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Abstract

Nervous system development relies on the generation of neurons, their differentiation and 

establishment of synaptic connections. These events exhibit remarkable plasticity and are 

regulated by many developmental cues. Here we review the mechanisms of three classes of these 

cues: morphogenetic proteins, electrical activity and the environment. We focus on second 

messenger dynamics and their role as integrators of the action of diverse cues, enabling plasticity 

in the process of neural development.

Introduction

Nervous system development proceeds through the participation of many developmental 

cues. Some are intrinsic to the organism, such as morphogenetic proteins, while others are 

environmental, like changes in temperature, availability of water, nutrients and illumination. 

From the first steps of neural induction and folding of the neural plate through the 

establishment of functional circuits, the diversity of cellular events that need to take place in 

a spatiotemporally coordinated manner is remarkable. Neurogenesis, cell migration, 

neuronal differentiation, axonal routing, synaptogenesis and synaptic remodeling are all 

necessary to provide shape and function to the emerging brain and spinal cord. Each of these 

processes in turn comprises many subcellular and molecular events that are tightly 

orchestrated. For instance, neuronal differentiation involves the successful acquisition of 

many traits; these include the establishment of a specific neuronal morphology, consisting in 

dendrite arborization and axon outgrowth; adopting a characteristic electrophysiological 

phenotype through the expression of necessary ion channels; acquiring specific 

neurotransmitter phenotype, which will define the neuron as excitatory or inhibitory; and 

expressing a precise set of neurotransmitter receptors, which will enable the cell to respond 

to certain synaptic inputs.

The mainstream view in developmental neurobiology is that nervous system development 

follows a predetermined path, dictated by the genetically encoded specification of the neural 
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progenitor for each neuronal subtype. However, many studies have challenged this view by 

discovering developmental plasticity in the acquisition of different neuronal phenotypes. 

These findings support a dynamic model for neuronal generation and specification, 

governed by multiple cues and by interactions between concurrent signaling pathways. Here 

we review studies that have contributed to our current understanding of the signaling 

mechanisms by which morphogenetic proteins, electrical activity and the environment 

interplay with second messenger dynamics to mediate specialization of neural cells.

Morphogenetic proteins

Morphogens direct formation of tissues and organs during development. They promote 

concerted growth to enable tissues to adopt appropriate scaled shapes in diverse species. In 

the nervous system, morphogenetic proteins are mostly known for affecting neural stem 

cells and progenitors. They induce not only cell proliferation but also expression of target 

genes that will direct these cells towards increasingly specific progenitor subclasses. A 

spatiotemporal decoding of morphogenetic protein gradients is achieved by a network of 

transcription factor expression, which constitutes the canonical outcome of morphogenetic 

protein action. Whether there is any room in this tight genetic program for interacting 

mechanisms of signaling like second messenger dynamics has not been the main focus of 

research in the field. In addition, the presence of morphogenetic proteins persists through 

adulthood, posing the question of whether these proteins are repurposed in later 

developmental processes to provide potential opportunity for plasticity in the maturing 

nervous system.

Neural stem cell specification and neural progenitor specialization

Before spinal neurons are born, neural progenitors undergo a process of specialization 

through which they become progressively restricted and specified to particular phenotypes 

depending on their relative localization along the presumptive spinal cord dorsoventral axis 

(Jessell, 2000; Briscoe and Therond, 2013). This is orchestrated by dorsoventral 

morphogenetic protein gradients that are established before and during neural tube closure. 

Chiefly, bone morphogenetic proteins (BMPs) and Sonic hedgehog (Shh) are present in 

opposing dorsoventral gradients and accordingly, regulate specification of dorsal and ventral 

progenitors, respectively. The transcription factor network that operates and defines domains 

of neural progenitors has been extensively studied and reviewed elsewhere (Briscoe and 

Therond, 2013). Recently, an elegant study in zebrafish embryos revealed that neural 

progenitors perceive a rather noisy morphogen signaling due to cell movement during neural 

tube patterning, which results in intermingled distributions of specified neural progenitors. A 

second cell adhesion-dependent and morphogen-independent sorting process takes place to 

generate sharply defined domains of specialized neural progenitors (Xiong et al., 2013).

