteins play a pivotal role in promoting axonal growth
downstream of semaphorin3E signalling (Deloulme et al., 2015).
Interestingly, a MAP6 mutant, unable to bind microtubules, was
used to successfully restore semaphorin3E signalling in neuronal
cultures, thus attributing to MAP6 proteins definitive non-
microtubular roles in neuronal development (Deloulme et al., 2015).
MAP6 KO animals displayed alterations in glutamate (Andrieux

et al., 2002), dopamine (Brun et al., 2005) and serotonin (Fournet
et al., 2010) neurotransmissions. Neurotransmission is a multistep
procedure that follows action potential propagation to the presynap-
tic zone and results in releasing a specific neurotransmitter in the
synaptic cleft. Voltage-gated calcium channels (Cav according to
their pore-forming subunits) are critically involved in this process as
they ensure calcium influx to the presynaptic axonal bouton, thereby
triggering vesicular fusion with the plasma membrane, in a voltage-
and calcium-sensitive manner (Miller, 1987). The molecular family
of Cav is composed of three main types – Cav1, Cav2 and Cav3 –
depending on their electrical properties and subcellular localization
(Catterall et al., 2005). With the exception of Cav3, all Cavs are
actually associated with ancillary subunits that contribute to their
expression levels and modulate their activities. Modulation can be
achieved by directly modifying the electrical properties of the func-
tional subunits or by controlling various steps of their trafficking
[see (Dolphin, 2016) for a recent review]. Other calcium channel
effectors interact with the cytoplasmic C-terminal tail of the pore-
forming subunit to modify its residence time in the plasma mem-
brane, for example Mint/CASK (Maximov et al., 1999), calmodulin
(Lee et al., 2000) or Tctex1 (Lai et al., 2005). Tctex1 had first been
identified as a facultative light chain of brain cytoplasmic dynein
(King et al., 1996), used for the apical transport of specific cargoes
(Tai et al., 2001). Since, other biological roles in neurons have been
attributed to Tctex1, independently from its interactions with dynein,
for example in neuritic outgrowth or axon formation (Chuang et al.,
2005), transport and egress of herpes simplex virus (Douglas et al.,
2004), genesis of neurons from cortical precursor cells (Gauthier-
Fisher et al., 2009). In the present study, we demonstrate that
MAP6 proteins interact with Tctex1 in vitro and are required for
proper calcium signalling in hippocampal neurons.

Materials and methods

Yeast two-hybrid

Baits were fusions of LexA-BD with rat MAP6-N fragments LNt,
5R and LCt (cDNAs cloned in pLexA, Addgene), and targets were
fusions of Gal4-AD fused to the polypeptides encoded by the
cDNAs from the library, cloned in pAct2 (Clontech). First, L40
yeasts were separately transformed with the 3 pLexA plasmids
encoding the baits, using Yeast Alkali-cation kit (Bio 101) and
selected on a medium without tryptophan. For the two-hybrid
screening, each of the three L40 yeast producing a bait was trans-
formed with an amplified mouse brain cDNA library (Matchmaker
CDNA library, Clontech), into which cDNAs are cloned in plasmid
pACT2, using Yeast Alkali-cation kit. Transfected yeasts were
grown on a medium lacking tryptophan and leucine, and addition-
ally selected by the lack of histidine in the medium, and by a colori-
metric assay, involving the HIS3 and lacZ reporter genes,
respectively. For the colorimetric assay, colony-lift filter assay was
performed with nitrocellulose filters, liquid nitrogen freezing and a
X-gal solution, according to the manufacturer’s protocol. Plasmids
from the selected yeast clones were purified and sequenced to iden-
tify the target protein. For directed interactions, haploid yeast L40

(Mat a) or AMR70 (Mat a) were, respectively, transformed with
pLexA plasmids encoding LexA-BD fused to a MAP6-N fragment,
and with pAct2 plasmid encoding Gal4-AD fused to mouse Tctex1.
After mating of the haploid yeasts, selection was doubly performed
as above.

Animal research and breeding

The research involving animals was authorized by the ‘Direction
D�epartementale de la protection des populations / Pr�efecture de
l’Is�ere’ (Brocard, J., PhD, permit # 38 10 06) and by the ethics
committee of the Grenoble Institute for Neuroscience, accredited by
the French Ministry of Research. Homogeneous inbred C57BL6/
129SvPas F1 mice were obtained by crossing MAP6 heterozygote
129SvPas male or female mice with MAP6 heterozygote C57BL6
female or male mice, respectively. Seventy-five pregnant MAP6
heterozygote 129SvPas or C57BL6 females have been used for this
study. Mice breeding was performed in compliance with French leg-
islation and European Union Directive of 22 September 2010 (2010/
63/UE).

Neuronal cultures

Pregnant MAP6 heterozygote 129SvPas or C57BL6 females were
euthanized by cervical dislocation and embryos swiftly shifted to
phosphate-buffered saline at room temperature. Then, hippocampi
from E17.5 mice embryos were removed and digested with trypsin
2.5% (Invitrogen, France) diluted 1/10, at 37 °C for 15 min. After
manual dissociation, hippocampal neurons from individual (Fig. 4B)
or pooled embryos of the same genotype (Figs 2–5) were plated onto
one 60-mm Petri dishes (BD Falcon, France) per hippocampus, con-
taining 12 poly-L-lysine-coated coverslips, in 5 mL DMEM
4.5 g/L + 10% horse serum (Invitrogen, France). Using cortices from
the same embryos, it was also possible to plate 12 wells of a 24-well
Petri dish (BD Falcon, France) per embryo (Fig. 4D–E), in 0.5 mL D
MEM 4.5 g/L + 10% horse serum. In both cases, the media were
replaced by identical volumes of Neurobasal containing B-27 supple-
ment and glutamax (Invitrogen, France), about one hour and a half
after plating [see (Andrieux et al., 2002) for more details].
One millilitre or 0.1 mL of fresh MACS medium (Miltenyi Bio-

tec, France) containing B-27 supplement, glutamax (Invitrogen,
France) and 15 lM cytosine-D-arabinofuranoside (Sigma-Aldrich,
AraC; final concentration, 3 lM) was added every week to each 60-
mm Petri dish and each well of 24-well Petri dish, respectively. In
60-mm Petri dishes, an addition of 0.5 mL fresh MACS medium
containing B-27 supplement, glutamax but no AraC, was offset
every week as well, for long-term (> 10 days) cultures.

Electrophysiology

Hippocampal neurons in culture after 6–7 days in vitro (DIV) were
patch-clamped and Ca2+ current was recorded at room temperature
(22–24 °C) in whole-cell configurations, in a bath medium containing:
5 mM BaCl2, 128 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM TEACl,
10 mM D-glucose, 10 mM HEPES (pH 7.4 with NaOH), supple-
mented with 500 mM tetrodotoxin (Latoxan, France) and 10 lM
nifedipine (Sigma-Aldrich, France) to block Nav sodium channels and
dihydropyridine-sensitive Cav1/L-type calcium channels, respectively.
Patch pipettes were filled with a solution containing: 110 mM CsCl,
3 mM Mg-ATP, 0.5 mM Na-GTP, 2.5 mM MgCl2, 10 mM EGTA-Cs,
10 mM HEPES (pH 7.4 with CsOH) and had a resistance of 2–4 MO.
All traces were corrected online for leak and capacitance currents,
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digitized at 10 kHz and filtered at 2 kHz, with an axopatch 200B
(Molecular Devices, Sunnyvale CA, USA).

