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Background: NCX1 regulates intracellular Ca2� and Na� homeostasis in neurons.
Results: The overexpression of NCX1 induced neuronal differentiation through Akt as well as NGF exposure. NCX1 knock-
down prevented NGF-induced neurite outgrowth.
Conclusion: NCX1 participates in neuronal differentiation by ionic regulation and Akt phosphorylation.
Significance: Learning how NCX1 participates in neurite outgrowth will improve the knowledge of neuronal
differentiation.

NGF induces neuronal differentiation by modulating [Ca2�]i.
However, the role of the three isoforms of the main Ca2�-ex-
truding system, the Na�/Ca2� exchanger (NCX), in NGF-in-
duced differentiation remains unexplored. We investigated
whether NCX1, NCX2, and NCX3 isoforms could play a relevant
role in neuronal differentiation through the modulation of
[Ca2�]i and the Akt pathway. NGF caused progressive neurite
elongation; a significant increase of the well known marker of
growth cones, GAP-43; and an enhancement of endoplasmic
reticulum (ER) Ca2� content and of Akt phosphorylation
through an early activation of ERK1/2. Interestingly, during
NGF-induced differentiation, the NCX1 protein level increased,
NCX3 decreased, and NCX2 remained unaffected. At the same
time, NCX total activity increased. Moreover, NCX1 colocalized
and coimmunoprecipitated with GAP-43, and NCX1 silencing
prevented NGF-induced effects on GAP-43 expression, Akt
phosphorylation, and neurite outgrowth. On the other hand, the
overexpression of its neuronal splicing isoform, NCX1.4, even in
the absence of NGF, induced an increase in Akt phosphorylation
and GAP-43 protein expression. Interestingly, tetrodotoxin-sen-
sitive Na� currents and 1,3-benzenedicarboxylic acid, 4,4�-[1,4,10-
trioxa-7,13-diazacyclopentadecane-7,13-diylbis(5-methoxy-6,12-
benzofurandiyl)]bis-, tetrakis[(acetyloxy)methyl] ester-detected
[Na�]i significantly increased in cells overexpressing NCX1.4
as well as ER Ca2� content. This latter effect was prevented

by tetrodotoxin. Furthermore, either the [Ca2�]i chelator
(1,2-bis(o-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid)
(BAPTA-AM) or the PI3K inhibitor LY 294002 prevented Akt
phosphorylation and GAP-43 protein expression rise in NCX1.4
overexpressing cells. Moreover, in primary cortical neurons,
NCX1 silencing prevented Akt phosphorylation, GAP-43 and
MAP2 overexpression, and neurite elongation. Collectively,
these data show that NCX1 participates in neuronal differenti-
ation through the modulation of ER Ca2� content and PI3K
signaling.

Neurite outgrowth is an important process in the develop-
ment of the nervous system and in neuronal regeneration after
brain injury (1). This process is mainly regulated by neurotro-
phins, such as NGF, that, by activating the tyrosine-kinase
receptor TrkA, promote neuronal survival and neurite out-
growth (2). When activated, TrkA triggers several signaling cas-
cades, including the ERK/MAPK and the PI3K/Akt pathways
(3, 4). The role of these transductional cascades in neurite
outgrowth has been studied extensively. Particularly the
MAPK pathway is required for growth factor-induced differ-
entiation of PC12 cells, although it is not sufficient for neu-
rite outgrowth (5). In fact, MAPK activation appears to be a
permissive signal for neurite extension in response to growth
factor stimuli and calcium signaling (6). Furthermore, acti-
vation of PI3K/Akt signaling has been shown to mediate a
number of processes, including NGF-induced neurite out-
growth in PC12 cells (7). Conversely, inhibition of the MEK/
ERK/Akt pathway suppresses neurite outgrowth (8). Fur-
thermore, varying [Ca2�]i alters neurite outgrowth through
changes in the NGF-dependent transductional pathways (6,
9). In fact, the Ca2� ion is considered an important key sec-
ond messenger in growth cones because, depending on its
concentration level, it modulates the rate, motility, and final
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collapse of growth cones. However, the [Ca2�]i modulators
involved in the regulation of NGF-dependent pathways
remain unknown.

Complex patterns regulate the specificity of Ca2� signaling
through the activity of channels and transporters. Among these
is the Na�/Ca2� exchanger (NCX),3 a bidirectional high-capac-
ity and low-affinity ionic transporter that, by exchanging three
Na� ions for one Ca2� ion, plays a relevant role in maintaining
[Ca2�]i homeostasis (10, 11). Three different gene products of
NCX have been cloned (12, 13, 14). Among these isoforms,
NCX1, which is involved in the regulation of neuronal [Ca2�]i
homeostasis, is modulated by NGF (15). In fact, we have dem-
onstrated previously that, after an early exposure, NGF modu-
lates NCX1 expression through a specific pathway involving
ERK1/2 and p38 signaling (15). These kinases, in turn, deter-
mine an increase of ncx1 transcription through CREB1 (15, 16).
Furthermore, NGF exposure determines a translocation of SP1
into the nucleus where it binds to a specific region of the ncx1
promoter between 200 and 79 bp upstream of the transcription
start site (15, 17). Collectively, NGF induces up-regulation of
NCX1 through MEK1/p38/cAMP response element-binding
protein/SP1 signaling.

Although NCXs are specifically involved in many cell func-
tions, their role in neurite outgrowth, together with the trans-
ductional pathway involved, remains unknown. In this work,
we explored whether NCX isoforms, by regulating [Ca2�]i,
could trigger neurite outgrowth during differentiation through
the regulation of PI3K/Akt signaling.

EXPERIMENTAL PROCEDURES

Cell Cultures

PC12 cells were grown on plastic dishes in RPMI medium com-
posed of 10% horse serum, 5% FBS, 100 IU/ml penicillin, and 100
�g/ml streptomycin. Neuronal differentiation was induced by
exposing PC12 cells to NGF (50 ng/ml) for 7 days. Cells were cul-
tured in a humidified 5% CO2 atmosphere. The culture medium
was changed every 2 days. For microfluorimetric, electrophysi-
ological, and morphological studies, cells were seeded on glass cov-
erslips (Fisher, Springfield, NJ) coated with poly-L-lysine (5 �g/ml)
(Sigma) and used at least 12 h after seeding.

