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Neuronal polarization is a complex molecular process regulated by intrinsic and extrinsic mechanisms. Nerve cells integrate
multiple extracellular cues to generate intracellular messengers that ultimately control cell morphology, metabolism, and gene
expression. Therefore, second messengers’ local concentration and temporal regulation are crucial elements for acquiring a
polarized morphology in neurons. This review article summarizes the main findings and current understanding of how Ca21,
IP3, cAMP, cGMP, and hydrogen peroxide control different aspects of neuronal polarization, and highlights questions that still
need to be resolved to fully understand the fascinating cellular processes involved in axodendritic polarization.
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Introduction
Neurons are highly polarized cells with one axon and several
dendrites. Dendrites are input sites for neurotransmission, while
axons trigger action potentials that propagate to distal terminals
and induce the release of neurotransmitters to target cells. To per-
form these distinct functions, dendrites and axons exhibit different
morphologic and biochemical features. A fundamental question in
neurobiology is how neurons acquire their functional and morpho-
logic polarity. Understanding neuronal polarization mechanisms
is essential for understanding neuronal development and synaptic
function as well as for designing interventions that overcome nerv-
ous system dysfunctions that characterize most neurodegenerative
diseases. This review focuses on the extracellular signals and second
messengers involved in initial molecular polarization, local signal
amplification, and global inhibition during axon specification.

Acquisition of neuronal polarity in vivo and in vitro
The process of neuronal polarization has been studied for deca-
des. Dissociated rodent hippocampal neurons grown in vitro are
the most used experimental system for these studies (Kater et al.,
1988; Bradke and Dotti, 2000; Arimura and Kaibuchi, 2007;
Banker, 2018). Cultured hippocampal neurons become polarized
even in the absence of extracellular polarizing cues, indicating that
they possess intrinsic molecular programs that underlie polarity.

After plating in culture, hippocampal and cortical neurons
transit through a series of stereotyped steps that have been

classified into five stages (Dotti et al., 1988; Caceres et al., 2012)
(Fig. 1A). After adhesion to the substrate, neurons extend a
lamellipodium veil with numerous thin filopodia that project
and retract (Stage 1). After the first DIV, neurons have formed
several immature neurites (Stage 2). In culture, all these neu-
rites are morphologically indistinguishable, and they continu-
ally grow and retract. Eventually, one of these minor neurites
extends rapidly and begins to express several molecular markers
that distinguish it from sibling neurites; this process becomes the
axon (Stage 3). This prospective axon grows and branches, while
smaller neurites further develop into mature dendrites (Stage
4). Finally, the typical synaptic specializations of excitatory neu-
rons, such as dendritic spines, develop (Stage 5), allowing syn-
aptic transmission between neurons.

In contrast to cultured neurons, neuronal polarization in vivo
shows different characteristics depending on brain region and
developmental stage. The acquisition of neuronal polarity in vivo
can be separated into two types: neurons directly generated from
neuroepithelial cells and neurons generated from neural stem
cells defined as radial glial progenitors (Funahashi et al., 2014;
Namba et al., 2015). Retinal ganglion cells and bipolar cells in the
developing vertebrate retina are generated directly from neuroe-
pithelial cells, and inherit the apicobasal polarity of these cells.
The apical membrane develops into dendrites in these cells,
whereas the basal membrane becomes the axon (Fig. 1B) (Morgan
et al., 2006; Zolessi et al., 2006; Randlett et al., 2011).

In contrast, other neurons, such as cerebellar granule neurons
and cortical and hippocampal pyramidal neurons, are generated
directly or indirectly from radial glial cells and undergo extensive
morphologic and biochemical changes as they become polarized.
Although radial glial cells inherit the apical-basal polarity of the
neuroepithelial cells from which they are derived, this polarity is
lost during the generation of intermediate progenitors and neu-
ronal progeny (Noctor et al., 2004; Attardo et al., 2008; Kriegstein
and Alvarez-Buylla, 2009). Therefore, neurons derived from these
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cells must reestablish polarity (Fig. 1C) (Gao and Hatten, 1993;
Komuro et al., 2001; Barnes and Polleux, 2009). This process
involves a series of steps. First, symmetric divisions of the ra-
dial glial cells allow expanding their pool.

In contrast, asymmetric divisions yield a postmitotic neuron,
an intermediate progenitor, that migrates away from the ventri-
cle to continue its development. In the subventricular zone, this
intermediate precursor terminally divides, generating two neu-
rons, which continue migrating to the intermediate zone. During
this process, neurons dynamically extend and retract neurites,
like Stage 2 of cultured neurons; these cells are called multipolar
cells. Then, most of these cells grow a trailing process toward the
ventricle, which later becomes the axon, followed by the exten-
sion of another neurite basally to form the leading migratory
process (Calderon de Anda et al., 2008; Hatanaka and Yamauchi,
2013; Namba et al., 2014; Sakakibara et al., 2014). These cells,
now called bipolar cells, migrate to reach its destination, and
develop into mature neurons (Fig. 1C). Alternatively, a minor
group of pyramidal cells is generated by direct neurogenesis,

where neurons proceed directly from radial glial, without in-
termediate precursor generation, in the deeper cortical layers
(Noctor et al., 2001; Hevner, 2006).

Proposed model for axon specification
Despite these advances in understanding the establishment of
neuronal polarity, how only a single axon is specified in neurons
is a question that remains open.

Axonal specification can be divided into three sequential
processes: initial molecular polarization (symmetry breaking),
selective axonal growth, and complete molecular polarization
(cytoskeletal rearrangement, cargo addressing, axon initial seg-
ment [AIS] formation, and polarity maintenance) (Schelski and
Bradke, 2017).

Although hippocampal neurons typically form a single axon,
a different process can become the axon if the original axon is
transected in vitro (Dotti and Banker, 1987), even from mature
dendrites of neurons integrated into neuronal circuits (Gomis-
Ruth et al., 2008). This indicates that more than one neurite has

Figure 1. Neuronal polarization in cultured cells and in vivo. A, Left, Stage 1 neurons have several thin filopodia. Stage 2 neurons have multiple minor processes. Stage 3 neurons possess
one long neurite and several minor processes. The longest neurite finally develops into an axon. Then the remaining neurites develop into dendrites (Stage 4). Finally, the neurons develop den-
dritic spines and axonal branches (Stage 5). Right, Experimental manipulations that reduce or increase the levels of several polarity regulators and/or associated signaling pathways result in
axonal loss or the generation of multiple axons, respectively. B, Retinal ganglion cells are directly derived from neuroepithelial cells. The apical process of the daughter cell will develop into a
dendrite, while the basal process that is in contact with the basal lamina becomes an axon. C, Most pyramidal neurons are generated from the radial glial cells in the ventricular zone (VZ)
through the generation of intermediate progenitor cells in the subventricular zone (SVZ). The newly generated neurons in the lower part of the intermediate zone (IZ-L) extend multiple neu-
rites (multipolar cells [MP]). Then most of the MP cells extend the trailing process tangentially (future axon) and generate the leading process (future dendrite). Finally, the multipolar cells
transform into bipolar cells (BP) and migrate toward the cortical plate (CP) through radial glial cells.
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the potential to become an axon. Therefore, neurons must have a
robust mechanism to ensure the generation of only one axon; for
example, the developing axon might generate an inhibitory sig-
nal preventing another neurite from developing axonal proper-
ties. It was proposed that neurite extension and retraction are
controlled by positive and negative signaling molecules, which
diffuse within neurites to regulate membrane recruitment, pro-
tein transport, dynamic rearrangement of the cytoskeleton, and
selective regulation of protein synthesis and degradation (Arimura
and Kaibuchi, 2007; Cheng and Poo, 2012; Giandomenico et
al., 2022). Continuous elongation during axon specification
may be supported by a positive feedback loop sustaining sig-
naling pathway activation. As this positive feedback is activated
in one neurite, a strong negative feedback signal is generated,
preventing other neurites from forming a second axon (Arimura
and Kaibuchi, 2007). Such negative regulation could involve mem-
brane elimination, degradation of proteins, a decrease in dynamics
of F-actin, and microtubule catastrophe (Arimura and Kaibuchi,
2007; Namba et al., 2015). Mathematical modeling has led to the
conclusion that this local-activation–global-inhibition model
most likely explains the process of neuronal polarization (Naoki
et al., 2011; Naoki and Ishii, 2014).

