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Abstract

During nervous system development the neurotransmitter identity changes and coexpression of
several neurotransmitters is a rather generalized feature of developing neurons. In the mature
nervous system, different physiological and pathological circumstances recreate this phenomenon.
The rules of neurotransmitter respecification are multiple. Among them, the goal of assuring
balanced excitability appears as an important driving force for the modifications in
neurotransmitter phenotype expression. The functional consequences of these dynamic revisions
in neurotransmitter identity span a varied range, from fine-tuning the developing neural circuit to
modifications in addictive and locomotor behaviors. Current challenges include determining the
mechanisms underlying neurotransmitter phenotype respecification and how they intersect with
genetic programs of neuronal specialization.

1. Introduction

Neurotransmitters are the mediators of the most prominent form of communication in the
nervous system. The identity of the neurotransmitter involved in a given chemical synapse is
crucial in multiple ways. The matching of neurotransmitter in the presynaptic cell with its
receptor in the postsynapse is essential to successful transmission. Whether the
neurotransmitter participates in inhibitory or excitatory synapses changes the functional
properties of the underlying circuit. In addition, depending on the particular pair of
neurotransmitter/receptor the qualitative and quantitative features of the synapse differ due
to the distinct kinetics and signaling cascades imprinted in the identity of the synaptic
partners. Hence, the understanding of mechanisms that determine neurotransmitter
specification is paramount. Neurotransmitter signaling is apparent before synaptogenesis
arguing for a role of neurotransmitters beyond synaptic transmission. Here we review the
origin of neurotransmitter phenotype determination, the ontogenesis of neurotransmitter
signaling, the changes in neurotransmitter specification, and discuss the relevance of this
neurotransmitter respecification to the function of the nervous system. We particularly
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focused the review on the studies that support the concept that neurotransmitter phenotype
expression is dynamic and sensitive to changes in developmental and environmental cues.

2. Ontogeny of neurotransmitter phenotype expression and signaling

Neurotransmitters like GABA, dopamine and noradrenaline are present in the ectoderm of
late blastula and early neural plate stage Xenopus embryos and regulate neuronal
differentiation (Rowe et al., 1993). The pituitary adenylate cyclase activating peptide is also
expressed in the mouse embryonic neural tube (Waschek et al., 1998). Serotonin released
from notochord is uptaken by floor plate cells and regulates changes in cell shape and cell
movement important for neural tube closure (Lauder, 1988; Wallace, 1982). Progenitor
mitotic cells express the cholinergic phenotype in the olfactory, lateral and third ventricle of
the embryonic mouse brain before the time of last cell division and onset of neuronal
differentiation (Schambra et al., 1989). All these studies demonstrate the presence of
neurotransmitters at early embryonic stages, before neuronal differentiation is accomplished.
Because neurotransmitters are expressed in cells that are not fully differentiated neurons, the
specialized structure of the synapse is not present yet at these early developmental stages but
other forms of release seem to operate in the immature nervous system for neurotransmitter
signaling. GABA and glutamate are released in a SNARE- and calcium-independent manner
and signal in embryonic and neonatal hippocampal neurons before synapse formation
(Demarque et al., 2002). Glycine is also diffusely released from radial cells in the embryonic
mouse spinal cord and enhances the spontaneous calcium-mediated activity of immature
neurons (Scain et al., 2010). Volume acetylcholine transmission between starburst amacrine
cells mediates retinal calcium wave propagation during mouse development (Ford and
Feller, 2012). These alternative modes of neurotransmitter release are not exclusive to the
developing nervous system but are also apparent in progenitor niches of the adult brain.
Pools of dividing neural progenitors of the postnatal subventricular zone in the mouse brain
are sensitive to the nonsynaptic release of GABA, which regulates neural stem cell
proliferation and migration (Liu et al., 2005; Pathania et al., 2010).