Less explored has been the participation of second messenger signaling during this early 

phase of neural development. Prominently, cyclic adenosine monophosphate (cAMP) 

inhibits the canonical Shh pathway in spinal neural progenitors by a protein kinase A 

(PKA)-dependent mechanism. Expression of a dominant-negative form of PKA in the dorsal 

neural tube results in ectopic differentiation of ventral cells normally induced by Shh 

(Epstein et al., 1996; Hammerschmidt et al., 1996), while increased cAMP levels inhibit 
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Shh-induced responses in neural plate explants (Ericson et al., 1996). In contrast, cyclic 

guanosine monophosphate (cGMP) enhances Shh-induced neural plate patterning 

(Robertson et al., 2001; Yamamoto and Suzuki, 2005). More recently, a conserved G-

protein-coupled receptor has been identified at the primary cilium, which increases cAMP 

levels inhibiting canonical Shh signaling and Shh-dependent spinal neural progenitor 

specification (Mukhopadhyay et al., 2013). Understanding second messenger signaling 

involved in morphogen pathways is crucial for identifying the mechanisms underlying 

abnormal neural development and tumor formation, since aberrant morphogenetic protein 

signaling has been associated with both types of pathologies. Indeed, the atypical protein 

kinase Cι/λ (PKCι/λ) enhances hedgehog signaling and supports hedgehog-dependent tumor 

progression (Atwood et al., 2013). The atypical PKC is also recruited by BMP along with 

the canonical transcription factors Smad1/5/8 to regulate midline hinge point formation 

necessary for neural plate bending and neural tube closure (Eom et al., 2011). Strikingly, 

these transcription factors localize to tight junctions and participate in cytoskeletal dynamics 

necessary for apical constriction and interkinetic nuclear migration required for apicobasal 

polarity of midline hinge point cells (Eom et al., 2011). Altogether these studies suggest that 

second messenger signaling dynamically regulates even the earliest steps of nervous system 

development.

Further specification of spinal neural progenitors is also likely regulated by second 

messenger dynamics. The transition from phosphorylated to dephosphorylated forms of the 

transcription factor Olig2, presumably driven by PKA, respectively promotes specification 

of spinal cell phenotypes as different as motor neurons and oligodendrocytes (Li et al., 

2011). Kinase activity is a pivotal link between morphogenetic protein action and second 

messenger dynamics. Indeed, extracellular signal regulated kinase (Erk)-mediated 

phosphorylation of Smad1/5/8 linker domain impedes their nuclear translocation and targets 

these BMP signaling effectors for degradation, preventing dorsal spinal neuron specification 

(Sapkota et al., 2007). Considering the wide range of second messengers that can directly or 

indirectly affect mitogen-activated protein kinase (MAPK) activity, the utilization of second 

messenger signaling and dynamics by BMPs is highly probable.

Axon guidance

The dogma of morphogenetic proteins acting exclusively on progenitor cells has been 

challenged by studies demonstrating a role for Wnts, BMPs and Shh in axon guidance 

(Charron et al., 2003; Kalil et al., 2011; Yam and Charron, 2013). In the developing spinal 

cord, commissural interneuron axons travel ventrally from their dorsally located cell body to 

then cross the midline guided by gradients of BMPs, Shh and Wnts. Second messengers and 

signaling involve Rho GTPases that activate the PI3K-Akt axis by BMP receptor type II 

activation, which also activates LIM kinase and induces Ca2+ influx through transient 

receptor potential channel TRPC1, activating calcineurin that induces attractive growth cone 

responses to a BMP gradient (Wen et al., 2007; Perron and Dodd, 2011). Phosphoinositides 

also participate in Wnt-mediated commissural axon routing presumably by activating 

atypical PKC (Di Marcotullio et al., 2006). Shh-mediated commissural interneuron axonal 

pathfinding is regulated by cAMP growth cone dynamics, which are important for 

modulating semaphorin-induced growth cone repulsion (Hutchins et al., 2012). Axonal 
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pathfinding of retinal ganglion cells is also paradigmatically regulated by morphogens. A 

number of the participating second messengers are shared with the mechanisms involved in 

commissural interneuron axon guidance. Shh induces rapid increases in growth cone Ca2+ 

levels, which activate PKCα and subsequently integrin-linked kinase, which mediates retinal 

ganglion cell axon repulsion (Guo et al., 2012). Ca2+ is another shared second messenger for 

morphogen-regulated axon guidance in cortical neurons. Wnt5a mediates corpus callosum 

axon growth and guidance by a Ca2+-mediated mechanism that involves TRP channels and 

inositol triphosphate (IP3) receptors (Hutchins et al., 2011).