In the model for axon specification described above, it is
proposed that selective accumulation of positive factors, such
as CMRP-2 (for microtubule polymerization and receptor
trafficking), Par complex (for Rac1 and Cdc42 activation), and
PI3K activators, facilitate the development of a neurite into an
axon (Namba et al., 2015). This accumulation is regulated by
the active anterograde transport, diffusion, and degradation of
these positive factors. The local accumulation and activation
of these positive factors activate signaling molecules that act
as a bistable switch, which depends on the concentration of
these molecules. Therefore, we propose that the production of
second messengers constitutes a reliable mechanism to regulate
both positive feedback loops and negative long-distance signals,
underlying axon specification.

Extracellular molecules underlying axon specification
Several secreted factors, including neurotrophins and TGF-beta1
(TGF-b ), regulate neuronal polarization in the hippocampus

and developing neocortex in vivo (Arimura et al., 2009; Cheng
et al., 2011b; Nakamuta et al., 2011). These factors act upstream of
various second messengers (Table 1). BDNF and neurotrophin-3
(NT-3) act through tropomyosin receptor kinases (Trks), which
activate downstream effectors, including phosphoinositide
3-kinase (PI3K) and phospholipase C (PLC). These effectors act
on phosphatidylinositol 4,5-bisphosphate to produce phosphati-
dylinositol 3,4,5-trisphosphate (PIP3) and inositol 1,4,5-trisphosphate
(IP3), respectively (Yano and Chao, 2000; Reichardt, 2006). PIP3 is
concentrated at the tip of the nascent axon during Stage 3 in culture,
and the inhibition of PI3K prevents axon formation, indicating
that it plays a critical role in axon specification (Shi et al., 2003;
Menager et al., 2004). PIP3 recruits and allows the activation
of phosphoinositide-dependent kinase (PDK), resulting in the
phosphorylation and activation of Akt, which in turn phospho-
rylates and consequently inactivates glycogen synthase kinase-
3b (GSK-3b ). The inactivation of GSK-3b leads to dephos-
phorylation and activation of microtubule assembly-promoting
proteins, such as collapsin response mediator protein-2 (CRMP-2)
and microtubule stabilizing factors, such as Tau, triggering neurite
extension and subsequent axonal development (Jiang et al., 2005;
Yoshimura et al., 2005; W. Y. Kim et al., 2006; Tan et al., 2013).
PIP3 also activates the small guanosine triphosphatase (GTPase)
Rac1 through activation of another small GTPase, Cdc42, along
with the Par complex and Rac guanine exchange factors (GEFs),
such as Tiam or Stef (Shi et al., 2003; Suzuki and Ohno, 2006;
McCaffrey and Macara, 2009). The Par protein complex, which
consists of atypical PKC (aPKC), Par3, and Par6, accumulates at
the tips of axons, mediating signaling from Cdc42 to Rac1, and
thus promoting axon specification through actin filament remod-
eling (Shi et al., 2003; Nishimura et al., 2005; González-Billault et
al., 2012). It is proposed that Rac1 can activate PI3K, generating a
positive feedback loop that sustains its activity (Namba et al.,
2015).

Other extracellular cues, such as Wnts, insulin-like growth
factor 1 (IGF-1), TGF-b , and Reelin, have also been implicated
in axon specification or elongation. Neuronal aPKC is directly
activated by Dishevelled (Dvl), an immediate downstream effec-
tor of Wnt5a signaling, which preferentially accumulates at the
tip of the growing axon. Moreover, overexpression of Dvl leads

Table 1. Extracellular signals and their downstream second messengers that regulate neuronal polarization

Extracellular
signals Regulation Cell type Effect Model

2° messenger
associated Downstrean effectors References

BDNF Autocrine or
paracrine

Hippocampal and motor
neurons

Neurite growth and axon
differentiation

In vitro cAMP calcium PKA/LKB1 CaMKII/LIMK Cheng et al., 2011b; Saito et al.,
2013; Dombert et al., 2017

NT-3 Autocrine or
paracrine

Hippocampal and cortical
neurons

Neurite growth and axon
differentiation

In vitro, in vivo cAMP calcium IP3 PKA/LKB1 CaMKI/RhoA,
CaMKI/MARK2 IP3R

Nakamuta et al., 2011

Wnt5a Autocrine or
paracrine

Cortical neurons Neurite growth and axon
differentiation

In vitro, in vivo Calcium IP3 PKC CaMKII/GSK-3 IP3R/TRPC Zhang et al., 2007; Hutchins and
Kalil, 2008; Li et al., 2009,
2010; Song et al., 2010;
Hutchins et al., 2011;
Horigane et al., 2016

IGF-1 Undefined Retinal ganglion cell and
hippocampal neurons

Axonal growth In vitro, in vivo Calcium Undefined Sosa et al., 2006; Nieto Guil et al.,
2017; Guo et al., 2018

TGF-b Autocrine or
paracrine

Cortical and hippocampal
neurons

Axon differentiation and
growth

In vivo Undefined Undefined Yi et al., 2010

Reelin Paracrine Cortical neurons Growth cone motility and
axonal growth

In vitro Undefined Undefined Chen et al., 2005; Leemhuis et al.,
2010

Glutamate Autocrine or
paracrine

Hippocampal neurons Impair axonal growth and
branching

In vitro Calcium Calcineurin/AKT/GSK-3b Y. Wang et al., 2018

Sema3A Paracrine Hippocampal and cortical
neurons

Impair axonal development/
promotes dendrite growth

In vitro, in vivo cGMP ROS PDE4 CRMP-2 Morinaka et al., 2011; Shelly et al.,
2011
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to neurons with supernumerary axons while Dvl downregulation
induces axonal loss, which is rescued by overexpression of aPKC
(Zhang et al., 2007). Activation of the IGF-1 receptor is essential
for establishing hippocampal neuronal polarity and initiating
axonal outgrowth through its activation of the PI3K–Cdc42
pathway (Sosa et al., 2006). TGF-b induces rapid growth and dif-
ferentiation of an axon in vivo and in vitro via activation of the
TGF-b receptor type 2 (TbR2). Moreover, genetic enhancement
of TbR2 activity promotes the formation of multiple axons by
site-specific phosphorylation of Par6 (Yi et al., 2010). Reelin
increases growth cone motility and filopodia formation by
activating Cdc42 in a mechanism that requires apolipoprotein E
receptor 2, Disabled-1, and phosphatidylinositol 3-kinase (Leemhuis
et al., 2010).