Many studies have demonstrated that neurotransmitter receptors are also expressed at early
stages of nervous system development by assessing their expression and functionality.
Glutamate, GABA, dopamine, serotonin, purinergic and muscarinic acetylcholine receptors
are expressed in the proliferating retina of many different species (Martins and Pearson,
2008). The activation of GABAA or AMPA receptors depolarizes ventricular zone cells of
the embryonic rat neocortext and regulates cell proliferation (LoTurco et al., 1995). GABAx
receptors are also present in precursors of rat cerebellar granule cells and regulate their
proliferation (Fiszman et al., 1999). Knockdown of the embryonic a2 glycine receptor
subunit alters the proliferation rate of zebrafish spinal neuron progenitors and thus decreases
the number of spinal interneurons (McDearmid et al., 2006). These studies illustrate that
even at the early stages of neural progenitor proliferation the neurotransmitter signaling is
functional in many different nervous system structures and species. Other developmental
processes also witness the early neurotransmitter expression and are regulated by
neurotransmitter signaling. Migration of granule cells is modulated by NMDA receptors in
the mouse developing cerebellum (Komuro and Rakic, 1993) and GABA receptors modulate
embryonic rat cortical cell migration (Behar et al., 1996) and cortical interneuron migration
in mice (Bortone and Polleux, 2009).

The differentiation of neurons involves the acquisition of morphological and functional
characteristics. Many of these features are specified within the neural progenitor from which
the neuron emerges. In the developing spinal cord, a progressive commitment to specific
neuronal features is achieved by a combinatorial transcription factor code triggered by
morphogenetic proteins such as Sonic hedgehog (Shh) and Bone Morphogenetic Proteins
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(BMPs) (Jessell, 2000). Is the expression of neurotransmitters and neurotransmitter
receptors part of the specification program? Expression of certain transcription factors in
developing neurons is necessary and sufficient to drive the expression of specific
neurotransmitter phenotypes (Figure 1). For instance, the LIM homeodomain-containing
transcription factor Lmx1b is required for the acquisition of the serotonergic phenotype in
mice and links the Nkx2.2-mediated progenitor specification with the Pet1-dependent
terminal differentiation (Ding et al., 2003). The choice of glutamatergic versus GABAergic
phenotypes in the spinal cord dorsal horn is determined by the expression of the
transcription factors TIx1/3 and Pax2, respectively (Cheng et al., 2004). Moreover, TIx
knockout mice show an increase in the number of GABAergic neurons in the dorsal horn,
suggesting that TIx genes repress the expression of the GABAergic phenotype (Cheng et al.,
2004). Reciprocally, the postmitotic homeobox gene Lbx1 upstream of Pax2, represses the
glutamatergic phenotype and promotes the specification of GABAergic dorsal horn neurons
(Cheng et al., 2005).

Despite the strong correlation between the expression of certain transcription factors and the
neurotransmitter phenotype in a specific neuronal subtype, the fact that neurotransmitters are
present before the specialization is achieved suggests that the acquisition of neurotransmitter
identity is dynamic and may escape the deterministic genetic program of neuronal
specialization.

3. Interrelation between the genetic program and dynamically regulated
signaling pathways

The neural fate program triggered by morphogenetic proteins is indeed modulated by
intracellular signaling pathways that are in turn dynamically regulated and are sensitive to
many environmental and developmental cues. In the developing mouse and chick spinal
cord, the transcription factor Olig2 drives two neural cell phenotypes as different as
oligodendrocytes and motor neurons depending on its phosphorylation status, presumably
regulated by PKA activity (Li et al., 2011). Shh and BMPs regulate calcium-mediated
electrical activity of embryonic spinal neurons and contribute to a gradient of excitability
along the dorsoventral axis of the developing Xenopus spinal cord (Belgacem and
Borodinsky, 2011; Swapna and Borodinsky, 2012). In turn, electrical activity modifies
neuronal differentiation. BMPs decrease calcium-mediated electrical activity by recruiting
p38 MAPK, which negatively modulates calcium spikes. Reciprocally, the higher levels of
calcium spike activity in the ventral spinal cord, prevent the expansion of the BMP-induced
dorsal commissural interneuron phenotype in ventral domains (Swapna and Borodinsky,
2012). In contrast, Shh enhances calcium spike activity in embryonic spinal neurons by
recruiting Gai protein and IP3 receptor-operated stores. In turn, this enhanced activity
mediates the increase in number of GABAergic spinal neurons induced by ectopic Shh
(Belgacem and Borodinsky, 2011). The mechanisms by which genetically-driven programs
are modulated by dynamically regulated signaling pathways can be multiple but they must
converge at some point in the modulation of the expression and/or activity of transcription
factors that drive the neurotransmitter specification. For instance, the expression of Lmx1b,
driver of the serotonergic phenotype, is regulated by levels of calcium spike activity in
Xenopus hindbrain (Demarque and Spitzer, 2010). The expression of the GABAergic/
glutamatergic transcription factor selector, TIx3, is also regulated by levels of electrical
activity in the developing Xenopus spinal cord (Marek et al., 2010). Ca?* spikes
phosphorylate cJun that binds to TIx3 CRE site and represses its expression. This represses
the specification of the glutamatergic phenotype hence promoting the prevalence of the
GABAergic phenotype (Marek et al., 2010). These examples of electrical activity-dependent
neurotransmitter specification respond to a homeostatic paradigm through which the
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developing nervous system responds to enhancement of electrical activity by increasing the
number of inhibitory neurotransmitter-expressing neurons and to suppression of electrical
activity by increasing the number of excitatory neurotransmitter-expressing neurons
(Belgacem and Borodinsky, 2011; Borodinsky et al., 2004; Demarque and Spitzer, 2010;
Dulcis and Spitzer, 2008; Marek et al., 2010).