Synapse formation and synaptic plasticity

Further evidence of morphogen signaling acting in developing differentiated neurons has 

come from studies on the role of these proteins during synaptogenesis and synapse 

remodeling (Aberle et al., 2002; Marques et al., 2002; Budnik and Salinas, 2011; Harwell et 

al., 2012; Mitchell et al., 2012; Xiao et al., 2013). Wnt5a and Wnt7a stimulate formation and 

function of excitatory synapses in developing hippocampal neurons through localized 

dendritic Ca2+ dynamics and Ca2+/calmodulin-dependent protein kinase II (CaMKII)-

mediated mechanisms (Varela-Nallar et al., 2010; Ciani et al., 2011). In Drosophila 

neuromuscular junction, retrograde BMP signaling regulates synaptic homeostasis by 

modulating Ca2+ and CaMKII activity in presynaptic neurons, which in turn regulate 

neurotransmitter release (Haghighi et al., 2003). The second messenger signaling involved 

in Shh-driven synapse formation in hippocampal (Mitchell et al., 2012) and corticofugal 

projection neurons (Harwell et al., 2012) remain to be determined, although these studies 

suggest that transcription factor Gli-dependent canonical pathway may not participate in 

these instances of Shh signaling.

Neural activity

During spinal cord and brain development electrical activity spontaneously manifests in 

embryonic neurons (Spitzer, 2006; Rosenberg and Spitzer, 2011). This activity is mostly 

calcium-mediated and becomes apparent either prior to or during synapse formation. In the 

embryonic spinal cord, calcium-dependent electrical activity has been identified in mouse 

(Hanson and Landmesser, 2003), rat (Ren and Greer, 2003), chick (Sernagor et al., 1995; 

Chub and O'Donovan, 1998; O'Donovan et al., 1998), Xenopus laevis (Gu et al., 1994; Gu 

and Spitzer, 1995; Borodinsky et al., 2004), Xenopus tropicalis (Marek et al., 2010) and 

zebrafish (Warp et al., 2012; Plazas et al., 2013), arguing for the universal character of this 

developmental feature. Many studies have investigated the role of this early electrical 

activity in different aspects of nervous system development. The findings argue for a broad 

role of electrical activity in neural development. Instead of electrical activity being confined 

to refinement of pre-patterned circuits, it participates in events spanning the whole spectrum 

of nervous system development, from neural cell proliferation and neurogenesis to axonal 

pathfinding and synapse formation.

Neurogenesis

Neurotransmitter signaling components are present in the developing nervous system long 

before synapses are formed. Gamma-aminobutyric acid (GABA), glutamate, dopamine and 
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noradrenaline are expressed in the presumptive embryonic spinal cord, the medial-posterior 

neural plate, of Xenopus laevis embryos (Rowe et al., 1993; Root et al., 2008). Similarly, in 

chick and mouse embryos, serotonin is released from the notochord during neural tube 

formation (Wallace, 1982; Lauder et al., 1988). The presence of neurotransmitters and 

neurotransmitter receptors in presynaptogenic stages of the embryonic spinal cord suggests 

that they may participate in developmental processes by non-synaptic mechanisms. Indeed, 

knockdown of the glycine receptor subunit α2 in zebrafish embryos induces a decrease in 

the number of spinal interneurons and an increase in mitotic progenitor cells (McDearmid et 

al., 2006), suggesting a role for glycine signaling in interneuron neurogenesis and 

differentiation. Moreover, reversing the chloride gradient characteristic of early 

developmental stages to the adult form by overexpressing the K+/Cl− cotransporter 2 

(KCC2) in zebrafish embryos, decreases neurogenesis in the spinal cord and leads to fewer 

motor neurons and interneurons (Reynolds et al., 2008). In contrast, spontaneous glycine-

induced Ca2+ transients in spinal cord progenitors promote the interneuron neurogenic 

program (Brustein et al., 2013). Additionally, in zebrafish embryos dopamine from 

descending brain axons induces the generation of motor neurons at the expense of a decrease 

in V2 interneurons (Reimer et al., 2013).