Despite these advances in understanding the establishment of
neuronal polarity, how only a single axon is specified in cultured
hippocampal neurons is a question that remains open. Accordingly,
it has been proposed that signaling factors can create positive and
negative feedback loops that can affect one another (Andersen
and Bi, 2000; Arimura and Kaibuchi, 2007).

Second messengers as diffusible mediators regulating
axon-dendrite polarization
Second messengers are small intracellular signaling molecules
produced enzymatically to converting extracellular cues into in-
tracellular effects. Their concentration can be quickly modified
in specific cell compartments, and they can integrate information
from multiple independent upstream inputs that influence the
rates of their synthesis and degradation. Finally, second messen-
gers can have multiple downstream targets, thereby simultane-
ously amplifying cell signaling to affect several cellular systems.

Here we will discuss how cAMP/cGMP, calcium (Ca21), ino-
sitol triphosphate (IP3), and reactive oxygen species (ROS) are
implicated in the regulation of axon-dendrite polarization.

Calcium
Ca21 plays an important role in neuronal cells, where it mediates
essential physiological processes, including regulation the estab-
lishment of polarity (Berridge, 1998). However, the Ca21 con-
centration must be highly regulated in specific compartments
because an excessively high Ca21 concentration is cytotoxic (Peters,
1986; Weber, 2012). The regulation of Ca21 homeostasis in neu-
rons involves several calcium-conducting channels and numer-
ous calcium-dependent proteins, including kinases, phosphatases,
transcription factors, and other enzymes. Calcium entry into the
cytoplasm from the extracellular space is mediated by voltage-
gated Ca21 channels (VGCCs), calcium-conducting AMPARs,
NMDARs, Ca21 release-activated Ca21 (CRAC) channels, and
canonical transient receptor potential channels (TRPCs). In addi-
tion, ryanodine receptors (RyRs) and inositol 1,4,5-triphosphate
receptors (IP3Rs) mediate calcium efflux from the endoplasmic
reticulum (ER), a major calcium store in cells, to the cytoplasm.
Subsequently, the depletion of ER calcium stores induces the acti-
vation of calcium-conducting channels to mediate calcium influx
and store refilling, a process called store-operated calcium entry
(SOCE) (Toescu, 2007). Both TRPC and CRAC channels partici-
pate in this process, which culminates with calcium ions being
transferred from the cytosol to the ER lumen by Sarco/endoplas-
mic reticulum Ca21-ATPase (SERCA) (Fig. 2).

The first evidence that Ca21 regulates the establishment of
neuronal polarity was reported in 1987 (Mattson and Kater,
1987). This study strongly suggested that generating a calcium
gradient is essential for axon specification. Axon formation is

inhibited in a medium without calcium or by using calcium-per-
meating agents (ionophores). Moreover, the formation of a Ca21

gradient through the focused application of a calcium ionophore
in neurons induces axon formation at a site distant from the site
of ionophore application, indicating that the axon tends to form
where intracellular calcium levels are low (Mattson and Kater,
1987; Mattson et al., 1988a, 1990; Holliday et al., 1991). These
findings suggest that intracellular Ca21 levels control axonal dif-
ferentiation and that gradients of intracellular Ca21 might play a
role in establishing neuronal polarity during development.

Several studies have shown that calcium differentially regu-
lates growth cone motility and neurite elongation. Transient
elevation of intracellular calcium levels promotes filopodium
formation and inhibits neurite elongation (Kater et al., 1988;
al-Mohanna et al., 1992; Rehder and Kater, 1992). However,
other studies have demonstrated that elevating intracellular
calcium concentration in growth cones promotes neurite out-
growth (Connor, 1986; Ciccolini et al., 2003; Brailoiu et al.,
2005), suggesting that there is an optimal range for intracellu-
lar calcium that supports maximal outgrowth. Moreover, cal-
cium levels reduction, using low concentration of calcium
channel blockers, accelerates neurite elongation and reduces
growth cone filopodia and lamellipodia. While high concen-
tration of calcium channel blockers supress neurite elongation
and growth cone filopodia and lamellipodia retraction, indi-
cating that calcium differentially regulates elongation and
growth cone motility (Mattson and Kater, 1987; Kater et al.,
1988; Mattson et al., 1988a, 1988b; Letourneau, 1996).

Calcium regulates multiple components of neurite growth
depending on its overall concentration and/or fluctuations in its
concentration (Tang et al., 2003; Gomez and Zheng, 2006). Some
studies shown that the frequency and amplitude of calcium tran-
sients are inversely proportional to rates of axon outgrowth
(Tang et al., 2003). Accordingly, its proposed that low-frequency
calcium waves enhance axon elongation, whereas high-frequency
calcium waves mediate inhibitory signaling, inhibiting axonal
growth (Takano et al., 2017).

The activation of specific channels that generate calcium tran-
sients with distinct kinetics and spatial spread could underpin
the discrepancy observed among some studies, as well as differ-
ences in the resting calcium levels in different neuron types
(Tang et al., 2003; Hutchins and Kalil, 2008). Numerous calcium
channels are known to modulate the frequency and amplitude
of calcium transients, therefore regulating axonal outgrowth
(Fig. 2). TRPC calcium channels are associated with axon gen-
eration, were TRPC channels inactivation markedly blocks
axon formation (Davare et al., 2009). However, the main
channels implicated in this regulation are L-type and N-type
VGCCs, which are expressed in cortical and hippocampal
neurons during development (Hell et al., 1993; Dolmetsch et
al., 2001; Timmermann et al., 2002; Bouron, 2020). The pre-
dominant pore-forming a1 subunits of L-type VGCCs are
Cav1.2 and Cav1.3, and their expression is higher in the devel-
oping cortex than in the adult cortex. KO of endogenous
Cav1.2 reduces total neurite length (Kamijo et al., 2018). In
contrast, gain of function of Cav1.2 in mechanosensory neu-
rons of C. elegans, causes the growth of an ectopic process
from the cell body, and axons extend beyond their normal ter-
mination point (Buddell and Quinn, 2021).

N-type VGCC (Cav2.2) channels promote axonal elongation
by generating spontaneous Ca21 transients mediated by BDNF/
TrkB signaling. TrkB receptors and Cav2.2 channels are clus-
tered close together at axon tips in axonal growth cones of motor

2040 • J. Neurosci., March 22, 2023 • 43(12):2037–2052 Urrutia and González-Billault · Second Messengers in Neuronal Polarization



neurons. BDNF enhances Cav2.2 clustering and calcium influx,
leading to phosphorylation of LIM kinases and cofilin, promot-
ing F-actin assembly in growth cones (Dombert et al., 2017).
IGF-1 also induces an increase in intracellular Ca21 by promoting
VGCC activation in a PI3K-dependent manner, and this promotes
axon growth in RGCs (Blair andMarshall, 1997; Guo et al., 2018).

Importantly, Ca21 levels must be optimized for normal axo-
nal growth because excess calcium inhibits axonal elongation.
For example, high Ca21 influx through VGCCs suppresses LIM
kinase 1 expression, allowing cofilin dephosphorylation and sup-
pressing axonal elongation (Tojima et al., 2003). Voltage-gated
K1 (Kv) channels prevent excessive calcium influx through

VGCCs. When transiently expressed in the axonal growth cones
of many embryonic neurons, Kv3.4 reduces excessive Ca21 influx
through Cav channels, reducing the frequency and amplitude of
Ca21 transients.

