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ABSTRACT 

 

The development of ventral spinal networks into functional circuits is a 
complex process comprising genetic and epigenetic mechanisms cooperating for the 
maturation of motor control (Jessell, 2000; Kiehn, 2006). Elucidating such a process 
is crucial in modern neuroscience to identify neurons more vulnerable to spinal 
degenerative disease or to develop novel strategies for rebuilding damaged circuits. 
Organotypic cultures developed from embryonic mouse spinal cord, maintained in 
vitro for 1 or 2 weeks, recapitulate many events of the in vivo developing spinal 
segments and are particularly suited to study spinal network maturation (Avossa et 
al., 2003; Rosato-Siri et al., 2004; Furlan et al., 2005; Furlan et al., 2007).  

In this thesis, I used such a model to investigate, in embryonic spinal 
segments, the spatio-temporal control of intracellular Ca2+ signaling generated by 
neuronal populations in motor circuits.  

I investigated the age-dependent expression of repetitive Ca2+ signals 
monitoring, by Ca2+-imaging technique, neuronal Ca2+ dynamics at single cell level 
in slice cultures of the embryonic mouse spinal cord, loaded with the fluorescent 
indicator FURA2-AM. I analyzed small groups of ventral spinal neurons at early and 
late embryonic network developmental stages, namely at 7-11 (1 week) and 14-17 (2 
weeks) days in vitro (DIV; Furlan et al., 2007).  

I reported, for the first time, the developmentally-regulated shift in the 
generation of repetitive Ca2+ signals, from early waves driven by synaptic activity 
invading the entire spinal region to late, activity-independent, asynchronous 
oscillations generated by few neurons in restricted ventral areas.  

I demonstrated by immunofluorescence stainings and Ca2+-imaging 
experiments, that only a minority (15 to 20 %) of ventral neurons expressed this late 
Ca2+ oscillatory activity. Such oscillations expressed a specific dependence on 
mitochondria Ca2+ buffering properties (Fabbro et al., 2007).  

Next, I addressed the role of the extracellular and intracellular Ca2+ sources in 
the generation of activity independent oscillations. A first glimpse about the complex 
origin of Ca2+ for oscillations came from the observation that, in the majority of cells 
(60%), oscillations were completely abolished by Ca2+-free solution, whereas in 40% 
of cells clusters of oscillations were still detected during Ca2+-free perfusion. This 
response to Ca2+-free medium was bimodal, as no coexistence of these two effects 
was found in the same slice. Similar heterogeneity was observed following the 
application of the Ca2+ stores depletory, thapsigargin that induced either block (62% 
of neurons) or persistence (38%) of oscillations. The oscillatory activity was not 
dependent on ryanodine-sensitive stores.  
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Thus, despite the stereotyped properties of oscillations (origin, periodicity, 
etc), these events could be generated with the contribution of multiple Ca2+ sources. 

A second issue relevant in identifying oscillating neurons was to monitor the 
patterns of expression of Ca2+ binding proteins and of Cl- co-transporters, KCC2 and 
NKCC1.  

I observed a strong dependence of the expression profile of the Ca2+-binding 
protein calbindin on developmental maturation. This was not an universal 
phenomenon, in fact, other Ca2+ binding proteins, such as calretinin and 
parvalbumin, did not follow the same pattern.  

I did not detect differences in the expression pattern of NKCC1, between 1 
and 2 weeks of in vitro growth, conversely KCC2-ir was more located to neuronal 
processes along with development. 

Recent results show that H2O2 is an endogenous donor of reactive oxygen 
species present in the CNS in µM concentrations (Lei et al., 1998). In the postnatal 
spinal cord, H2O2 has been recently indicated as a soluble, Ca2+ dependent mediator, 
capable of modulating synaptic plasticity under physiological and pathological 
conditions (Takahashi et al., 2007).  

In this study, physiological concentrations of H2O2 increased intracellular 
Ca2+ only in oscillating neurons without changing the oscillation period. The fact that 
oscillating neurons were the only responsive cells to a low H2O2 dose suggested that 
these spinal interneurons could be critical transducers of the modulatory action of 
H2O2.  

