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Neural Cell Adhesion Molecule 2 Promotes the Formation of
Filopodia and Neurite Branching by Inducing Submembrane

. +
Increases in Ca’™ Levels

Lifu Sheng, Iryna Leshchyns’ka, and ““Vladimir Sytnyk

School of Biotechnology and Biomolecular Sciences, The University of New South Wales, Sydney, 2052 New South Wales, Australia

Changes in expression of the neural cell adhesion molecule 2 (NCAM2) have been proposed to contribute to neurodevelopmental
disorders in humans. The role of NCAM?2 in neuronal differentiation remains, however, poorly understood. Using genetically encoded
Ca®™ reporters, we show that clustering of NCAM2 at the cell surface of mouse cortical neurons induces submembrane [Ca®"] spikes,
which depend on the L-type voltage-dependent Ca>" channels (VDCCs) and require activation of the protein tyrosine kinase c-Src. We
also demonstrate that clustering of NCAM2 induces L-type VDCC- and c-Src-dependent activation of CaMKII. NCAM2-dependent sub-
membrane [Ca*™] spikes colocalize with the bases of filopodia. NCAM?2 activation increases the density of filopodia along neurites and
neurite branching and outgrowth in an L-type VDCC-, c-Src-, and CaMKII-dependent manner. Our results therefore indicate that NCAM2
promotes the formation of filopodia and neurite branching by inducing Ca** influx and CaMKII activation. Changes in NCAM2 expres-
sion in Down syndrome and autistic patients may therefore contribute to abnormal neurite branching observed in these disorders.
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Introduction

Neuronal differentiation during brain development involves the
growth and extensive branching of axons and dendrites to enable
the formation of numerous contacts with other neurons required
for the integration of neurons into the neuronal networks in the
brain. Neuronal differentiation is highly regulated by cell adhe-
sion molecules expressed at the neuronal cell surface, which ac-
tivate a plethora of intracellular signaling cascades required for
growth (Aricescu and Jones, 2007; Dalva et al., 2007; Maness and
Schachner, 2007; Gahmberg et al., 2009; Togashi et al., 2009;
Cavallaro and Dejana, 2011).

Neural cell adhesion molecule 2 (NCAM?2), also known as the
olfactory cell adhesion molecule, belongs to the Ig superfamily of
cell adhesion molecules (Alenius and Bohm, 1997; Paoloni-
Giacobino et al., 1997; Yoshihara et al., 1997) and mediates ho-
mophilic adhesion (Yoshihara et al., 1997; Rasmussen et al., 2008;
Kulahin et al., 2011). NCAM2 is expressed predominantly in the
brain, and is detectable already at postnatal day 1 (Paoloni-
Giacobino et al., 1997; Yoshihara et al., 1997). Expression of
NCAM?2 in the developing brain and similarity to its paralog
NCAM, which plays an important role in neuronal differentia-
tion (Leshchyns’ka et al., 2003; Santuccione et al., 2005; Bodrikov
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et al., 2008), suggest that NCAM?2 also plays a role in the regula-
tion of neuronal development (Winther et al., 2012). In humans,
NCAM2 is encoded by a gene located on chromosome 21, and its
abnormal expression was therefore proposed to contribute to
Down syndrome (Paoloni-Giacobino et al., 1997; Makino and
McLysaght, 2010). Single nucleotide polymorphisms and dele-
tions involving the NCAM?2 gene have also been linked to autism
(Molloy et al., 2005; Haldeman-Englert et al., 2010; Hussman et
al,, 2011).

Although NCAM?2 is widely expressed in different brain re-
gions (Paoloni-Giacobino et al., 1997), the research has mostly
focused on the olfactory bulb, where NCAM?2 has been shown to
play a role in the compartmental organization of axons and den-
drites and target selection (Alenius and Bohm, 2003; Walz et al.,
2006; Borisovska et al., 2011). The role of NCAM2 in regulation
of neuronal development outside of the olfactory system re-
mains, however, poorly investigated.

Among signaling cascades activated by cell adhesion mole-
cules, changes in intracellular Ca®" levels play a prominent role
(Doherty et al., 2000; Hansen et al., 2008; Sheng et al., 2013).
Ca** serves as a secondary signaling messenger, which has criti-
cal roles in the regulation of neuronal motility and neurite elon-
gation in developing neurons (Bedlack et al., 1992; Rehder and
Kater, 1992; Henley and Poo, 2004; Henley et al., 2004; Gomez
and Zheng, 2006; Zheng and Poo, 2007). In this study, we used
genetically encoded Ca®" reporters to investigate changes in in-
tracellular [Ca*"] in response to NCAM2 activation in develop-
ing cortical neurons. We show that activation of NCAM2 induces
submembrane [Ca**] spikes along neurites, and particularly at
the bases of filopodia. We also demonstrate that these Ca*™
changes depend on activation of the protein tyrosine kinase c-Src
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dependent Ca** channels (VDCCs), and
result in calcium/calmodulin-dependent
protein kinase II (CaMKII) activation and
increased formation of filopodia and neu-
rite branching.

Materials and Methods

Antibodies, inhibitors, and toxins. Mouse
monoclonal antibodies against NCAM2 (sc-
136328) from Santa Cruz Biotechnology were
used for the treatment of living neurons and
isolated growth cones, immunocytochemistry
(IC), immunoprecipitation (IP), and Western
blot (WB). We extensively tested the antibod-
ies and confirmed that they specifically recog-
nize the recombinant extracellular domain of
NCAM2 by Western blot and NCAM2 overex-
pressed in transfected CHO cells by immuno-
cytochemistry (data not shown) and Western c
blot (see Fig. 2B). Mouse monoclonal antibod-

LCK-GCaMP5

NLS-Red-GECO _Red-GECO

LCK-GCaMP5 Red-GECO

ies against CaMKIla (sc-13141, Santa Cruz
Biotechnology) were used in WB, rabbit poly-
clonal antibodies against CaMKIla phos-
phorylated at Thr-286 (sc-12886-R, Santa
Cruz Biotechnology) were used in WB, rabbit
polyclonal antibodies against NCAM1 (sc-
10735, Santa Cruz Biotechnology) were used in
WB, mouse monoclonal antibodies against
c-Src (sc-8056, Santa Cruz Biotechnology)
were used in WB, rabbit polyclonal antibodies
against c¢-Src phosphorylated at Tyr-416
(#2101, Cell Signaling Technology) were used
in WB, and rabbit polyclonal antibodies
against L-type Ca®" channels (sc-16229-R,
Santa Cruz Biotechnology) were used in IC.
Nonimmune mouse IgG used as control for the
treatment of living neurons and in IP were
from Santa Cruz Biotechnology. Horseradish
peroxidase (HRP)-conjugated whole IgG-
specific anti-rabbit secondary antibodies used 16's
in WB and Cy2- or Cy3-conjugated anti-rabbit
and anti-mouse secondary antibodies used in
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Genetically encoded Ca®™ reporters detect depolarization-induced and spontaneous changes of intracellular [Ca®*]in

search Laboratories. Biotin-conjugated Fab-
specific anti-mouse secondary antibodies from
Sigma-Aldrich were used in WB to prevent de-
tection of the heavy chain of primary antibod-
ies used for IP or growth cone stimulation and
were visualized using HRP-conjugated Neu-
trAvidin protein from Thermo Scientific.
Alexa Fluor 546 phalloidin was from Life Tech-
nologies. The inhibitor of the Src family of pro-
tein tyrosine kinases, PP2, and ionomycin

cortical neurons. 4, Cultured 1- to 3-d-old cortical neurons were transfected with membrane-localized LCK-GCaMP5, cytosolic Red-GECO, or
nucleus-localized NLS-Red-GECO. Pseudocolored images of neurons at resting conditions (4 mmK ™) and 8 s after application of 90 mmK *
are shown. Note that application of 90 mmK ™ induced an increase in LCK-GCaMP5, Red-GECO, and NLS-Red-GECO fluorescence intensities
reflecting Ca2™ influx to the respective subcellular compartments. Similar responses were observed inn > 20 neurons n each group. B, G,
Time-lapse recordings of neurites of neurons cotransfected with LCK-GCaMP5 and Red-GECO are shown. Note submembrane [Ca > ] spikes
reflected by transient increases in intensity of LCK-GCaMP5 fluorescence (arrows). These spikes are either not accompanied (B) or accom-
panied (C, arrows) by increases in Red-GECO fluorescence intensity. Scale bars, 10 m. D, The graph shows the amplitude of Red-GECO
fluorescence intensity increases at the sites of LCK-GCaMP5 spikes as a function of the amplitude of LCK-GCaMP5 fluorescence intensity
increase. Note that the amplitude of the Red-GECO fluorescence intensity increase correlates with the amplitude of the LCK-GCaMP5
fluorescence intensity increase. n = 10 neurons analyzed.