The role of calcium in the establishment of neuronal polarity
mainly involves the regulation of cytoskeletal dynamics mediated
by the activation of several calcium-binding proteins, including
calcineurin and calmodulin-dependent protein kinases (CaMKs)
(Singh et al., 1996; Yamamoto et al., 2002; Wen et al., 2004; Li
et al., 2014). In polarized neurons (Stage 3), overexpression of
constitutively active isoforms of CaMKI or CaMKK stimulates
growth of the established axon (Wayman et al., 2004; Nakamuta

Figure 2. Calcium and IP3 signaling pathways are involved in neuronal polarization. Top, Schematic representation of Ca21 and IP3 gradients in neurons. Bottom, Diagram showing a
growth cone. NMDAR, N-VGCC, L-VGCC, and TRPC5 are responsible for calcium influx from extracellular sources, whereas RyR and IP3R induce calcium release from the endoplasmic reticulum
(ER). Alternatively, Ryk and Trk activation by Wnt5a and neurotrophin induce PLC-mediated IP3 production. Calcium activates CaMKK or calcineurin phosphatase, impacting several effectors to
regulate axon elongation. ①, CaMKK activates the CaMKI-Rac1-LIMK-cofilin and CaMKII-SSH1L-cofilin signaling pathways allowing actin filament assembly and ② the CaMKII-tau1 signaling
pathway increasing the labile MT fraction. ③, Calcineurin represses Akt-GSK-3-CRMP-2 signaling, thus inducing MT depolymerization and activating cofilin phosphatase SSH1L④. ⑤, NT3-signaling
is responsible for the generation of long-range inhibitory calcium waves from the axonal tip to the soma through activation of RyR.
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et al., 2011); whereas overexpression of these proteins before
Stage 1 induces the generation of neurons with multiple axons
(Davare et al., 2009). In contrast, overexpression of dominant-
negative isoforms of CaMKI or CaMKK causes growth cone
collapse and significantly reduces total axonal length and branch-
ing (Wayman et al., 2004). Similar effects have been observed
using specific inhibitors: inhibiting CaMKI partially blocks the
formation of the axon and inhibiting CaMKK completely and
reversibly impairs axon formation and elongation (Davare et al.,
2009). The phosphorylation and, therefore activation of CaMKI
in this context, depends on TRPC5 channel activity.

Downstream signaling associated with CaMKI activation might
involve Rac1 activation. It has been reported that the Rac1-GEFs
b-PIX, Tiam, and Stef can be activated by CaMKK/CaMKI signal-
ing in dendrites (Takemoto-Kimura et al., 2007; Saneyoshi et al.,
2008). A localized increase of CaMKI activity because of calcium
influx via TRPC5 channels might similarly induce GEF-mediated
modulation of Rac1 signaling in neurite growth cones (Fig. 2).
CaMKI also phosphorylates microtubule affinity-regulating
kinase 2 (MARK2) (Uboha et al., 2007). MARK2 negatively
regulates axon generation; knockdown of MARK2 induces the
formation of multiple axons and promotes axon outgrowth,
whereas ectopic expression of MARK2 causes phosphorylation
of tau (Ser262) and results in axonal loss (Chen et al., 2005).

CaMKII is implicated in regulating axon growth by multiple
ways. Like CaMKI, the pharmacological or genetic inhibition of
CaMKII impairs axon outgrowth in peripheral and CNSs. One
way CaMKII affects axon growth is by phosphorylating Ser262
in the Tau microtubule-binding site, thus controlling the reor-
ganization of microtubule dynamics in cortical growth cones (Li
et al., 2014). In addition, CaMKII inhibition affects the length of
the F-actin filaments in DRG neuronal growth cones (Xi et al.,
2019). It has been reported that CaMKII participates in Wnt5a
signaling (see Fig. 5). Local stimulation with Wnt5a generates
axon growth by triggering calcium transients leading to the acti-
vation of calcium-sensitive effectors, such as PKC and CaMKII
(Hutchins et al., 2011; Horigane et al., 2016). In addition, CaMKII
is reported to phosphorylate and inactive GSK-3b in neurons,
reinforcing CaMKII role in neuronal polarity (Song et al., 2010).
CaMKII is also involved in BDNF-induced neuritogenesis via
activation of LIMK1, which regulates actin cytoskeletal reorgan-
ization by phosphorylating and inactivating actin-depolymerizing
factor and cofilin (Saito et al., 2013).

The RyR also participates in neuronal polarization by gener-
ating long-inhibitory Ca21 waves that induce shortening of minor
neurite length to ensure the formation of a single axon (Nakamuta
et al., 2011; Takano et al., 2017). Local application of NT-3 to axon
terminals generates long-range RyR-dependent Ca21 waves, which
act as inhibitory signals propagated from the axon terminal to the
cell body, increasing the phosphorylation of CaMKI in the cell
body and the axon, but not in minor neurites (Fig. 2). The minor
neurite retraction induced by local application of NT-3 in the
axon terminal is mediated by activation of RhoA GTPase in cell
bodies, which diffuses only into short minor neurites (but not
into the long axons), preventing their outgrowth by regulating
its own GEF, named GEF-H1, a CaMKI substrate (Takano et
al., 2017).

NMDAR-mediated Ca21 influx also is involved in axonal out-
growth. NMDAR subunits NR1, NR2A, and NR2B are enriched
in axonal tips of cultured hippocampal neurons at Stages 2/3, with
lower expression at Stages 4/5 (Herkert et al., 1998; P.Y. Wang
et al., 2011; Y. Wang et al., 2018). Activation of NMDARs
inhibited axonal outgrowth and branching in immature neurons,

by inactivation of Akt and activation of GSK-3b in a calcium/
calcineurin-dependent manner (Y. Wang et al., 2018). Furthermore,
Ca21 transients, acting via calcineurin, have been reported to
reduce neurite extension by promoting depolymerization of actin
filaments by suppressing LIM kinase 1 expression (Tojima et al.,
2003) and by activating slingshot phosphatase SSH1L, which
induces cofilin dephosphorylation (Lau et al., 1999; Lautermilch
and Spitzer, 2000; Figge et al., 2012) (Fig. 2).

Finally, the nAChR has been reported to negatively regulate
axonal elongation. In particular, a7 nAChRs are expressed dur-
ing development and contribute to the CNS’s cholinergic mecha-
nisms of growth and plasticity. Calcium signaling mediated by
a7 nAChRs at the growth cone activates the cytoskeletal regula-
tory enzyme calpain, leading to spectrin cleavage and reducing
microtubule elongation (King and Kabbani, 2018).

In summary, calcium plays a dual role in axon specification
and neurite growth, making it the best candidate to coordinate
extracellular signals in the model of local activation and global
inhibition during neuronal polarization. Calcium transients of
lower frequency promote axon generation by regulating the ac-
tivity of CMRP-2 through inactivation of GSK-3b , thus regulat-
ing MT assembly, and by activating Rac1 and LIMK/cofilin to
regulate F-actin dynamics. At the same time, calcium transients
of high-frequency act as long-range inhibitory signals through
the generation of Ca21 waves, propagated from the axon termi-
nal to the cell body, increasing RhoA activity in the cell body
through CaMKI and ensuring the elongation of only one axon.
More studies evaluating the dual role of calcium in neuronal po-
larity should be performed to understand better the mechanisms
that regulate the acquisition of polarity and, more importantly,
how it is possible to generate calcium waves of different frequen-
cies and magnitudes.

