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1Department of Biology, Faculty of Sciences, Universidad de Chile, 7800024 Santiago, Chile, 2Geroscience Center for Brain Health and Metabolism, Santiago,
Chile, 3Molecular Neuroregeneration, Division of Brain Sciences, Department of Medicine, Imperial College London, W12 ONN London, United Kingdom,
4Laboratory for NeuroRegeneration and Repair, Centre for Neurology, Hertie Institute for Clinical Brain Research, University of Tuebingen, 72076
Tuebingen, Germany, and 5The Buck Institute for Research on Aging, Novato, California 94945

Physiological levels of ROS support neurite outgrowth and axonal specification, but the mechanisms by which ROS are able to shape
neurons remain unknown. Ca 2�, a broad intracellular second messenger, promotes both Rac1 activation and neurite extension. Ca 2�

release from the endoplasmic reticulum, mediated by both the IP3R1 and ryanodine receptor (RyR) channels, requires physiological ROS
levels that are mainly sustained by the NADPH oxidase (NOX) complex. In this work, we explore the contribution of the link between
NOX and RyR-mediated Ca 2� release toward axonal specification of rat hippocampal neurons. Using genetic approaches, we find
that NOX activation promotes both axonal development and Rac1 activation through a RyR-mediated mechanism, which in turn activates
NOX through Rac1, one of the NOX subunits. Collectively, these data suggest a feedforward mechanism that integrates both NOX activity
and RyR-mediated Ca 2� release to support cellular mechanisms involved in axon development.
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Introduction
ROS may exert both physiological and pathological effects on
neurons. Abnormally high levels are associated with oxidative

stress and disease (Lambeth, 2004; Villegas et al., 2014; Walsh et
al., 2014). In contrast, downregulation of ROS synthesis below
physiological levels impairs neurite outgrowth, axonal growth, and
neuronal polarity acquisition (Munnamalai and Suter, 2009;
Olguin-Albuerne and Moran, 2015; Wilson et al., 2015). We showed
recently that the loss-of-function of NADPH oxidase (NOX) also
impairs actin dynamics by inhibiting the activity of Rac1 and Cdc-42
(Wilson et al., 2015), which are essential for neuronal polarization
(Dotti et al., 1988; Bradke and Dotti, 1999; Stiess and Bradke, 2011;
Cáceres et al., 2012; González-Billault et al., 2012).

ROS are highly dynamic molecules with an average lifetime on
the nanosecond timescale. In contrast, neuronal development
occurs after days in culture. This poses the question of how short-
lived species such as ROS are able to support the establishment of
neuronal polarity and axonal development. Here, we propose
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Significance Statement

High levels of ROS are frequently associated with oxidative stress and disease. In contrast, physiological levels of ROS, mainly
sustained by the NADPH oxidase (NOX) complex, promote neuronal development and axonal growth. However, the mechanisms
by which ROS shape neurons have not been described. Our work suggests that NOX-derived ROS promote axonal growth by
regulating Rac1 activity, a molecular determinant of axonal growth, through a ryanodine receptor (RyR)-mediated Ca 2� release
mechanism. In addition, Rac1, one of the NOX subunits, was activated after RyR-mediated Ca 2� release, suggesting a feedforward
mechanism between NOX and RyR. Collectively, our data suggest a novel mechanism that is instrumental in sustaining physio-
logical levels of ROS required for axonal growth of hippocampal neurons.
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that ROS may act as signaling molecules targeting downstream
mediators. Previous reports suggest that Ca 2� release from the
endoplasmic reticulum (ER), particularly that mediated by the
ryanodine receptor (RyR), needs the basal activity of NOX2 in
muscle and neuronal cells (Espinosa et al., 2006; Bedard and
Krause, 2007; Zhang and Forscher, 2009; Riquelme et al., 2011).
Moreover, RyR stimulation activates Rac1 and Cdc-42 in
HEK293 cells and cerebellar granule neurons, suggesting a RyR-
dependent mechanism (Jin et al., 2005). In addition, Rac1, one of
the subunits of the NOX2 complex (Lambeth, 2004), promotes
axonal growth and neuronal polarization (González-Billault et
al., 2012), suggesting to us that functional coupling between
NOX and ER Ca 2� release is a novel regulation point for actin
dynamics in polarizing neurons. ER Ca 2� release has been asso-
ciated previously with neuritogenesis, growth cone motility, and
neuronal differentiation (Gomez et al., 2001; Nakamuta et al.,
2011), but the precise contribution to the establishment of neu-
ronal polarity has not been reported. Considering this, we hy-
pothesize a mechanism involving NOX, RyR-mediated Ca 2�

release, and Rac1 to sustain physiological ROS levels and axonal
development.

Although we have shown previously that NOX inhibition im-
pairs axon elongation (Wilson et al., 2015), the contribution of
NOX gain-of-function to this event remains unknown. Consid-
ering that ROS production is usually a negative signal for neu-
rons, it is relevant to scrutinize carefully whether ROS synthesis
may support normal neuronal functions. In this work, we ex-
plored the contribution of the gain-of-function of the NOX2
complex and ROS production toward axonal development in
cultured hippocampal neurons. In addition, we studied the po-
tential coupling between NOX2 and RyR-mediated Ca 2� release
toward the activation of Rac1 for axonal development, suggesting
a molecular mechanism by which ROS are able to shape hip-
pocampal neurons.

Materials and Methods
Primary culture of hippocampal and cortical neurons from rat brain
embryos. Pregnant Sprague Dawley rats were killed and both female and
male embryos (embryone day 18.5, E18.5) were removed and neurons
cultured as described previously (Kaech and Banker, 2006). All of the
experiments were approved by the Bioethical Research Committee of
Universidad de Chile and conducted following the guidelines of the
CONICYT manual for animal experimentation.