(calcium salt) were from Cayman Chemical.
Nifedipine and BAPTA-AM were from Sigma-Aldrich.

Animals. Brain tissues from 1- to 3-d-old C57BL/6 mice of either sex
were used to prepare cultures of primary neurons and for biochemical
experiments. Experiments were approved by the Animal Care and Ethics
Committee of the University of New South Wales (permit 12/135B).

DNA constructs and siRNAs. DNA constructs coding for red cytosolic
(Red-GECO1, Addgene plasmid 32444), red nucleus-localized (NLS-
Red-GECO1, Addgene plasmid 32462), and green plasma membrane-
localized (LCK-GCaMP5G, Addgene plasmid 34924) intensiometric
Ca*" indicators were from Addgene and as described previously (Zhao
et al., 2011; Akerboom et al., 2012). Control siRNA (sc-37007) and
siRNAs designed to knock down expression of mouse c-Src (sc-29859),
CaMKIla (sc-29901), or CaMKIIB (sc-38952) were from Santa Cruz

Biotechnology. The efficiency of the knockdown in cultured cortical neu-
rons has been confirmed by immunocytochemical labeling with respec-
tive antibodies, which showed an ~50% reduction of expression of c-Src,
CaMKIla, and CaMKIIS at 24 h after transfection.

Cell culture and transfection. Mouse cortical neurons were prepared as
described previously (Li et al., 2013). Neurons were maintained in Neu-
robasal A medium (Life Technologies) supplemented with 2% B-27 (Life
Technologies), glutamine (Life Technologies), and FGF-2 (2 ng/ml; Life
Technologies) on glass coverslips coated with poly-p-lysine (100 wg/ml).
Neurons were transfected before plating by electroporation using a Neon
transfection system (Life Technology).

Live cell imaging and quantification. Cortical neurons were used for live
cell imaging at 2472 h after transfection. Unless indicated otherwise,
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Figure2.  NCAM? activation increases the frequency of submembrane [Ca** ] spikes in young cortical neurons. 4, Represen-

tative images of cultured 2-d-old cortical neuronsincubated for 10 min with nonimmune Igs or antibodies against the extracellular
domain of NCAM2 (NCAM2 Ab) and fixed and labeled for NCAM2 are shown. Note that NCAM2 antibodies enhance clustering of
NCAM2 at the neuronal cell surface. Scale bar, 20 wm. B, CHO cells transfected with NCAM1 (NCAM140 isoform), NCAM2, or GFP
were analyzed by Western blot with antibodies against the extracellular domain of NCAM2, NCAM1, or actin used as the loading
control. Note that NCAM2 antibodies recognize overexpressed NCAM2, but not NCAM1. €, Pseudocolored images of a cultured
2-d-old cortical neuron cotransfected with LCK-GCaMP5 and Red-GECO are shown. Images were taken before and after application
of NCAM2 antibodies. Arrows show examples of transient LCK-GCaMP5 and Red-GECO fluorescence intensity increases (spikes)
along neurites and in the growth cone. Scale bar, 10 .em. D, Graphs show the number of LCK-GCaMP5 or Red-GECO fluorescence
intensity spikes in nontreated neurons and in neurons treated with nonimmune Igs or NCAM2 antibodies (NCAM2 Ab) for 10 min
(mean + SEM; n > 15 neurons in each group). **p << 0.01, one-way ANOVA with Tukey’s multiple-comparison test. Note that
application of NCAM2 antibodies induces an increase in the frequency of submembrane [Ca®* ] spikes. E, The graph shows the
amplitude of Red-GECO fluorescence intensity increases at the sites of LCK-GCaMP5 spikes as a function of the amplitude of
LCK-GCaMP5 fluorescence intensity increase in neurons treated with NCAM2 antibodies. Note the LCK-GCaMP5 fluorescence
spikes, which are not accompanied by cytosolic Red-GECO spikes. n = 12 neurons analyzed.

recordings were performed in 4 mm K * buffer [containing (in mm) 150
NaCl, 4 KCl, 2 MgCl,, 10 glucose, 10 HEPES, 2 CaCl, ]. Coverslips with
transfected neurons were placed into glass-bottom Petri dishes (MatTek
Corporation) and kept at 37°C. Recordings were performed using an
Eclipse TiE fluorescence microscope (Nikon), a Plan Apo VC 60X water-
immersion objective (Nikon; numerical aperture, 1.2), a pE-2 CoolLED
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excitation light source, and NIS-elements soft-
ware (version 4.0; Nikon). Images were cap-
tured every 2 s. Each experiment included
recording of spontaneous activity (baseline)
for 10 min, followed by application of either
NCAM?2 antibodies (2 pg/ml) or control non-
immune Igs (2 ug/ml) and recording of the
induced activity for 10 min. Next, 90 mm K *
buffer [containing (in mm) 64 NaCl, 90 KCI, 2
MgCl,, 10 glucose, 10 HEPES, 2 CaCl,] was
added to the neurons to induce depo-
larization-induced Ca?" influx, and the neu-
rons were recorded for an additional 10 min.
When indicated, after recording baseline activ-
ity, neurons were incubated with nifedipine
(10 M) or PP2 (10 pm) for 10 min before ap-
plication of NCAM2 antibodies or control
nonimmune Igs.

In experiments aimed to compare the sensi-
tivity of LCK-GCaMP5 and Red-GECO, dur-
ing time-lapse recordings, neurons were
treated with 20 um ionomycin in 4 mm K™
buffer without Ca*" to induce Ca’" release
from internal stores. In another set of experi-
ments, neurons were incubated for 10 min in 4
mum K" buffer without Ca*”* containing 1 mm
EGTA to deplete internal Ca*™ stores. The buf-
fer was then exchanged for 4 mm K™ buffer
without Ca** supplemented with 4 um iono-
mycin, and changes in the fluorescence inten-
sity of the reporters were monitored during
stepwise increases in extracellular Ca** con-
centration achieved by addition of the respec-
tive amounts of 2 mm CaCl,.

The fluorescence intensity of the signals was
quantified in manually outlined somata, neu-
rites, and bases of filopodia using Image]
(National Institutes of Health). The bases
of filopodia were defined as ~3-um-long
segments of neurites wherefrom filopodia orig-
inated. Spikes were defined as transient in-
creases in the fluorescence intensity of the
LCK-GCaMP5 reporter with the amplitude at
least 15% over the baseline level. Numbers and
duration of spikes were calculated by analyzing
time-lapse recordings in ImageJ. The ampli-
tudes of LCK-GCaMP5 and Red-GECO fluo-
rescence intensities within the spikes were
calculated by manually outlining neurite re-
gions comprising the spike and measuring the
fluorescence intensities of the reporters in con-
secutive images acquired before and during the
spike in Image].