IP3
Many extracellular stimuli act on plasma membrane receptors
coupled to PLC, which hydrolyzes phosphatidylinositol 4,5-
bisphosphate to release IP3 into the cytosol. IP3 activates IP3R, a
Ca21 channel localized on the ER membrane, leading to the gen-
eration of calcium transients through calcium release from inter-
nal stores.

Accordingly, the neurotrophic factor NT-3 induces axon
specification by rapidly increasing Ca21 in growth cones in an
IP3-dependent way, leading to activation of a CaMKK (Nakamuta
et al., 2011). Moreover, NGF, which contributes to axon elonga-
tion and turning during axonal guidance, also induces IP3 changes
in the growth cones of growing axons asymmetrically to control
the pathfinding and turning responses. Interestingly, locally pho-
tolysis-induced IP3 production in one side of the growth was suffi-
cient to induce a growth cone turning, same response triggered by
NGF, reinforcing the notion that temporal and local control of
this second messenger constitute an additional regulation system
in the acquisition of neuronal polarity (Akiyama et al., 2009).

The role of IP3 during axonal elongation also has been stud-
ied in relation to Wnt5a signaling. Wnt5a increases outgrowth of
cortical axons by activating the atypical tyrosine kinase receptor,
which induces calcium transients through activation of IP3
receptors. Moreover, this effect is mimicked using activators of
PLC (Li et al., 2009, 2010; Hutchins et al., 2011, 2012).

Notably, it has been reported that IP3-dependent signaling
can be regulated by the inositol triphosphate 3 kinase in dendri-
tic spines (Johnson and Schell, 2009). As some of the events that
regulate dendritic spine morphology can also operate during

2042 • J. Neurosci., March 22, 2023 • 43(12):2037–2052 Urrutia and González-Billault · Second Messengers in Neuronal Polarization



polarity acquisition, it remains open as to whether such mecha-
nisms can determine axon specification or elongation.

Previous reports show that IP3R inhibitors inhibit axonal
elongation, indicating a role of IP3R in axonal growth (Takei et
al., 1998; Iketani et al., 2009). More recently, it was reported that
the Type 3 IP3R is fundamental to transduce NGF extracellular
signals. Interestingly, growth cones deficient in this receptor
become hypersensitive to NGF and lose their response to polar-
ized cues. It was proposed that such abnormal behavior is associ-
ated with a global rather than a local modification of calcium
levels, supporting the idea that calcium itself must be tightly
controlled during polarization events (Chan et al., 2020) (Fig. 2)
(see above).

In summary, to date, the role of IP3 in neuronal polarity
seems to be as a calcium signal modulator, allowing local activa-
tion of polarity mediators by local calcium release. Importantly,
there is still fragmented knowledge on the roles of IP3 in neuro-
nal differentiation, and we anticipate that novel molecular mech-
anisms will be discovered.

cAMP and cGMP
The cAMP signaling pathway is essential for numerous neuronal
functions, including neuronal development, cellular excitability,
synaptic plasticity, learning, and memory (Pasterkamp, 2012).
The cAMP signaling pathway involves GPCRs, which are acti-
vated at the plasma membrane on ligand binding. An active
G-protein is released and in turn activates a membrane-bound
adenylyl cyclase (AC) to generate cAMP from ATP. cAMP binds
and activates three main effector proteins: the cyclic-nucleotide-
gated ion channels, the protein kinase A (PKA), and exchange
proteins activated by cAMP (Epac). The cAMP signal is then ter-
minated by the actions of the cAMP-degrading enzymes phos-
phodiesterases (PDEs) (Batty et al., 2017).

In 1994, the first evidence suggesting a role for cAMP in axo-
nal development was reported, using Xenopus spinal neurons.
Local perfusion with a water-soluble, membrane-permeable ana-
log of cAMP (8-Br-cAMP) increased neurite extension (Zheng et
al., 1994). Further studies, using cortical and hippocampal neu-
rons, revealed that the effect of cAMP in polarity is mediated by
activation of PKA, which phosphorylates LKB1 at the Ser431
site, promoting axonal specification (Barnes et al., 2007; Shelly et
al., 2007) (Fig. 3).

Extracellular molecules that regulate axonal specification by
modulating cAMP levels include neurotrophins. Local exposure
of undifferentiated neurites to BDNF promotes axon differentia-
tion regulated by PKA-dependent LKB1 phosphorylation (Shelly
et al., 2007). It induces additional BDNF release together with an
increased plasma membrane insertion of the BDNF receptor
TrkB, resulting in continued cAMP and PKA signaling and gen-
erating a nested positive-feedback loop in the nascent axon
(Cheng et al., 2011b).

Modulation of cAMP levels has also been observed down-
stream of activation of metabotropic GABAA receptors (GABABR)
during neuronal development (Bony et al., 2013). In vivo, GABABR
activation in PN progenitors reduces cAMP-dependent phos-
phorylation of LKB1, inhibiting axonal formation. Furthermore,
GABABR knockdown impairs neuronal migration and axon/
dendrite morphologic maturation by increasing cAMP, gener-
ating multiaxonal neurons, and thus phenocopying the effects
of increasing cAMP/LKB1 signaling, both in vivo and in vitro
(Bony et al., 2013).

Interestingly, localization of LKB1 and its allosteric activator,
the pseudokinase STRAD, is enriched selectively in one neurite

before axon differentiation, indicating that LKB1 and STRAD
predict axonal fate. Moreover, overexpression of LKB1 or STRAD
induces the generation of multiaxonal neurons, while downreg-
ulation of either LKB1 or STRAD inhibits axon differentiation
without affecting overall neurite growth (Barnes et al., 2007;
Shelly et al., 2007). LKB1 activation promotes axonal differen-
tiation by activating SAD-A and SAD-B kinases, which phos-
phorylate the microtubule-associated protein Tau on S262 (Kishi
et al., 2005), enabling axonal microtubules to have long labile
domains (Baas and Qiang, 2019). Tau also participates in other
processes, including regulation of axonal traffic, and anchoring
and linking of kinases and phosphatases to the plasma mem-
brane (Biernat et al., 2002).

PKA activation also phosphorylate the E3-ligase Smurf1 on
the Thr306 site, changing its substrate affinities, reducing Par6
degradation. Therefore, Par6 accumulates in the future axon
allowing Par3/Par6/aPKC complex formation, which plays a cru-
cial role in axon specification and polarity establishment. In
addition, Smurf phosphorylation induces RhoA ubiquitination
in the axonal compartment, contributing to selective RhoA pro-
tein degradation required for localized subcellular function in
axonal development (Cheng et al., 2011a) (Fig. 3).