Immunolabelling

Coverslips of hippocampal cultures after 3 DIV (Fig. 3B), 4 DIV
(Figs 4C and 5C) or 8–9 DIV (Fig. 4B and D) were fixed for 25 min
at 37 °C in PFS (4% paraformaldehyde + 4% sucrose) and permeabi-
lized for 1 min in PBS + Triton X-100 0.1%. When mentioned,
fixation was preceded by a 15-min incubation period with 5 lM
Alexa-546-conjugated transferrin from human serum (T23364,
Thermo Fisher Scientific, France, diluted to 10 mM in DMSO). Anti-
bodies raised against microtubules [a3A1 homemade, mouse, 1/5000
(Paturle-Lafanechere et al., 1994)], Cav2.2/N-type calcium channels
(ACC-002, rabbit, Alomone Labs, Israel, 1/300), Lamp1 (L1418, rab-
bit, Sigma-Aldrich, France, 1/500), tyrosinated microtubules [YL1/2
homemade, rat, 1/5000 (Wehland & Willingham, 1983)] and/or tau
(MAB3420, mouse, Millipore, 1/200), diluted in PBS + Tween-20
0.1%, were used for a 1-h incubation at room temperature. Coverslips
were then rinsed in PBS + Tween-20 0.1% and incubated for an addi-
tional 1 h with the appropriate species-specific secondary antibody
combined to Alexa-488 (green, 1/500) (Thermo Fisher Scientific,
France), Alexa-546 (red, 1/1000) or Alexa-647 (deep red, 1/500)
(Jackson ImmunoResearch, Europe) at room temperature. Coverslips
were then rinsed in PBS + Tween-20 0.1%, in H2O and mounted in
Dako Medium (Agilent Technologies, France) containing 1 lg/mL
Hoechst 33258 (Sigma-Aldrich, France). Images were taken with an
inverted microscope Axioskop 50 (Carl Zeiss, France) controlled by
METAVIEW software (Universal Imaging, USA) using a 40 9 oil
immersion objective. Images were digitized using a Coolsnap ES cam-
era (Roper Scientific, Trenton, NJ, USA). Image analysis was per-
formed with the free IMAGEJ software (Schneider et al., 2012), as
detailed in Supporting Information.

Calcium imaging

Coverslips of hippocampal cultures after 8–9 DIV (Fig. 2) were
incubated at 37 °C without CO2 in the presence of 1 lM Fluo-4
(Thermo Fisher Scientific, France) in warm artificial cerebrospinal
fluid [aCSF containing: 140 mM NaCl, 5 mM KCl, 1.5 mM CaCl2,
0.75 mM MgSO4, 1.25 mM NaH2PO4, 20 mM D-glucose, 15 mM

HEPES, pH 7.4 with NaOH] during 20–25 min. After 5–10 addi-
tional minutes in regular aCSF, each coverslip was mounted on a
mini-POC perfusion chamber (PeCon GmbH, Germany) and con-
stantly perfused with 5 mL/min aCSF at room temperature. Imaging
was performed as 1 image/6 s during 10–11 min, using an inverted
microscope Axiovert 200M with a 20 9 dry objective (Carl Zeiss,
France) controlled by METAVIEW software (Universal Imaging, USA).
Metaview was set at multiple positions, enabling the simultaneous
recording of one to four transfected neurons during the same experi-
ment. When indicated, a KCl medium [containing: 100 mM NaCl,
45 mM KCl, 1.5 mM CaCl2, 0.75 mM MgSO4, 1.25 mM NaH2PO4,
20 mM D-glucose, 15 mM HEPES, pH 7.4 with NaOH] replaced
aCSF, in the absence or in the presence of 20 lM nimodipine
(Sigma-Aldrich, France, diluted to 20 mM in DMSO). Also, 1/3
NaCl was replaced with LiCl, both in the aCSF (93 mM NaCl +
47 mM LiCl) and KCl (67 mM NaCl + 33 mM LiCl) media when
indicated. An additional 1 mM kynurenic acid (KA, Sigma-Aldrich,
France) was present when indicated as well.
For spontaneous activity recordings, coverslips of hippocampal cul-

tures after 16–17 DIV (Fig. 3C) were incubated at 37 °C without CO2

in the presence of 2 lM Fluo-4 (Thermo Fisher Scientific, France) in

warm aCSF (see above) during 20–25 min. After five additional min-
utes in regular aCSF, each coverslip was mounted and constantly per-
fused with 2 mL/min of warm aCSF (> 30 °C). Imaging of a unique
field was performed at 2 Hz during 8–10 min, using an inverted
microscope Axiovert 200M with a 20 9 dry objective (Carl Zeiss,
France) controlled by METAVIEW software (Universal Imaging, USA).

Transfections

Coverslips of hippocampal cultures after 3 DIV (Figs 4C and 5C) or
7 DIV (Fig. 2E) were transferred to NMEM-B27 medium (Minimal
Essential Medium 1x, 1 mM sodium pyruvate, 15 mM HEPES,
2 mM L-glutamine, B-27 supplement 1x, 33 mM glucose, pH 7.4)
just prior to adding 120 lL of calcium phosphate precipitate.
Briefly, the precipitate was obtained by gently adding 2 lg of DNA
as indicated below, in addition to 0.5 lg of a mCherry-encoding
plasmid (pmcherry-C1, Clontech Laboratories, USA) or a GFP-
encoding plasmid (pEGFP-N1, Clontech Laboratories, USA) and
250 mM CaCl2 in 60 lL of water, added dropwise to 60 lL of 2x
BBS solution [50 mM BES, 280 mM NaCl, 1.5 mM Na2HPO4, pH
7.2 (Kingston et al., 2001)]. Neurons were then incubated at 37 °C
with no CO2 for 90 min, washed three times with warm HEPES-
buffered saline solution [135 mM NaCl, 20 mM HEPES, 4 mM KCl,
1 mM Na2HPO4, 2 mM CaCl2, 1 mM MgCl2, 10 mM D-Glucose, pH
7.3 (Kingston et al., 2001)] and their own initial medium after filtra-
tion (3 DIV) or fresh MACS medium (see above, 7 DIV) was added
for a further 20- to 24-h incubation at 37 °C with CO2.

Plasmids

Numbering for rat MAP6-N and MAP6-E, mouse Tctex1 and
human Cav2.2/N-type calcium channels is based on accession num-
bers NP_058900, CAA05555, NP_033368 and NP_000709, respec-
tively. All constructs were sequence-verified.
For two-hybrid experiments, cDNAs encoding MAP6-N baits LNt