Immunofluorescence labeling. Neurons were
incubated with NCAM?2 antibodies (2 pg/ml)
or control nonimmune Igs (2 ug/ml) for 10
min at 37°C in a CO, incubator. Unless indi-
cated otherwise, all further procedures were
performed at room temperature. Neurons
were washed with PBS (pH 7.2) and then fixed
for 15 min in 4% paraformaldehyde in PBS.
Immunofluorescence labeling was performed
essentially as described previously (Sytnyk et
al., 2002, 2006). Briefly, neurons were washed

with PBS and treated with 0.25% Triton X-100 in PBS for 5 min to
permeabilize cell membranes. When indicated in the text, the permeabi-
lization step was omitted to label NCAM?2 at the cell surface only. Non-
specific binding was blocked by incubating neurons with 5% donkey
serum in PBS for 20 min. Neurons were incubated overnight at 4°C with
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primary antibodies diluted in 1% donkey se-
rum in PBS. Neurons were then washed and

>
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incubated with corresponding secondary anti-
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room temperature using a confocal laser scan- o < i
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Analysis of numbers of filopodia, neurite length, c . 4001 e |
and branching. Analysis of the effect of NCAM2 ~ Q, high l (1]l
activation on the neuronal morphology was per-  § = ™
formed essentially as described previously (Tian ~ § g 2009 | ‘
et al., 2012). NCAM2 antibodies (2 ug/ml) or 2 r
control nonimmune Igs (2 ug/ml) were applied low 5 oqmeaves ;‘[; s % 0
to neurons immediately after plating. When indi- i

cated, NCAM2 antibodies and nonimmune Igs
were applied together with nifedipine (10 unm) or
an inhibitor of CaMKII, KN62 (10 um). Neurons C
were maintained for 24 or 48 h at 37°C in the 5%

CO, environment, then fixed with 4% parafor- 2501 Neurite

maldehyde in PBS applied for 15 min at room - 2001 T

temperature and labeled with Alexa Fluor 546 :

phalloidin in accordance with the manufacturer’s 3 1501

instructions. After washing with PBS, neurons Ea 100

were embedded in Aqua-Poly/Mount. Immuno- o

fluorescence images were captured at room tem- 501 -
0‘

perature using a confocal laser scanning
microscope Clsi (Nikon), NIS-element software
(version 4.0; Nikon), and a 60X oil-based objec-
tive (Nikon). Lengths of neurites were measured
by manually tracing neurites in ImageJ. Numbers
of filopodia and neurite branches were also
counted in Image]. Branches were defined as pro-
trusions with a diameter of >50% of the diame-
ter of the parent neurite and with a length
of >10 wm. All other protrusions were counted
as filopodia.

Isolation of growth cones. Brain homogenates
of 1- to 3-d-old mice were prepared using a
Potter homogenizer in HOMO buffer (con-
taining 1 mm MgCl,, 1 mm CaCl,, 5 mm Tris,
pH 7.4,0.1 mm PMSF, EDTA-free protease inhibitor cocktail, and 0.32 m
sucrose). Growth cones were then isolated essentially as described previ-
ously (Westphal et al., 2010; Chernyshova et al., 2011). Brain homoge-
nates were centrifuged at 1660 X g for 15 min at 4°C. The supernatant
was collected and centrifuged on a discontinuous density gradient of
0.75/1.0/2.66 M sucrose at 242,000 X g for 30 min at 4°C. The interface
between the load and 0.75 M sucrose, containing growth cones, was col-
lected, resuspended in 10 ml of HOMO buffer, and pelleted by centrifuga-
tion at 100,000 X g for 40 min at 4°C to obtain purified growth cones.

Treatment of the isolated growth cones. Treatments were performed
essentially as described previously (Westphal et al., 2010; Chernyshova et
al., 2011). Freshly isolated growth cones (1 mg of total protein) were
resuspended in 150 ul of HEPES buffer [containing (in mm) 150 NaCl, 4
KClI, 2 MgCl,, 10 glucose, 10 HEPES, and 2 CaCl,, pH 7.4]; incubated for
30 min at room temperature with PP2 (10 um), BAPTA-AM (30 um),
nifedipine (10 uMm), or vehicle (DMSO) used to prepare stock solutions of
inhibitors; and then incubated with antibodies against NCAM2 or con-
trol nonimmune mouse Igs for 15 min at 37°C with constant gentle
shaking. Samples were then loaded onto 0.5 ml cushions of 0.4 M sucrose
in Tris-buffered saline (TBS, pH 7.5) and centrifuged at 100,000 X g at
4°C for 1 h. Pellets were resuspended in 150 ul Laemmli buffer and used
for Western blot analysis.

Coimmunoprecipitation. Coimmunoprecipitation was performed es-
sentially as described previously (Shetty et al., 2013). Homogenates of

Figure 3.
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LCK-GCaMP5 and Red-GECO detect ionomycin-induced increases in submembrane and cytosolic [Ca 21 in somata
and neurites of cortical neurons. A, Pseudocolored images of a 2-d-old cortical neuron cotransfected with LCK-GCaMP5 and
Red-GECO are shown. Images were taken before and after application of ionomycin. Note an increase in submembrane and
cytosolic [Ca2™ ] after application of ionomycin. Scale bar, 10 wm. B, Graphs show changes in fluorescence intensities of LCK-
GCaMP5 and Red-GECO in neurites of cultured 1- to 3-d-old cortical neurons before and after application of ionomycin. An
individual recording (top) and the average of n = 11 recordings (mean % SEM) are shown. Fluorescence intensities were
normalized to the mean fluorescence intensities before application ofionomycin, set to 0. C, Graphs show mean + SEM amplitudes
of LCK-GCaMP5 and Red-GECO fluorescence intensity increases in response to ionomycin in somata and neurites of neurons (n =
11 neurons in each group were analyzed).

brains from 1- to 3-d-old mice containing 1 mg of total protein were
lysed in lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1% v/v
Nonidet P-40, 1 mm Na,P,0,, I mm NaF, 2 mm Nay;VO,, EDTA-free
protease inhibitor cocktail, 0.1 mm PMSF) for 30 min at 4°C. Lysates were
centrifuged for 15 min at 16,000 X g at 4°C. The supernatant was pre-
cleared with protein A/G agarose beads (Santa Cruz Biotechnology) for
3 h at 4°C and then incubated with NCAM?2 antibodies or control non-
immune Igs overnight at 4°C. Protein complexes were precipitated with
protein A/G agarose beads applied for 3 h at 4°C. The beads were washed
twice with lysis buffer and once with TBS. Protein complexes were eluted
with Laemmli buffer for 10 min at 70°C and analyzed by Western blot.
The approximate percentage of c-Src molecules bound to NCAM2 in
brain homogenates was calculated as described previously (Santuccione
et al., 2005).

Western blot analysis. Proteins were separated using 4—12% Bis-Tris
Bolt mini gels (Life Technologies). Molecular weight markers were
prestained protein standards from Bio-Rad. Proteins were then electro-
blotted onto Immobilon-P PVDF transfer membranes (0.45 wm; Milli-
pore). Membranes were washed with TBS (pH 7.4) and blocked for 1 h at
room temperature with either 1% BSA in TBS when phosphospecific
antibodies were used or 5% w/v skim milk in TBS when other antibodies
were used. Membranes were then incubated with the appropriate pri-
mary antibodies overnight at room temperature followed by incubation
with the corresponding HRP- or biotin-conjugated secondary antibodies
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which does not contain a localization sig-
nal and is targeted to the cytosol (Zhao et
al., 2011; Akerboom et al., 2012). In non-
treated 2- to 3-d-old neurons, the three re-
porters showed faint fluorescence and
expected distribution, with LCK-GCaMP5
and Red-GECO detectable throughout all
neurites and in soma, in agreement with
their membrane and cytosolic localiza-
tion, and NLS-Red-GECO fluorescence
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restricted to the somata in accordance
with its nuclear localization (Fig. 1A). To
confirm the functionality of the reporters,
neurons were time-lapse recorded before
and after application of 90 mm K * used to
depolarize membranes and induce Ca*™
influx via VDCCs. Application of 90 mm
K™ resulted in a sharp increase in the flu-
orescence intensity of all three reporters in
all neurons analyzed (n > 20; Fig. 1A),
indicating that all three reporters can detect
changes in Ca*™ levels in these neurons. In-
terestingly, these results also indicate that
depolarization-induced Ca** influx at the
cell surface plasma membrane detectable
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Figure 4.

for 1 h at room temperature. Biotin was then detected with HRP-
conjugated NeutrAvidin applied for 1 h at room temperature. Luminata
Forte Western HRP substrate (Merck Millipore) was sprayed onto the
membranes to visualize the labeling. Images were captured using Micro-
Chemi 4.2 (DNR Bio-Imaging Systems). The intensity of protein bands
was measured using Image].