Thus, a small group of ventral interneurons (at 2 weeks in vitro) could be 
characterized by two functional predictors, namely sensitivity to H2O2 and ability to 
produce spontaneous oscillations. 

It seems attractive to assume that periodic oscillations of Ca2+ plus H2O2 
sensitivity confer a summative ability to these cells to shape the plasticity of local 
circuits through different changes (phasic or tonic) in intracellular Ca2+. 
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RIASSUNTO 

 

Nel midollo spinale lo sviluppo in circuiti funzionali delle reti neuronali 
dell’area ventrale è un processo complesso, che coinvolge meccanismi genetici ed 
epigenetici che promuovono la maturazione del controllo motorio (Jessell, 2000; 
Kiehn, 2006). Far luce su tali meccanismi è un passo cruciale per identificare quei 
neuroni che risultano essere più vulnerabili in caso di patologie degenerative del 
midollo spinale, ma anche per elaborare nuove strategie nel campo della 
rigenerazione dei circuiti danneggiati.  

Le colture organotipiche ottenute dal midollo spinale embrionale di topo e 
mantenute in vitro per 1 o 2 settimane, riepilogano molti dei processi che 
caratterizzano lo sviluppo dei segmenti spinali in vivo e sono particolarmente adatte 
allo studio della maturazione della rete spinale (Avossa et al., 2003; Rosato-Siri et 
al., 2004; Furlan et al., 2005; Furlan et al., 2007).  

In questa tesi ho usato tale modello per studiare, nei segmenti di midollo 
spinale embrionale, il controllo spazio-temporale di segnali intracellulari al Ca2+, 
generati da popolazioni neuronali appartenenti ai circuiti motori.  

Ho osservato la presenza di segnali ripetuti al Ca2+ dipendenti dall’età delle 
colture, monitorando le dinamiche intracellulari del Ca2+ nelle singole cellule con 
esperimenti di Ca2+-imaging in fettine precedentemente incubate con la sonda 
fluorescente FURA2-AM. Ho analizzato piccoli gruppi di interneuroni localizzati 
nella regione ventrale del midollo spinale, a stadi sia precoci che tardivi di sviluppo 
della rete, cioè a 7-11 (prima settimana) e 14-17 (seconda settimana) giorni in vitro 
(DIV; Furlan et al., 2007).  

Per la prima volta ho descritto un cambiamento nella generazione di segnali 
spontanei al Ca2+, dipendente dalla maturazione in vitro delle colture: da waves 
precoci, guidate dall’attività sinaptica, che invadevano l’intera regione ventrale del 
midollo spinale, fino a tardive oscillazioni asincrone, indipendenti dall’attività 
elettrica, generate da pochi neuroni ristretti alle aree ventrali.  

Mediante marcature di immunofluorescenza nonché con esperimenti di Ca2+-
imaging, ho dimostrato che solo una minoranza (dal 15 al 20 %) di neuroni presenti 
nelle zone ventrali esprimevano questa tardiva attività oscillatoria. Queste 
oscillazioni mostravano una specifica dipendenza dalle proprietà di buffering del 
Ca2+ presenti a livello mitocondriale (Fabbro et al., 2007). 

In seguito, ho valutato il ruolo che le fonti extracellulari e intracellulari di 
Ca2+ potevano avere nella generazione di queste oscillazioni indipendenti dall’attività 
elettrica. Una prima idea del fatto che tali oscillazioni avessero un’origine complessa, 
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derivava dall’osservazione che nella maggior parte delle cellule (60%), questi segnali 
erano completamente bloccati in una soluzione priva di Ca2+, mentre nel 40% dei 
neuroni alcune oscillazioni persistevano anche in assenza di Ca2+. Questa risposta in 
una soluzione priva di Ca2+ è risultata essere bimodale, dal momento che non ho mai 
riscontrato alcuna coesistenza di questi due fenomeni nella stessa fettina. Una simile 
eterogeneità è stata osservata anche in seguito ad applicazioni di tapsigargina, la 
quale induceva sia il blocco (62% di neuroni) che la persistenza (38%) delle 
oscillazioni. Questa attività oscillatoria non dipendeva, però, dai depositi 
intracellulari di Ca2+ sensibili alla rianodina. 