Primary Cortical Neuron Preparation

Postnatal Neurons—Mixed cultures of cortical neurons from
Wistar rat pups, 2– 4 days old, were prepared. The tissue was
minced, trypsinized (0.1% for 15 min at 37 °C), triturated, and
plated on poly-D-lysine-coated coverslips. Finally, it was cul-
tured in Neurobasal medium (Invitrogen) supplemented with
B-27 (Invitrogen) and 2 mM L-glutamine. Cells were plated at
1.8 � 106 on 25-mm glass coverslips precoated with poly-D-
lysine (10 �g/ml). Cultures were kept at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air and fed once a week. The
neurons were used after 7 days.

Embryonic Neurons—Cortical pure neurons were prepared
from brains of 16-day-old Wistar rat embryos. Briefly, the rats
were first anesthetized and then decapitated to minimize pain
and distress. Dissection and dissociation were performed in
Ca2�/Mg2�-free PBS containing glucose (30 mM). Tissues were
incubated with papain for 10 min at 37 °C and dissociated by
trituration in Earle’s Balanced Salt Solution containing DNase,
BSA, and ovomucoid. Cells were plated at 15 � 106 in
100-mm plastic Petri dishes precoated with poly-D-lysine (20
�g/ml) in minimum Eagle’s medium/F12 (Invitrogen) con-
taining glucose, 5% deactivated FCS, 5% horse serum (Invit-
rogen), glutamine, and antibiotics. Ara-C (10 �M) was added
within 48 h of plating to prevent non-neuronal cell growth.
Neurons were cultured at 37 °C in a humidified 5% CO2
atmosphere and used after 7 days of culture. All experiments
on primary cortical neurons were performed according to
the procedures described in experimental protocols
approved by the ethical committee of the Federico II Univer-
sity of Naples, Italy.

Small Interfering RNA and NCX1 Overexpression

The mammalian expression vector pSUPER.retro.puro (Oli-
goEngine, Seattle, WA) was used to express siRNA against
NCX1 and its mismatch sequences in PC12 cells. These vectors
were prepared as reported previously (16, 18). After 12 h of
plating, PC12 cells were first transfected with pSUPER-NCX1
and pSUPER-mismatch sequences by means of the Ca2� phos-
phate transfection standard method and then treated with NGF
48 h later. To obtain NCX1.4 overexpression, cells were trans-
fected with 1–2 �g of pCEFL plasmid containing the cDNA of
the neuronal splicing form of murine NCX1, NCX1.4, using
Lipofectamine 2000 reagent (Invitrogen).

Nucleus-directed Akt Negative Mutant

A wild-type form of rat Akt1 (Akt WT) cDNA lacking the
stop codon was cloned in the pEGFP-N1 vector (Clontech,
Mountain View, CA) and provided with a nuclear localization
signal (NLS) sequence at the C terminus (pEGFP-N1-NLS).
The kinase-negative mutant form of Akt (Akt D�) was
obtained with the substitution of lysine 179 with methionine by
means of site-directed mutagenesis (Agilent Life Science,
Milan, Italy) and cloned in the pEGFP-N1-NLS expressing vec-
tor. Amino acid sequence of EGFP-Akt-NLS (D�) mutant was
as follows (the NLS is underlined): MNDVAIVKEGWLHKR-
GEYIKTWRPRYFLLKNDGTFIGYKERPQDVDQRESPL-
NNFSVAQCQLMKTERPRPNTFIIRCLQWTTVIERTFH-
VETPEEREEWATAIQTVADGLKRQEEETMDFRSGSPS-
DNSGAEEMEVSLAKPKHRVTMNEFEYLKLLGKGTFGK-
VILVKEKATGRYYAMKILKKEVIVAKDEVAHTLTENR-
VLQNSRHPFLTALKYSFQTHDRLCFVMEYANGGELFF-
HLSRERVFSEDRARFYGAEIVSALDYLHSEKNVVYRDL-
KLENLMLDKDGHIKITDFGLCKEGIKDGATMKTFCGT-
PEYLAPEVLEDNDYGRAVDWWGLGVVMYEMMCGRL-
PFYNQDHEKLFELILMEEIRFPRTLGPEAKSLLSGLLKK-
DPTQRLGGGSEDAKEIMQHRFFANIVWQDVYEKKLSP-
PFKPQVTSETDTRYFDEEFTAQMITITPPDQDDSMEC-
VDSERRPHFPQFSYSASGTAWDPPVATMVSKGEELFT-
GVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFI-

3 The abbreviations used are: NCX, Na�/Ca2� exchanger; NLS, nuclear localiza-
tion signal; EGFP, enhanced GFP; TTX, tetrodotoxin; Tg, thapsigargin; DIV,
day(s) in vitro; BAPTA-AM, (1,2-bis(o-aminophenoxy)ethane-N,N,N�,N�-
tetraacetic acid).
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CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDF-
FKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLV-
NRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQ-
KNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVL-
LPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITL-
GMDELYKGSPKKKRKVEFGRD. Nuclear localization of
EGFP-tagged Akt was observed under a Zeiss LSM510 META/
laser-scanning confocal microscope.