Results

Spontaneous changes in intracellular Ca** levels in
developing cortical neurons include submembrane [Ca
spikes, which can be accompanied by cytosolic [Ca®"]
increases

Before analyzing the effect of NCAM2 activation on intracellular
Ca** levels, we first investigated the levels and types of sponta-
neous changes in intracellular Ca®" levels in different subcellular
compartments occurring in growing cultured cortical neurons.
To analyze changes in Ca*" levels in different subcellular com-
partments, neurons were transfected with genetically encoded
Ca** reporters LCK-GCaMP5 or NLS-Red-GECO, containing
subcellular localization signals that target them to the neuronal
plasma membrane and nucleus, respectively, or Red-GECO,

2+]

400
Time, s

. Lck-GCaMP5

Red-GECO

LCK-GCaMP5 and Red-GECO have similar activation thresholds. A, Pseudocolored images of a 3-d-old cortical neuron
cotransfected with LCK-GCaMP5 and Red-GECO are shown. The neuron was preincubated in the Ca 2 -free buffer containing 1 mm
EGTAto depleteinternal Ca2 stores, placed in the Ca > -free buffer, andimaged in the presence of 3 umionomycin and indicated
Ca®* concentrations. Note the increases in LCK-GCaMP5 and Red-GECO fluorescence intensity at Ca* concentrations above 0.6
mu. Scale bar, 10 wm. B, Graphs show fluorescence intensities of LCK-GCaMP5 and Red-GECO in somata and neurites of cultured
1- to 3-d-old cortical neurons at indicated concentrations of Ca2*. Mean == SEM values from n = 11 recordings are shown.
Fluorescence intensities were normalized to the fluorescence intensities in the Ca® " -free buffer, set to 0.

with LCK-GCaMP5 was efficiently trans-
lated into the Ca*™ increase in the cytosol
and nuclei detectable with Red-GECO and
NLS-Red-GECO, respectively.

Time-lapse recordings of live, non-
treated, transfected neurons showed base-
line activity in neurons characterized by
transient local increases in the fluores-
cence intensity of LCK-GCaMP5 and
Red-GECO in growth cones, along neu-
rites, or in soma of neurons. To analyze
the relationship between these spikes in
submembrane and cytosolic Ca** levels,
both reporters were cotransfected into the
neurons and subjected to time-lapse re-
cordings, which showed that spikes in the
fluorescence intensity of the submem-
brane LCK-GCaMP5 reporter were often
but not always accompanied by simultaneous increases in the
fluorescence intensity of the cytosolic Red-GECO reporter (Fig.
1B,C). The amplitude of Red-GECO fluorescence spikes corre-
lated with the amplitude of LCK-GCaMP5 fluorescence spikes
(Fig. 1D). Interestingly, whereas ~80% of LCK-GCaMP5 fluo-
rescence spikes with an amplitude over 100% of the baseline level
were accompanied by Red-GECO fluorescence spikes, ~75% of
LCK-GCaMP5 fluorescence spikes with an amplitude below
100% of the baseline level were not accompanied by Red-GECO
fluorescence spikes (Fig. 1D), suggesting that submembrane
Ca*" levels have to reach a certain threshold to be translated into
a detectable increase in cytosolic Ca** levels. No changes in Red-
GECO fluorescence intensity were detectable in the absence of
LCK-GCaMP5 fluorescence spikes, indicating that submem-
brane [Ca®"] spikes trigger cytosolic [Ca®"] increases under
baseline conditions. No detectable spontaneous transient
changes in the fluorescence intensity of NLS-Red-GECO were
observed under baseline conditions, indicating that overall nu-
clear Ca*™ levels remained unchanged.

600 800
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Ncam2ab D

in the frequency of submembrane
[Ca?*] spikes along growing neurites of
cortical neurons

Immunofluorescence labeling of 2-d-old
detergent nonpermeabilized cultured cor-
tical neurons with antibodies against the
extracellular domain of NCAM2 showed
that NCAM2 was distributed diffusely or
in small clusters at the cell surface of
somata, neurites, and growth cones of
neurons (Fig. 2A). To analyze whether
NCAM?2 activation induces changes in
Ca** levels in neurons, we increased clus-

LCK-GCaMP5

Red-GECO

before application

active casp.-3

active casp.-3 LCK-GCaMP5

tering of NCAM2 at the neuronal cell sur-
face (Fig. 2A) using antibodies specifically
recognizing the extracellular domain of
NCAM?2 (Fig. 2B), a protocol widely used
to activate cell adhesion molecules (West-
phal et al,, 2010; Sheng et al., 2013). Fluo-
rescence images of live 2- to 3-d-old
neurons transfected with LCK-GCaMP5
and Red-GECO or NLS-Red-GECO were
time-lapse recorded before and after
application of the antibodies against
NCAM2. Time-lapse recordings showed @
that NCAM2 antibodies induced an ap-
proximately threefold increase in the fre-
quency of LCK-GCaMP5 fluorescence
spikes observed either in somata, along
neurites, or in growth cones compared to
the basal activity levels before NCAM2 an-
tibody application (Fig. 2C,D). In con- 100
trast, treatment of neurons with control
nonimmune Igs did not significantly
affect the frequency of LCK-GCaMP5
spikes (Fig. 2D). NCAM2 activation did
not affect the frequency of Red-GECO
fluorescence spikes (Fig. 2D). This re-
sulted in reduced correlation between the
amplitudes of LCK-GCaMP5 fluores-
cence spikes and concomitant Red-GECO
fluorescence increases measured at the
center of LCK-GCaMP5 fluorescence
spike in neurons treated with NCAM?2 an-
tibodies (Pearson correlation coefficient,
r = 0.43; Fig. 2E) compared to control neurons (r = 0.71; Fig.
1D), suggesting that NCAM2 activation predominantly influ-
ences submembrane Ca>™ levels.

To further confirm that both reporters can detect inducible
changes in Ca** levels in neurites and somata, we compared
changes in the fluorescence intensity of LCK-GCaMP5 and Red-
GECO in neurons treated with ionomycin. Application of iono-
mycin in Ca’*-free buffer induced concomitant increases in
LCK-GCaMP5 and Red-GECO fluorescence intensities in so-
mata and neurites of neurons (Fig. 34, B), indicating that both
reporters can detect Ca®™ released from internal stores by ionomy-
cin (Di Virgilio et al., 1984). To compare changes in the fluorescence
intensity of both reporters in response to ionophore-mediated de-
livery of extracellular Ca*", neurons were preincubated in Ca*"-
free medium with EGTA to deplete internal Ca** stores (Di
Virgilio et al., 1984) and then treated with different concentra-
tions of Ca®" in the presence of ionomycin to analyze the re-
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NCAM2 activation induces a steady increase in submembrane and cytosolic [Ca* ]in a subpopulation of highly active
cortical neurons. A, B, Pseudocolored images of 2-d-old cortical neurons cotransfected with LCK-GCaMP5 and Red-GECO are
shown. Images were taken before and after application of antibodies against NCAM2. Note a steady increase in submembrane and
cytosolic [Ca 2] after application of NCAM2 antibodies in the neuron shown in A and submembrane [Ca 24 spikesin the neuron
shown in B. At the end of recordings, neurons were fixed and colabeled with antibodies against active caspase-3 (right). Note the
higher levels of the active caspase-3 in the neuron in A. C, Graphs show changes in fluorescence intensities of LCK-GCaMP5 and
Red-GECO in the soma and neurites of the neuron shown in A. Fluorescence intensities were normalized to the mean fluorescence
intensities before application of NCAM2 antibodies, set to 0. D, An example of an active caspase-3-positive apoptotic neuron is

sponses of the reporters to defined Ca*™ levels (Lew et al., 1986).
These experiments showed that the fluorescence intensities of
both LCK-GCaMP5 and Red-GECO were not changed when
Ca*" concentration was increased to 0.4 mm Ca”", but rapidly
increased in somata and neurites when Ca®" concentration was
increased to 0.6 mM Ca’" (n = 11; Fig. 4A, B). These observa-
tions indicate that LCK-GCaMP5 and Red-GECO have similar
lower detection limits and the sensitivity of both reporters is suf-
ficient to detect concomitant changes in submembrane and
cytosolic Ca*™ levels. The amplitude of the Red-GECO fluores-
cence intensity increase was ~2.5 times lower compared to the
amplitude of the LCK-GCaMP5 fluorescence intensity increase
(Figs. 3C, 4B), indicating lower sensitivity of Red-GECO com-
pared to LCK-GCaMP5, in accordance with previous reports
(Zhao et al., 2011; Akerboom et al., 2012).