Otherwise, an alternative cAMP-dependent mechanism regu-
lating axonal development was reported, involving the exchange
protein directly activated by cAMP (EPAC). The EPAC protein
family is composed of EPAC1 and EPAC2, which are GEFs for
the small GTPases Rap1 and Rap2, respectively (de Rooij et al.,
1998; Kawasaki et al., 1998; Bos, 2006). Epac1 is enriched at the
tip of the longest neurite, while Epac2 is distributed in the whole
neuron. Treatment with 8-CPT, an Epac-specific activator, or
overexpression of Epac1 in hippocampal neurons increased the
number of neurons bearing multiple axons through activation of
Rap1B. In contrast, inhibition of Epac impairs axonal specifica-
tion. The effect of Epac1 on neuronal polarization is independent
of PKA signaling (Muñoz-Llancao et al., 2015). Previously, it had
been reported that Rap1B is a critical regulator of polarization in
hippocampal neurons and migrating cortical neurons (Jossin
and Cooper, 2011), by RalA activation, which promotes direct
exocyst-Par6 interaction, controlling polarized membrane deliv-
ery (Nakamura et al., 2013; Das et al., 2014). Rap1B is also neces-
sary to develop axons upstream of Cdc42 and the Par complex,
regulating the actin cytoskeleton (Schwamborn and Puschel,
2004). However, 8-pCPT does not induce activation of Cdc42
(Muñoz-Llancao et al., 2015) (Fig. 3). Therefore, further studies
are needed to clarify the downstream effectors of Epac1 in neuro-
nal polarity.

cAMP signaling specificity is mainly achieved by confining
increases in cAMP concentration to discrete subcellular com-
partments (Gervasi et al., 2007; Depry et al., 2011). Previous
studies show that AC5 is enriched in the distal axon and growth
cone, allowing the local increase of cAMP in that region (del
Puerto et al., 2012). In contrast, in the soma, PDE4 activity
strongly limits the cAMP/PKA signals elicited by stimulation of
b-adrenergic receptors (Castro et al., 2010). In addition, the spa-
tial compartmentalization of cAMP is directly controlled by
A-kinase anchoring proteins (AKAPs), which act as scaffolds for
PKA holoenzyme, ACs, PDEs, phosphatases, and ion channels.
The axon-directed cAMP gradient maintained by AKAP-anchored
PKA activity is critical for ensuring proper axonal development
(Sanderson and Dell’Acqua, 2011; Murphy et al., 2014; Gorshkov
et al., 2017). Finally, a local cAMP compartment produced by
muscle-specific (m)AKAPa has been reported to promote neu-
ronal survival and axon growth by restricting cAMP signaling to
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a perinuclear neuronal compartment, suggesting transcriptional
regulation mediated by cAMP (Boczek et al., 2019).

It has also been demonstrated that local axonal cAMP eleva-
tions induce long-range inhibitory effects on dendritic cAMP
levels in hippocampal neurons (Shelly et al., 2010). This effect is
mediated by the production of cyclic guanosine monophosphate
(cGMP), which is generated by guanylate cyclases (GCs) and
degraded by PDEs, similarly to cAMP. High levels of cAMP in
a neurite elicit long-range cGMP elevation together with a
decrease in cAMP in the other neurites (Shelly et al., 2010).
cGMP exerts antagonistic actions. Sema3A application promotes
dendrite formation and suppresses axon differentiation after
cGMP production, which decreases local cAMP levels through
activating PDE4 (Nishiyama et al., 2008; Shelly et al., 2011).
Therefore, high levels of cAMP drive axonal elongation and

decrease dendritic growth, while high levels of cGMP reduce
axonal elongation and increase minor neurite development (Shelly
et al., 2010), suggesting that a local balance of cAMP and cGMP
could be sufficient to induce preferential initiation of axons and
dendrites, respectively. Accordingly, elevating cAMP levels causes
a PKA-dependent increase of LKB1 and GSK-3b phosphoryla-
tion, whereas cGMP decreases PKA activity and reduces the
phosphorylation and stabilization of LKB1. Therefore, cAMP
and cGMP signaling acts as antagonistic second messengers for
axon/dendrite development, linking second messenger variations
with downstream mechanisms controlling axon specification and
elongation, such as the LKB1-SAD/MARK pathway (Shelly et al.,
2010; Shelly and Poo, 2011) (Fig. 3).

In all, during neuronal polarization, cAMP induces: (1) activa-
tion of the LKB1/STRAD/SAD/tau1 signaling pathway, thereby

Figure 3. cAMP and cGMP signaling pathways involved in neuronal polarization. Top, Schematic representation of cAMP and cGMP gradients in neurons. Bottom, Diagram showing a growth
cone. Trk activation by ligand binding activates adenylyl cyclase 5 (AC5), inducing the generation of cAMP. In contrast, inhibitory signals like Plexin or NP-1 induce the activation of soluble GC
(sGC), triggering cGMP production. cAMP and cGMP impact several effectors to regulate axon elongation. ①, cAMP activates the EPAC-Rap1b signaling pathway controlling exocyst complex-
mediated polarized membrane delivery, and ② PKA-Par complex-Rac1 signaling pathway, triggering actin filament assembly. ③, PKA also activates LKB1-tau signaling, increasing the labile
microtubule fraction. ④, Finally, cAMP production induces a cGMP long-inhibitory signal, reducing cAMP levels in the soma and other neurites. EV, Exocytic vesicle.
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controlling MT-dynamics; (2) Smurf1 phosphorylation, thereby
regulating selective protein degradation; and (3) activation of the
EPAC/Rap1B signaling pathway, thereby controlling polarized
membrane delivery. cAMP also induces a long-range negative sig-
nal mediated by increased cGMP levels in the soma and other
neurites, which has antagonist action to ensure the correct neuro-
nal polarization.

Hydrogen peroxide
For many years, ROS were only considered toxic byproducts of
aerobic energy metabolism that were associated with the onset of
several neurodegenerative diseases (Andersen, 2004; Urrutia et
al., 2014; Liu et al., 2017). However, ROS can also be essential
mediators of normal cellular functions, particularly as second
messengers in multiple signal transduction pathways (Cross and
Templeton, 2006; Weidinger and Kozlov, 2015; Borquez et al.,
2016; Iqbal and Eftekharpour, 2017; Wilson et al., 2018). In neu-
rons, ROS production modulates redox-sensitive features of sev-
eral molecules, such as transcription factors, signaling proteins,
and cytoskeletal components, defining critical aspects of stem
cell proliferation and differentiation, neuronal maturation, and
neuronal plasticity (Borquez et al., 2016; Wilson et al., 2016a;
Iqbal and Eftekharpour, 2017).

The main ROS produced in cells are superoxide anion
radicals (O2

��), hydroxyl radicals (�OH), peroxynitrite
(ONOO�), and hydrogen peroxide (H2O2). They display differ-
ent reactivities, concentrations, diffusion velocities, and lifetimes.
Therefore, they play different roles in oxidative stress and in sig-
nal transduction. �OH and ONOO� are generated by secondary
oxidation-reduction reactions of H2O2 and O2

��, respectively,
and are highly reactive with proteins, lipids, and DNA, and are
thus mainly associated with irreversible oxidative damage. H2O2

is generated by superoxide dismutase activity or spontaneous
dismutation from O2

��, and it participates in the oxidation of
cysteine thiol side chains, the most characterized reversible redox
post-translational modification in cells (Winterbourn, 2008;
Dickinson and Chang, 2011). H2O2 is the most stable ROS mole-
cule, has diffusion capacity, and has high selectivity; of the ROS
family members, it is thus the best candidate for ROS signaling
in cells.