Primary culture of hippocampal neurons from wild-type and Ncf1 � / �

mouse P0 brains. Wild-type C57BL/6J (Harlan Laboratories) and
B6(Cg)-Ncf1 m1J/J (Ncf1 �/�; The Jackson Laboratory) newborn pups
(P0) were obtained from the Central Biomedical Service of Imperial
College London. Dissection and culture of hippocampal neurons were
done as described previously (Kaech and Banker, 2006). Animal work
was performed in accordance with the regulations of the UK Home
Office.

Transient transfection of neurons with cDNA coding vectors. Neurons
were transiently transfected with Lipofectamine 2000 (Life Technolo-
gies) in Neurobasal medium following the manufacturer’s instructions.
After 2 h of transfection, neurons were supplemented with B27, Glu-
tamax, sodium pyruvate, and antibiotics. Experiments were performed
18 –72 h after cDNA transfection.

HyPer H2O2 measurement. Neurons (4 � 10 4 cells/well) were cultured
on glass coverslips pretreated with poly-D-lysine (1 mg/ml). Neurons
were transiently transfected after 1 d in vitro (DIV) with the HyPer bio-
sensor (Evrogen) to detect local H2O2 production (Belousov et al., 2006).
H2O2 analysis was done as described previously (Wilson et al., 2015). The
distal/proximal axonal ratio was estimated by measuring the HyPer-
H2O2 levels in the first third of the axon (proximal segment) and the last
third of the axon (distal segment).

Brain lysates and immunoblotting for RyR2 and IP3R1 detection. After
dissection from embryonic brains, hippocampi and cerebral cortices
were collected into 1.5 ml tubes and washed three times with PBS. Lysis,
protein sample preparation, and Western blot analysis were as described
previously (Henríquez et al., 2012). To detect RyR and IP3R1 proteins,
the following antibodies were used: anti-RyR2 (1:1000, rabbit, AB9080l
Millipore), anti-IP3R1 (1:1000, rabbit, kindly donated by Dr. Manuel
Estrada, Faculty of Medicine, Universidad de Chile; Choe et al., 2004;
Estrada et al., 2006), and �-tubulin (1:10,000, mouse; Sigma-Aldrich).
Primary antibodies were diluted in 1% nonfat milk dissolved in 0.05%
TBST and incubated with the membrane overnight at 4°C with agitation.
Membranes were washed three times with 0.05% TBST and suitable
secondary antibodies conjugated with HRP were incubated for 1 h at
room temperature with agitation in primary antibody incubation
solution. Proteins were detected using the Pierce ECL Western Blot-
ting Substrate.

Immunofluorescence for RyR2 and IP3R1. Neurons (10 4 cells/well)
were cultured in 24 multiwell plates on glass coverslips pretreated with
poly-D-lysine (1 mg/ml) for 18 and 48 h (for stage 2 and 3 neurons,
respectively). Anti-RyR2 (1:100), anti-IP3R1 (1:100), and anti-Tau-1 (1:
400) were incubated overnight at 4°C. Coverslips were washed three
times with PBS and suitable Alexa Fluor-conjugated secondary antibod-
ies (1:400; Life Technologies) and incubated for 1 h at room temperature.
Phalloidin–Alexa Fluor 647 was coincubated with secondary antibodies.
For general considerations of immunofluorescence assays, please see
Henríquez et al. (2012).

ER Ca2� release assays. Hippocampal neurons (1.5 � 10 5) were cul-
tured in 35 mm dishes containing 25 mm glass coverslips pretreated with
poly-D-lysine (1 mg/ml). After 2 DIV, neurons were loaded with
Fluo4-AM (5 �M) or Cell Tracker Orange (1 �M) (Life Technologies) for
20 min in Hank’s balanced salt solution supplemented with HEPES
(HBSS) at 37°C and 5% CO2. Then, Fluo4-AM containing medium was
replaced with Neurobasal medium supplemented with B27, Glutamax,
sodium pyruvate, and antibiotics for 40 min under the same incubation
conditions. Coverslips were mounted into a videomicroscopy chamber
and perfused with HBSS without Ca 2� to discard the influx from extra-
cellular medium. Images were acquired every 2 s for 5 min using a time-
lapse recording. Tyrode buffer containing the following (in mM): 110
NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, and 30 glucose was used for
recordings in the presence of extracellular Ca 2�. Imaging was done with
a Zeiss LSM 710 microscope using a 20� magnification. To induce RyR-
mediated Ca 2� release, neurons were stimulated with 4-chloro-m-cresol
(4-CMC; Sigma-Aldrich, 750 �M) after 1 min of baseline fluorescence
(Westerblad et al., 1998; Adasme et al., 2015). The average intensity of
baseline fluorescence was noted as “F0.” Fluorescence intensity after
4-CMC addition (or ethanol vehicle) was noted as “F.” Both “F0” and “F”
quantifications were undertaken selecting a ROI at the soma of neurons.
The F/F0 ratio was used to determine the fold-change of Fluo4-AM flu-
orescence intensity after RyR stimulation with 4-CMC. Analyses were
done using the Fiji-ImageJ plug-in “time series analyzer.”

Raichu-Rac1 FRET probe measurements. Neurons (4 � 10 4 cells/well)
were transfected with the Raichu-Rac1 FRET biosensor (provided by Dr.
Alfredo Cáceres, INIMEC-CONICET, Córdoba, Argentina) to measure
Rac1 activity (Nakamura et al., 2006). Raichu-Rac1 expression, image
acquisition, and FRET efficiency estimation were performed as described
previously (Wilson et al., 2015).

Rac1 activity pull-down assay in embryonic cortical neurons. Cortical
neurons (E18.5) were cultured for 2 d in 100-mm-diameter plastic plates
(10 7 neurons/plate) pretreated with poly-D-lysine (1 mg/ml) and then
stimulated with 4-CMC (750 �M) for 0 –30 min at 37°C and 5% CO2. To
inhibit NOX activity, neurons were treated with VAS2870 (5 �M) for 1 h
before 4-CMC stimulation. To evaluate Rac1 activity, pull-down assays
were performed as described previously (Henríquez et al., 2012).