4. Overlapping neurotransmitter phenotypes during development:
Neurotransmitter respecification

Several studies have investigated the developmental course of neurotransmitter expression.
GABAergic and glutamatergic phenotypes are detected at neural plate stages in Xenopus
embryos. Interestingly, there is overlap in the expression of these two neurotransmitters in
individual spinal cells. The coexpression of the GABAergic and glutamatergic phenotypes is
lost at larval stages (Root et al., 2008). Similarly, a dual glutamatergic and dopaminergic
phenotype is evident in rat ventral mesencephalon at embryonic day 15, which is lost by
embryonic day 19 retaining the dopaminergic phenotype in exclusivity (Dal Bo et al., 2008).
In 24 h old zebrafish embryos, a third of Pax2-expressing spinal interneurons are both
GABAergic and glycinergic (Batista and Lewis, 2008) and even a small number of
GABAergic cells also express the glutamatergic phenotype (Higashijima et al., 2004). The
incidence of the triple and dual phenotypes decreases as development progresses
(Higashijima et al., 2004). In the developing auditory brainstem of the gerbil and rat the
developmentally regulated coexistence of the GABAergic and glycinergic phenotypes is
also apparent (Kotak et al., 1998; Nabekura et al., 2004). Moreover, these immature
glycinergic/GABAergic presynaptic neurons in the rat lateral superior olive also release
glutamate (Gillespie et al., 2005). The overlap of GABAergic and glutamatergic phenotypes
is also transiently apparent in the developing rat cerebellar Purkinje cells (Gras et al., 2005)
and in granule cells of the rodent dentate gyrus. These mossy fibers functionally express a
dominant GABAergic phenotype during neonatal stages (Safiulina et al., 2006), they adopt
the glutamatergic phenotype later on (Gutierrez et al., 2003; Walker et al., 2001) until the
third postnatal week when mostly the glutamatergic phenotype prevails (Gutierrez et al.,
2003). This overlap in neurotransmitter expression is not exclusive to the neurotransmitters
referenced above. For instance, during development the early arriving axons that will
innervate the sweat glands are noradrenergic but they transition and switch to the cholinergic
phenotype as innervation progresses (Landis and Keefe, 1983; Schotzinger and Landis,
1988, 1990) and coexpression of the cholinergic and noradrenergic phenotypes is transiently
apparent (Landis and Keefe, 1983).

The consideration of the rather promiscuous expression of two or more neurotransmitters in
developing neural progenitors and immature neurons compared to fully mature neurons,
suggest that there is pruning of neurotransmitter expression as development progresses.
Alternatively, the observed coexpression corresponds to the transition between the initial
phenotype towards the mature one. In fact, both scenarios are present. An example of the
transient coexistence of multiple neurotransmitters that leads to a switch in neurotransmitter
expression is well represented by the neurons in which the target tissue triggers the
expression of a different neurotransmitter than the one initially specified. The initial
noradrenergic phenotype, transitioning to the dual noradrenergic/cholinergic, ending with
the cholinergic phenotype of sympathetic neurons that innervate the sweat glands, is a
paradigmatic example (Landis and Keefe, 1983; Schotzinger and Landis, 1988, 1990). The
mechanisms underlying this neurotransmitter respecification involve a retrograde signaling
triggered by the neurotrophic cytokines of the CNTF family expressed in the sweat glands
that induce the switch from noradrenergic to cholinergic phenotype (Habecker et al., 1995;
Stanke et al., 2006) in a p38-dependent manner (Loy et al., 2011). Neurotrophins are
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important regulators of neurotransmitter expression. The p75 neurotrophin receptor
regulates the development and relative number of medial septal region basal forebrain
cholinergic and GABAergic neurons in a non-cell autonomous manner (Lin et al., 2007).
Neurotrophins like BDNF can even mediate dynamic and fast changes in the identity of the
synapse between sympathetic neurons and cardiac myocytes by controlling the release of
excitatory noradrenaline or inhibitory acetylcholine presynaptically coexpressed (Yang et
al., 2002).