Recruitment of second messenger dynamics by electrical activity and neurotransmitter 

signaling is diverse but Ca2+ dynamics is a clear point of convergence. Ca2+ transients are 

present in precursor cells of the neocortical ventricular zone of rat embryos (Owens and 

Kriegstein, 1998), and in particular, Ca2+ waves propagated across radial glial cells regulate 

proliferation in the developing neocortex (Weissman et al., 2004). Neonatal inhibition of 

GABAA receptor-induced Ca2+ transients in neural precursor cells of the subventricular 

zone diminishes their proliferation and subsequently decreases newborn neuron density 

(Young et al., 2012). Also in vitro, proliferation of rat cerebellar granule cell precursors is 

modulated by Ca2+ dynamics (Borodinsky and Fiszman, 1998) triggered by depolarizing 

GABA signaling (Fiszman et al., 1999). Moreover, an in vitro screening of isoxazole small 

molecules that trigger robust neuronal differentiation of adult neural stem cells indicates that 

these drugs elicit glutamate- and Ca2+-mediated signaling that recruits MEF2 by 

derepressing the inhibitory action exerted by histone deacetylase 5 (Schneider et al., 2008). 

Interestingly, membrane depolarization regulates splicing of the neural cell adhesion 

molecule (NCAM) by causing H3K9 hyper-acetylation in a specific internal region of the 

ncam gene (Schor et al., 2009) and localization of different NCAM splice variants is 

associated with different states of neuronal differentiation and function (Pollerberg et al., 

1985; Polo-Parada et al., 2004). Another transcription factor responding to changes in 

electrical activity is the Nuclear Factor of Activated T-Cells (NFATC), which is activated 

under depolarizing resting membrane potential characteristic of immature cerebellar granule 

neurons, by its Ca2+-calcineurin dependent-dephosphorylation and nuclear translocation, 

which in turn prevents Nuclear Factor I (NFI) repressor activity of late gene transcription. In 

contrast, when cerebellar granule cells mature and acquire hyperpolarized resting membrane 

potential, NFATC is phosphorylated releasing NFI to promote late gene transcription (Ding 

et al., 2013).
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Neuronal differentiation

Becoming a differentiated neuron involves acquiring several features that altogether define 

the particular neuronal identity. For instance, a vertebrate spinal motor neuron can be 

defined by the ventrolateral localization of its cell body, innervation of muscle, the 

cholinergic phenotype and a specific connectivity profile with other spinal neurons. Are 

these features acquired all at once? Is the spinal neuron a blank canvas in which different 

phenotypic characteristics manifest de novo? Or rather, is the process of neuronal 

differentiation iterative and gradually achieved from some common ground immature 

neuronal phenotype? Is neural progenitor specification determinant for the particular spinal 

neuron phenotype that originates from it? Most of these questions remain to be fully 

answered but the fact that neural activity participates in the process of neuronal 

differentiation argues for a dynamic event.

Morphological differentiation—Acquisition of a specific connectivity profile starts with 

outgrowth of dendrites and axon and turning of growth cones towards appropriate targets. 

All these important events are activity dependent. Dendritogenesis is regulated by GABA-

mediated depolarization of newborn neurons originated from the mouse subventricular zone 

(Young et al., 2012). Expression and activity-dependent NeuroD phosphorylation is 

necessary for the elaboration of dendrites in cerebellar granule cells in vitro and in vivo 

through a CaMKII-mediated mechanism (Gaudilliere et al., 2004). Similarly, in the adult 

hippocampus, neural activity from the mature network elicits depolarizing GABAergic 

inputs on neural progenitor cells that induce an increase in [Ca2+]i and NeuroD transcription, 

resulting in the promotion of neuronal differentiation (Tozuka et al., 2005). Other key 

transcriptional mechanisms have been identified that link neuronal activity to acquisition of 

neuronal morphology: neuronal activity promotes phosphorylation of Methyl-CpG-binding 

protein 2 (Mecp2) transcription factor through a Ca2+-dependent mechanism, which 

regulates dendritic patterning, spine morphogenesis and brain-derived neurotrophic factor 

(BDNF) transcription (Zhou et al., 2006).