(aa 1–225), 5R (aa 221–455), LCt (aa 451–952), LCt451-572 (aa 451–
572), LCt451-572 AAAIA (aa 451–572, with 532AAAIA536 mutation),
LCtDMn3 (aa 451–952, with aa 481–495 deletion), LCtAAAIA (aa
451–952, with 532AAAIA536 mutation) and LCt DMn3AAAIA (aa 451–
952, with aa 481–495 deletion and with 532AAAIA536 mutation) were
cloned in pLexA (Addgene) with a LexA-BD N-terminal fusion,
whereas cDNA encoding target Tctex1 (all 113 aa) was cloned in
pAct2 (Addgene) with a Gal4-AD N-terminal fusion.
For immunoprecipitation experiments or to transfect neurons

in vitro, cDNAs encoding MAP6-N (all 952 aa) and mutants LCt (aa
451–952), LCtDMn3 (aa 451–952, with aa 481–495 deletion),
LCtAAAIA (aa 451–952, with 532AAAIA536 mutation) and LCt
DMn3AAAIA (aa 451–952, with aa 481–495 deletion and with
532AAAIA536 mutation) were cloned in pSG5 (Stratagene); cDNAs
encoding MAP6-E (all 660 aa) and mutants MAP6-ED1 (aa 2–19
deletion), MAP6-EDMn3AAAIA (aa 527–541 deletion and
578AAAIA582 mutation) and MAP6-ED1DMn3AAAIA (aa 2–19 dele-
tion, aa 527–541 deletion and 578AAAIA582 mutation) were cloned in
pcDNA3.1(+) (Invitrogen, France); cDNA encoding Tctex1 (all 113
aa) was cloned in pEGFP-N1 (Clontech) to encode for Tctex1-GFP;
cDNA encoding Tctex1 (all 113 aa) and NCD4 [Cav2.2/N-type chan-
nel aa 2020–2164 (Lai et al., 2005)] was cloned in pcDNA3.1(-)/
myc-His-A (Invitrogen, France), with myc and 6 His C-terminal tags.

Automatic plate reading

Twenty-four-well plates of cortical cultures after 7–8 DIV were
incubated at 37 °C without CO2, in the presence of 1 lM Fluo-4
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(Thermo Fisher Scientific, France) in warm aCSF containing LiCl +
KA, in the absence [nimo] or presence [toxins] of 20 lM nimodipine
(see above, Calcium Imaging), during 20 min. Each well was rinsed
with aCSF containing LiCl + KA, without [nimo] or with [toxins]
20 mM nimodipine and 450 lL of fresh medium containing also
DMSO or 20 lM nimodipine [nimo] on the one hand or DMSO,
320 nM x-conotoxin GVIA (STC-750, Alomone Labs, Israel, diluted
to 160 lM in DMSO) or 180 nM x-agatoxin IVA (STC-750, Alo-
mone Labs, Israel, diluted to 90 lM in DMSO) [toxins] on the other
hand, was added to the corresponding wells. After an additional 5-
min incubation at 37 °C without CO2, entire plates were transferred
to a Pherastar automatic plate reader (BMG Labtech, Germany) set
to 37 °C, to record fluorescence intensity at 2 Hz during 30 s, for
each well, as described at http://www.bmglabtech.com/media/35216/
1043854.pdf. After 10 s, an automatic injection of 50 lL KCl
500 mM (final concentration, 50 mM) stimulated calcium influx.

Immunoprecipitation experiments

On the one hand, COS-7 cells in P100 Petri dishes were transfected
with plasmids encoding Tctex1-GFP and MAP6-N or Tctex1-myc
and LCt mutants using Lipofectamine reagent (Thermo Fisher Scien-
tific, France). One day after transfection, cells were rinsed with PBS
and lysed in 400 lL [Tris 50 mM, NaCl 150 mM, DOC 0.1%, Triton
X-100 1%, glycerol 10%, pH 8.0, in the presence of protease inhibi-
tors (Complete Cocktail tablets, Roche)] to produce the cell lysate
(CL) fraction, after performing an additional 2-min centrifugation at
10 000 g to discard cellular debris. Cell lysates were then incubated
for 2.5 h at 4 °C with Sepharose beads (GE Healthcare, France)
coupled with either protein G + rabbit anti-GFP (Life Technologies,
Gaithersburg, USA) or anti-MAP6 antibodies [23N + 23C (Guillaud
et al., 1998)] or protein A+mouse anti-myc antibody (sc-40, Santa
Cruz Biotechnology Inc., Germany), before performing a 3-min cen-
trifugation at 10 000 g to collect the beads. After ample washing,
complexes were separated by electrophoresis, blotted and revealed
using the following antibodies: rabbit anti-GFP (1/1000, Life Tech-
nologies, Gaithersburg, USA), mouse anti-MAP6-N [175, home-
made, 1/2000 (Pirollet et al., 1989)] or rabbit anti-Tctex1
[2025 + 2026, homemade, 1/2000 each, see Supporting
Information].
On the other hand, HEK-293 T17 cells from ATCC were trans-

fected with plasmids encoding Tctex1-GFP and MAP6-E mutants
(see above) or NCD4-myc and MAP6-E mutants (see above) or
Tctex1-GFP, NCD4-myc and MAP6-E mutants using a calcium
phosphate kit (Life Technologies, Gaithersburg, USA). One day
after transfection, cells were rinsed with PBS and lysed in the pres-
ence of protease inhibitors (Complete Cocktail tablets, Roche). For
Tctex1-GFP and MAP6-E mutant transfection, the lysis buffer was
50 mM Tris pH8, 15 mM NaCl, 1% NP40, 0.5% sodium deoxy-
cholate, 0.1% SDS; for NCD4-myc and MAP6-E mutant transfec-
tion, the lysis buffer was 20 mM Tris, 1 mM EGTA, 1 mM EDTA,
5 mM NaF, 1 mM DTT, 2 mM Na3VO4, 0.27 M sucrose, 0.5 % Tri-
ton X-100, pH 7.2; for Tctex1-GFP, NCD4-myc and MAP6-E
mutants transfected altogether, lysis buffer was 137 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, 5 mM EDTA,
5 mM EGTA, 0.05 % Triton X-100. After centrifugation of the cell
lysate at 10 000 g for 20 min at 4 °C, the supernatant was incu-
bated O/N at 4 °C in the presence of Sepharose beads (GE Health-
care, France) coupled with protein G + rabbit anti-MAP6 antibody
[23N (Guillaud et al., 1998)]. Complexes were precipitated by
40 lL Dynabeads Protein G (Invitrogen, France) for 40 min at RT.
The immunoprecipitates were washed six times with lysis buffer.

Complexes were separated by electrophoresis, blotted and revealed
using the following antibodies: rabbit anti-GFP (1/3000, Invitrogen,
France), mouse anti-myc (1/3000, AM1007a, Abgent, San Diego,
CA, USA) and 23N rabbit anti-MAP6 (1/3000).

Quantitative Western Blots from brain extracts

Brains regions from 3-week-old WT and MAP6 KO mice littermates
were dissected out, and whole extracts from cerebellum, hippocam-
pus and cortex were prepared by mechanical trituration in RIPA
buffer (25 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1% Na-deoxy-
cholate, 0.1% SDS, pH 7.6) followed by a 2-min centrifugation at
10 000 g to discard large debris. Brain extracts migrated on SDS-
PAGE gels were transferred onto nitrocellulose membranes; mem-
branes were then cut to enable immunodetection of Cav2.2/N-type
calcium channels (ACC-002, rabbit, Alomone Labs, Israel, 1/500)
and neuron-specific enolase (AB9698, chicken, Merck Millipore,
France, 1/2500), a MAP6-insensitive marker, from the same extract.
Quantification of Cav2.2/N-type channels contents from each brain
region of each animal was expressed as mean Sqr (Cav2.2/NSE)
ratios from one to three independent Western blottings.

Statistical analysis

Statistics were performed using the PRISM 5.0 software (GraphPad
Software, San Diego, CA, USA). Throughout the study, raw data
were compared using nonparametric Mann–Whitney t-tests (Figs 2C
and D, and 3B) or Kruskal–Wallis ANOVA comparisons (Fig. 2E)
while normalized data were compared using parametric Student t-
tests (Figs 2A, 3C and 4) or one-way ANOVA comparisons (Fig. 5C).
The results are presented as mean � standard error.