The expression of multiple neurotransmitters in the early stages of development followed by
a pruning and specialization on a single neurotransmitter phenotype appears to be the most
common situation (Berube-Carriere et al., 2009; Gillespie et al., 2005; Nabekura et al., 2004;
Root et al., 2008). The mechanisms underlying these transitions are not fully understood
with some but significant exceptions which seem to point towards a feedback loop,
dependent on neurotransmitter signaling (Figure 1), Spontaneous electrical activity is
regulated by neurotransmitter signaling and its blockade perturbs the progression in
neurotransmitter phenotype specification during spinal cord development (Root et al., 2008).
Other developing systems are also sensitive to neurotransmitter signaling for the regulation
of neurotransmitter phenotype expression; glutamate signaling regulates the appearance of
the cholinergic phenotype in developing hypothalamic neurons (Belousov et al., 2001; Liu et
al., 2008).

5. Neurotransmitter respecification in the mature nervous system

The developing nervous system is paradigmatic in its capacity to change, to transform itself
and to rectify. Neurons are generated in high numbers and then trimmed down to the
appropriate population size. Synapses are formed and then some are stabilized while others
are eliminated. Expression of neurotransmitter receptor subunits is dynamically regulated
conferring different synaptic properties to the developing neuronal networks (Borodinsky et
al., 2012). Considering this rather generalized neurotransmitter respecification during
development, the question is whether this phenomenon occurs in the mature nervous system
as well. Indeed, adult rat hippocampal glutamatergic granule cells grown in vitro, can be
induced to recapitulate the dual GABAergic/glutamatergic phenotype characteristic of the
developing cells, by sustained enhancement of glutamatergic transmission or by BDNF
(Gomez-Lira et al., 2005). The added GABAergic phenotype is also apparent in
hippocampal slices of epileptic rats and in BDNF-treated slices from naive rats (Gomez-Lira
et al., 2005). More recently, the evaluation of the coexistence of the glutamatergic and
GABAergic phenotypes in the adult rat brain demonstrated that VGAT, the vesicular GABA
transporter, is present in synaptosomes from hippocampal and cerebellar mossy fibers,
typical glutamatergic and excitatory synapses. Reciprocally, VGLUT?2, the vesicular
glutamate transporter, is present in synaptosomes of cerebellar basket cell terminals,
classical inhibitory and GABAergic terminals (Zander et al., 2010). The dual dopaminergic/
glutamatergic phenotype in the embryonic nucleus accumbens that is more prominent at
early developmental stages is enhanced postnatally (P15 rats) after neonatal (P4) injury with
6-hydroxydopamine cerebroventricular administration to lesion dopaminergic neurons (Dal
Bo et al., 2008). The change in neurotransmitter specification continues in the adult (P90)
and the acquired glutamatergic phenotype in dopaminergic neurons is mostly lost in rats
injured at neonatal stages (Berube-Carriere et al., 2009).

6. Function of neurotransmitter respecification: Homeostasis of nervous

system excitability

What are the roles of the changes in neurotransmitter specification? Recent studies have
started to answer this question by experimentally interfering with neurotransmitter
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respecification and assessing the functional consequences (Figure 2). In conditional
VGLUT?2 knockout mice lacking the transporter only in dopaminergic neurons, stimulation
of locomotor activity by cocaine or amphetamine is impaired (Birgner et al., 2010; Hnasko
et al., 2010). This seems to be due to the enhancement of dopamine vesicular storage by
glutamate, which is missing from the projections of ventral tegmental area neurons in the
knockout animals (Hnasko et al., 2010). Remarkably, absence of VGLUT2 in dopamine
neurons also results in what seems to be an opposite behavioral outcome compared to the
lack of stimulated locomotor activity, an enhanced reward consumption and reward-
associated memory (Alsio et al., 2011). This unexpected change in addictive-like behavior
seems to be a result of a compensatory mechanism, an upregulation of dopamine receptors
in the striatum of the conditional VGLUT2 knockout mice (Alsio et al., 2011).