Image acquisition and analysis. All images corresponding to Figures 1,
2, 3, 4, 5, and 6 were obtained with an LSM 710 confocal microscope
(Zeiss). In Figure 7, axonal length measurements and Ca 2� imaging were
performed using a Nikon Eclipse TE 2000-u coupled to a CoolLED pE-
4000 illumination system. FRET experiments were performed using a
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Leica TCS SP5 II confocal microscope. Processing, measurement, and
quantification of images were done with ImageJ.

Statistics. Results are the mean of three independent cultures (n � 3) �
SEM. The number of neurons analyzed for each experiment (n) is indi-
cated in the figure legends. Shapiro–Wilk normalcy test was used to
evaluate normal distribution of datasets. Student’s t tests or ANOVA
were performed for parametric data. Mann–Whitney or Kruskal–Wallis
tests were used for nonparametric data. All analyses were performed
using GraphPad Prism 5 software.

Results
NOX gain-of-function promotes axonal development during
maturation of hippocampal neurons
Our previous work showed that NOX loss-of-function inhibits
axon elongation through an actin-associated mechanism (Wil-
son et al., 2015). Here, in the first set of experiments, we explored
a NOX gain-of-function approach to scrutinize effects upon ax-
onal development. To this aim, neurons were transfected imme-
diately after plating with a p47 phox wild-type coding vector
(p47 phox WT), which enhances ROS production via NOX2 (Ro-
epstorff et al., 2008; Fig. 1). To observe transfection, neurons
were cotransfected with GFP. After 3 DIV, neurons were fixed for
morphological analysis as described previously (Wilson et al.,
2015). Neurons expressing p47 phox WT exhibited axons that were
50% longer than control neurons (GFP-only transfected; Fig.
1A,B, black arrows). Minor neurites were also enlarged after
p47 phox WT expression, although to a lesser extent than observed
in axons (Fig. 1A,C, red arrows). Both control and p47 phoxWT
neurons displayed axons that were, on average, 9 –10 times longer
than minor neurites, suggesting that neuronal polarity acquisi-
tion was not affected and that an axon was clearly distinguishable
from minor neurites (Fig. 1B,C). To evaluate ROS production,
neurons were cotransfected with both p47 phoxWT and the H2O2

sensor HyPer (Belousov et al., 2006) after 1 DIV and later fixed at
2 DIV. Control neurons were only transfected with HyPer. Neu-
rons expressing p47 phox WT exhibited a global increase in H2O2

levels (Fig. 1D–F). The HyPer biosensor was activated robustly in
neurons treated with H2O2 (500 �M). When neurons were incu-
bated with antioxidants, the HyPer signal was attenuated signif-
icantly (Fig. 1G). Subsequently, neurons expressing p47 phoxWT
were treated with the NOX2 inhibitor VAS2870 (5 �M), a drug
that blocks the translocation of p47 phox to the plasma membrane
(Altenhöfer et al., 2012). The treatment with VAS2870 was per-
formed after 1 DIV (when most neurons are at stage 2 of polarity;
Wilson et al., 2015); subsequently, neurons were fixed after 2 and
3 d for both H2O2 measurement and axonal length analysis, re-
spectively (Fig. 1H–M). Treatment with VAS2870 inhibited both
axonal extension (Fig. 1H–I) and the enhancement in H2O2 lev-
els after p47 phox WT expression (Fig. 1K–M), suggesting a
NOX2-dependent mechanism. Together, these data support our
hypothesis that NOX2-derived ROS are instrumental for axonal
development and polarization of hippocampal neurons.

ER Ca 2� channels mediate neuronal polarization and
axonal extension
Having shown that NOX activation promotes axonal develop-
ment, we explored a molecular mechanism able to correlate the
generation of short-lived ROS with a long-lasting process such as
axonal development. Based on the following evidence, we fo-
cused our attention on Ca 2� release from the ER as a possible
cellular intermediate. First, Ca 2� is a second messenger that has
been linked previously to axon and neuritic elongation (Henley
and Poo, 2004; Wayman et al., 2004; Estrada et al., 2006; Zheng
and Poo, 2007; Davare et al., 2009). Second, previous reports

suggest that ER Ca 2� release, which is mediated by both the
inositol 1,4,5-triphosphate receptor (IP3R) and RyR (Bardo et
al., 2006), depends on NOX activity (Bedard and Krause, 2007).
Particularly, RyR has cysteine residues that are sensitive to redox
species that are oxidized to maintain normal activity (Aracena-
Parks et al., 2006; Espinosa et al., 2006; Hidalgo et al., 2006;
Donoso et al., 2011). Considering this, we undertook experi-
ments to reveal the contribution of both IP3R and RyR in the
establishment of neuronal polarity and axonal development.
Both RyR2 and IP3R1, the main embryonic neuronal isoforms
(Bardo et al., 2006), were expressed in E18.5 hippocampus and
cerebral cortex (Fig. 2A,C). In addition, both RyR2 and IP3R1
were found in the soma and minor neurites of stage 2 cultured
neurons (white arrows, Fig. 2B,D), as well as in the growing axon
(yellow arrows, Tau-1-positive neurites) and the axonal growth
cone (asterisks) of stage 3 cultured neurons (Fig. 2B,D). We then
addressed the contribution of Ca 2� release mediated by these
receptors to axonal extension. Toward this aim, two parameters
were evaluated: the polarity stages after 1 DIV and the axonal
length after 3 DIV (Wilson et al., 2015). To evaluate neuronal
polarity, neurons were treated with xestospongin C (3 �M) and
ryanodine (25 �M) after plating to block IP3R and RyR, respec-
tively (Fig. 2E,G). After 24 h, neurons were fixed to evaluate the
acquisition of polarity (Wilson et al., 2015). We found that both
xestospongin C and ryanodine treatments induced a significant
increase in the number of neurons at stage 1 (Fig. 2E,G). More-
over, xestospongin C treatment also decreased the proportion of
neurons at stage 3 (Fig. 2G). We then evaluated the contribution
of RyR2 and IP3R1 receptors to axonal development. Neurons
were treated with xestospongin C and ryanodine after 1 DIV
(when most cultured neurons are at stage 2) and fixed at 3 DIV to
evaluate axonal growth (Fig. 2F,H). Both ryanodine and xesto-
spongin C treatments decreased axonal growth compared with
control neurons, suggesting that both receptors contribute to
axonal extension. Together, these data support the hypothesis
that both IP3R and RyR2 promote neuronal polarization and
axonal development.