Western Blot Analysis

Protein extraction and Western blotting were performed
according to standard protocols. Briefly, PC12 cells were
washed in phosphate-buffered saline and collected by gentle
scraping in ice-cold lysis buffer containing 20 mM HEPES (pH
7.4), 1 mM sodium azide, 0.2 mM sodium orthovanadate, 0.05
mM sodium fluoride, 1% mM Triton X-100, and a protease
inhibitor mixture (0.1% aprotinin, 0.7 mg/ml pepstatin, 1 �g/ml
leupeptin) (Roche Diagnostic). After centrifugation (13,400
rpm, 4 °C, 20 min), the supernatants were collected, and 100 �g
of proteins was loaded and separated on 8% SDS-polyacryl-
amide gels. Proteins were transferred onto Hybond-ECL nitro-
cellulose membranes (GE Healthcare). The filters were blocked
for 1 h at �20 °C with 5% nonfat dry milk (Bio-Rad) in Tris-
buffered saline-Tween 20 (2 mM Tris-HCl, 50 mM NaCl (pH
7.5) plus 0.1% Tween 20) and incubated overnight with the
appropriate primary antibody in 5% nonfat dry milk. The final
dilution of primary antibodies was 1:1000, except for the anti-
bodies against NCX3, which were used at a final dilution of
1:1500. Filters were incubated with the following antibodies:
anti-NCX1 (monoclonal mouse antibody, Swant, Bellinzona,
Switzerland), anti-NCX2 (polyclonal rabbit antibody, Alpha
Diagnostic), anti-NCX3 (a gift from Dr. K. Philipson, University
of California, Los Angeles, CA), anti-phosphoAkt (monoclonal
mouse antibody, Santa Cruz Biotechnology, catalog no.
sc-81433), anti-Akt (polyclonal rabbit antibody, Santa Cruz
Biotechnology), anti-ERK1/2 (polyclonal, catalog no. sc-153,
Santa Cruz Biotechnology), anti-phosphoERK (polyclonal, cat-
alog no. sc-7383, Santa Cruz Biotechnology), anti-EGFP
(monoclonal mouse antibody, Clontech), and anti-GAP-43
(monoclonal mouse antibody, Calbiochem). Primary cortical
neurons were washed in phosphate-buffered saline and lysed.
Samples were loaded, separated on 10% SDS-PAGE gel, and
then transferred to a nitrocellulose membrane. Immunoblot
analysis was performed using anti NCX1 (1:1000 polyclonal
mouse antibody, Swant), anti GAP-43 (1: 500 monoclonal
mouse antibody, Calbiochem), anti phospho-Akt (1:1000
monoclonal mouse antibody, Santa Cruz Biotechnology, cata-
log no. sc-81433), anti-Akt (1:1000 polyclonal rabbit antibody,
Santa Cruz Biotechnology), and anti-MAP2 (1:1000 monoclo-
nal mouse antibody, Sigma). Then all membranes were washed
with TBS-T (500 mM Tris, 60 mmM KCl, 2.8 mM NaCl, and 1.0%
Tween 20) and incubated with the appropriate secondary anti-
bodies (1:2000, GE Healthcare) for 1 h at �20 °C. Immunore-
active bands were detected using ECL reagent kits (GE Health-
care). The optical density of the bands was determined by a
Chemi-Doc imaging system (Bio-Rad).

Immunoprecipitation and Immunoblot Analyses

Cells were homogenized in lysis buffer containing 50 mM

HEPES, 100 mM NaCl, 1.5 mM MgCl2, 1 mM PMSF, 0.2% Non-
idet P-40, 5 �g/ml aprotinin, 10 �g/ml leupeptin and 2 �g/ml
pepstatin. The lysates were cleared by centrifugation (12,000
rpm, 10 min). 1 mg of cell lysate was immunoprecipitated with
anti-NCX1 rabbit antibody (1:100), anti-GAP-43 antibody
(1:50), or non-immune IgG antibody. Then the immunopre-
cipitates were resolved by SDS-PAGE gel and transferred to a
nitrocellulose membrane. Immunoblot analysis was performed
using anti-GAP-43 or anti-NCX1, respectively.

Immunocytochemistry and Confocal Microscopy

Immunolocalization of the NCX1 isoform was performed by
mouse monoclonal anti-NCX1 (R3F1) purchased from Swant.
PC12 cells were rinsed twice in cold 0.01 M PBS (pH 7.4) and
fixed in 4% (w/v) paraformaldehyde (Sigma) for 20 min at room
temperature. After three washes in PBS, cells were blocked with
3% (w/v) bovine serum albumin and 0.05% Triton X-100 (Bio-
Rad) for 1 h at room temperature. The coverslips were then
incubated with a primary antibody, anti-NCX1 (1:100 dilution),
and, after three washes in PBS, incubated under dark conditions
with a biotinylated secondary antibody. After incubation, the
peroxidase reaction was developed with 3,3�-diaminobenzi-
dine/4-HCl as the chromogen. For double labeling immunoflu-
orescent analysis, anti-NCX1 (rabbit polyclonal antibody
(Swant) was used together with anti-GAP-43 (monoclonal
mouse antibody, Chemicon). PC12 cells were rinsed twice in
cold 0.01 M PBS (pH 7.4) and fixed in 4% (w/v) paraformalde-
hyde (Sigma) for 20 min at room temperature. Following three
washes in PBS, cells were blocked with 3% (w/v) bovine serum
albumin and 0.05% Triton X-100 (Bio-Rad, Milan, Italy) for 1 h
at room temperature. The coverslips were then incubated over-
night with the primary antibody, anti-NCX1 (1:100 dilution),
and anti-GAP-43 (1:100). Primary cortical neurons were fixed
as described above and incubated with NeuN (1:1000 poly-
clonal rabbit antibody, Millipore) and MAP2 (1:1000 monoclo-
nal mouse antibody, Sigma). Following three washes in PBS, the
coverslips were incubated under dark conditions with two sec-
ondary antibodies: Cy3 anti-mouse IgG and Cy2 anti-rabbit
IgG (1:200, Jackson ImmunoResearch Laboratories) for 1 h at
room temperature. Nuclei were stained at the end of the exper-
iment with Hoechst 33258 (1 �g/ml) for 5 min at room temper-
ature. Phalloidin staining in PC12 cells and cortical neurons
was performed after Hoechst 33258 staining using Phalloidin-
Atto Rho6G (1:50, Sigma) for 15 min at room temperature.
After the final wash, coverslips were mounted with Vectashield
(Vector Labs, Burlingame, CA), and images were observed
using a Zeiss LSM510 META/laser-scanning confocal micro-
scope. Single images were taken with an optical thickness of 0.7
�m and a resolution of 1024 � 1024.

[Ca2�]i and [Na�]i Measurement

[Ca2�]i was measured by single cell computer-assisted video
imaging (19). Briefly, PC12 cells grown on glass coverslips were
loaded with 10 �M Fura-2/AM for 1 h at room temperature in
normal Krebs solution containing 5.5 mM KCl, 160 mM NaCl,
1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 10 mM
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HEPES-NaOH (pH 7.4). At the end of the Fura-2/AM loading
period, the coverslips were placed into a perfusion chamber
(Medical System Co., Greenvale, NY) mounted onto a Zeiss
Axiovert 200 microscope (Carl Zeiss, Germany) equipped with
a FLUAR �40 oil objective lens. The experiments were carried
out with a digital imaging system composed of MicroMax
512BFT cooled charge-coupled device camera (Princeton
Instruments, Trenton, NJ), a Lambda 10-2 filter wheeler (Sutter
Instruments, Novato, CA, and Meta-Morph/MetaFluor imaging
system software (Universal Imaging, West Chester, PA). After
loading, cells were alternatively illuminated at wavelengths of 340
and 380 nm by a xenon lamp. The emitted light was passed
through a 512-nm barrier filter. The fluorescence intensity of
Fura-2/AM was measured every 3 s. Because the FURA-2/AM Kd
was assumed to be 224 nM, the equation in Grynkiewicz et al. (20),
whose parameters were determined for individual cells as
described previously (21), was used for calibration. All results are
presented as cytosolic Ca2� concentration. [Na�]i measurement
was performed by 1,3-benzenedicarboxylic acid, 4,4�-[1,4,10-
trioxa-7,13-diazacyclopentadecane-7,13-diylbis(5-methoxy-

6,12-benzofurandiyl)]bis-, tetrakis[(acetyloxy)methyl] ester incu-
bated at 10 �M in the presence of pluronic acid (0.02%) for 1 h at
37 °C (22).