In the developing auditory system where the triple GABAergic, glycinergic and
glutamatergic phenotype is transiently expressed, the elimination of the glutamatergic
phenotype severely jeopardizes the refinement of the developing neuronal circuit (Noh et al.,
2010). The developmental strengthening that occurs in wild type synapses between the
medial nucleus trapezoid body and the lateral superior olive is reduced in VGLUT3
knockout mice. On the other hand, synapse elimination between neurons of these two
structures that is also needed to fine-tune the developing circuit is also impaired in these
mutant animals. This defective progression of changes in synaptic function at the onset of
hearing leads to a deficient and perturbed tonotopic organization (Noh et al., 2010). In
addition, the elimination of the glutamatergic phenotype from these GABAergic/glycinergic
developing connections induces an imbalance among all the inputs that contribute to the
excitation/inhibition status of the lateral superior olive (Noh et al., 2010).

The balance in the excitability of the developing nervous system appears to be a common
denominator in the regulation of the neurotransmitter phenotype. Changes in illumination in
the Xenopus laevis larva that lead to changes in activation of the retinohypothalamic
projections induce changes in the number of dopaminergic neurons (Dulcis and Spitzer,
2008). The changes follow a homeostatic paradigm, when activity is enhanced, more
dopaminergic inhibitory neurons in the ventral suprachiasmatic nucleus are specified
inhibiting melanotrope cells and inducing a lighter skin and the background camouflage
behavior (Dulcis and Spitzer, 2008). The specification of the serotonergic phenotype of the
Xenopus hindbrain is also dependent on levels of spontaneous activity and has behavioral
consequences (Demarque and Spitzer, 2010). When activity is enhanced by overexpression
of voltage-gated Na* channels, the number of serotonergic neurons in the hindbrain
decreases and leads to an increase in the duration of episodes of the fictive swimming. In
contrast, suppressing activity by overexpression of an inward rectifier K* channel leads to
an increase in the number of serotonergic neurons and a decrease in the fictive swimming
episode duration (Demarque and Spitzer, 2010). This homeostatic regulation of
neurotransmitter specification is also apparent in the developing spinal cord (Belgacem and
Borodinsky, 2011; Borodinsky et al., 2004) and is accompanied by correlated changes in
neurotransmitter receptor expression in target cells (Borodinsky and Spitzer, 2007).

7. Concluding remarks

A vast number of studies, some of which were presented herein, support and generalize the
phenomenon of a dynamic neurotransmitter phenotype specification in the developing and
mature nervous system. Neurotransmitter expression can be transient and is regulated by
developmental and environmental cues. These changes in neurotransmitter expression have
significant consequences and need to be incorporated in the repertoire of mechanisms
underlying plasticity and compensation to the changing environment. Achieving
homeostasis of excitability in the nervous system is a challenging endeavor. It is likely that a
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different combination of mechanisms operate under different circumstances to ensure
balance. Modifications in neurotransmitter specification appear to be critical for the
establishment of appropriate neuronal circuits during development and hence play a pivotal
role in nervous system function.
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Figure 1. Regulation of neurotransmitter phenotype expression

The specification of neural progenitors by morphogenetic proteins triggers a genetic
program that results in expression of transcription factors in the emerging neurons necessary
for the definition of the neurotransmitter identity. This is not a rigid program because it is
intersected by other developmental and environmental cues, including pre and
postsynaptogenic electrical activity and factors released from target tissues. In turn, the
neurotransmitter signaling feedback loops into the process of neurotransmitter specification.
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Figure 2. Roles of neurotransmitter respecification

Activity-dependent changes in specification of the dopaminergic phenotype in the ventral
suprachiasmatic nucleus underlie the camouflage behavior of Xenopus laevis larva (left
(Dulcis and Spitzer, 2008)). Electrically- or convulsant-induced seizures in rats promote the
expression of the GABAergic phenotype in glutamatergic pyramidal hippocampal neurons
counteracting the imposed perturbation in the circuit activity (middle (Gomez-Lira et al.,
2005)). The developmental coexpression of the glutamatergic phenotype in glycinergic/
GABAergic neurons of the olive nucleus is necessary for the establishment of appropriate
tonotopic maps in the auditory cortex (right (Noh et al., 2010)).
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