Functional coupling between NOX and RyR-mediated
Ca 2� release
To determine whether NOX activity was coupled to RyR activity,
2 DIV neurons were loaded with Fluo4-AM (a Ca 2�-sensitive
probe) to measure cytoplasmic Ca 2� levels after RyR stimulation
with the agonist 4-CMC (Westerblad et al., 1998) in Ca 2�-free
HBSS medium. Figure 3, A–E, shows representative Ca 2� signals
in neurons before (0 –1 min) and after (1–5 min) 4-CMC (750
�M) stimulation (yellow arrows). Control neurons release Ca 2�

from the ER after the addition of 4-CMC (Fig. 3B), which was
abolished in neurons that had been treated previously with ryan-
odine (25 �M) for 1 h before Ca 2� recording (Fig. 3C,F). The
F/F0 ratio at t � 5 min was reduced significantly after ryanodine
treatment, suggesting that 4-CMC stimulates RyR specifically in
our model (Fig. 3G). Next, we explored the link between NOX
and RyR-mediated Ca 2� release. To this aim, neurons were in-
cubated with the NOX inhibitors gp91 ds-tat (5 �M; Rey et al.,
2001; Fig. 3D) and VAS2870 (5 �M; Fig. 3E) for 1 h before Ca 2�

recordings. Both gp91 ds-tat and VAS2870 inhibited RyR-
mediated Ca 2� release after 4-CMC stimulation (arrows in Fig.
3D,E and quantification in Fig. 3H, I). Inhibition with gp91 ds-
tat was less efficient than VAS2870, probably because gp91 ds-tat
is less soluble than VAS2870, and this may affect NOX inhibition
(Altenhöfer et al., 2012). Fluo4-AM fluorescence was also in-
creased after stimulation with 4-CMC when the recording was
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performed in a 2 mM Ca 2�-containing medium (Tyrode buffer),
discarding the possibility that the system may be pushed toward
an ER-dependent response in the absence of Ca 2� (Fig. 3J). We
also evaluated whether changes in Fluo4-AM induced by 4-CMC

were due to alterations in neuronal volume. For that purpose,
neurons were incubated with Cell Tracker Orange, a probe that
stains the cell uniformly (Münk et al., 2002). Cell Tracker Orange
fluorescence was not modified after stimulation with 4-CMC,

Figure 1. Gain-of-function of the NOX complex after p47 phox WT expression increases axonal development of hippocampal neurons. E18.5 hippocampal neurons were cultured and transfected
immediately after plating with GFP alone (control) or cotransfected with both GFP and p47 phox WT constructs. A, Representative control and p47 phoxWT neurons after 3 DIV. B, C, Quantification of
both axonal (black arrows) and minor neurite (red arrows) length of A. **p � 0.01, ***p � 0.001 versus control, Mann–Whitney test. D, Neurons (1 DIV) were transfected with the HyPer biosensor
to measure local H2O2 production. Representative H2O2 maps of both control and p47 phox WT neurons. E, F, Quantification of the HyPer-H2O2 levels from neurons of D. *p � 0.05 versus control, **p �
0.01 versus control, Mann–Whitney test. G, Positive control for HyPer fluorescence (whole neuron) after H2O2 application in control, and N-acetyl-cysteine (NAC)- or dimethylthiourea (DMTU)-treated neurons.
H, Control and p47 phox WT neurons were treated with VAS2870 (5 �M) after 1 DIV and then fixed at 3 DIV. I, J, Quantification of axonal (black arrows) and minor neurite (red arrows) length of H. I, ***p � 0.001
vs control (ANOVA, Dunnett’s post test). J, ns, nonsignificant, ANOVA, Dunnett’s post test. K, Representative HyPer-H2O2 maps of both control and p47 phox WT neurons after NOX inhibition with VAS2870. HyPer
was expressed as in D and then neurons were treated with VAS2870 (5�M) for 1 d (2 DIV in total). L, M, Quantification of the HyPer-H2O2 levels from neurons of K. **p�0.01 versus control, ANOVA, Dunnett’s
post test. Results are from three independent cultures (n � 3). A total of 45 transfected neurons were analyzed for each condition. Scale bar, 20 �m.
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demonstrating that cellular volume did not change during our
observations (Fig. 3K,L). Collectively, these data support the no-
tion that basal activity of NOX is needed to support RyR-
mediated Ca 2� release in polarizing neurons.