Results

Tctex1 interacts with MAP6 proteins

To identify MAP6 partner proteins, we performed a yeast two-
hybrid screening of a mouse brain cDNA library (Matchmaker
CDNA library, Clontech) using several fragments of MAP6-N as
bait, divided into N-terminal (LNt), central (5R) and C-terminal
(LCt) fragments as shown Fig. 1A. Amongst the clones pulled out
by the LCt fragment, three were identical to Tctex1, a light chain
subunit of the dynein motor protein complex (King et al., 1996).
The interaction between Tctex1 and LCt was assessed by growth on
histidine-deficient medium and by a colorimetric assay, involving
the HIS3 and lacZ reporter genes, respectively (Fig. 1B). In contrast
to the LCt fragment, the LNt fragment did not bind Tctex1
(Fig. 1B). We further tested the selective interaction between Tctex1
and MAP6-N by performing co-immunoprecipitations experiments
with lysates from transfected COS7 cells expressing Tctex1-GFP
and MAP6-N. When the immunoprecipitation was performed with
an anti-GFP antibody, MAP6-N was found associated with Tctex1-
GFP. When the immunoprecipitation was performed using anti-
MAP6 antibodies (23N/23C, see Material & Methods), Tctex1-GFP
was detected together with MAP6-N (Fig.1C). To localize more pre-
cisely the domains of MAP6 involved in the interaction with
Tctex1, we engineered several truncations of the LCt fragment fused
to the LexA domain (Fig. 1A). The fragment corresponding to aa
451–572 displayed the strongest interaction with Tctex1 (Fig. 1D).
Within this fragment, a RRRIR stretch of aa at positions 532–536
was matching the R/K-R/K-X-X-R/K consensus sequence for Tctex1
binding (Mok et al., 2001). Using peptide spots technology, we
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Fig. 1. Tctex1 interacts with MAP6 proteins. (A) Schematic representation of rat neuronal MAP6 proteins (MAP6-N, MAP6-E and MAP6d1) and the MAP6 frag-
ments used for two-hybrid screenings. Note that the N-terminal (LNt), central (5R) and C-terminal (LCt) fragments are complementary. Coloured modules: mauve,
palmitoylable N-terminal domain (Gory-Faure et al., 2006); light orange: MT-stabilizing domains (Bosc et al., 2001); dark grey: thermo-sensitive MT-binding
domains (Delphin et al., 2012); light grey: 28 C-terminal repeats (Bosc et al., 2003); light blue: consensus Tctex1-binding sequence RRRIR (Mok et al., 2001); black:
AAAIA-mutated corresponding sequence; hatched: MAP6d1-specific aa with no homology to MAP6 proteins. The aa numbers are noted above. (B) Growth selection
of yeasts containing the only baits LNt or LCt (top row) or a combination of the Tctex1 prey and either bait, either on histidine-free medium (middle row) or visualiza-
tion of protein interaction by staining of b-galactosidase activity (bottom row). (C) Immunoprecipitation of protein complexes obtained from COS-7 cells transfected
with plasmids encoding Tctex1-GFP and MAP6-N, using sepharose beads coupled to either an anti-GFP antibody or a mix of anti-MAP6 antibodies (23N and 23C).
Cell lysates (CL) and immunoprecipitated protein complexes (IP) were then analysed by SDS-PAGE and Western blotting, using an anti-GFP antibody (to evidence
Tctex1) or an anti-MAP6 antibody (175, to evidence MAP6). Control experiments were performed with no antibody coupled to the beads (no Ab). (D) Summary table
of the two-hybrid interactions assessed from growth on histidine-free medium and staining of b-galactosidase activity as described in (B). +++: very fast growth and
strong staining; ++: medium growth and staining; +: slow growth and weak staining; -: no growth nor staining. (E) Schematic representation of MAP6-N C-termini
(LCt, upper panel) used for immunoprecipitation with Tctex1-myc (lower panel). Colour code is presented as in (A). Each immunoprecipitation was performed with
an anti-myc antibody and revealed with an immunoblot antibody against Tctex1 (Antibodies 2025 and 2026, see Supporting Information) or an anti-MAP6 (175) to
evidenceMAP6-N C-termini. MAP6-related bands were quantified, background subtracted and normalized by that obtained with non-mutated LCt (italic percentages).
(F) Schematic representation of full-length MAP6-E or MAP6-E mutants D1, DMn3AAAIA or D1DMn3AAAIA (lower panel) used for immunoprecipitation with
Tctex1-GFP (upper panel). Colour code is presented as in (A). Each immunoprecipitation was performed with the anti-MAP6 23N antibody and immunorevealed by
Western blotting against GFP or MAP6 (23N). Note that the many MAP6 bands detected after immunoprecipitation correspond to specific degradation products as
there is no signal in the sham-transfected condition. The contaminating IgG band, close to that of Tctex1-GFP, is indicated. Tctex1-related bands were quantified, back-
ground subtracted and normalized by that obtained with non-mutated MAP6-E (italic percentages). [Colour figure can be viewed at wileyonlinelibrary.com].
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determined that the RRRIR sequence of MAP6 was indeed able to
bind to recombinant GST-Tctex1 (Fig. S1). However, when the
RRRIR sequence was mutated into AAAIA, the interaction with
Tctex1 was still strong in the yeast (Fig. 1D). Performing immuno-
precipitation experiments again, we confirmed that only mutating
the consensus sequence was not enough to abolish the interaction
between the LCt fragment of MAP6-N and Tctex1 (Fig. 1E). In par-
allel experiments, we have shown that the distantly related MAP6d1
protein (Gory-Faure et al., 2006) was also able to immunoprecipi-
tate Tctex1 (Fig. S2). As MAP6 proteins display a modular organi-
zation, we hypothesized that the sequences highly homologous
between MAP6 proteins and MAP6d1 – namely the 83% homolo-
gous N-terminal stretch and a 71% homologous microtubule-stabiliz-
ing domain (Fig. 1A) – were likely to be involved in the interaction
with Tctex1. Indeed, further deleting the microtubule-binding
domain Mn3 [Daa481–495 (Bosc et al., 2001)] of the LCt fragment
had a significant effect by bringing the interaction close to zero
(Fig. 1E). For further studies, we used the full-length isoform
MAP6-E instead of MAP6-N as the C-terminal repeats did not seem
to have an impact on the interaction with Tctex1 (Fig. 1F). Mutating
the only N-terminus of MAP6-E (MAP6-ED1, Fig. 1F) displayed
about the same decrease in Tctex1 co-immunoprecipitation as the
combination of Mn3 deletion and AAAIA mutation (MAP6-EDM-
n3AAAIA, Fig. 1F). Combining these two modifications (MAP6-
ED1DMn3AAAIA, Fig. 1F) decreased the interaction even further.
Hence, the interaction surface of MAP6 with Tctex1 seems to be
complex, with aa from the N-terminus, the Mn3 domain and the R/
K-R/K-X-X-R/K consensus sequence likely to participate.