Measurement of NCX Activity Evaluated as Na�-dependent
45Ca2� Uptake

Na�-dependent 45Ca2� uptake into cells was measured as
described previously (18). Briefly, PC12 cells were plated on
6-well plates (�500,000 cells/well). After 48 h, cells were incu-
bated at 37 °C for 10 min in normal Krebs solution (5.5 mM KCl,
145 mM NaCl, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and
10 mM HEPES-NaOH (pH 7.4)) containing 1 mM ouabain and
10 �M monensin. Then 45Ca2� uptake was initiated by switch-
ing the normal Krebs medium to Na�-free N-methyl-D-gluca-
mine (5.5 mM KCl, 147 mM N-methyl glucamine, 1.2 mM MgCl2,
1.5 mM CaCl2, 10 mM glucose, and 10 mM HEPES-NaOH (pH
7.4)) containing 10 �M 45Ca2� (74 kBq/ml) and 1 mM ouabain.
After 30 s of incubation, cells were washed with an ice-cold
solution containing 2 mM La3� to stop 45Ca2� uptake. Cells
were subsequently solubilized with 0.1 N NaOH, and aliquots

FIGURE 1. Effect of NGF on neurite elongation, Akt activation, and GAP-43 protein expression in PC12 cells. A, representative image sequence
depicting PC12 cells during differentiation with NGF (50 ng/ml). B, quantification of neurite number from each cell body. Data are mean � S.E. from three
independent experimental sessions. *, p � 0.05 versus control; **, p � 0.05 versus all. C, GAP-43 immunosignal in PC12 cells exposed to NGF for 1, 3, and
7 days. D, representative Western blot and relative quantification of GAP-43 expression in PC12 cells exposed to NGF for 1, 3, and 7 days. *, p � 0.05 versus
control and 1 day; **, p � 0.05 versus all. a.u., arbitrary units. E, representative Western blots and relative quantifications of Akt phosphorylation under
control conditions and after the exposure to NGF for 1, 3, and 7 days. Data are mean � S.E. from three independent experimental sessions. *, p � 0.05
versus control and 1 day; **, p � 0.05 versus all. F, representative fluorescent image of Hoechst-positive nuclei (blue) overexpressing EGFP-tagged
Akt-NLS and EGFP-tagged Akt-NLS(D�) (green). Scale bar, 10 �m. G, representative Western blot and relative quantification of GAP-43 expression in
PC12 cells overexpressing Akt-NLS or Akt-NLS(D�) exposed to NGF for 7 days. Data are mean � S.E. from three independent experimental sessions. *,
p � 0.05 versus control.
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were taken to determine radioactivity and protein content by
the Bradford method (23).

Electrophysiological Recording of NCX and Voltage-gated
Sodium Channel Activity by Patch Clamp

INCX was recorded from differentiated PC12 cells with the
whole-cell patch clamp technique (22). Currents were filtered
at 5 kHz and digitized with a Digidata 1322A interface (Molec-
ular Devices). Data were acquired and analyzed with pClamp
software (version 9.0, Molecular Devices). INCX was recorded
starting from a holding potential of �60 mV up to a short-step
depolarization at �60 mV (60 ms) (24). Then a descending
voltage ramp from �60 to �120 mV was applied. The current
recorded in the descending portion of the ramp (from �60 to
�120 mV) was used to plot the current voltage (I-V) relation
curve. The magnitude of INCX was measured at the end of �60
mV (reverse mode) and at the end of �120 mV (forward mode).
The Ni2�-insensitive components were subtracted from total
currents to isolate INCX. INCX was normalized for membrane
capacitance as reported previously (25, 26). For tetrodotoxin

(TTX)-sensitive Na� channel recordings, PC12 cells were per-
fused with an extracellular Ringer’s solution (25) containing 20
mM tetraethylammonium (TEA) and 5 �M nimodipine. The
pipettes were filled with 110 mM CsCl, 10 mM TEA, 2 mM

MgCl2, 10 mM EGTA, 8 mM glucose, 2 mM Mg-ATP, 0.25 mM

cAMP, and 10 mM HEPES (pH 7.3). TTX-sensitive Na� cur-
rents were recorded by applying, from a holding potential of
�70 mV, depolarizing voltage steps of 50-ms duration in 10 mV
from �100 to �50 mV elicited at 0.066-Hz frequency (1 pulse
every 15 s), as reported previously (25).

Statistical Analysis—Data are expressed as mean � S.E. Sta-
tistical comparisons between controls and treated experimen-
tal groups were performed using one-way analysis of variance
followed by Newman Keul’s test. p � 0.05 was considered sta-
tistically significant.

RESULTS

Effect of NGF on Neurite Elongation, Akt Activation, and
GAP-43 Protein Expression in PC12 Cells—To induce neuronal
differentiation, PC12 cells were exposed to NGF (50 ng/ml). As

FIGURE 2. Effect of ERK1/2 modulation on [Ca2�]i homeostasis, Akt phosphorylation, and GAP-43 protein expression in NGF-induced PC12 differentiation.
A and B, representative Western blot and relative quantification of ERK1/2 in PC12 cells exposed to NGF for 5 min (5�), 30 min (30�), and 1 day. Data are mean�S.E. from
three independent experimental sessions. *, p � 0.05 versus untreated cells (control). a.u., arbitrary units. C and D, quantification of the effect of NGF on ATP-induced
(100 �M) and Tg-induced (1 �M) [Ca2�]i increase and [Ca2�]i, respectively, in PC12 cells treated with the growth factor for 30 min, 1 day, 3 days, and 7 days in the
presence or absence of the pharmacological inhibitor of ERK1/2, PD 098059 (PD, 20 �M). ATP and Tg were administered in a Ca2�-free solution containing EGTA (1 mM).
Data are mean � S.E. from three independent experimental sessions. *, p � 0.05 versus respective internal control; **, p � 0.05 versus untreated cells. E and F,
representative Western blot and relative quantification of Akt phosphorylation and GAP-43 protein expression after 7 days of exposure to NGF in the presence or
absence of PD 098059 (20 �M). Data are mean � S.E. from three independent experimental sessions. *, p � 0.05 versus control; **, p � 0.05 versus 7 days of exposure
to NGF.