Functional coupling between NOX and RyR promotes Rac1
activation and axonal development
A previous report suggests that RyR-mediated Ca 2� release acti-
vates Rac1 in cerebellar granule neurons, reaching a peak after 3

Figure 2. Contribution of ER Ca 2� channels to the establishment of neuronal polarity in culture. A, C, RyR2 and IP3R1 detection by Western blot in both E18.5 hippocampus and cerebral cortex
lysates. B, D, RyR2 and IP3R1 distribution in both stage 2 and stage 3 hippocampal cultured neurons using immunofluorescence and confocal microscopy. Tau-1 detection was used as an axonal
marker and phalloidin–Alexa Fluor 633 to stain F-actin. White arrows indicate minor neurites; yellow arrows, axons; asterisks, axonal growth cones. E, G, Quantification of neuronal polarization of
hippocampal neurons after ryanodine (Rya, 25 �M) and xestospongin C (3 �M) treatments. E, **p � 0.01 versus control stage 1. G, *p � 0.05 versus control stage 1, #p � 0.05 versus control stage
3, Mann–Whitney test. F, H, Quantification of axonal length after RyR and IP3R inhibition at 3 DIV. After plating, neurons were cultured for 1 d and then treated with ryanodine (Rya, 25 �M, F ) and
xestospongin C (3 �M, H ). ***p � 0.001 versus control, Mann–Whitney test. Results are from 3 different independent cultures (n � 3). A total of 90 neurons were analyzed for both neuronal
polarity and axonal length measurements. Scale bar, 20 �m.
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Figure 3. Functional coupling between NOX and RyR-mediated Ca 2� release. Neurons (2 DIV) were loaded with Fluo4-AM to visualize cytosplasmic Ca 2� in live neurons. A–E, Representative
time-lapse imaging for the vehicle of 4-CMC (ethanol; A), 4-CMC (750 �M; B), and neurons pretreated with ryanodine (25 �M; C), gp91 ds-tat (5 �M; D), and VAS2870 (5 �M; E) for 1 h before 4-CMC
addition. F, Quantification of RyR-mediated Ca 2� release of B and C. G, Quantification of the F/F0 ratio at t � 5 min of F. ***p � 0.001 versus control, Student’s t test. H, Quantification of
RyR-mediated Ca 2� release after 4-CMC stimulation in control, gp91 ds-tat (5 �M), and VAS2870 (5 �M) of B, D, and E. I, Quantification of the F/F0 ratio at t � 5 min in control of H. ***p � 0.001
versus control, ANOVA, Dunnett’s post test. J, Fluo4-AM fluorescence after 4-CMC stimulation in Ca 2�-free or Ca 2�-containing medium (2 mM) during the recording of Ca 2� signals. K, Fluo4-AM
and Cell Tracker Orange (volume control) fluorescence before and after 4-CMC stimulation in 2 DIV neurons. L, Normalization of the Fluo4-AM signal by Cell Tracker Orange fluorescence during the
recording. Results are from 3 different independent cultures (n � 3). A total of 60 neurons were analyzed for each condition. Scale bar, 20 �m.
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min of RyR stimulation (Jin et al., 2005). Considering that axonal
growth is a Rac1-dependent process (González-Billault et al.,
2012), we evaluated whether the coupling between NOX and RyR
may regulate the activity of Rac1 in our model. To this aim,
neurons were transfected after 1 DIV with the FRET probe
Raichu-Rac1 (Nakamura et al., 2006). After 1 d of expression,
neurons were treated with 4-CMC (750 �M) for 1, 5, 15, and 30
min and then fixed to evaluate FRET efficiency using confocal
microscopy (Fig. 4A–C). Neurons reached a 2-fold peak in FRET
efficiency after 5 min of stimulation with 4-CMC in both whole
neurons and in the axonal compartment (Fig. 4B,C). Similarly,
pull-down analysis confirmed that, after 5 min of 4-CMC stimu-
lation, neurons increased the levels of Rac1-GTP (Fig. 4F,G).
Next, 1 DIV neurons were transfected with a vector encoding the
P156Q p22 phox (DNp22 phox) isoform, a mutant version of
p22 phox that decreases NOX-mediated ROS (Kawahara et al.,
2005; Wilson et al., 2015). To determine Rac1 activity, these neu-
rons were cotransfected with the Raichu-Rac1 FRET probe (Fig.
4D,E). One day after transfection, neurons were stimulated with
4-CMC for 5 min to compare Raichu-Rac1 FRET efficiency be-
tween DNp22 phox and control neurons. In addition, neurons
transfected with the FRET probe were treated with VAS2870 and
then stimulated with 4-CMC for 5 min (Fig. 4D,E). Both genetic
(DNp22 phox) and pharmacological (VAS2870) inhibition of
NOX blocked 4-CMC-induced Rac1 activation (Fig. 4D,E),
which was reproduced by pull-down assays in cortical neurons
(Fig. 4H, I). Together, these results indicate that the functional
coupling between NOX and RyR is instrumental for the activity
of Rac1 in neurons.

Based on these data, we examined the contribution of the
functional coupling between NOX and RyR toward axonal devel-
opment of hippocampal neurons. Because sustained ER Ca 2�

release, as well as massive Ca 2� influx, promote neurodegenera-
tion (Villegas et al., 2014; Bernard-Marissal et al., 2015; Vargas et
al., 2015), we analyzed different time points after 4-CMC treat-
ment to stimulate RyR-mediated Ca 2� release. One DIV neurons
were treated with 4-CMC in short-term (0, 1, 5, 15, and 30 min)
and long-term stimulations (1 and 24 h; Fig. 4J). 4-CMC was
then washed and neurons were fixed at 3 DIV. We found that,
after 15 min of 4-CMC stimulation, neurons developed longer
axons compared with nonstimulated neurons (Fig. 4J). However,
this phenotype disappeared after 30 min of treatment. Further-
more, after 24 h of stimulation, axons were even shorter than
those of control neurons, suggesting a toxic effect after long-term
stimulation (Fig. 4J). The next set of experiments was conducted
using 15 min of stimulation with 4-CMC (Fig. 4J). Neurons cul-
tured for 1 d were treated with the NOX inhibitors gp91 ds-tat
and VAS2870 for 1 h and then stimulated with 4-CMC for 15
min. After 4-CMC withdrawal, the corresponding NOX inhibi-
tors were re-added and neurons were fixed at 3 DIV to measure
neurite length (Fig. 4K,L). NOX inhibitors blocked the axonal
growth induced by 4-CMC (Fig. 4K) without affecting the length
of minor neurites (Fig. 4L). Axonal extension was blocked in
neurons pretreated with ryanodine (25 �M; Fig. 4K), suggesting a
RyR-dependent mechanism. In addition, neurons were trans-
fected immediately after plating with the DNp22 phox construct
(Fig. 4M,N). One day after transfection, neurons were stimu-
lated with 4-CMC for 15 min and then cultured to complete 3
DIV. DNp22 phox neurons did not exhibit longer axons after
4-CMC stimulation (Fig. 4M), whereas minor neurite length was
not affected at 3 DIV (Fig. 4N). Together, these results suggest
that RyR-mediated Ca 2� release promotes axonal development

during hippocampal maturation through a NOX-dependent
mechanism.