Our combined observations thus indicate that NCAM?2 acti-
vation induces predominantly submembrane Ca>* increases, al-
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comparison test.

though we cannot exclude that small NCAM2-dependent increases
in cytosolic Ca*" levels remained below the detection limit.

NCAM2 activation induces a steady increase in submembrane
and cytosolic [Ca®"] in cortical neurons with high levels of
baseline activity

Interestingly, in a small subpopulation of neurons (4 neurons of
60 analyzed), application of NCAM2 antibodies induced a con-
tinuous steady increase in LCK-GCaMP5 fluorescence intensity,
with an amplitude of 129.4 * 37.6% in somata and 128.4 =
59.7% in neurites, within 51.2 = 11.2 s after antibody applica-
tion, which was observed till the end of time-lapse recordings, i.e.,
with a duration of over 500 s (Fig. 5A, C). In contrast to neurons
showing an NCAM2-dependent increase in the number of LCK-
GCaMP5 fluorescence spikes, the steady increase in LCK-
GCaMP5 fluorescence was accompanied by an increase in
Red-GECO fluorescence intensity, with an amplitude of 37 =
11.5% in somata and 62.0 * 26.2% in neurites (Fig. 5A, C), indi-
cating an increase in cytosolic Ca*" levels. None of the neurons
treated with control nonimmune Ig showed this steady increase
in submembrane and cytosolic [Ca*"], indicating the specificity
of the effect. In neurons showing a steady increase in Ca>" levels
in response to NCAM2 antibodies, numbers of LCK-GCaMP5
and Red-GECO fluorescence spikes during baseline recordings,
i.e., before application of NCAM2 antibodies, were higher (n =
25 = 15 spikes per 10 min) compared to those in other neurons
(n = 2.4 = 0.7 spikes per 10 min), indicating that NCAM?2 acti-
vation induces a steady increase in Ca®" levels in spontaneously
highly active neurons.

overlay

|:| antibody non-treated

L

nifedipine

NCAM2-dependent submembrane [Ca ] spikes are L-type VDCC dependent. A, Neurites of cultured cortical neurons
treated with nonimmune Igs or NCAM2 antibodies, fixed, and colabeled with antibodies against NCAM2 and L-type VDCCs are
shown. Note clusters of NCAM2 colocalized with accumulations of L-type VDCCs (arrows). Scale bar, 10 m. B, The graph shows
mean + SEM numbers of submembrane and cytosolic [Ca s spikes in neurons cotransfected with LCK-GCaMP5 and Red-GECO
over the 10 min recording time (n > 13 neurons were analyzed in each group). Neurons were either not treated or treated with
control nonimmune Igs or NCAM2 antibodies in the presence of nifedipine, an inhibitor of L-type VDCCs, or vehicle (DMSO), used to
prepare the stock solution of nifedipine. Note that the NCAM2-dependent increase in the number of submembrane [Ca* ] spikes
detectable with the LCK-GCaMP5 reporter is abolished by nifedipine. *p << 0.05, one-way ANOVA with Dunnett’s multiple-

J. Neurosci., January 28, 2015 - 35(4):1739-1752 « 1745

Chronically increased levels of intra-
cellular Ca** have been reported to result
in activation of the apoptotic pathways
(Bezprozvanny and Mattson, 2008). To
analyze whether NCAM2-induced steady
increases in intracellular Ca*" levels can
affect neuronal viability, at the end of
time-lapse recordings, neurons were fixed
and colabeled with antibodies against ac-
tive caspase-3. Although neurons showing
the NCAM2-dependent steady increase in
Ca’" levels were observed very rarely, we
were able to identify and analyze two neu-
rons showing this behavior. Analysis of
the immunofluorescence images showed
that in both neurons, levels of active
caspase-3 were increased (Fig. 5A; active
caspase-3 immunofluorescence intensity
levels in soma, 781.5 = 14.27 AU, where
AU is defined as gray scale values of the 16
bit pixel) compared to neurons that
showed an increase in the number of sub-
membrane Ca®" spikes but no steady in-
crease in intracellular Ca>" level (Fig. 5B;
active caspase-3 immunofluorescence in-
tensity levels in soma, 430.1 = 18.94 AU).
The levels of active caspase-3 in neurons
with the steady increase of Ca*" levels
were still much lower compared to the
levels of active caspase-3 in apoptotic cells
identified by their degenerated morphol-
ogy (Fig. 5D; active caspase-3 immunoflu-
orescence intensity levels in soma, 2697 =
141.5 AU). Since recordings were per-
formed for 10 min only, we then analyzed numbers of apoptotic
neurons in cultures incubated with NCAM?2 antibodies for 24 h.
This analysis showed that numbers of apoptotic neurons were
slightly but statistically significantly increased from 6.5 = 1.1% in
control Ig-treated neurons to 10.8 = 1.8% in NCAM2 antibody-
treated neurons (p < 0.05, unpaired ¢ test; n > 30 image fields
containing at least 10 neurons analyzed). Our data thus suggest
that a continuous NCAM2-dependent increase in Ca** levels
predisposes neurons to apoptosis.

NCAM2 Ab

NCAM2-dependent Ca** influx depends on L-type VDCCs

The increased frequency of submembrane [Ca**] spikes in
NCAM2 antibody-treated neurons suggests that NCAM2 activa-
tion influences the activity of cell surface Ca*" channels. Since
L-type VDCCs have been implicated in Ca*" signaling induced
by another member of the NCAM family, NCAM (for review, see
Shengetal., 2013), we analyzed whether NCAM2 colocalizes with
L-type VDCCs in developing cortical neurons. Neurons treated
either with control nonimmune Ig or antibodies against NCAM2
to induce clustering of NCAM2 were fixed and colabeled for
NCAM?2 and L-type VDCCs. Analysis of the immunofluores-
cence images showed that accumulations of L-type VDCCs at the
neuronal cell surface, defined as regions with L-type VDCC im-
munofluorescence intensity at least twofold higher than in the
adjacent regions, often colocalized with clusters of NCAM2 (Fig.
6A). Application of NCAM2 antibodies increased levels of
NCAM2 in L-type VDCC accumulations by ~30% (Fig. 6A;
mean = SEM of NCAM2 immunofluorescence intensity in
L-type VDCC accumulation, 25.2 = 1.3 vs 32.6 = 1.5 AU in
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control Ig- and NCAM?2 antibody-treated
neurons, respectively, where AU is de-
fined as gray scale values of 8 bit pixels;
p < 0.001, ¢ test; n > 65 neurites ana-
lyzed), further suggesting a functional link
between NCAM?2 activation and L-type
VDCC activity.

To confirm this link, we analyzed the
effect of nifedipine, an L-type VDCC in-
hibitor, on the NCAM2-dependent in-
crease in the frequency of [Ca®"] spikes.
The NCAM2-dependent increase in the
number of LCK-GCaMP5 fluorescence
spikes was blocked in the presence of ni-
fedipine (Fig. 6B), indicating that L-type
VDCCs are required for NCAM2-
dependent Ca*" influx in developing cor-
tical neurons. Application of nifedipine
did not, however, affect the frequency of
LCK-GCaMP5 and Red-GECO fluores-
cence spikes in neurons during baseline
recordings in the absence of NCAM2 ac-
tivation (Fig. 6B).