MAP6 is required for proper calcium signalling

In hippocampal neurons, Tctex1 participates in the surface expres-
sion of calcium channels (Lai et al., 2005). More specifically, pre-
venting the direct interactions of Tctex1 with calcium channels was
reported to decrease Cav2-type calcium currents (Lai et al., 2005).
As MAP6 also interacts with Tctex1 in vitro, we intended to address
MAP6 contribution to Cav2-mediated calcium signalling in neuronal
cultures (Fig. 2). Electrophysiological recordings of hippocampal
neurons revealed a global ~25% decrease in calcium current densi-
ties in MAP6 KO vs. WT neurons (Fig. 2A, 0.740 � 0.063 vs.
1.000 � 0.068, P = 0.008). To access spatial resolution, neuronal
cultures were also loaded with the calcium-sensitive fluorescent dye
fluo-4 and stimulated with KCl, in the absence or in the presence of
nimodipine, a Cav1/L-type calcium channel inhibitor. Using this
paradigm, we hypothesized that the (KCl+nimo/KCl) calcium peak
ratio would represent the net contribution of Cav2-type calcium
channels to increases of cytoplasmic calcium during KCl stimula-
tions (Fig. 2B). However, much larger ratios than expected were
measured [> 0.75 vs. 0.5 as described before at this stage (Pravet-
toni et al., 2000)], thus indicating that other major actors of calcium
signalling were stimulated in the presence of KCl. Therefore, we
replaced a fraction of NaCl with LiCl to inhibit the Na+/Ca2+

exchanger (Khodorov et al., 1999), thus leading to measure signifi-
cantly smaller peak ratios in MAP6 KO vs. WT neurons, both in
the cell bodies and neurites (Fig. 2C, 0.503 � 0.009 vs.
0.529 � 0.009 in cell bodies, P = 0.043 and 0.608 � 0.009 vs.
0.659 � 0.007 in neurites, P < 0.001). Note that the larger ratios
recorded in neurites are consistent with a higher concentration of
Cav2-type channels there than in cell bodies (Pravettoni et al.,
2000). Adding kynurenic acid (KA), an inhibitor of NMDA recep-
tors, to the recording medium further unmasked the apparent deficit
of Cav2-type channels in the cell bodies of MAP6 KO neuronal

cultures (Fig. 2D, 0.458 � 0.014 vs. 0.527 � 0.013 in cell bodies,
P = 0.001 and 0.583 � 0.012 vs. 0.642 � 0.012 in neurites,
P = 0.005). In order to establish that MAP6 was sufficient to restore
calcium channel activity in MAP6 KO neurons, MAP6-E expression
was rescued before measuring calcium imaging. For each experi-
ment, neurons of both genotypes – MAP6 KO and WT – were
transfected with a mCherry-expressing plasmid to detect the trans-
fected cells, as well as a MAP6-E- or sham-encoding plasmid.
MAP6-E rescue had no significant effect on calcium signalling of
WT or MAP6 KO cell bodies, but it did significantly increase the
(KCl+nimo/KCl) calcium peak ratio in neurites of MAP6 KO neu-
rons specifically (Fig. 2E, 0.602 � 0.015 vs. 0.564 � 0.009,
P < 0.05 as compared to neurites from sham-transfected MAP6 KO
neurons). Hence, calcium signalling mediated by Cav2-type calcium
channels is deficient in MAP6 KO neurons and may be rescued by
exogenous MAP6-E expression.

Functional Cav2.2/N-type calcium channels are deficient in
MAP6 KO neurons

Members of the Cav2-type calcium channel family may be inhibited
by very specific natural toxins purified from cone snails’ or spiders’
venom: x-agatoxin IVA against Cav2.1/PQ-type, x-conotoxin GVIA
against Cav2.2/N-type and SNX-482 against Cav2.3/R-type (Catterall
et al., 2005). In cortical cultures after 6–8 days in vitro, Cav-me-
diated calcium signalling is expected to be mostly supported by
Cav2.1 and Cav2.2 (Schlick et al., 2010). Hence, we used cortical
cultures grown on 24-well plates to study the contribution of Cav2-
type calcium channels to KCl-elicited calcium signalling in MAP6
KO neurons. Each well was loaded with the calcium-sensitive fluo-
rescent dye fluo-4, and a KCl stimulation was performed in the pres-
ence or absence of specific toxins (Fig. 3A). As a control, adjacent
wells were stimulated in the absence or presence of nimodipine and
the corresponding ratios, obtained from WT and MAP6 KO cultures,
were paired and compared (yellow curves, 0.515 � 0.023 vs.
0.473 � 0.021, P = 0.031). In the presence of x-agatoxin IVA, a
significant difference of ratios was observed (red curves,
0.698 � 0.033 vs. 0.622 � 0.027, P = 0.007 for WT and MAP6
KO, respectively) whereas none was detected in the presence of x-
conotoxin GVIA (green curves, 0.784 � 0.025 vs. 0.769 � 0.033,
P = 0.583 for WT and MAP6 KO, respectively). This suggested
that diminished Cav2.2/N-type calcium channels were likely to
underlie the decreased calcium signalling in MAP6 KO neurons. We
performed complementary measures from functional assays to assess
biological features strongly related to either Cav2.1/PQ- or Cav2.2/
N-type calcium channels in neuronal cultures.
In developing neurons, Cav2.2/N-type channels have been associ-

ated with axonal specification and growth (Pravettoni et al., 2000).
Hence, we measured axonal growth from MAP6 KO and WT neu-
rons in the presence of the x-conotoxin (Fig. 3B). After a 48-h
treatment, axonal length was significantly diminished in WT neu-
rons, in the presence of x-conotoxin, as compared to sham-
treated cultures (Fig. 3B, 45.2 � 3.1 lm vs. 54.0 � 2.8 lm,
P = 0.013). In contrast, axonal growth of MAP6 KO neurons dis-
played no sensitivity to the toxin (Fig. 3B, 54.7 � 2.3 lm vs.
58.1 � 2.8 lm, P = 0.577). This demonstrated that functional
Cav2.2/N-type calcium channels in MAP6 KO neurons must be
missing in the plasma membrane, thereby not supporting axonal
growth as pre-eminently as they do in WT neurons.
In mature neuronal networks, Cav2.1/PQ-type calcium channels

were shown to be essential for spontaneous neurotransmitter release
(Qian & Noebels, 2001). We loaded mature MAP6 KO and WT
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hippocampal cultures after 16–17 days in vitro with the calcium-
sensitive fluorescent dye fluo-4 to measure spontaneous calcium
activity (Fig. 3C). The number of observed calcium peaks showed
great variability, and no significant difference of frequency was
observed between MAP6 KO and WT neurons (not shown). In con-
trast, peak intensity was significantly smaller in MAP6 KO neurons
as compared to WT (Fig. 4C, 0.840 � 0.050 vs. 1.000 � 0.072,
P = 0.074 in cell bodies and 0.867 � 0.039 vs. 1.000 � 0.049,
P = 0.038 in neurites, respectively). These results indicated that
Cav2.1/PQ-type calcium channels may be diminished in mature
MAP6 KO neuronal networks, thus mediating less intense sponta-
neous activity than in WT neurons.