RyR stimulation induces H2O2 synthesis through NOX
and Rac1
Because Rac1 is one of the subunits of the NOX complex (Lam-
beth, 2004) and based upon our data so far, we investigated
whether RyR-mediated Ca 2� release could stimulate ROS pro-
duction by NOX through a Rac1-dependent mechanism. To this
aim, 1 DIV neurons were cotransfected with a vector encoding
Rac1T17N, the dominant-negative isoform of Rac1 (Ridley et al.,
1992), and HyPer to evaluate H2O2 levels after 4-CMC stimula-
tion. Moreover, neurons were also cotransfected with HyPer and
DNp22 phox constructs to determine ROS levels. After 15 min of
4-CMC stimulation, an increase in H2O2 levels was detected in
control neurons (only transfected with HyPer). However, this
was blocked after either DNp22 phox or Rac1T17N expression
(Fig. 5B). To confirm the contribution of Rac1 to RyR-mediated
Ca 2� release, 2 DIV neurons were treated with the Rac1 inhibitor
NSC 23766 (100 �M) for 1 h (Dwivedi et al., 2010). Subsequently,
neurons were loaded with Fluo4-AM to study RyR-mediated
Ca 2� release after stimulation with 4-CMC (Fig. 5C,D). NSC
23766 partially blocked Ca 2� release after 4-CMC, suggesting
that Rac1 is involved in the RyR-mediated Ca 2� release response.
Moreover, NSC 23766 treatment decreased HyPer-H2O2 levels,
reinforcing the observation of Rac1 involvement obtained using
T17N Rac1 (Fig. 5A,B). Together, these data propose that RyR-
mediated Ca 2� release promotes H2O2 synthesis through the
NOX complex in a mechanism that depends on Rac1, suggesting
a feedforward mechanism between NOX and RyR-mediated
Ca 2� release in polarizing neurons.

NOX gain-of-function increases hippocampal axonal
development through RyR
To determine whether NOX-derived ROS increase axonal length
through RyR activity, hippocampal neurons were transfected im-
mediately after plating with p47 phox WT (Fig. 6A–C). After 1 d,
neurons were treated with ryanodine (25 �M) and then fixed at 3
DIV. Ryanodine treatment reduced the stimulatory effect of
p47 phox WT expression on axonal development (Fig. 6B) without
affecting minor neurite length (Fig. 6C). We then used the same
experimental paradigm explained above to evaluate Rac1 activity.
Neurons that expressed p47 phox WT showed an increase in Rac1
FRET efficiency, which was blocked after VAS2870 or ryanodine
addition (Fig. 6D–F), suggesting that NOX2 activates Rac1 in a
mechanism that involves RyR.

Ncf1 �/� hippocampal neurons display delayed axonal
development and fail to release Ca 2� mediated by RyR
In the final set of experiments, we evaluated axonal development,
RyR-mediated Ca 2� release, and Rac1 activity in hippocampal
neurons derived from Ncf1�/� (p47 phox�/�) mice (Fig. 7). To
this aim, wild-type and Ncf1�/� P0 neurons were cultured for 2 d
to measure axonal development. To perform rescue experiments,
neurons were transfected immediately after plating with the
p47 phox WT construct and GFP (transfection control). Neurons
were fixed and axonal length was measured. We found that
Ncf1�/� neurons displayed shorter axons than wild-type neu-
rons, which were restored after p47 phox WT expression (Fig.
7A,B). In addition, Ncf1�/� neurons failed to release Ca 2� after
RyR stimulation with 4-CMC (Fig. 7C–E). Finally, Ncf1�/� neu-
rons presented decreased Rac1 activity, which was rescued after
p47 phox WT expression (Fig. 7F,G).
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Figure 4. The NOX complex promotes both Rac1 activation and axonal extension through a RyR-dependent mechanism. A–E, Hippocampal neurons of 1 DIV were transfected with the
Raichu-Rac1 probe to measure the FRET efficiency after RyR stimulation in control and NOX-inhibited neurons. B, C, FRET efficiency in neurons stimulated with 4-CMC (750 �M) for 0, 1, 5 15, and 30
min in the whole neuron (B) and whole axon (C). ***p � 0.001 versus 0 min, Kruskal–Wallis test, 21 neurons analyzed. D, E, Raichu-Rac1 neurons were cotransfected with the DNp22 phox construct
or treated with VAS2870 (5 �M) alone. Ryanodine (25 �M) treatment was performed as with VAS2870. Analyses were undertaken at the whole-neuron (D) and axon (E) levels. ***p � 0.001 versus
control, ANOVA, Dunnett’s post test (21 neurons were analyzed). F, Pull-down analyses were performed to determine Rac1-GTP levels after 4-CMC stimulation in embryonic cortical neurons of 2 DIV.
G, Densitometry of Western blots of Rac1-GTP shown in F. *p � 0.05 versus control, ANOVA Dunnett’ post test. H, Representative Western blots of pull-down analysis to determine Rac1-GTP levels
after 4-CMC stimulation in control and VAS2870-treated neurons (5 �M) of 2 DIV. I, Densitometry of Western blots shown in H, *p � 0.05 versus control, ANOVA, Dunnett’s post test. J, Hippocampal
neurons were cultured for 1 d and then stimulated with 4-CMC at different time points. Then, neurons were fixed at 3 DIV to measure axonal length. *p � 0.05 versus 0 min, ***p � 0.001 versus
0 min. ANOVA, Dunnett’s post test. K, L, Hippocampal neurons were treated with gp91 ds-tat (5 �M), VAS2870 (5 �M), and ryanodine (25 �M) after 1 DIV and then stimulated with 4-CMC (750 �M)
for 15 min. Neurons were fixed at 3 DIV to measure axonal length (K ) and minor neurite length (L). **p�0.01 versus control, ***p�0.001 versus control, ns�nonsignificant, ANOVA, Dunnett’s post test (90
neurons were analyzed for each condition). M, N, Neurons were transfected after plating with DNp22 phox and treated with 4-CMC for 15 min after 1 d of culture. After 4-CMC withdrawal, neurons were fixed at
3 DIV. *p � 0.05 versus control, ANOVA, Dunnett’s post test (45 neurons were analyzed for each condition). Results are from 3 different independent cultures (n � 3). Scale bar, 20 �m.
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Collectively, our data suggest that the NOX complex pro-
motes axonal development during maturation of hippocampal
neurons through a feedforward mechanism that links the NOX
complex, RyR-mediated Ca 2� release, and Rac1 activity.