NCAM?2 activation does not increase

depolarization-induced Ca** influx

To analyze whether an increase in the
number of submembrane [Ca®"] spikes
in response to NCAM?2 activation is re-
lated to an increase of the overall conduc-
tivity of cell surface VDCCs, we compared
depolarization-induced Ca** influx in
neurons incubated with NCAM?2 anti-
bodies or control nonimmune Ig. To this
aim, immediately after recording the ef-
fect of control nonimmune Ig and
NCAM2 antibodies on the levels of base-
line activity (Fig. 2C,D), the extracellular
solution was exchanged for the buffer
containing 90 mm K to depolarize neu-
ronal membranes (Fig. 7A). Time-lapse
recordings of neurons before and during
application of 90 mm K showed a sharp
increase in the fluorescence intensity of
Ca** reporters followed by a slow decline
in their fluorescence intensity (Fig. 7A—
C), indicating Ca*" influx followed by
channel inactivation and Ca*" clearance.
Analysis of LCK-GCaMP5 fluorescence
dynamics in neurites and somata of neu-
rons showed that the amplitude of the 90
mum K *-induced fluorescence increase in
soma and neurites of neurons treated with
NCAM2 antibodies was slightly lower com-
pared to that in neurons treated with con-
trol nonimmune Igs (Fig. 7B—E), thereby
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NCAM2 activation does not potentiate the depolarization-induced Ca** influx in young cultured cortical neurons. 4,

Pseudocolored images of a 2-d-old cultured cortical neuron cotransfected with LCK-GCaMP5 and Red-GECO and treated with 90 mm
K ™ to analyze depolarization-induced Ca2* influx are shown. The 90 mm K * — containing buffer was applied after recording the
spontaneous activity shown in Figure 2C. Images shown were captured immediately before and at 10 s after application of 90 mm
K ™. Note an increase in the fluorescence intensity of the reporters observed after the application of 90 mu K ™. Scale bar, 10 wm.
B, C, The graphs show mean = SEM fluorescence intensities of LCK-GCaMP5, Red-GECO, and NLS-Red-GECO in somata (B) and
fluorescence intensities of LCK-GCaMP5 and Red-GECO in neurites (€) of cultured 1- to 3-d-old cortical neurons before (first 10 s)
and after application of the 90 mm K * - containing buffer. Fluorescence intensities were normalized to the mean fluorescence
intensities before application of 90 mm K ™. Neurons were pretreated for 10 min with nonimmune Igs or NCAM2 antibodies. Note
that 90 mum K " -induced changes in the fluorescence intensities of Ca* reporters are not increased in NCAM2 antibody-treated
versus |g-treated neurons. D, E, Graphs show mean + SEM amplitudes of LCK-GCaMP5, Red-GECO, and NLS-GECO fluorescence
intensity increases in response to 90 mw K * and the half-life (time, ,) of LCK-GCaMP5, Red-GECO, and NLS-GECO fluorescence
intensity decay after reaching the peak in somata (D) and neurites (E) of neurons pretreated with Ig or NCAM2 antibodies (n =
1015 neurons analyzed in each group). Note that the amplitude of the 90 mu K * -induced increase in LCK-GCaMP5 fluorescence
is reduced in neurites of neurons treated with NCAM2 antibodies compared to neurons treated with Ig. **p << 0.07, ¢ test.

excluding the possibility that activation of NCAM2 results in
overall increased conductivity of VDCCs. This reduction in the
amplitude of the 90 mm K "-induced response rather suggested
partial inactivation of VDCCs, possibly due to increased sponta-
neous activity in response to NCAM?2 antibodies over the 10 min
incubation time preceding the application of 90 mm K™ (Fig.
2C,D). The rate of decay of the LCK-GCaMP5 fluorescence in-

tensity was not significantly affected in neurons treated with
NCAM?2 antibodies compared to neurons treated with control
Igs (Fig. 7B,C). The amplitudes of the 90 mm K *-induced
increases in the fluorescence intensities of Red-GECO and
NLS-Red-GECO and the rates of their fluorescence decay were
not significantly affected in neurons treated with NCAM2 antibodies
compared to neurons treated with control Igs (Fig. 7B-E).
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Figure 8.  NCAM2 activates c-Src and induces submembrane [Ca® "] spikes in a c-Src-dependent manner. A, Growth cones

isolated from the brain tissue of 1- to 3-d-old mice and treated with nonimmune Igs or NCAM2 antibodies in the presence or
absence of nifedipine, BAPTA-AM, or c-Src-kinase family inhibitor PP2 were analyzed by Western blot with antibodies against total
and autophosphorylated activated c-Src. Note that NCAM2 antibodies induce an increase in the level of activated c-Src, and that
thisincrease is reduced by BAPTA-AM and nifedipine and is blocked by PP2. The graph shows the quantification of the blots (mean
+ SEM; n = 6), with signals in growth cones treated with Ig in the absence of inhibitors set to 1. B, NCAM2 immunoprecipitates
from the brain lysates of 1- to 3-d-old mice were probed by Western blot with antibodies against NCAM2 and ¢-Src. Mock
immunoprecipitation with nonimmune Igs served as a control. Note that ¢-Src coimmunoprecipitated with NCAM2. C, The graph
shows mean + SEM numbers of submembrane and cytosolic [Ca®"] spikes in neurons cotransfected with LCK-GCaMP5 and
Red-GECO overa 10 min recording time (n > 13 neurons analyzed in each group). Neurons were either not treated or treated with
control nonimmune Igs or NCAM2 antibodies in the presence of PP2 or vehicle (DMS0) used to prepare the stock solution of PP2.
Note that the NCAM2-dependent increase in the number of submembrane [Ca2™] spikes detectable with the LCK-GCaMP5
reporter is abolished by PP2. D, The graph shows mean + SEM numbers of submembrane and cytosolic [Ca*] spikes in neurons
cotransfected with LCK-GCaMP5, Red-GECO, and control siRNA or Src siRNA over a 10 min recording time (n > 18 neurons analyzed
in each group). Neurons were analyzed before and after application of NCAM2 antibodies. Note that the NCAM2-dependent
increase in the number of submembrane [Ca 2] spikes detectable with the LCK-GCaMP5 reporter is abolished by Src siRNA. *p <<
0.05, ***p < 0.001, one-way ANOVA with Dunnett’s multiple-comparison test.

NCAM2-dependent submembrane [Ca>"] spikes require
activation of the tyrosine protein kinase c-Src

Tyrosine protein kinase c-Src has been implicated previously as a
major kinase regulating the frequency of [Ca**] spikes in non-
neuronal cell types (Gulia et al., 2013). We thus tested whether
NCAM2 influences c-Src activity. To this aim, growth cones iso-
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lated from the brain tissue of 1- to 3-d-old
mice were treated with control nonim-
mune Igs or antibodies against NCAM2 to
induce clustering of NCAM?2 at the cell
surface of growth cones. Growth cones
were then analyzed by Western blot with
antibodies against total and activated au-
tophosphorylated forms of c-Src. This
analysis showed that levels of activated
c-Src were significantly increased in
growth cones treated with NCAM2 anti-
bodies compared to growth cones treated
with control Igs (Fig. 8A). NCAM2-
dependent c-Src activation was blocked
by a c-Src kinase inhibitor, PP2 (Fig. 8A).
NCAM2-dependent c-Src activation was
reduced but not blocked by nifedipine or
the membrane-permeable Ca** chelator
BAPTA-AM (Fig. 8A). Our observations
thus indicate that NCAM?2 activates c-Src
in a Ca*"-independent manner and that
this effect is enhanced by Ca** influx via
L-type VDCCs.

To investigate whether NCAM?2 and
¢-Src form a molecular complex, NCAM2
was immunoprecipitated from lysates of
brain tissue from 1- to 3-d-old mice.
Western blot analysis of NCAM2 immu-
noprecipitates with antibodies against
c-Src showed that c-Src coimmunopre-
cipitated with NCAM2 (Fig. 8B). Approx-
imately 15.6 = 1.6% of all c-Src was found
in a complex with NCAM?2, indicating that
the interaction is physiologically significant.

We then analyzed whether c-Src ac-
tivity is required for the NCAM2-
dependent increase in the frequency of
[Ca*™] spikes in cultured cortical neu-
rons. The NCAM2-dependent increase in
the number of LCK-GCaMP5 fluores-
cence spikes was blocked in the presence
of PP2 (Fig. 8C). Application of PP2 did
not, however, affect the frequency of LCK-
GCaMP5 and Red-GECO fluorescence
spikes in neurons during baseline record-
ings in the absence of NCAM2 activation
(Fig. 8C). The NCAM2-dependent in-
crease in the number of LCK-GCaMP5
fluorescence spikes was also blocked in
neurons transfected with c-Src siRNA
(Fig. 8D). Our combined observations
thus indicate that NCAM2 activates
c-Src to induce [Ca?*] spikes.