Cav2.2/N-type calcium channel trafficking is impaired in MAP6
KO neurons

Western blotting of protein extracts from various brain regions of
WT and MAP6 KO animals, with an anti-Cav2.2/N-type calcium
channel antibody, did not reveal major expression deficits in this
protein (Fig. 4A). Immunolabelling hippocampal neurons after 3–
4 days in culture with an anti-Cav2.2/N-type calcium channel anti-
body revealed the cell bodies as well as spots along neurites and
growth cones (Fig. 4B). Global quantification of these signals did
not reveal major expression deficits in the absence of MAP6, either.
However, we reasoned that cell bodies being the initial localization
of newly synthesized calcium channels and growth cones their final
destination at this stage, measuring spots along neurites would better
account for trafficking channels. Also, it has been suggested else-
where that Tctex1 would interact with the cytoplasmic domain of
parathyroid hormone-related protein receptor and carry the molecule
along the microtubules during the course of receptor internalization
(Sugai et al., 2003). To measure the amount of Cav2.2/N-type cal-
cium channels trafficking in MAP6 KO neurons, transfection of WT
and MAP6 KO neurons with GFP before immunolabelling of cal-
cium channels was realized and neuritic Cav2.2/N-type calcium
channel content measured (Fig. 4C, see Supporting Information).
Interestingly, these measurements revealed a 25% decrease in
Cav2.2/N-type calcium channels in MAP6 KO vs. WT neurons
(Fig. 4C, 0.758 � 0.032 vs. 1.000 � 0.041, P < 0.001). In order to
identify a more general deficit of trafficking, MAP6 KO and WT
neurons were incubated with labelled transferrin (Tfn vesicles, see
Material & Methods) to mark rapidly recycling endocytic vesicles
on the one hand, and immunolabelled with an anti-Lamp1 antibody
to visualize mature lysosomes, on the other hand (Fig. 4D).

Quantification of fluorescence intensities showed that MAP6 KO
neurons displayed a small but significant deficit in Tfn-labelled vesi-
cles (Fig. 4D, 0.903 � 0.007 vs. 1.000 � 0.007, P < 0.001) with
no difference in Lamp1-containing vesicles (Fig. 4D, 1.014 � 0.007
vs. 1.000 � 0.007, P = 0.148) as compared to WT neurons. Hence,
these observations point to impaired trafficking of Cav2.2/N-type
calcium channels as a possible cause for diminished calcium sig-
nalling in MAP6 KO neurons. Decreased recycling, rather than
increased lysosomal degradation, may be underlying this deficit.

A Tctex1-interacting MAP6 mutant is sufficient to restore
trafficking of Cav2.2/N-type calcium channels

From previous results, it was not clear that MAP6 proteins would
interact directly with calcium channels, in the absence of Tctex1.
Hence, we attempted to co-immunoprecipitate the C-terminus of
Cav2.2/N-type calcium channel [corresponding to the NCD4 con-
struct (Lai et al., 2005)] with an anti-MAP6 antibody (Fig. 5A).
Full-length MAP6-E as well as the MAP6-EDMn3AAAIA mutant
was fully able to co-immunoprecipitate NCD4. The MAP6-ED1
mutant kept some affinity whereas the double-mutant MAP6-
ED1DMn3AAAIA lost all potential to co-immunoprecipitate NCD4
(Fig. 5A). When confronted to both its partners in the same experi-
ment, MAP6-E and single mutants MAP6-ED1 and MAP6-EDM-
n3AAAIA behaved similarly, by co-immunoprecipitating significant
levels of both Tctex1 and NCD4. In contrast, the double-mutant
MAP6-ED1DMn3AAAIA showed no capacity to co-immunoprecipi-
tate either NCD4 or Tctex1 (Fig. 5B), thus confirming observations
performed in the presence of each, separately (see Figs 1F and 5A).
Finally, the capacity of the MAP6-E mutants to restore Cav2.2/N-
type channels trafficking was tested by overexpression in neurons,
in addition to GFP used to visualize the neurites, as described earlier
(Fig. 4C). As a control, WT neurons were transfected with plasmids
encoding these mutants, but none modified Cav2.2/N-type channels
trafficking significantly (Fig. 5C, P = 0.220). In MAP6 KO neurons
however (Fig. 5C, P = 0.001), overexpression of MAP6-E or
MAP6-ED1 significantly increased Cav2.2/N-type calcium channels
trafficking (1.235 � 0.067 and 1.248 � 0.069, respectively, as com-
pared to 1.000 � 0.044 for sham-transfected condition, P < 0.01 for
each) when neither MAP6-EDMn3AAAIA nor MAP6-ED1DM-
n3AAAIA showed such activity (1.054 � 0.055 and 1.005 � 0.059,
respectively). Interestingly, the levels of neuritic Cav2.2/N-type cal-
cium channels measured in WT or in MAP6 KO neurons overex-
pressing MAP6-E or MAP6-ED1 no longer differed (Fig. S3).

Fig. 2. MAP6 KO neurons display deficient calcium signalling, rescued by MAP6-E expression. (A) Superimposed current density traces obtained in whole-
cell configuration: the holding potential was �80 mV and cells were depolarized from �50 mV to +30 mV, by steps of 10 mV (upper panel). Quantification of
whole-cell patch-clamp recordings of WT (white discs) and MAP6 KO (grey discs) hippocampal neurons, normalized by that of WT neurons for each neuronal
culture (lower panel, dashed grey line = 100%). n represents the total number of neurons measured from four independent neuronal cultures. **, P < 0.01 as
compared to WT, using an unpaired parametric t-test. (B) Example of a recorded field of WT hippocampal neurons from which cell bodies (circled in red) and
neurites (green arrowheads) were detected and used for fluorescence intensity measurements, as indicated on the bottom panel (red line, cell bodies; green line,
neurites). The histogram on the right panel corresponds to the quantification of the peak ratios obtained in the presence of KCl + nimodipine, divided by that
obtained in the presence of KCl alone, for both regions (red column, cell bodies; green column, neurites). The ratios represent the fraction of the non-Cav1/L-
type calcium channels in the initial calcium peak. (C) Quantification of the peak ratios obtained in cell bodies and neurites of WT (white discs) and MAP6 KO
(grey discs) hippocampal neurons using aCSF medium where 1/3 NaCl was replaced with LiCl. n represents the total number of fields recorded from five inde-
pendent neuronal cultures. *, P < 0.05 and ***, P < 0.001, as compared to the corresponding WT, using unpaired nonparametric t-tests. (D) Quantification of
the peak ratios obtained in cell bodies and neurites of WT (white discs) and MAP6 KO (grey discs) hippocampal neurons using aCSF medium where 1/3 NaCl
was replaced with LiCl and in the presence of 1 mM Kynurenic Acid. n represents the total number of fields recorded from three independent neuronal cultures.
**, P < 0.01, as compared to the corresponding WT, using unpaired nonparametric t-tests. (E) Quantification of the peak ratios obtained in cell bodies and neu-
rites of transfected WT (white discs) and MAP6 KO (grey discs) hippocampal neurons, using aCSF medium where 1/3 NaCl was replaced with LiCl and in the
presence of 1 mM kynurenic acid as in (D). Each transfected cell was detected via mCherry expression while the accompanying plasmid was unlabelled (sham
= vector alone or MAP6-E). n represents the total number of transfected cells recorded from three independent neuronal cultures. *, P < 0.05 and ***,
P < 0.001 using a nonparametric one-way ANOVA, followed by Dunn’s multiple comparison tests : ns, not significantly different from the corresponding sham-
transfected cells, ##, P < 0.01 and ###, P < 0.001 as compared to sham-transfected WT, $, P < 0.05 as compared to sham-transfected KO. [Colour figure can
be viewed at wileyonlinelibrary.com].
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Discussion