Discussion
Our work proposes that the NOX complex promotes axonal de-
velopment of hippocampal neurons through a RyR-mediated
Ca 2� release mechanism. Ncf1�/� neurons have shorter axons
compared with wild-type neurons, as well as a reduction in basal
Rac1 activity, which is consistent with the notion that NOX pro-
motes axonal extension involving the actin cytoskeleton. To-
gether, this evidence suggests that NOX-derived ROS are needed
for neuronal development, polarization, and axonal specification
in hippocampal neurons. Similar results in other neuronal mod-
els suggest that NOX and ROS are required for neurite outgrowth
(Munnamalai and Suter, 2009; Munnamalai et al., 2014; Olguin-
Albuerne and Moran, 2015). Moreover, the differentiation of
neuronal stem cells into neurons also depends on ROS signaling
(Dickinson et al., 2011; Forsberg et al., 2013; Forsberg and Di
Giovanni, 2014). Based on these findings, it appears that physio-

logical ROS levels are indeed needed to regulate both neuronal
differentiation and polarization in the CNS.

Because the lifetime of ROS is extremely short and dynamic,
we conceived ROS as being signaling molecules that are able to
regulate downstream pathways involved in axonal development.
This hypothesis was elaborated based on the following evidence.
First, ROS regulate ER Ca 2� release in muscle and neuronal cells
(Aracena-Parks et al., 2006; Espinosa et al., 2006; Hidalgo et al.,
2006; Zhang and Forscher, 2009; Donoso et al., 2011; Riquelme et
al., 2011). Second, ER Ca 2� release, principally mediated by RyR,
promotes Rac1 activation in several cell types (Fleming et al.,
1999; Price et al., 2003; Jin et al., 2005). Finally, Rac1 is a molec-
ular determinant for axonal growth (González-Billault et al.,
2012). Whereas high levels of intracellular Ca 2� lead to growth
cone collapse, physiological levels are required for the normal
dynamics of this structure (Gomez and Zheng, 2006). In this
work, we found that both IP3R and RyR are needed for the ac-
quisition of proper neuronal polarity and axonal development.
Both receptors were detected in neurons during the early
stages of neuronal polarization and both segregated to the

Figure 5. RyR stimulation induces H2O2 production through the NOX complex by a Rac1-dependent mechanism. Neurons were transfected after 1 DIV with the HyPer biosensor alone (control) or
cotransfected with the DNp22 phox or Rac1T17N (dominant-negative version of Rac1) constructs. After 1 d of expression, neurons were treated with 4-CMC. A, H2O2 maps after 750 �M 4-CMC
stimulation for 5 and 15 min in control, DNp22 phox-, and Rac1T17N-transfected neurons. B, Quantification of the HyPer-H2O2 levels of A. *p � 0.05, **p � 0.01, ***p � 0.001 versus control (white
column), ANOVA, Dunnett’s post test (15 neurons were analyzed for each condition). C, RyR-mediated Ca 2� release in control and NSC 23766-treated neurons (100 �M). D, Quantification of the F/F0

ratio at t � 5 min of C. ***p � 0.001 versus control, Student’s t test (a total of 60 neurons were analyzed). E, Neurons (2 DIV) expressing the HyPer biosensor were treated with NSC 23766 (100 �M)
for 1 h and then stimulated with 4-CMC for 15 min to measure HyPer-H2O2 levels. ***p � 0.001 versus control, ANOVA, Dunnett’s post test. Results are from 3 different independent cultures (n �
3). Scale bar, 20 �m.

Wilson et al. • NOX Promotes Axonal Development Through ER Ca2� Release J. Neurosci., October 26, 2016 • 36(43):11107–11119 • 11115



emerging axon. Our data suggest that RyR is functional at this
polarization stage and depends on NOX activity. Electrical
stimulation of mature neurons promotes RyR-mediated Ca 2�

release, which is blocked after N-acetyl-cysteine treatment, a gen-
eral antioxidant (Riquelme et al., 2011). A previous study sug-
gested that VAS2870 has potential off targets in skeletal muscle
cells (Sun et al., 2012). However, we used a concentration that is
three times lower than that reported previously. Moreover, both
Ncf1�/� and gp91 ds-tat-treated neurons failed to release Ca 2�

mediated by the RyR. Together, our data demonstrate that the

NOX complex is a source of ROS that mediates RyR-dependent
Ca 2� release in polarizing neurons.