The two most important sources of ROS in cells are the mito-
chondrion and the NADPH oxidase family (NOX) of redox-
active enzymes. Although the primary source of cellular ROS is
the mitochondria, its production is not regulated, unlike that of
NOX, which is the most studied cellular ROS signaling molecule
in many cell types, including neurons (Bedard and Krause, 2007;
Nayernia et al., 2014; Wilson et al., 2015, 2016b). Although many
studies concentrate on the role of mitochondria in neuronal po-
larity, these are mostly focused on the production of ATP
(Mattson and Partin, 1999; H. J. Kim et al., 2015). Therefore, the
importance of mitochondrial ROS in neuronal polarity remains
an open question.

The NOX family includes seven membares: NOX1-5 and
Dual oxidase (DUOX) 1 and 2. NOX1, NOX2, NOX3, and
NOX5 catalyze NADPH-dependent conversion of O2 to O2

��

whereas NOX4, DUOX 1 and 2 produce H2O2 (Geiszt et al.,
2003; Gough and Cotter, 2011; Takac et al., 2011). Each NOX
family member requires several regulatory subunits for activa-
tion. NOX2, the best characterized member of this family, is
regulated by p40phox (NCF4), p47phox (NCF1), p67phox
(NCF2), and Rac1 (Lambeth et al., 2007). This complex interac-
tion involves the exchange of GDP for GTP on Rac1 and the
phosphorylation of the p47phox subunit, which allows p47phox

to bind with the p22phox/NOX2 complex (Bedard and Krause,
2007) (Fig. 4).

NOX1, NOX2, and NOX4 are expressed in the CNS (Serrano
et al., 2003; M. J. Kim et al., 2005; Sorce and Krause, 2009), and
expression of NOX isoforms has been detected in many neuronal
types (Usami et al., 1991; Hilburger et al., 2005; Choi et al., 2012).

Several studies have demonstrated the crucial role played by
ROS, particularly H2O2, in neurite outgrowth after treatments
with molecules that induce neuronal differentiation in cell lines
(Suzukawa et al., 2000; Goldsmit et al., 2001; Min et al., 2006;
Nitti et al., 2010; D. S. Kim et al., 2013). However, the first evi-
dence that ROS can regulate neuronal differentiation in neurons
was reported in 2009. In this study, using Aplysia neurons treated
with pharmacological inhibitors of NOX, it was demonstrated
that physiological levels of H2O2 are critical for maintaining a
dynamic F-actin cytoskeleton and controlling neurite outgrowth
(Munnamalai and Suter, 2009) (Fig. 4). Further studies reported
the bidirectional interaction between NOX and the F-actin cyto-
skeleton in neuronal growth cones. The presence of NOX in this
area depended on F-actin and, in turn, NOX regulated F-actin
dynamics (Munnamalai et al., 2014).

More recently, it was reported that loss of NOX2 function
using genetic and pharmacological strategies alters both neuronal
polarity acquisition and axonal growth. These effects were associ-
ated with alterations in F-actin dynamics, as found in in Aplysia
neurons. Actin changes were associated with a decrease in the
global activity of Rac1 and axonal activity of Cdc42 in the neu-
rons (Wilson et al., 2015; Villarroel-Campos et al., 2016; Urrutia
et al., 2021) (Fig. 4). Other in vitro studies reported that both
ROS and reactive nitrogen species induce the oxidation and
glutathionylation of redox-sensitive Rac1 Cys18, promoting
nucleotide exchange and Rac activation (Heo and Campbell,
2005; Hobbs et al., 2015). Reduced neurite outgrowth is also
reported in cerebellar granule neurons derived from NOX2�/�

mice (Olguin-Albuerne and Moran, 2015), in hippocampal neu-
rons derived from p47phox�/� mice (Wilson et at., 2016b), and by
pharmacological and genetic inhibition of NOX2 in cultured rat
sympathetic neurons (Chandrasekaran et al., 2015).

ROS can also regulate the actin cytoskeleton through G-actin
cysteine oxidation by the molecule interacting with CasL (MICAL),
a protein effector of the Semaphorin receptor (Terman et al.,
2002). Semaphorins exert their effects by binding to cell surface
receptors of the Plexin and neuropilin families (Pasterkamp,
2012). The MICAL family of flavoprotein monooxygenases
includes MICAL-1, MICAL2, and MICAL-3, whose principal
target is actin (Hung et al., 2010, 2011; Giridharan and Caplan,
2014). MICAL oxidizes Met44 and Met47 residues of G-actin
monomers, leading to growth cone collapse (Hung et al., 2010).
The methionine sulfoxide reductase, MsrB1, can eliminate the
oxidative modification in actin induced by MICAL, thus allow-
ing reversible redox regulation of G-actin (Hung et al., 2011;
Hung et al., 2013). MICAL can also regulate F-actin stability, as
the oxidation of actin improves cofilin-mediated severing,
accelerating F-actin disassembly and generating post-transla-
tionally modified actin that has altered assembly properties
(Grintsevich et al., 2016) (Fig. 4). Additionally, MICAL-2 pro-
motes oxidation-mediated depolymerization of nuclear actin,
stimulating transcriptional mechanisms dependent on the se-
rum response factor/myocardin-related transcription factor-A
to enhance neurite outgrowth (Lundquist et al., 2014).

MICAL also regulates MT dynamics by H2O2-mediated
oxidation of CRMP-2, which generates a cysteine-linked in-
termediate complex that promotes CRMP-2 phosphorylation
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by GSK-3b , stimulating MT depolymerization and therefore
growth cone collapse (Morinaka et al., 2011) (Fig. 4).

Vesicular traffic can also be regulated by MICAL oxidation.
MICAL-3 interacts with Rab8 and regulates the docking and
fusion of Rab6/Rab8 exocytic vesicles in a monooxygenase-
dependent manner (Grigoriev et al., 2011) controlling traffick-
ing from the trans-Golgi to the plasma membrane. Recently,
MICAL3 was found to interact with a2 spectrin in the AIS. In
addition, the interaction of MICAL3 with several Rab-GTPases,
including Rab8, induces its activation, leading to reduction in the
number of AIS actin patches. Therefore, MICAL3 could regulate
vesicular trafficking by disassembling actin, permitting the selec-
tive passage of several Rab-GTPases-vesicles containing specific
axonal cargoes through the AIS (Hamdan et al., 2020) (Fig. 4).

Together, the evidence indicates that physiological hydrogen
peroxide levels act as positive signals promoting the estab-
lishment of neuronal polarity, neurite growth, and axon
specification. The distribution of NOX levels is determined
by local compartmentalization of NOX proteins (Fig. 4).
Moreover, MICAL-mediated oxidation has multiple roles: it
reduces actin stability in the growth cone, controls vesicular
traffic by regulating the passage through the AIS of specific
vesicles, and stimulates MT depolymerization and growth
cone collapse.

Second messenger crosstalk
The coupling of signals associated with more than one second
messenger is expected in axon-dendritic polarity (Fig. 5).