In addition, neurotransmitter signaling regulates axonal pathfinding in a second messenger-

dependent manner. In spinal neurons, neurotransmitters like acetylcholine induce growth 

cone turning responses dependent on intracellular cAMP levels (Song et al., 1997). 

Stereotypical responses of growth cones to different guidance cues are altered upon brief 

periods of electrical stimulation of Xenopus spinal neurons grown in vitro by Ca2+ influx- 

and cAMP-dependent mechanisms (Ming et al., 2001). In vivo studies showed that 

knockdown of voltage-gated Na+ channel Nav1.6 perturbs axonal pathfinding of some 

subtypes of zebrafish developing motor neurons (Pineda et al., 2006). Moreover, these 

motor neurons exhibit synchronized Ca2+ spike activity that is important for appropriate 

axonal pathfinding through an activity-based competition mechanism and PlexinA3-

mediated axon guidance (Plazas et al., 2013). This dependence of motor neuron axonal 

routing on spontaneous electrical activity is also apparent in the chick spinal cord (Hanson 

and Landmesser, 2004; Kastanenka and Landmesser, 2013). Activity likely operates by 

regulating neural cell adhesion molecule patterns of expression in growing axons (Hanson 

and Landmesser, 2004).
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Neurophysiological differentiation

Neurotransmitter phenotype: Depolarization induces differentiation of dopaminergic 

neurons of the sensory ganglia through an L-type voltage-gated Ca2+ channel dependent 

mechanism (Brosenitsch et al., 1998). The model suggests that in the carotid body only a 

subpopulation of petrosal ganglion neurons receive sufficient depolarizing inputs during 

development, which enables them to sustain a stable dopaminergic phenotype. In contrast, 

cells that are not differentiated to receive these synaptic inputs until after birth loose the 

dopaminergic phenotype (Brosenitsch et al., 1998). Evidence of electrical activity and Ca2+ 

signaling regulating neurotransmitter specification has also been demonstrated in Xenopus 

laevis spinal cord and brain. Spontaneous Ca2+ spike frequency regulates the number of 

GABAergic neurons in cultured immature spinal neurons (Gu and Spitzer, 1995) and 

accelerates GABAergic differentiation of primary cultures from embryonic striatal cells 

(Ciccolini et al., 2003). Moreover, in vivo perturbations of Ca2+ spike activity induces 

homeostatic changes in the number of excitatory and inhibitory spinal neurons; when 

activity is enhanced more GABAergic and glycinergic neurons are specified and when 

activity is suppressed more glutamatergic and cholinergic neurons are present in the 

developing spinal cord (Borodinsky et al., 2004). Activity-mediated changes in 

neurotransmitter phenotype expression vary among different subclasses of neurons. For 

instance, activity-induced dopaminergic phenotype specification is particularly favored in a 

subclass of GABAergic neurons of the ventral suprachiasmatic nucleus and spinal cord 

(Velazquez-Ulloa et al., 2011). Activity-dependent choice between glutamatergic and 

GABAergic phenotypes is also apparent in Xenopus tropicalis spinal cord and it operates by 

controlling transcription of homeobox protein Tlx3, which favors glutamatergic over 

GABAergic specification (Marek et al., 2010). Ca2+ spikes are responsible for 

phosphorylating c-Jun, which binds to the tlx3 promoter region and represses its expression 

(Marek et al., 2010). Similarly, developing rat hippocampal granule cells exhibit a 

glutamatergic/GABAergic dual phenotype (Walker et al., 2001; Gutierrez et al., 2003; 

Kasyanov et al., 2004) that matures towards the glutamatergic-only phenotype as 

development progresses (Gutierrez et al., 2003). Interestingly, epileptic seizures or BDNF-

treatment brings back the dual phenotype (Gomez-Lira et al., 2005) suggesting an electrical 

activity-dependent control of neurotransmitter phenotype specification in the mammalian 

hippocampus. Activity-dependent regulation of the transcription factor Lmx1b expression in 

the developing hindbrain of frog larvae changes the number of serotonergic neurons, which 

changes swimming behavior of the animal (Demarque and Spitzer, 2010).