We found that RyR stimulation increased the activity of Rac1
after 5 min of 4-CMC treatment, which was blocked in NOX-
inhibited neurons (Fig. 4D,E,H, I). A similar time frame has
been described to enhance both Rac1 and Cdc-42 activities in
HEK293 cells and cerebellar granule neurons (Jin et al., 2005). In
vitro assays suggest that ER Ca 2� release activates Tiam1 through
PKC/CaMKII-dependent phosphorylation (Fleming et al., 1999;
Price et al., 2003), two proteins that promote axonal growth (Go-

Figure 6. NOX gain-of-function increases both axonal development and Rac1 activity through a RyR-dependent mechanism. A–C, Neurons were cultured and transfected immediately after
plating with GFP alone (control) or cotransfected with the p47 phox WT construct. After 1 d of culture, neurons were treated with ryanodine (25 �M) and fixed at 3 DIV. A, Representative neurons after
p47 phox WT expression and ryanodine treatment. B, C, Quantification of axonal length (B) and minor neurite length (C) of neurons shown in A. B, **p � 0.01 versus control, Kruskal–Wallis test (n �
3). C, ns � nonsignificant, ANOVA, Dunnett’s post test (45 were neurons analyzed for each condition). D, E, Neurons (1 DIV) were transfected with the Raichu-Rac1 probe alone (control) or together
with the p47 phox WT construct. After 1 d of expression, neurons were treated with VAS2870 (5 �M) or ryanodine (25 �M) for 1 h. Neurons were then fixed to evaluate FRET efficiency. D, FRET maps.
E, F, Quantification of the FRET efficiency in control, VAS2870-, and ryanodine-treated neurons in whole neuron (E) and axon (F ). *p � 0.05, ***p � 0.001 versus control, ANOVA, Dunnett’s post
test (n � 3; 20 neurons were analyzed for each condition). Results are from 3 different independent cultures (n � 3). Scale bar, 20 �m.
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mez and Zheng, 2006; Nakamuta et al., 2011). In this work, we
found that RyR stimulation enhanced the axonal length of hip-
pocampal neurons, which was abolished after NOX inhibition.
Our data also suggest that the activation of Rac1 after RyR stim-
ulation increases ROS derived from NOX. RyR-mediated Ca 2�

release promotes H2O2 synthesis through NOX in hippocampal

mature neurons (Riquelme et al., 2011). Inhibition of Rac1 using
NSC 23766 or a dominant-negative form of Rac1 significantly
reduced the response of RyR to 4-CMC. The differences observed
between these two means of inactivation may be due to their
different modes of action. Considering these and previously
published findings, we suggest that a feedforward mechanism

Figure 7. Measurement of axonal length, RyR-mediated Ca 2� release, and Rac1 activity in Ncf1 �/� neurons. P0 neurons isolated from Ncf1 �/� hippocampi were cultured for 2 DIV to measure
axonal length, Ca 2� release, and Rac1 activity. A, Representative wild-type and Ncf1 �/� neurons at 2 DIV. For rescue experiments, Ncf1 �/� cultured neurons were transfected immediately after
plating with the p47 phox WT construct. B, Axonal length of neurons shown in A. ***p � 0.001 versus wild-type neurons, Kruskal–Wallis test (21 neurons were analyzed for each condition). C,
Representative time-lapse images corresponding to the RyR-mediated Ca 2� release of wild-type and Ncf1 �/� neurons after 4-CMC (750 �M) stimulation. The yellow arrow indicates the time at
which 4-CMC was added in each case. White arrows show representative neurons followed for Fluo4-AM fluorescence intensity throughout the time of the recording. D, Quantification of time-lapse
shown in C. E, Quantification of F/F0 ratio at t � 68 s, corresponding to the maximum amplitude achieved after 4-CMC addition in wild-type neurons. ***p � 0.001 versus Ncf1 �/� neurons,
Mann–Whitney test (45 neurons were analyzed for each condition). F, G, Wild-type and Ncf1 �/� neurons of 1 DIV were transfected with the Raichu-Rac1 FRET probe and fixed at 2 DIV. For rescue
experiments, Ncf1 �/� neurons were cotransfected with the p47 phox WT construct. F, Representative FRET maps of wild-type, Ncf1 �/�, and Ncf1 �/� rescued neurons. G, FRET efficiency
quantification (21 neurons were analyzed for each condition). Results are from 3 different independent cultures (n � 3). Scale bar, 20 �m.
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among NOX, RyR-mediated Ca 2� release, and Rac1 is needed for
axonal development. Finally, the gain-of-function of NOX after
p47 phoxWT expression did not increase the development of ax-
ons in neurons treated with 25 �M ryanodine, suggesting that
NOX requires RyR to promote the developmental growth of hip-
pocampal neurons. However, we cannot rule out that other sig-
naling pathways that might be regulated by redox signaling may
be involved in axonal growth. In fact, both F-actin and microtu-
bules are susceptible to redox posttranslational modifications
that affect the dynamic properties of the cytoskeleton (Dalle-
Donne et al., 2001, 2002, 2003; Landino et al., 2002, 2004a, 2004b;
Chowdhury et al., 2009; Hung and Terman, 2011; Terman and
Kashina, 2013; Wilson et al., 2016) and this may have a direct
effect on the morphology of neurons during the early stages of the
establishment of neuronal polarity. Along similar lines, the PI3K/
Akt pathway, which is involved in axonal extension (Cosker et al.,
2008), depends on ROS levels (Forsberg et al., 2013), which al-
lows us to hypothesize that other pathways involved in axonal
growth are regulated by redox balance.

In summary, our data suggest that ROS promote axonal de-
velopment through a RyR-mediated Ca 2� release mechanism
that affects Rac1 activity. It seems that highly regulated ROS levels
are instrumental in shaping neurons, which is crucial for the
development of mature neuronal functions such as synapses and
neurotransmission.
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