NCX1 and Neuronal Differentiation

JANUARY 16, 2015 • VOLUME 290 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1323



reported already, neurite elongation increased progressively
after 3 and 7 days of exposure to NGF (Fig. 1, A and B). In fact,
the number of neurites from the cell body of PC12 cells
increased in a time-dependent manner (Fig. 1B). Accordingly,
Western blot analysis and immunocytochemistry showed that
GAP-43 protein expression appeared after only 3 days of expo-
sure, peaking 7 days after treatment (Fig. 1, C and D). Because
the activation of the serine/threonine protein kinase Akt has
been shown already to play a key role in neuronal differentiation
(27), Akt phosphorylation was studied under the experimental
conditions described above. Western blot analysis revealed that
Akt phosphorylation increased in a time-dependent manner in
PC12 cells when exposed to NGF for 3 and 7 days (Fig. 1E). To
verify whether the effect of the phosphorylated form of Akt on
neurite outgrowth was exerted at the nuclear level per se or
through such a mediator, a dominant negative form of Akt (Akt
D�) lacking kinase activity was linked to the EGFP protein and to
the NLS (Akt-NLS(D�)) that favors its translocation into the
nucleus. Confocal microscopy images showed that the fluorescent
mutant chimera was localized in the nucleus as well as the wild-
type mutant Akt-NLS (see Fig. 1F). More importantly, Akt-

NLS(D�) transfection completely prevented GAP-43 expression
in PC12 cells exposed to NGF for 7 days compared with NGF-
untreated cells and cells overexpressing the wild-type mutant Akt
containing an NLS sequence (Akt-NLS) (Fig. 1G). The amino acid
sequence of the Akt-NLS(D�) protein conjugated to EGFP and
with the K179M substitution in the Akt sequence is reported
under “Experimental Procedures.”

Effect of ERK1/2 Modulation on Intracellular Ca2� Release
from the ER, Akt Activation, and GAP-43 Protein Expression in
NGF-induced Neuronal Differentiation—To study an upstream
regulator of Akt, MAPKs were investigated early after NGF
exposure. Western blot analysis revealed that ERK1/2 phos-
phorylation increased in PC12 cells when exposed to NGF for 5
and 30 min, decreasing thereafter at 1 day (Fig. 2, A and B). In
accordance with the acquisition of the neuronal phenotype,
Ca2� release from the ER, induced by both the purinergic
receptor agonist ATP and the irreversible sarco/endoplasmic
reticulum Ca2�-ATPase (SERCA) inhibitor thapsigargin (Tg),
peaked 30 min after NGF exposure. This effect was also main-
tained at 1 day but decreased in cells exposed to NGF for 3 and
7 days, although it remained higher than that of the control (Fig.

FIGURE 3. Effect of NGF on the expression and activity of the three NCX isoforms in neuronal PC12 cells. A–C, representative Western blots and relative
quantifications of NCX1, NCX2, and NCX3 protein expression in PC12 cells under control conditions and after 7 days of exposure to NGF. *, p � 0.05 versus
control. D, immunocytochemical images of NCX1 expression in control and differentiated PC12 (NGF 7 d). E, NCX activity measured in the reverse mode of
operation as Na�-free-induced [Ca2�]i increase and 45Ca2� uptake under control conditions and after 7 days of exposure to NGF. *, p � 0.05 versus control. F,
representative superimposed traces of INCX recorded from control and differentiated PC12 cells (NGF 7 d). Inset, quantification of INCX recorded in reverse and
forward modes of operation under the above described conditions. *, p � 0.05 versus control.
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2C). Interestingly, the MAPK inhibitor PD 098059 (20 �M) pre-
vented an ATP- and Tg-induced [Ca2�]i peak in cells exposed
to NGF for 30 min, 1 day, 3 days, and 7 days as well as under
control conditions (Fig. 2C). Furthermore, [Ca2�]i progres-
sively increased upon NGF administration (Fig. 2D). Interest-
ingly, PD 098059 further enhanced this increase under control
conditions and in cells exposed to NGF for 30 min and 1 day
when compared with the respective controls (Fig. 2D).

Finally, the effect of ERK1/2 inhibition on the activation of
Akt and GAP-43 protein expression was also investigated. PD
098059 effectively prevented NGF-induced Akt phosphoryla-
tion detected in PC12 cells after 7 days of exposure (Fig. 2E).
The same effect was also observed after 3 days (data not shown).
Similarly, PD 098059 prevented GAP-43 overexpression in
PC12 cells exposed to NGF for 7 days (Fig. 2F), therefore sug-
gesting a prominent role of ERK1/2 in the complex Ca2�-de-
pendent regulation of neuronal differentiation by NGF.

Effect of NGF on the Expression and Activity of the Three NCX
Isoforms in PC12 Cells—Because, among the proteins regulated
by MAPKs and involved in [Ca2�]i handling, NCX represents a

potential player in the Ca2�-dependent regulation of neuronal
differentiation, the expression and function of NCX isoforms
upon NGF administration were investigated. When PC12 cells
were exposed to NGF for 7 days, NCX1 protein expression
increased significantly, NCX3 decreased, and NCX2 remained
unaffected (Fig. 3, A–C). Indeed, the diffused NCX1 immu-
nosignal significantly increased after 7 days of exposure to NGF
(Fig. 3D). NCX activity was then recorded by single-cell Fura-
2/AM microfluorimetry, radioactive 45Ca2� uptake assays, and
patch clamp electrophysiology (Fig. 3, E and F). In particular,
NCX activity, measured in reverse mode of operation as [Ca2�]i
increase and as 45Ca2� uptake, both elicited by the addition of a
Na�-deficient NMDG� medium, increased significantly after 7
days of exposure to NGF, as opposed to controls (Fig. 3E).
Accordingly, patch clamp experiments revealed that the mag-
nitude of INCX, measured as reverse mode at the end of �60 mV
and as forward mode at the end of �120 mV, increased signif-
icantly after 7 days of exposure to NGF compared with controls
(Fig. 3F). Interestingly, in PC12 exposed to NGF for 3 and 7
days, the NCX1 immunosignal increased progressively and