NCAM?2 activation increases
submembrane [Ca>"] spikes at the
bases of filopodia

To identify the functional role that NCAM2-induced [Ca*™]
spikes play in developing neurons, we next analyzed the subcel-
lular localization of submembrane [Ca**
time-lapse recordings of neurons transfected with LCK-GCaMP5
showed that 57.6 £ 11.5% of all spikes in NCAM?2 antibody-
treated neurons (n = 12 neurons analyzed) and 23.9 = 9.6% of all

| spikes. Analysis of the
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spikes in control Ig-treated neurons (n =
14 neurons analyzed, p < 0.05 compared
to NCAM2 antibody-treated neurons,
Mann-Whitney test) were colocalized
with the bases of filopodia (Fig. 9A). In
spikes colocalizing with filopodia, the
highest increase in LCK-GCaMP5 fluo-
rescence intensity during the spike oc-
curred at the center of the filopodial base,
with more moderate increases observed in
the vicinity of the filopodial base (Fig. 9B).

before application

O LCK-GCaMP5 >

LCK-GCaMP5
fluorescence intensity
change, %
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with antibodies against NCAM?2 or con-
trol nonimmune Igs either for 24 or 48 h.
This analysis showed that the number of
filopodia along neurites was increased by
~40% in neurons treated with NCAM?2
antibodies compared to neurons treated
with control Igs both at 24 and 48 h after
antibody application, indicating that
NCAM? activation promotes the forma-
tion of filopodia (Fig. 10 A, B). An increase
in numbers of filopodia in NCAM2
antibody-treated neurons was accompa-
nied by increased branching of neurites
(Fig. 10B,C) and an overall increase in
neurite lengths (Fig. 10C). Since similar results were obtained at
both time points, further experiments were performed with neu-
rons treated for 24 h.

NCAM2-induced formation of filopodia was inhibited in the
presence of nifedipine (Fig. 10 A, C), indicating that Ca** influx
via L-type VDCCs is required. Among Ca*"-activated enzymes,
activation of CaMKI]I, and particularly its two isoforms CaMKII
and CaMKIIB, was shown previously to induce formation of
filopodia and neurite branching and outgrowth in cultured hip-
pocampal neurons (Fink et al., 2003; Bodrikov et al., 2008). KN62, a
CaMKII inhibitor, also blocked the NCAM2-dependent formation
of filopodia and neurite branching and outgrowth (Fig. 104,C),
indicating that CaMKII is required for NCAM2-dependent mor-
phogenesis and suggesting that NCAM?2 activates CaMKIL

To test whether NCAM?2 activates CaMKII, growth cones iso-
lated from brain tissue of 1- to 3-d-old mice were treated with
control nonimmune Igs or antibodies against NCAM?2 to induce
clustering of NCAM2 at the cell surface of growth cones. Growth

Figure 9.

NCAM? activation induces increased submembrane [Ca® "] spikes at the bases of filopodia. A, Examples of submembrane
[Ca*"] spikes along a neurite of a 2-d-old cultured cortical neuron cotransfected with LCK-GCaMP5. Images were taken before and after
application of NCAM2 antibodies and are shown in pseudocolor. Note the [Ca? ] increase at the bases offilopodia. Scale bar, 5 um. B, The
graph shows the changes of LCK-GCaMP5 fluorescence intensity during the spike (mean + SEM, n > 20 spikes analyzed) along neuritesin
the vicinity of the bases of filopodia. The dashed line denotes the center of the filopodial base. Spikes in neurons treated with control
nonimmune Igs or NCAM2 antibodies were analyzed. Note that the highestincreasesin LCK-GCaMP5 fluorescence are observed at the bases
offilopodia. Theincreaseis higherin NCAM2 Ab-treated neurons. *p < 0.05, ttest for measurements within 2 um of the center of filopodial
base. €, Graphs show the numbers, durations, and amplitudes (mean + SEM) of submembrane [Ca%*] spikes observed at the bases of
filopodia in neurons before application of antibodies (nontreated) and after application of control nonimmune Igs or NCAM2 antibodies.
When indicated, neurons were preincubated with nifedipine (nif) or PP2. *p << 0.05, ***p << 0.001, one-way ANOVA with Tukey's
multiple-comparison test (n > 11 neurons analyzed in each group). Note the increased amplitudes and durations of the submem-
brane [Ca "] spikes in neurons treated with NCAM2 antibodies.

cones were then analyzed by Western blot with antibodies against
total and activated autophosphorylated forms of CaMKII. This
analysis showed that the levels of activated CaMKII were approx-
imately threefold higher in growth cones treated with NCAM?2
antibodies compared to growth cones treated with control Igs
(Fig. 10D), indicating that NCAM2 activates CaMKII. This effect
was inhibited by nifedipine and PP2 (Fig. 10D), indicating that
c-Src activation and Ca** influx via L-type VDCCs are required
for NCAM2-dependent CaMKII activation.

In agreement with these data, NCAM2-induced formation of
filopodia and neurite branching and outgrowth were inhibited in
neurons transfected c-Src, CaMKlle, or CaMKIIS siRNAs (Fig.
11A,B) further confirming the role of c-Src and CaMKII in
NCAM2-dependent morphogenesis.

Discussion

In this work, we have identified the cell adhesion molecule
NCAM2 as a new regulator of filopodial formation and neurite
branching. Since the intracellular molecular pathways activated
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Figure 10.  NCAM2 activation promotes the formation of filopodia and neurite branching in an L-type VDCC-, ¢-Src-, and
CaMKII-dependent manner. A, Images of cortical neurons incubated for 24 h with control nonimmune Igs or NCAM2 antibodies in
the absence or presence of the L-type VDCCinhibitor (nifedipine) or CaMKll inhibitor (KN62). Neurons were labeled with fluores-
cent phalloidin to detect filamentous actin and visualize filopodia. Note the higher density of filopodia and branches along neurites
of neurons treated with NCAM2 antibodies in the absence of inhibitors compared to neurons incubated with Ig. Note that this effect
is blocked by the inhibitors. Scale bar, 10 um. B, Graphs show the numbers of filopodia per 100 um of neurite length and numbers
of branching neurites per neuron (mean + SEM) in neurons treated with nonimmune Igs or NCAM2 antibodies for 24 h (n > 100
neurons analyzed) or 48 h (n > 60 neurons analyzed). **p < 0.01, ***p << 0.001, one-way ANOVA with Tukey's multiple-
comparison test. €, Graphs show numbers of filopodia per 100 wm of neurite length, numbers of branching neurites per neuron,
and total lengths of all neurites per neuron in neurons treated for 24 h with nonimmune Igs or NCAM2 antibodies in the absence or
presence of nifedipine or KN-62. Mean + SEM values are shown. ****p < 0.0001, one-way ANOVA with Tukey’s multiple-
comparison test (n > 100 neurons analyzed in each group). D, Growth conesisolated from the brain tissue of 1- to 3-d-old mice and
treated with nonimmune Igs or NCAM2 antibodies in the presence or absence of nifedipine or PP2 were analyzed by Western blot
with antibodies against total and autophosphorylated activated CaMKII. Note that NCAM2 antibodies induce an increase in the
level of activated CaMKIl, and that thisincrease is reduced by PP2 and nifedipine. The graph shows quantification of the blots (mean
+ SEM, n = 3 experiments). *p << 0.05, one-way ANOVA with Dunnett’s multiple-comparison test. Signals in growth cones
treated with lg in the absence of inhibitors were set to 1.
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Activation of cell adhesion molecules
of different families including NCAM, an-
other cell adhesion molecule of the Ig su-
perfamily and a paralog of NCAM2, was
shown previously to induce Ca** influx
and an overall increase in intracellular
Ca’" levels in different neuronal types
(for review, see Sheng et al., 2013). Inter-
estingly, however, by using Ca** report-
ers targeted to the plasma membrane,
cytosol, and nuclei of neurons, we found
that NCAM2 activation predominantly
influences submembrane Ca** levels, but
does not significantly affect cytosolic and
nuclear Ca*™ levels, although we cannot
exclude that small increases in cytosolic
Ca*" levels remained below detection
limits due to the lower sensitivity of Red-
GECO and small amounts of cytosol in
neurites. Furthermore, in contrast to
NCAM, activation of which induces a
continuous increase in overall Ca*™ levels
(Kiryushko et al., 2006), only a small sub-
group of spontaneously highly active neu-
rons showed a continuous increase in
submembrane and cytosolic [Ca*™] after
NCAM?2 activation. These observations
thus indicate that NCAM2 activation in-
duces a response that can be functionally
distinct from the response activated by
NCAM. This spatially restricted NCAM2-
induced Ca** influx may be important
forlocal activation of enzymes involved in
the formation of filopodia. Our data also
suggest that the tight regulation of Ca**
influx may also be important to prevent
cytotoxicity, since a continuous increase
in submembrane and cytosolic [Ca*™]
levels in response to NCAM?2 activation in
a small population of neurons correlated
with increased activation of caspase-3,
suggesting that it predisposes neurons to
apoptosis. This idea is in agreement with
previous studies showing that increases in
cytosolic Ca*™ levels can be cytotoxic and
may result in apoptosis (Bezprozvanny and
Mattson, 2008). What molecular mecha-
nisms control Ca*" influx is an important
question for future analysis.