Tctex1 was initially identified as a facultative light chain of brain
cytoplasmic dynein (King et al., 1996), used for the apical transport
of specific cargoes (Tai et al., 2001). Since, it has been described as
a bona fide interaction partner in a number of yeast two-hybrid
screenings, for example that of the full-length C-terminus of the
Cav2.2/N-type pore-forming subunit (Lai et al., 2005). In our hands,

Tctex1 was also identified from a yeast two-hybrid screening, using
the C-terminus of MAP6-N as bait. This interaction was confirmed
with both neuronal isoforms, MAP6-E and MAP6-N, using co-
immunoprecipitation experiments. In concordance, minimal interac-
tion sequences of MAP6 have been identified in a segment common
to the two isoforms (aa452–572, see Fig. 1). A putative consensus
interaction sequence R/X-R/X-R/X-X-R/X with Tctex1 was detected

Fig. 4. Calcium channel expression and traffic in MAP6 KO neurons. (A) Left panels, example of Western blotting of Cav2.2/N-type calcium channels and
Neuron-specific enolase (NSE) obtained from WT and MAP6 KO hippocampal extracts. Right panel, quantification of Cav2.2/N-type channels normalized to
NSE ratios obtained from cerebella, cortices and hippocampi of WT (white discs) and MAP6 KO (grey discs) animals. ns, P > 0.05 against the corresponding
WT, using unpaired parametric t-tests. (B) Left panels, immunolabelling of microtubules (green) and Cav2.2/N-type calcium channels (magenta) and detection
of spots on a merged image using ImageJ (see Supporting Information for details). Scale bar = 10 lm. Right panel, quantification of Cav2.2/N-type calcium
channels from WT (white discs) and MAP6 KO (grey discs) hippocampal neurons, normalized by that of WT neurons (dashed grey line = 100%) for each neu-
ronal culture. n represents the total number of individual embryos used during four independent preparations of neuronal cultures. ns, P > 0.05 as compared to
WT, using an unpaired parametric t-test. (C) Left panel, example of a neurite from a GFP-transfected WT neuron (green) with Cav2.2/N-type calcium channels
immunodetection (magenta) and measurement of neuritic content on a merged image using ImageJ (white, see Supporting Information for details). Scale
bar = 10 lm. Right panel, quantification of neuritic Cav2.2/N-type calcium channels content from GFP-transfected WT (white discs) and MAP6 KO (grey
discs) hippocampal neurons, normalized by that of WT neurons (dashed grey line = 100%). n represents the total number of transfected neurons measured from
three independent neuronal cultures. ***, P < 0.001 as compared to WT, using an unpaired parametric t-test. (D) Quantification of Tfn vesicles (triangles up)
and Lamp1 vesicles (triangles down) from WT (white triangles) or MAP6 KO (grey triangles) hippocampal neurons, normalized by that of WT neurons (dashed
grey line = 100%). n represents the total number of neurons measured from four independent neuronal cultures. ns, P > 0.05 and ***, P < 0.001 as compared
to the corresponding WT, using unpaired parametric t-tests. [Colour figure can be viewed at wileyonlinelibrary.com].

Fig. 3. Specificity of Cav2-type calcium channels deficit in MAP6 KO neurons. (A) Left panel, examples of KCl-stimulated fluo-4-loaded WT cortical neurons
in the absence (black line) or presence (yellow line) of 20 lM nimodipine. Right panels, ratios of KCl-elicited fluorescence intensity peaks, recorded from WT
(white squares) and MAP6 KO (grey squares) cortical neurons in the presence or absence of 20 lM nimodipine (yellow curves), 180 nM x-agatoxin IVA (red
curves) or 320 nM x-conotoxin GVIA (green curves). n represents the total number of wells recorded from eight independent neuronal cultures. ns, P > 0.05, *,
P < 0.05 and **, P < 0.01 against the corresponding WT, using paired nonparametric t-tests. Note that Wilcoxon t-tests have been performed to account for
technical data pairing between neighbouring MAP6 KO and WT culture wells and this pairing was deemed as highly significant (P < 0.01) for each panel. (B)
Left panel, example of identified axons (yellow arrowheads) from a neuronal culture with immunolabelled microtubules (red), tau (green) and nuclei (blue).
Right panel, measurements of axonal length of WT (white symbols) and MAP6 KO (grey symbols) hippocampal neurons after 48 h in the absence (sham, discs)
or presence (conotox, diamonds) of 320 nM x-conotoxin GVIA. n represents the total number of neurons measured from three independent neuronal cultures.
ns, P > 0.05 and *, P < 0.05 as compared to corresponding sham, using unpaired nonparametric t-tests. Scale bar = 10 lm. (C) Left panel, examples of sponta-
neous calcium activity recorded from fluo-4-loaded WT (black line) and MAP6 KO (grey line) hippocampal neurons. Right panel, quantification of mean peak
intensity during spontaneous calcium activity of fluo-4-loaded WT (white discs) and MAP6 KO (grey discs) hippocampal neurons, recorded in cell bodies and
neurites, independently, normalized by that of WT (dashed grey line = 100%). n represents the total number of fields recorded from six independent neuronal
cultures. ns, P > 0.05 and *, P < 0.05 as compared to corresponding WT, using unpaired parametric t-tests.[Colour figure can be viewed at wileyonlinelibrary.-
com].
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at aa532–536 of the MAP6 sequence. When this sequence was
mutated to AAAIA however, the binding to Tctex1 was not dimin-
ished significantly. Note that other groups have shown that the pres-
ence of the consensus signal is not obligatory for a protein of
interest to display Tctex1 binding (Ochiai et al., 2011). Other
sequences involved in the interaction with Tctex1 were identified
thanks to sequence homologies between MAP6 proteins and its
homologue MAP6d1 (Bosc et al., 2003). Indeed, the N-terminus
(Gory-Faure et al., 2006) and a microtubule-binding domain called
Mn3 (Bosc et al., 2001) are shared by MAP6 proteins and MAP6d1

and are both involved in the interaction with Tctex1. Nevertheless,
maintained expression of MAP6d1 in MAP6 KO neurons did not
seem to compensate for the absence of MAP6 proteins, responsible
for the decreased calcium signalling in this model, as discussed
below.
As Tctex1 was shown to participate in the surface expression of

specific calcium channels, we tested the integrity of calcium sig-
nalling in MAP6 KO neurons. Using electrophysiology recordings
and calcium imaging, we demonstrated that calcium influxes sup-
ported by Cav2-type calcium channels were diminished in MAP6