Figure 4. ROS signaling pathways are involved in neuronal polarization. Top, Schematic representation of a proposed ROS gradient in neurons. Bottom, Diagram showing a growth cone.
①, H2O2 production by NOX complex leads to RyR and IP3R activation, producing Ca

21 release, which finally activates Rac1 and NOX complexes, generating a positive loop and enhancing actin
filament polymerization. ②, In addition, plexin and NP-1 activate the effector MICAL, which oxidizes G-actin monomers and F-actin, leading to cofilin-mediated F-actin disassembly. ③, MICAL
also generates H2O2-mediated oxidation of CRMP-2 promoting its GSK-3b -dependent phosphorylation, inducing MT depolymerization and growth cone collapse. ④, Finally, MICAL could regu-
late vesicular trafficking by actin disassembly, permitting selective passage of Rab6/Rab8-exocytic vesicles (EV) through the AIS.
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Extracellular cues, such as Wnt5a and NT-3, induce axon
specification by increasing IP3 and activating IP3R, allowing
calcium release and activation of CaMKK (Fig. 5, ②) (Li et
al., 2009, 2010; Hutchins et al., 2011, 2012; Nakamuta et al.,
2011). Extracellular cues can also induce the activation of
cAMP-dependent pathways (Fig. 5, ①), which can subsequently
induce calcium increases, allowing the coordination between
cAMP, calcium, and IP3 signaling pathways (Fig. 5, ①). An addi-
tional point of crosstalk involves the activation of Rac1 via a
calcium-dependent signaling mechanism, which promotes
hydrogen peroxide production, connecting ROS generation
with calcium changes in axonal development (Fig. 5, ③). A
NOX2 gain of function in primary hippocampal neurons increases
axonal and minor neurite length, apparently by inducing RyR2
receptors oxidation that results in Ca21 release from the ER
(Wilson et al., 2016b). In addition, functional coupling between
NOX2 and RyR promotes Rac1 activation and axonal elonga-
tion, whereby RyR stimulation induces H2O2 production through
Rac1-dependent NOX activation (Wilson et al., 2016b). Notably,
Rac1 is at the core of mechanisms involved in neuronal polarity
since it is a master regulator of actin dynamics and promotes the
activation of NOX enzymes (Acevedo and González-Billault,

2018). These results agree with those previously reported regard-
ing the role of calcium gradients in axonal development.

Interestingly, reciprocal interactions between calcium and
cAMP signal dynamics are observed in a wide range of non-neu-
ronal cell types (Borodinsky and Spitzer, 2006; Willoughby and
Cooper, 2006) (Fig. 5, ①). However, a direct link between cAMP
and calcium in the modulation of axon outgrowth and growth
cones has not been established so far. In neurons, it is reported
that retinal ganglion cell depolarization activates a cAMP/PKA
cascade in a calcium-dependent manner, enhancing axonal out-
growth (Dunn et al., 2009). During axon turning, sustained and
global manipulations of PKA activity are sufficient to modify the
amplitude of fast and local calcium transients dependent on RyR
(Stubbs, 1992). Moreover, growth cones stimulated with Netrin-
1 (a guidance molecule that modulates both the direction and
the speed of axon elongation), which momentarily increases
cAMP levels in filopodia, induces filopodial calcium transients
following the same dynamics as the cAMP (Nicol et al., 2011).
Furthermore, growing neurons in calcium-free culture medium
block the Netrin-1–induced increase in cAMP concentration,
indicating reciprocal regulation between calcium and cAMP
(Nicol et al., 2011). Therefore, spatiotemporal dynamics between

Figure 5. Crosstalk between second messenger signaling pathways is involved in neuronal polarization. Right, Diagram showing a growth cone and signaling pathways promoting axon dif-
ferentiation and elongation. Left, Diagram showing a minor neurite and signaling pathways suppressing axon differentiation. ①, Trk activation induces the generation of cAMP, which activates
the EPAC-Rap1b signaling pathway controlling polarized membrane delivery; the PKA-Par complex-Rac1 signaling pathway, triggering actin filament assembly; RyR activation triggering calcium
release; and finally a cGMP long-inhibitory signal, reducing cAMP levels in the soma and other neurites. ②, Calcium influx from calcium channels and release from ER mediated by RyR and
IP3R induce CaMKK-mediated cofilin inactivation and Rac1 activation, generating actin filament assembly and NOX activation. Additionally, calcium generates an RyR-mediated calcium long-
range inhibitory signal to the other neurites, which activates calcineurin, activating GSK-3-CRMP-2 signaling and inducing MT depolymerization. ③, H2O2 production by the NOX complex leads
to RyR and IP3R activation, producing calcium release, which finally activates Rac1, generating a positive feedback loop and enhancing actin filament polymerization. In the other dendrites,
Sema3A-dependent MICAL activation induces oxidation of CRMP-2, promoting its GSK-3b -dependent phosphorylation, and thus inducing MT depolymerization.
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calcium and cAMP is a topic that should be extensively explored
in polarity development (Fig. 5).

Finally, the coordination between three second messengers in
growth cone behavior has been reported. Using DRG neurons, it
was demonstrated that endogenous nitric oxide (NO), a reactive
nitrogen species, is involved in repulsive axon guidance by acti-
vating GCs, increasing activity of the cGMP-PKG pathway, and
inactivating the cAMP–PKA pathway over the entire region of
the growth cone (Tojima et al., 2009). In addition, there is a
counteraction of the NO–cGMP and cAMP pathways that deter-
mines the occurrence of RyR-mediated calcium-induced calcium
release, thereby switching the direction of growth cone turning,
linked with asymmetric Ca21 elevations. Furthermore, the NO–
cGMP–PKG pathway is a negative regulator of RyR-mediated
CICR (Tojima et al., 2009). Therefore, a similar mechanism
could also participate in axon development.

In conclusion, compelling evidence strongly suggests that multi-
ple second messengers are key players in the local-activation–
long-range-inhibition model of single axon generation in polarizing
neurons. These molecules allow the coordination of four main
molecular events: membrane recruitment, protein transport, an
increase in F-actin dynamics, and microtubule assembly.

Ca21 have a dual role in axonal specification: confined signals
of Ca21 in the growth cone are coupled to the axon elongation
machinery, which in turn generates a long-range inhibitory sig-
nal, increasing Ca21 at the soma, ensuring the generation of a
single axon (Fig. 5).

This response is mediated by calcium transients of lower fre-
quency, which promotes axon generation by regulating F-actin
dynamics and microtubule assembly. At the same time, calcium
transients of high-frequency act as long-inhibitory signals via
increased RhoA activity, ensuring that only one axon is generated.

cAMP also has a dual role in axonal specification: cAMP signals
in the growth cone are coupled to the axon elongation machinery,
controlling microtubules dynamics, selective protein degradation,
and polarized membrane delivery, and induce a long-range negative
signal mediated by cGMP in the soma and other neurites, exerting
antagonist action for correct neuronal polarization.

Otherwise, IP3 and ROS are positive signals that promote
neuronal polarity, neurite growth, and axon specification. IP3 exerts
its action through the generation of calcium transients, whereas
ROS regulates actin and microtubule stability and controls directed
vesicular traffic.

Hence, all second messengers participate in a highly inter-
connected network of positive and negative feedback loops that
control complex cellular responses, such as the acquisition of
neuronal polarity. However, there are still many missing links
that need to be addressed. For example, what molecular mecha-
nisms coordinate the timing of local second messenger produc-
tion? A simultaneous spatiotemporal characterization through
newly available molecular sensors and super-resolution micros-
copy may prove particularly valuable in identifying dynamic pat-
terns of second messenger production that determine neuronal
morphology in mechanisms that could be similar to those
observed for the coordination of small GTPases in protrud-
ing/retraction edge dynamics (Martin et al., 2016).
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