Così, nonostante le proprietà stereotipate delle oscillazioni (origine, 
periodicità, etc…), questi eventi potrebbero essere generati grazie al contributo di 
diverse fonti di Ca2+. 

 
Una seconda questione importante nell’identificazione dei neuroni oscillanti è 

stata quella di monitorare i pattern di espressione delle Ca2+ binding proteins e dei 
trasportatori del Cl-, KCC2 e NKCC1.  

Ho osservato una forte dipendenza del profilo di espressione della proteina 
calbindina in relazione alla maturazione dei circuiti ventrali durante lo sviluppo. 
Questo non era, però, un fenomeno universale, infatti, altre Ca2+ binding proteins, 
come calretinina e parvalbumina, non avevano lo stesso profilo di espressione.  

Non ho, invece, riscontrato differenze nell’espressione della proteina NKCC1 
tra 1 e 2 settimane in coltura; al contrario KCC2, andando avanti con lo sviluppo, si 
trovava maggiormente localizzata nei processi neuronali. 

Risultati recenti dimostrano che l’H2O2 è un donatore endogeno di specie 
reattive dell’ossigeno, presente nel CNS in concentrazioni µM (Lei et al., 1998). Nel 
midollo spinale post-natale l’H2O2 è stata recentemente indicata anche come un 
mediatore solubile dipendente dal Ca2+ intracellulare, capace di modulare la plasticità 
sinaptica in condizioni sia fisiologiche che patologiche (Takahashi et al., 2007).  

In questo mio studio, concentrazioni fisiologiche di H2O2 aumentavano il 
livello basale del Ca2+ intracellulare solo nei neuroni che oscillavano, senza però 
cambiare il periodo delle oscillazioni. Il fatto che i neuroni oscillanti fossero le sole 
cellule che rispondevano a basse dosi di H2O2 ci ha suggerito che questi interneuroni 
spinali potrebbero essere dei critici trasduttori dell’azione modulatoria dell’H2O2.  

In questo modo, un piccolo gruppo di interneuroni ventrali (a 2 settimane di 
crescita in vitro) potrebbe essere caratterizzato da due marcatori funzionali: la 
sensibilità all’ H2O2 e la capacità di produrre oscillazioni spontanee.  

Sembra molto interessante supporre che le periodiche oscillazioni al Ca2+ e la 
sensibilità all’H2O2 conferiscano a queste cellule la capacità di modellare la plasticità 
dei circuiti locali attraverso differenti cambiamenti (fasici o tonici) nella 
concentrazione del Ca2+ intracellulare. 
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INTRODUCTION 

 

The spinal cord acts as a unified and coherent structure in the majority of 

neuronal behaviors however distinct spinal regions are enabled to sustain separate 

functional features. In fact ventral horn neurons are mainly involved in the 

generation of locomotor patterns, middle horn areas of thoracic and lumbo-sacral 

regions have autonomous-related roles and dorsal horn areas primarily elaborate 

sensory information. In the adult mammals the spinal cord generates a rhythmic 

oscillatory activity that is transformed into locomotor commands. This motor 

program depends upon ventral horn interneuronal activity and is modulated and 

continuously refined by afferent sensory inputs and by descending signals from the 

brain (Taccola and Nistri, 2006; Nistri et al., 2006).  

Spinal networks active in the mammalian embryos are the precursor of adult 

locomotor circuits, where rhythmic movements rely on specialized circuits called 

Central Pattern Generators (CPGs; Kiehn and Butt, 2003). Spinal CPGs are 

thought to generate both the rhythm as well as the correct patterns of activities 

(Kiehn and Butt, 2003) relying on intrinsic spinal circuits which might operate 

independently of the higher levels of motor organization. The CPGs in rodents, such 

as rats and mice, have properties which are thought to be similar to those in humans. 