Fig. 5. Interactions of MAP6-E mutants with Cav2.2/N-type calcium channels and Tctex1, and restoration of neuritic content. (A) HEK-293 T17 cells were
cotransfected with plasmids encoding NCD4-myc and full-length MAP6-E or mutants as in Fig. 1F. Each immunoprecipitation was performed with the
anti-MAP6 23N antibody and immunorevealed by Western blotting against myc or MAP6 (23N). Note that the many MAP6 bands detected after immunopre-
cipitation correspond to specific degradation products as there is no signal in the sham-transfected condition. NCD4-related bands were quantified, background
subtracted and normalized by that obtained with non-mutated MAP6-E (italic percentages). (B) HEK-293 T17 cells were cotransfected with plasmids encoding
NCD4-myc, Tctex1-GFP and full-length MAP6-E or mutants as in Fig. 1F. Each immunoprecipitation was performed with the anti-MAP6 23N antibody and
immunorevealed by Western blotting against myc, GFP or MAP6 (23N). Note that the many MAP6 bands detected after immunoprecipitation correspond to
specific degradation products as there is no signal in the sham-transfected condition. NCD4-related bands and Tctex1-related bands were quantified, background
subtracted and normalized by that obtained with non-mutated MAP6-E (italic percentages). (C) Quantification of neuritic Cav2.2/N-type calcium channels con-
tents from WT (white discs) and MAP6 KO (grey discs) hippocampal neurons cotransfected with plasmids encoding GFP as in Fig. 4C and full-length MAP6-
E or mutants as indicated, normalized by sham-transfected neurons of corresponding genotype (dashed grey line = 100%). n represents the total number of
transfected neurons measured from three independent neuronal cultures. ns, not significant and **, P < 0.05, using a one-way parametric ANOVA, followed by
Bonferroni’s multiple comparison tests : ##, P < 0.01 as compared to sham-transfected KO. (D) Scheme of Cav2.2/N-type pore-forming subunit being trafficked
in presynaptic extremities from vesicles moving along microtubules. When vesicles are undocked, calcium channels are not addressed to the plasma membrane
in the absence of MAP6 or in the presence of the mutant MAP6-ED1DMn3AAAIA. In the presence of the mutant MAP6-EDMn3AAAIA, calcium channels are not
properly routed either, although MAP6-EDMn3AAAIA retains its ability to bind the channels. Functional calcium channels are restored only in the presence of
both Tctex1 and MAP6-E or mutant MAP6-ED1. [Colour figure can be viewed at wileyonlinelibrary.com].
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KO as compared to WT neurons. The amplitude of the decrease var-
ied from one technique to another, probably due to the specific
cocktail of inhibitors used for each. Besides, calcium imaging
revealed decreased calcium signalling more readily in the neurites
than in the cell bodies of MAP6 KO neurons. Addition of kynurenic
acid, an inhibitor of NMDA receptors, to the imaging medium was
necessary to detect such a decrease in the cell bodies as well. This
indicated that NMDA receptors may be slightly overexpressed in
cell bodies of MAP6 KO neurons as compared to WT, an observa-
tion that may be related to global deficient neuritic transport. Alter-
natively, NMDA receptors’ sensitivity to glutamate may be
increased in MAP6 KO neurons in adaptation to the global brain
hypoglutamatergy reported in MAP6 KO mice (Brenner et al.,
2007).
Amongst Cav2-type calcium channels, the different pore-forming

subunits are structurally homologous but not identical; hence, they
can be distinctly inhibited by very specific toxins, purified from
cone snails’ or spiders’ venom: x-agatoxin IVA against Cav2.1/PQ-
type, x-conotoxin GVIA against Cav2.2/N-type and SNX-482
against Cav2.3/R-type (Catterall et al., 2005). Using cortical cul-
tures, we established that Cav2.2/N-type channels were functionally
impaired in the absence of MAP6, thereby evoking similar results
obtained in the absence of Tctex1 (Lai et al., 2005). We also tested
axonal polarization as a biological phenomenon supported by
Cav2.2/N-type calcium channels mostly (Pravettoni et al., 2000)
and showed that, in contrast with WT neurons, MAP6 KO neurons
were impervious to the presence of x-conotoxin in the culture
medium. Also, mature neuronal networks were tested for sponta-
neous calcium activity, a biological feature that heavily depends on
Cav2.1/PQ-type calcium channels (Qian & Noebels, 2001). Sponta-
neous activity was slightly less intense in MAP6 KO neurons as
compared to WT neurons and significantly so in neurites only. This
would reinforce the observation that functional Cav2-type calcium
channels are possibly missing in presynaptic boutons, in the
absence of MAP6. Alternatively, intracellular stores may be
affected in MAP6 KO neurons although mitochondrial capacity to
buffer calcium seemed intact in preliminary experiments (not
shown). Note that no experiments have been performed towards
documenting diminished Cav2.3/R-type calcium channels in MAP6
KO neurons as this type is already quite minor in hippocampal
neurons (Schlick et al., 2010). Interestingly, the possibility that
MAP6 proteins may regulate every member of the Cav2-type fam-
ily echoes with previous proteomics results showing that MAP6
proteins are found in similar abundance in Cav2.1/PQ-type, Cav2.2/
N-type and Cav2.3/R-type calcium channels nanoenvironments
(Muller et al., 2010).
We next tried to establish a cause for missing functional calcium

channels in MAP6 KO neurons, bearing in mind that a similar phe-
notype was obtained when Tctex1 interactions with Cav2.2/N-type
calcium channels were inhibited (Lai et al., 2005). In the present
study, the total expression of Cav2.2/N-type channels was
unchanged in various brain regions from MAP6 KO mice as com-
pared to WT. Similarly, immunolabelling Cav2.2/N-type channels in
MAP6 KO hippocampal neurons did not reveal any global decrease
in expression. It thus appeared that in the absence of one or the
other member of the MAP6-Tctex1 pair, Cav2.2/N-type calcium
channel total expression was intact whereas its surface expression
was altered. Interestingly, when measuring Cav2.2/N-type calcium
channels immunodetected within neurites of transfected neurons
only, it was possible to detect diminished neuritic content, in accor-
dance with a possible lesser transport. We also estimated the recy-
cling and degradation capacities of MAP6 KO neurons via

immunolabelling of Tfn-positive and Lamp1-positive vesicles,
respectively. We demonstrated that the short recycling loop was
more likely to be impaired in the absence of MAP6, than the lysoso-
mal degradation to be increased. Thus, more probably than routing
newly expressed channels, the Tctex1-MAP6 pair may be modulat-
ing their recycling in hippocampal neurons, at later stages. This
hypothesis would by in accordance with the fact that inhibiting
Tctex1’s interactions with Cav2.2/N-type channels needed more than
48 h to offer a measurable decrease in electrophysiological record-
ings (Lai et al., 2005).
Lastly, we showed via complementation experiments that

MAP6-E was enough to restore calcium signalling and neuritic
Cav2.2/N-type content when overexpressed in MAP6 KO neurons.
Interestingly, a similar overexpression initiated no such modifica-
tions in WT neurons. This could be due to the limitation in the
number of ‘slots’ available to each type of calcium channels in the
presynaptic compartment of cultured neurons (Cao & Tsien, 2010)
or to the limiting amount of chaperone proteins involved in the
accurate location of calcium channels (Hoppa et al., 2012). It could
also be indicating that the balance of partners to establish functional
Tctex1-MAP6 pairs is important in regulating calcium channel traf-
ficking. This last hypothesis seems in line with our final immuno-
precipitation results obtained with MAP6-ED1 and MAP6-
EDMn3AAAIA: when the latter seems to strongly bind NCD4 but less
so Tctex1, it does not restore calcium channels trafficking, whereas
the former keeps a strong interaction with Tctex1, much less vis-�a-
vis NCD4, but does restore trafficking of Cav2.2/N-type channels
effectively (Fig. 5D). In any case, only the mutation of both regions
prevents interaction with both partners as well as restoration of func-
tional calcium channels.
In conclusion, we demonstrate in the present study that MAP6

proteins interact with Tctex1 and Cav2.2/N-type calcium channel to
regulate calcium channel activity in hippocampal neurons. Interest-
ingly, this is yet additional evidence showing that MAP6 is involved
in vesicular trafficking in neurons (Schwenk et al., 2014; Tortosa
et al., 2017).
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