FIGURE 4. Effect of siNCX1 on neurite elongation, GAP-43 protein expression, and Akt phosphorylation in neuronal PC12 cells. A, left panel, represen-
tative Western blot and quantification of NCX1 protein expression in control cells and in PC12 cells exposed to siNCX1 for 48 h or to siControl. *, p � 0.05 versus
control. Center panel, representative Western blot and quantification of GAP-43 expression in control and in PC12 cells exposed to NGF for 7 days in the
presence of siControl or siNCX1. *, p � 0.05 versus control; **, p � 0.05 NGF 7 d � siControl. Right panel, representative Western blot and quantification of Akt
phosphorylation in control and PC12 cells exposed to NGF for 7 days in the presence of siControl or siNCX1. *, p � 0.05 versus control; **, p � 0.05 NGF 7 d �
siControl. B, top panel, representative image sequence depicting PC12 cells under control conditions after 7 days of exposure to NGF � siControl and after 7
days of exposure to NGF � siNCX1. Scale bars 	 10 �m (5 �M for the images at higher magnification). Bottom panels, quantification of neurite number from each
cell body in PC12 cells under the conditions B. Data are mean � S.E. from three independent experimental sessions. *, p � 0.05 versus NGF 7 d and NGF 7 d �
siControl. C, immunocytochemical images depicting NCX1 expression (a and b) and phalloidin-rhodamine staining (c and d) in PC12 cells exposed to NGF after
treatment with siControl or siNCX1 (see “Experimental Procedures”). Nuclei were stained with DAPI. Scale bar 	 50 �m.
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colocalized significantly with GAP-43 (data not shown), there-
fore suggesting the involvement of this isoform of exchanger in
the NGF-induced differentiation of PC12 cells.

Effect of NCX1 Silencing on GAP-43 Protein Expression and
Neurite Outgrowth in PC12 Cells—The role of NCX1 in neuro-
nal differentiation was explored by knocking down its expres-
sion with specific siRNA. Western blot analysis revealed that
NCX1 silencing, by reducing NCX1 protein expression by
almost 60% (Fig. 4A, left panel), prevented the increase in
GAP-43 protein expression after 7 days of exposure to NGF
(Fig. 4A, center panel). The mismatch sequence failed to modify
GAP-43 expression (Fig. 4A, center panel). Interestingly, NCX1
silencing prevented NGF-induced Akt phosphorylation (Fig.
4A, right panel). Under these conditions, the number of pro-
cesses from the cell body was measured in PC12 exposed to
NGF (Fig. 4B). siRNA against NCX1 significantly reduced the
number of neurites after 7 days of exposure to NGF compared
with control conditions (Fig. 4B). Furthermore, silencing of
NCX1 induced a dysregulation of cytoskeleton organization in
PC12 cells exposed to NGF for 3 days, as revealed by phalloidin-
rhodamine staining (Fig. 4C, a– d).

Effect of NCX1 Overexpression on GAP-43 Protein Expression,
ER Ca2� Content, and Akt Phosphorylation in PC12 Cells—The
role of the neuronal isoform of NCX1 (NCX1.4) in neuronal
differentiation was tested further by overexpressing this iso-
form in PC12 cells. After 3 days, NCX1.4 overexpression
produced an increase in INCX detected by patch clamp in
both reverse and forward modes of operation (Fig. 5A). Fur-
thermore, NCX1.4 overexpression induced a neuronal phe-
notype in PC12 cells even in the absence of NGF. In fact,
under these experimental conditions, the activation of Akt
and a significant increase in GAP-43 protein expression
occurred in PC12 cells (Fig. 5, B and C). Interestingly, under
the same conditions, NCX1 significantly colocalized and
coimmunoprecipitated with GAP-43 after 3 days in culture
(see Fig. 5, D and E).

In accordance with the acquisition of the neuronal pheno-
type, TTX-sensitive Na� currents increased significantly in
PC12 cells exposed to NGF for 3 days and in cells overexpress-
ing NCX1.4 for 3 days compared with controls (Fig. 6A).
Accordingly, 1,3-benzenedicarboxylic acid, 4,4�-[1,4,10-trioxa-
7,13-diazacyclopentadecane-7,13-diylbis(5-methoxy-6,12-

FIGURE 5. Effect of NCX1 overexpression on GAP-43 protein expression and Akt phosphorylation in neuronal PC12 cells. A, quantification of INCX in the
reverse and forward modes of operation in PC12 cells transfected with the empty expression vector pCEFL (control) and PC12 cells transfected for 3 days with
pCEFL expressing NCX1.4 (NCX1OVER). *, p � 0.05 versus its respective control. B, representative Western blot and relative quantification of Akt phosphorylation
in control cells and in NCX1OVER. *, p � 0.05 versus control. C, representative Western blot and relative quantification of GAP-43 expression under the conditions
of A. *, p � 0.05 versus control. a.u., arbitrary units. D, lysates from control and PC12 cells exposed to NGF for 3 days and PC12 NCX1OVER cells for 3 days were
subjected to immunoprecipitation (IP) using anti-NCX1 (top row) or anti-GAP-43 (bottom row). The presence of GAP-43 (top row) or NCX1 (bottom row) was
analyzed by immunoblotting. WB, Western blot. E, NCX1 (red) and GAP-43 (green) immunosignal in control cells and in NCX1OVER (Pearson’s correlation factor,
�0.08 � 0.008 in control cells and 0.39 � 0.09 in NCX1OVER cells). p � 0.05 versus control.
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benzofurandiyl)]bis-, tetrakis[(acetyloxy)methyl] ester-detected
[Na�]i increased significantly in PC12 cells exposed to NGF for
3 days and in cells overexpressing NCX1.4 for 3 days (Fig. 6B).
Interestingly, TTX-induced blockade of voltage-gated sodium
currents decreased INCX in PC12 cells exposed to NGF for 3
days and in cells overexpressing NCX1.4 for 3 days (Fig. 6, C and
D). Furthermore, the overexpression of NCX1.4 profoundly
modulated [Ca2�]i homeostasis. In fact, ATP plus Tg, inducing
ER Ca2� release and preventing its reuptake, produced in
NCX1-overexpressing cells a significantly higher increase of
[Ca2�]i than in controls, as detected by single-cell microfluo-
rimetry (Fig. 7, A and B).