The first demonstration of the presence, in the spinal cord, of neuronal networks 

which may autonomously generate rhythmic movements emerged by Graham Brown 

studies (Brown, 1911). Brown showed that, in mammals, spinal neural networks 

generate rhythmic motor outputs, even when deprived of afferent sensory inputs 

and/or supra-spinal control. These autonomous motor networks are present in all 
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vertebrates and are supposed to include different CPGs for the control of inferior or 

superior limbs (Kuo, 2002).  

In developmental studies, great relevance has been given at investigating the 

formation of spinal circuits that produce rhythmic movements. These studies were 

boosted by the notion that monitoring motor outputs is relatively easy and that the 

behaviors controlled by spinal outputs are important for the individual. For instance, 

the correct activity of CPGs that control breathing, feeding and locomotion is 

necessary for animals to survive (Marder and Rehm, 2005). 

In healthy conditions, locomotor CPGs are under the tight control of higher 

Central Nervous System (CNS) levels and they are adjusted by peripheral inputs, 

which physiologically modulate CPGs activity. Various models of CPGs operation 

supported by available experimental evidence assume as crucial the role of a class of 

spinal interneurons (located ventrally to the central canal), that via commissural 

interneurons distribute synaptic inputs to left and right motor pools of the hind-limb 

muscles (Kiehn et al., 2000; Grillner and Wallén, 2002; Kiehn and Kullander, 2004). 

At the motor neuron level this reciprocal organization is produced by alternating 

excitation and inhibition in each cycle of the rhythmic motor output (Kiehn et al., 

1997; Hochman and Schmidt, 1998). The cyclic output of most motor circuits in the 

spinal cord depends on the interplay between the excitation mediated by glutamate 

acting on ionotropic receptors and the GABA- (γ-aminobutyric-acid) and glycine-

mediated inhibition together with the activity of voltage-sensitive ion channels 

(Grillner and Wallen, 2002; Alford et al., 2003; Kudo et al., 2004). Mature spinal 

networks display locomotor patterns, usually triggered by activation inputs (Wolpaw 

and Tennissen, 2001; Nishimaru and Kudo, 2000; Bate, 1999). In the mature spinal 

cord glycine and glycine receptors immunoreactivity reveal a widespread distribution 

of this neurotransmitter and its receptors in both ventral and dorsal horns, suggesting 
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that glycine plays a key role both in controlling movement execution as well as in 

representing or mediating responses to sensory perception (Betz, 1991; Kuhse et al., 

1995; Flint et al., 1998). Electrophysiological recordings suggest that mature spinal 

cord neurons are more responsive to glycine than to GABA (Campistron et al., 1986; 

Meinecke and Rakic, 1990), this issue is supported by the finding that glycine is the 

most abundant fast inhibitory neurotransmitter in the spinal tissue (Miranda-

Contreras et al., 2002). However additional studies pointed out that, analyzed at the 

level of single segments, GABA is also exerting major effects on adult spinal 

circuitry (Bohlhalter et al., 1996; Tran and Phelps, 2000). In fact, the GABAergic 

system plays a significant role in the pre-synaptic inhibition of primary afferents 

modulating sensory transmission, nociception and motor activity (Bohlhalter et al., 

1996; Vinay et al., 1999; Dougherty et al., 2005; Zhang et al., 2005). 

The excitation and inhibition of spinal motor neurons are largely controlled 

by interneurons that are located mainly in the ventral half of the spinal cord (Song et 

al., 2006). Although interneurons have an important role in the generation of motor 

patterns, little is known about their identity, function and involvement in the 

formation of the network they belong to. 