Electrical properties—Acquisition of appropriate electrical features in developing 

neurons is critical to the functional outcome of the neuron as well as to the circuit in which 

the cell participates. Blocking synaptic activity in developing Drosophila embryos alters the 

electrical properties of embryonic motor neurons. Increases in Na+ and K+ currents occur, 

leading to an overall increase in intrinsic excitability (Baines et al., 2001). Importantly, these 

changes are reversible and restoring synaptic activity rescues the electrical phenotype 

(Baines et al., 2001), suggesting dynamic mechanisms regulating electrical differentiation of 

developing neurons.
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In the embryonic rat spinal cord, the changes in motor neuron electrical properties that 

accompany its differentiation depend on Ca2+-dependent electrical activity (Xie and 

Ziskind-Conhaim, 1995). Both the level of expression and kinetics of the A-type K+ channel 

in embryonic lumbar motor neurons of the chick are also dependent on spontaneous spinal 

neuron electrical activity (Casavant et al., 2004).

Environmental cues

Robustness of nervous system development relies on adapting to environmental alterations 

that may occur. Participation of second messenger dynamics in neuronal development 

supports this concept. Indeed, axonal arborization is enhanced in Mushroom Body Cells of 

Drosophila embryos grown at high temperatures. This effect is mediated by an increase in 

Ca2+ current and a decrease in K+ current, which result in an increase in spontaneous Ca2+ 

transients. In turn, the increase in neurite outgrowth is dependent on cAMP dynamics (Peng 

et al., 2007). Changes in ionic conductances triggered by environmental stimuli are also 

apparent in the developing optic tectum of Xenopus tadpoles. Enhanced visual stimulation 

leads to a decrease in Ca2+-permeable AMPAR-mediated synaptic drive provoking a 

decrease in action potential firing in tectal neurons and a compensatory increase in voltage-

gated Na+ current which brings cells back to normal spiking levels (Aizenman et al., 2003). 

This Ca2+-mediated homeostatic mechanism is constrained within a developmental window 

and since this process improves stimulus detection in the background of enhanced visual 

stimulation, it may facilitate developmental plasticity and adaptability (Aizenman et al., 

2003).

Importantly, environmental stimuli change Ca2+-mediated activity which alters specification 

of neurotransmitter phenotype. Altering light exposure that changes the sensory input to the 

circuit controlling adaptation of skin pigmentation to background, changes the number of 

neurons expressing dopamine in Xenopus laevis tadpoles, which results in changes in 

camouflage coloration in response to illumination (Dulcis and Spitzer, 2008). The stimulus-

induced changes in neurotransmitter phenotype specification are not restricted to the 

developing nervous system or to the frog; interneurons of the adult rat hypothalamus switch 

between somatostatin and dopaminergic phenotypes in response to changes in duration of 

daily photoperiod, which has concomitant behavioral consequences (Dulcis et al., 2013).

Second messenger signaling as key integrator of multiple developmental 

cues

Review of these three pillars of influential factors in neural development, morphogens, 

neural activity and environment, which are far from being a complete list, prompts the 

question of how signaling and the action of different developmental cues are integrated in a 

single developing neuron.

Our previous work showed that in immature spinal neurons, Shh (Belgacem and 

Borodinsky, 2011) and BMPs (Swapna and Borodinsky, 2012) acutely regulate Ca2+ spike 

activity (Figure 1). Shh enhances Ca2+ spike activity through a Smoothened-mediated 

mechanism that involves TRPC1 and IP3 transients at the neuronal primary cilium 
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(Belgacem and Borodinsky, 2011). In contrast, BMP4/7 inhibits Ca2+ spike activity through 

a p38-dependent mechanism by a potential phosphorylation-mediated inhibition of voltage-

gated Na+ channels (Swapna and Borodinsky, 2012). This modulation of Ca2+ spike activity 

by morphogenetic proteins has consequences in the process of spinal neuron differentiation. 