This increased ER Ca2� content, induced by NCX1.4 over-
expression, was prevented by TTX (50 nM), therefore suggest-
ing a relationship between the increased INav and ER Ca2�

refilling. Concomitantly, the activation of Akt occurred in PC12
cells after NCX1.4 overexpression, even in the absence of NGF
(Fig. 7C). In particular, the overexpression of the neuronal iso-
form NCX1.4 induced Akt activation as early as 1 day after
culture in vitro (data not shown). Furthermore, the intracellular

Ca2� chelator BAPTA-AM prevented both Akt phosphoryla-
tion and GAP-43 protein expression induced by NCX1.4 over-
expression (Fig. 7, C and D). Similarly, pharmacological inhibi-
tion of PI3K LY 294002 prevented both Akt phosphorylation
and GAP-43 protein expression induced by NCX1.4 overex-
pression (Fig. 7, C and D).

Effect of NCX1 Silencing on GAP-43 and MAP2 Protein
Expression, Akt Phosphorylation, and Neurite Outgrowth in Pri-
mary Cortical Neurons—Both NCX1 and GAP-43 protein
expression, as well as Akt phosphorylation, increased progres-
sively in cortical neurons during differentiation, reaching a
peak at 7 DIV (Fig. 8A). NCX1 silencing (siNCX1) prevented
the activation of Akt and GAP-43 up-regulation during in vitro
differentiation. Furthermore, siNCX1 counteracted both the
increase of the 70-kDa band and the reduction of 280-kDa band
of the microtubule-associated protein MAP2 during in vitro
differentiation (Fig. 8D). Accordingly, siNCX1 prevented neu-
rite outgrowth of cortical neurons (7 DIV), as detected by phal-
loidin-rhodamine staining (Fig. 8B), and reduced NeuN-posi-
tive neurons (Fig. 8C).

FIGURE 6. Role of TTX-sensitive voltage-gated sodium currents and [Na�]i on INCX in neuronal PC12 cells. A, top panel, representative superimposed traces
of voltage-gated sodium currents (INaV) recorded from PC12 cells under control conditions (n 	 6) and after exposure to NGF for 3 days (n 	 10) and from PC12
cells overexpressing NCX1.4 (NCX1OVER) for 3 days (n 	 6) in the presence and in absence of TTX (50 nM). Bottom panel, quantification of voltage-gated sodium
currents under the conditions described above. *, p � 0.05 versus control. B, quantification of 1,3-benzenedicarboxylic acid, 4,4�-[1,4,10-trioxa-7,13-diazacy-
clopentadecane-7,13-diylbis(5-methoxy-6,12-benzofurandiyl)]bis-, tetrakis[(acetyloxy)methyl] ester-detected [Na�]i under the same conditions as in A. Data
are mean � S.E. from three independent experimental sessions (n 	 60 cells). *, p � 0.05 versus control. C, representative superimposed traces of INCX recorded
in reverse and forward modes of operation from PC12 cells exposed to NGF for 3 d and from NCX1OVER for 3 d in the presence (gray traces) and in absence (black
traces) of TTX (50 nM). D, quantification of INCX inhibition under the conditions described above. *, p � 0.05 versus control.
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DISCUSSION

This study demonstrates that, among the three isoforms of
the Na�/Ca2� exchanger, the neuronal splicing form of NCX1,
NCX1.4, plays a relevant role in triggering neurite outgrowth
and neuronal differentiation in PC12 cells and in cortical neu-
rons. The expression and activity of NCX1 increased progres-
sively during differentiation, reaching a peak after 7 days of
NGF treatment in PC12 cells and at 7 DIV in cortical neurons.
In addition, the NCX1 isoform colocalized and coimmunopre-
cipitated significantly with GAP-43 during differentiation with
NGF. Furthermore, siRNA against NCX1 in PC12 cells signifi-
cantly reduced the number of neurites and the increase in
GAP-43 after NGF exposure. Our data are in accordance with
Oda et al. (28), showing that the pharmacological blockade of
NCX reduces neurite outgrowth in PC12 cells. Accordingly, in
cortical neurons, silencing of NCX1 prevented the activation of
Akt and protein expression of GAP-43 during in vitro differen-
tiation. Furthermore, silencing of NCX1 reduced MAP2 and pre-
vented neurite outgrowth of cortical neurons (7 DIV), as detected
by phalloidin-rhodamine staining and reduced NeuN-positive
neurons. On the other hand, in PC12 cells exposed to NGF,
NCX3 expression was reduced significantly, whereas NCX2
remained unchanged. Furthermore, NCX1.4 overexpression
induced GAP-43 protein expression, neurite outgrowth, and Akt
phosphorylation, even in the absence of NGF. Interestingly, neu-
ronal differentiation of PC12 cells was mediated by the nuclear
translocation of Akt. In fact, nuclear delivery of a dominant nega-

tive form of Akt prevented GAP-43 protein expression in NGF-
treated cells. Furthermore, in differentiated PC12 cells, Akt phos-
phorylation was prevented by NCX1 knockdown and was also
induced in a time-dependent manner when the neuronal form of
NCX1 was overexpressed.

That Akt activation is involved in neuronal differentiation is
a well known fact. However, the pathways involved in its acti-
vation remain elusive. In our study, we showed a strong corre-
lation between NCX1 activation and Akt phosphorylation,
therefore unraveling a new mechanism for Akt activation in
neuronal differentiation. In particular, we showed that, in
NCX1-overexpressing cells, a precocious activation of Akt
occurred, demonstrating that, in PC12 cells, the exchanger iso-
form may guide NGF-induced differentiation through kinase
phosphorylation. In particular, we showed that NCX1 increased
the amount of Ca2� in ER during PC12 differentiation. Accord-
ingly, the Gq-coupled purinergic receptor agonist ATP plus the
irreversible SERCA inhibitor thapsigargin induced a signifi-
cantly higher increase of [Ca2�]i than in undifferentiated PC12
cells. This is consistent with the acquisition of the neuronal
phenotype. Accordingly, Ciccolini et al. (29) reported that neu-
rons become increasingly competent at Ca2� signaling as dif-
ferentiation proceeds and show an increased amount of Ca2� in
the ER in the late phase of the process (29). Furthermore, in
BDNF-stimulated neuronal differentiation, Akt activation is
abolished by the intracellular Ca2� chelator BAPTA-AM but
not by the elimination of extracellular Ca2� ions with EGTA,