 

A key objective of neuroscience research is to understand the processes 

leading to mature neural circuitries in the CNS that enable the control of different 

behaviors. During development, network-constitutive neurons undergo dramatic 

rearrangements, involving their intrinsic properties, such as the blend of ion channels 

governing their firing activity, and their synaptic interactions. The spinal cord is no 

exception to this rule in fact, in the ventral horns, the maturation of motor networks 

into functional circuits is a complex process where several mechanisms cooperate to 

achieve the development of motor control. Elucidating such a process is crucial in 
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identifying neurons more vulnerable to degenerative or traumatic diseases or in 

developing new strategies aimed at rebuilding the damaged tissue. 

 

The focus of my Thesis is on the development of ventral spinal networks in 

mammals. 

 

 

Emergence of heterogeneous classes of interneurons during spinal 

cord development  

 

In the spinal cord, interneurons are heterogeneous classes of neurons 

comprising any neuron synaptically positioned between sensory neurons and motor 

neurons. This category includes neurons that project to supra-spinal levels and 

neurons with projections limited to the spinal tissue. In several studies the term 

“interneuron” is restricted to the latter category, although in embryonic spinal cord to 

clearly identify the two categories might be difficult if not impossible, since axons 

require time to reach their targets (Eide and Glover, 1995). Therefore, developmental 

studies usually use the term “interneuron” for all non-motor neurons (Nissen et al., 

2005).  

The most accurate characterization of spinal interneurons requires identifying 

the afferent input, output, type of action (excitatory or inhibitory) and role played in 

neuronal networks (Grillner et al., 1998). However for the majority of mammalian 

spinal interneurons all these features are rarely known and in several cases cells 

considered as interneurons cannot be clearly differentiated from other types of 

neurons (Jankowska, 2001). In fact, little is known about the electrophysiological 
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properties of ventral horn interneurons. Spinal cord neurons show a high degree of 

specialization in their intrinsic properties, leading to various activity patterns, whose 

dynamics might be essential for handling different tasks (Russo and Hounsgaard, 

1999). The relation between locomotor patterns, spinal networks and firing 

properties of single neurons has been approached in relatively simple networks and 

in preparations in which behavioral repertoires can be studied in detail (Grillner et 

al., 1998; Russo and Hounsgaard, 1999). Notwithstanding the difficulties in 

discriminating neurons by their input, output and actions, in in vitro preparations, a 

number of tests can be adopted. For instance, physiological stimuli are applied to the 

skin or delivered to muscles in an spinal hind-limb preparations (Kjaerulff et al., 

1994; Lopez-Garcia and King, 1994), alternatively stimulations are applied to the 

attached peripheral nerves (Morris, 1989; Bleazard and Morris, 1993; Iizuka et al., 

1997) or dorsal root fibers (Morisset and Nagy, 1998; Yang et al., 1999) while 

recording from the isolated rat spinal cord, or even from spinal cord slices. In 

addition location, morphology and/or immunohistochemistry, but even differential 

gene expression patterns, have been used as distinguishing features of interneurons 

(Jankowska, 2001).  

Recently, a novel approach has been used based on the discovery that ventral 

neurons can be distinguished by combinatorial expression of transcription factors 

(Briscoe et al., 2000; Goulding and Lamar, 2000; Pierani et al., 1999, 2001) and 

distinct genetic markers for specific neuronal populations allow to functionally 

identify their role in motor behavior (Goulding et al., 2002; Jessell, 2000; Lanuza et 

al., 2004). 

Progenitors of spinal neurons are initially diversified according to the ventral 

to dorsal axis and in response to the gradient of a secreted protein, the Sonic 

hedgehog (Shh; Patten et al., 2000). In addition the subsequent expression of 
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transcription factors characterized by mutually repressive interactions, establishes 

clear-cut dorso-ventral progenitor domains (Jessell, 2000; Briscoe and Ericson, 2001; 

Nissen et al., 2005). Thus, distinct classes of ventral interneurons are generated at 

definite position. The elimination of Shh signaling prevents the differentiation of 

most classes of ventral interneurons. Progressive changes in Shh concentration 

generate five classes of genetically distinct ventral neurons from neuronal progenitor 

cells in vitro: V0, V1, V2, V3 interneurons and motor neurons (Ericson et al., 1997a, 