Ectopic Shh enhances the number of GABAergic spinal neurons by an electrical activity-

dependent mechanism (Belgacem and Borodinsky, 2011). On the other hand, ectopic BMP 

increases the number of Lh2A/B-expressing commissural interneurons and expands their 

localization to ventral regions by inhibiting Ca2+ spike activity (Swapna and Borodinsky, 

2012), suggesting that this spontaneous neural activity is necessary for the domain-restricted 

differentiation of spinal neurons (Figure 1). These studies reveal that the interaction between 

morphogenetic proteins and electrical activity is bidirectional: morphogens modify electrical 

activity, which in turn changes specialization of neurons driven by morphogens. Moreover, 

it has been recently shown that Ca2+ spike activity-dependent specification in developing 

spinal neurons is non-cell autonomous and instead is mediated by activity-dependent release 

of BDNF which in turn regulates expression of the glutamatergic/GABAergic transcription 

factor selector Tlx3 through a c-Jun N-terminal kinase-dependent mechanism (Guemez-

Gamboa et al., 2014) demonstrating further the crosstalk among developmental cues during 

neuronal differentiation. The other important concept that derives from these studies is that 

neuronal specification is not sealed with the specialization of neural progenitors but instead, 

electrical activity and morphogenetic proteins interplay in maturing neurons to further 

modulate neuronal differentiation. The interaction of morphogens with novel signaling 

pathways emerging as neurons progress in their differentiation suggests that morphogen 

signaling dynamically changes during nervous system development. In turn, morphogenetic 

proteins may participate in neural function beyond morphogenesis. Indeed, Shh, BMPs and 

Wnts play important roles in synaptogenesis and synaptic plasticity, as described in previous 

sections. Moreover, even in the adult nervous system, Wnt action contributes to 

neurotransmitter receptor localization in postsynaptic cells and mediates activity-dependent 

synaptic plasticity in C. elegans (Jensen et al., 2012).

Clearly, Ca2+ signaling serves not only as a hub where diverse signaling pathways converge 

but also as an integrator of the information carried by different stimuli and first messengers 

(Figure 2). Depending on Ca2+ transient frequency and its global or subcellular localization, 

this signaling has a wide-ranging impact on different aspects of neuronal development, from 

neuromorphogenesis and neurite outgrowth (Gu and Spitzer, 1995; Gomez and Spitzer, 

1999; Gomez et al., 2001; Ciccolini et al., 2003) to neurotransmitter specification (Gu and 

Spitzer, 1995; Ciccolini et al., 2003; Borodinsky et al., 2004). The intercalation of second 

messenger signaling in morphogenetic protein pathways may also contribute to the temporal 

pattern of transcription factor expression that is critical for neural progenitor cell 

proliferation/specialization of the perinatal mouse ventral telencephalon (Imayoshi et al., 

2013) and for embryonic mouse ventral spinal progenitor specification (Dessaud et al., 

2007; Balaskas et al., 2012).

The profile of second messenger dynamics changes as cells progress in their intrinsic 

differentiation, but also varies in response to cues in the changing internal and external 
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environment. In turn, this provides plasticity to the process of neuronal differentiation and 

great adaptability to the developing nervous system.
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Figure 1. Interplay between Ca2+ spike activity and morphogenetic proteins in the developing 
spinal cord
A. BMP signaling recruits p38 MAPK that phosphorylates and inhibits Nav1.6, thus 

decreasing Ca2+ spikes in embryonic spinal neurons. Low levels of Ca2+ spike activity are 

necessary for the specification of dorsal commissural spinal neurons through a Smad1/5/8-

dependent mechanism. Based on the study by Swapna and Borodinsky, 2012. B. Shh 

activates Smo, which recruits PLC leading to IP3 transients that correlate with TRPC1 and 

Cav-mediated Ca2+ spikes that regulate neurotransmitter specification in developing spinal 

neurons. Based on the study by Belgacem and Borodinsky, 2011. C. The opposing 

dorsoventral gradients of BMP and Shh generate a gradient of Ca2+ spike activity that is 

important for spinal neuron differentiation. Ptc: Patched1; Smo: Smoothened; PLC: 

phospholipase C.
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Figure 2. Integration of diverse developmental cues by second messenger signaling
Morphogenetic proteins, neural activity and environmental factors all converge in 

characteristic second messenger dynamics that vary from global to localized as neural cells 

differentiate and mature. The kinetics of second messenger signaling are developmentally 

regulated due to temporal changes in developmental cues and in expression and activation 

profiles of ion channels and signaling molecules.
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