FIGURE 7. Effect of NCX1 overexpression on ER Ca2� content and effect of the Ca2� chelator BAPTA-AM and the PI3K inhibitor LY 294002 on NCX1-
induced differentiation in neuronal PC12 cells. A, superimposed single cells representative of the effect on [Ca2�]i of ATP (100 �M) and Tg (1 �M) in Ca2�-free
solution containing EGTA (1 mM) in control cells, in cells overexpressing NCX1 for 3 days in vitro (NCX1OVER 3 d), and in NCX1OVER 3 d exposed to TTX (50 nM). B,
quantification of A. Data are mean � S.E. from three independent experimental sessions. *, p � 0.05 versus control; **, p � 0.05 versus NCX1OVER 3 d. C,
representative Western blot and relative quantification of Akt phosphorylation in PC12 cells after NCX1OVER alone, after NCX1OVER in the presence of BAPTA-AM,
and after NCX1OVER in the presence of LY 294002. All treatments lasted 3 days. *, p � 0.05 versus control; **, p � 0.05 versus NCX1OVER 3 d. D, representative
Western blot and relative quantification of GAP-43 expression in PC12 cells after NCX1OVER alone, after NCX1OVER in the presence of BAPTA-AM, and after
NCX1OVER in the presence of LY 294002. a.u., arbitrary units. *, p � 0.05 versus control; **, p � 0.05 versus NCX1OVER 3 d.
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therefore reinforcing the role played by stored Ca2� release
during differentiation (30). That NCX1 is involved in the
refilling of Ca2� ions into ER has already been reported as a
neuroprotective mechanism to reduce ER stress under hypoxic
conditions (31). Our results strongly demonstrated the involve-
ment of the NCX1 reverse mode in mediating ER Ca2� refilling
during neuronal differentiation. Indeed, our data demonstrated
that the activation of the reverse mode of NCX1 during neuro-
nal differentiation is linked to the increase in the currents of the
voltage-dependent Na� channels. These currents, by increas-
ing intracellular Na� concentrations, may force NCX1.4 to
work in the reverse mode of operation, as demonstrated previ-
ously (32, 33, 34). NCX1.4 working in the Ca2�-influx mode
promoted ER Ca2� refilling, as revealed by the relevant increase
in [Ca2�]i observed following ER depletion.

Moreover, that intracellular Ca2� is essential to gate Akt sig-
naling in NCX1-dependent neuronal differentiation was dem-
onstrated by our data showing that BAPTA-AM prevented
both Akt phosphorylation and GAP-43 protein expression,
both evoked by NCX1 overexpression. This further suggested a
tight relationship between the neuronal isoform of NCX1 and
Akt. It should be noted that, in a previous paper, we showed that
the PI3K/Akt pathway is one of the main regulators of ncx1

gene transcription (16). Moreover, in this study, we show that
NCX1 activated Akt to induce neuronal differentiation. Pre-
sumably, Akt could represent an amplification mechanism
ensuring continuous ncx1 gene transcription and cell survival
in PC12 cells (16).

Several mechanisms could regulate, in a Ca2�-dependent
way, the phosphorylation of the Akt transcription factor at the
level of the cytosol and, more directly, within the nucleus.
Among these mechanisms, PKC-� and CaMK IV could play an
important role (35, 36). Furthermore, in PC12 cells, the specific
Akt downstream activator PI3K is localized in the nuclear
matrix (37) or translocates into the nucleus after NGF exposure
(38). We showed consistently that the pharmacological inhibi-
tion of PI3K by LY 294002 prevented neuronal differentiation
induced by NCX1 overexpression. Therefore, in our model, the
PI3K/Akt pathway may play a crucial role in modulating neu-
ronal differentiation induced by NCX1 up-regulation.

Regarding the mechanisms involved in the activation of Akt
pathway, our data demonstrated a relevant role played by
ERK1/2 activation. This factor could be considered an early
NGF mediator in triggering neuronal differentiation. In fact,
ERK1/2 not only represents the upstream signal of Akt upon
NGF exposure, but it seems to control ER Ca2� refilling before

FIGURE 8. Effect of siNCX1 on in vitro differentiation of rat cortical neurons. A, representative Western blots and relative quantifications of NCX1, GAP-43
protein expression, and Akt phosphorylation in cortical neurons at 4, 5, and 7 DIV and in neurons at 7 DIV plus siRNA against NCX1 (siNCX1). This treatment was
performed in cortical neurons at 1 DIV. Akt protein expression was used as an internal control. B, immunocytochemical images depicting NeuN and phalloidin-
rhodamine staining in a representative cortical neuron at 7 DIV and in a cortical neuron treated with siNCX1. Nuclei, Hoechst (blue)). The arrows indicate
neurites. C, immunocytochemical images depicting NeuN and MAP2 staining in cortical neurons at 7 DIV and cortical neurons treated with siNCX1. Nuclei,
Hoechst (blue)). siNCX1 treatment was performed in cortical neurons at 1 DIV. D, representative Western blots of MAP2 forms at 280 and 70 kDa and of Akt
protein expression, used as internal control, in cortical neurons at 7 DIV � siControl and in cortical neurons treated with siNCX1.
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the activation of NCX1, therefore representing an important
regulator of [Ca2�]i homeostasis in neuronal differentiation.
Moreover, upon NGF stimulation, ERK1/2 specifically up-reg-
ulates NCX1. Likewise, in NGF-untreated cells, NCX1 is the
only isoform controlled by JNK (15). All of these findings sug-
gest that ERK1/2 controls neuronal differentiation through a
transductional cascade involving the fine regulation of NCX1
function.

However, concerning the mechanisms involved in the turn-
ing off of the Akt pathway during differentiation, it should
be underlined that phosphatidylinositol-3,4,5-trisphosphate
3-phosphatase (PTEN), a phosphatase that converts phosphati-
dylinositol 3,4,5-trisphosphate to phosphatidylinositol 3,4-bis-
phosphate, reduces the ability of PI3K to be recruited at the
plasma membrane level for Akt activation. In addition, PTEN
appears during NGF-induced elongation of nascent neurites
(39) and increases progressively at the early stage of differenti-
ation, possibly to prevent aberrant neurite extension. In conclu-
sion, this study shows that, among NCX isoforms, the neuronal
isoform NCX1.4 guides neuronal differentiation in PC12 cells
and in primary cortical neurons by promoting ER Ca2� refill-
ing, PI3K signaling activation, and Akt phosphorylation.
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