Our observation that NCAM2 induces
submembrane [Ca®"] spikes points to the
cell surface Ca®* channels as a major
source of Ca®" influx in response to
NCAM2 activation (Fig. 11C). In agree-
ment, we show that NCAM2-dependent

by NCAM2 are poorly investigated, in the search for possible
mechanisms of NCAM2-mediated morphogenesis, we used ge-
netically encoded calcium reporters to analyze the effect of the
activation of NCAM2 at the neuronal cell surface on the intracel-
lular Ca*™ levels. Our results indicate that activation of NCAM?2
at the neuronal cell surface of developing cortical neurons results
in increased frequency of submembrane [Ca®"] spikes along
neurites of neurons and particularly at the bases of filopodia.

[Ca**] spikes are blocked by nifedipine, an inhibitor of L-type
VDCCs, which are highly expressed in postnatal cortical neurons
(Schlick et al., 2010). The fact that NCAM2 activation does not
induce an overall increase in VDCC conductivity suggests that
NCAM?2 activation increases the open probability of L-type
VDCCs, resulting in transient submembrane [Ca*"] spikes.
L-type VDCCs are phosphorylated by c-Src in cerebellar
granule neurons (Evans and Pocock, 1999; Bence-Hanulec et al.,
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L-type VDCC-dependent [Ca**] spikes
in tsA-201 cells (Gulia et al., 2013). Our
observation that c¢-Src coimmunopre-
cipitates with NCAM?2 from brain lysates
indicates that the two proteins are
components of a molecular complex, sug-
gesting that NCAM?2 and c-Src associate
with each other or interact via intermedi-
ate binding partners. The physiological
significance of this interaction is con-
firmed by our data showing that cluster-
ing of NCAM2 induces activation of c-Src
and that inhibition of c-Src activity or
knock-down of c-Src expression using
siRNA blocks NCAM2-dependent sub-
membrane [Ca*"] spikes, which also in-
dicates that c-Src plays a key role in
NCAM2-dependent L-type VDCC activa-
tion (Fig. 11C).

As a downstream signaling enzyme in
the NCAM2-activated signaling pathway,
we have identified CaMKII (Fig. 11C),
which has been shown previously to be
tethered to L-type VDCCs and activated
by Ca** entering through these channels
(Hudmon et al., 2005; Wheeler et al.,
2008; Lee et al., 2009). In agreement,
NCAM2-dependent activation of CaMKII is
blocked by the L-type VDCC inhibitor in
our experiments. Among possible down-
stream substrates, CaMKII phosphory-
lates and activates RPTPa, a major
activator of the c-Src family members,
which also associates with NCAMI1 (Bo-
drikovetal., 2005, 2008). Our observation
that nifedipine and BAPTA also partially in-
hibit NCAM2-dependent c-Src activation
suggests that CaMKII functions in a positive
feedback loop, which enhances c-Src activa-
tion after the initial Ca** influx (Fig. 11C).

CaMKII has been shown previously to
play an important role in regulation of
neuronal morphogenesis (Fink et al,
2003). It is also required for neuronal differ-
entiation induced in response to activation
of cell adhesion molecules (Williams et
al., 1995; Bodrikov et al., 2008). Interest-
ingly, we found that NCAM2-dependent
CaMKII activation results not only in
overall increased neurite length, as re-
ported previously for NCAM (Bodrikov et al., 2008), but also in a
significant increase in the density of filopodia along neurites.
Local [Ca*"] transients play a key role in the growth and stabili-
zation of filopodia and their development into stable neurite
branches (Lohmann et al., 2002, 2005; Ruthazer et al., 2006).
NCAM2-dependent neuronal morphogenesis is therefore likely
to be initiated at the level of NCAM2-induced [Ca*™] spikes at
the bases of filopodia along neurites, promoting stabilization of
the filopodia and branching of the neurites (Fig. 11C).

Our observations on the role of NCAM?2 in the regulation of
neurite growth and branching are in agreement with previous
findings showing abnormal organization of axonal and dendritic

control siRNA

GFP
L

Src siRNA

CaMKlla siRNA

CaMKIIB siRNA

Figure 11.

actin
B . c
= NCAM2
= clustering
@ @
o
K]
g v
b4 o
: B S
z 5 > c-Src
> 3 ' PP2/
= £ I = .
3 —— I Src siRNA
S v
SiRNA: & !
_ & :L-type VvDCC
« c |
(<]
3 | |~ nifedipine
=
- 1
5 & M
J§> 3 I = CaMKIl
S é KN62/
P4 B - CaMKlla
5 CaMKIIp
[} siRNA
E
a 3 Formation of filopodia /
SIRNA: Neurite branching
P4
o
>
S
> =
[on =
D
5
@
siRNA:
p4
)
>
=
N
>
o

NCAM2-dependent formation of filopodia and neurite branching are inhibited in neurons transfected with ¢-Src,
CaMKIlcx, or CaMKIl B siRNA. A, Images of cortical neurons cotransfected with GFP and control siRNA, Src siRNA, CaMKlcx siRNA, or
CaMKIIB siRNA and incubated for 24 h with control nonimmune Igs or NCAM2 antibodies. Neurons were labeled with fluorescent
phalloidin to detect filamentous actin and visualize filopodia. Note the NCAM2-dependent increase in the density of filopodia and
branches in neurons transfected with control siRNA, and that this effect is inhibited by ¢-Src, CaMKllcr, and CaMKIl B siRNAs. Scale
bar, 10 m. B, Graphs show numbers of filopodia per 100 m of neurite length, numbers of branching neurites per neuron, and
total lengths of all neurites per neuron in neurons treated for 24 h with nonimmune lgs or NCAM2 antibodies. Neurons were
transfected with control siRNA, Src siRNA, CaMKIlce siRNA, or CaMKII 3 siRNA. Mean + SEM values are shown. *p << 0.05,
**¥%p < 0.0001, one-way ANOVA with Tukey’s multiple-comparison test (n > 100 neurons analyzed in each group). C, Schematic
representation of the proposed NCAM2-activated signaling pathway is shown. NCAM2 activation at the neuronal cell surface
induces activation of c-Src, followed by activation of L-type VDCCs. Ca™ influx via L-type VDCCs results in activation of CaMKII,
which promotes formation of filopodia and neurite branching. A proposed CaMKIl-mediated positive feedback loop that enhances
¢-Srcactivation after the initial Ca 2™ influx is shown as a dashed line. Steps inhibited by the c-Srcinhibitor P2, Src iRNA, L-type
VDCC blocker nifedipine, CaMKIl inhibitor KN62, CaMKIlcx siRNA, or CaMKII3 siRNA are also indicated (gray).

compartments in olfactory glomeruli in NCAM2-deficient mice
(Walz et al., 2006; Borisovska et al., 2011) and incorrect innerva-
tion of olfactory glomeruli in transgenic mice overexpressing
NCAM?2 (Alenius and Bohm, 2003). Single nucleotide polymor-
phisms and deletions of the NCAM?2 gene have been linked to
autism in humans (Molloy et al., 2005; Haldeman-Englert et al.,
2010). As a gene located on chromosome 21 in humans, NCAM?2
has also been suggested to play a role in Down syndrome
(Paoloni-Giacobino et al., 1997; Akeson et al., 2001) and is over-
expressed in brains of Down syndrome patients (Lockstone et al.,
2007). Dendritic branching is reduced in autism and Down syn-
drome (Becker et al., 1986; Takashima et al., 1994; Raymond et
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al., 1996). Changes in NCAM2-mediated Ca** signaling may
therefore contribute to pathological processes resulting in abnor-
mal neuronal development in these disorders.
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