1997b; Jessell, 2000; Briscoe and Ericson, 2001; Lee and Pfaff, 2001; Goulding et 

al., 2002; Sapir et al., 2004; Alvarez et al., 2005; Nissen et al., 2005). The spinal 

localization of these neuronal classes in vivo can be predicted by the concentration of 

Shh required for their induction in vitro. Neurons induced in progressively more 

ventral regions of the neural tube require correspondingly higher Shh concentrations 

(Ericson et al., 1997a). Recent studies provided evidence that a group of 

homeodomain proteins express by ventral progenitor cells, might sense graded Shh 

signaling (Pierani et al., 1999; Briscoe et al., 1999; Briscoe et al., 2000). These 

homeodomain factors fall into two classes (class I and class II proteins), identified 

by their expression pattern and their Shh regulation modality. The expression of each 

class I protein (Pax7, Dbx1, Dbx2, Irx3 and Pax6) is repressed by Shh. On the 

contrary, the expression of class II proteins (Nkx6.1 and Nkx2.2) requires Shh 

signaling. These mechanisms allow Shh control of neuronal fate and the establishing 

of different progenitor populations defined by the expression of Pax6 and Nkx2.2, in 

addition each progenitor domain generates a distinct class of post-mitotic neurons 

(Briscoe et al., 2000). The combinatorial expression profile of these two classes of 

homeodomain proteins defines five cardinal progenitor cell domains within the 

ventral neural tube. In a first step, the expression of progenitor cell homeodomain 

proteins is differentially repressed or activated by graded Shh signaling. In a second 
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step, cross repressive interactions between class I and class II proteins establish, 

refine and stabilize progenitor domains. In a third step, the profile of homeodomain 

proteins expressed within each progenitor domain directs the generation of specific 

sets of post-mitotic neurons (Jessell, 2000).  

 

 

 

Figure 1. Three Phases of Ventral Neural Patterning. 
(A) Graded Shh signaling initiates dorsoventral restrictions in the domains of class I and class II 
protein expression within the ventral proposed as intermediaries in Shh signaling. Class I proteins are 
repressed by Shh signals and class II proteins require Shh signaling. Individual class I and class II 
proteins have different Shh concentration requirements for repression or activation. 
(B) Cross-repressive interactions between class I and class II proteins that abut a common progenitor 
domain boundary refine and maintain progenitor domains.  
(C) The profile of expression of class I and class II proteins within an individual progenitor domain 
controls neuronal fate (from Briscoe et al, 2000). 
 
 

Post-mitotic neurons generated from these different progenitor domains via 

the expression of a second set of transcription factors initiate programs of 

differentiation that will ultimately lead to the various phenotypes (Jessell, 2000; Lee 

and Pfaff, 2001; Goulding et al., 2002; Nissen et al., 2005). 

V0 and V1 interneurons, which derive from cells within the p0 and p1 

domains localized in the dorsal region of the ventral neural tube, express Evx1/2 

(V0) and En1 (V1) respectively (Ericson et al., 1997a; Pierani et al., 1999). 

Moreover the maintenance of Dbx1 expression is accompanied by the persistence of 
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V0 neurons and the decrease in Dbx2 expression parallels the loss of V1 neurons 

(Pierani et al., 1999). A more ventral class of V2 neurons expresses Chx10 (Ericson 

et al., 1997a) and they derive exclusively from cells within the p2 domain: Nkx6.1, 

in the context of Irx3 activity, promotes the generation of V2 neurons (Briscoe et al., 

2000). Finally the region between floor plate cells and motor neurons generates Sim1 

V3 interneurons, defined by expression of Nkx2.2 which derived from cells within 

the p3 domain (Jessell, 2000). 

 

 

 

Figure 2. Expression patterns of class I and class II homeodomain proteins in progenitor cells located 
in the ventricular zone of the spinal cord, and their relationship to five classes of neurons that arise in 
the ventral spinal cord (interneurons V0–V3 and motor neurons Mn). The expression domains in the 
ventricular zone of the class I gene product Pax6 and the class II gene product Nkx2.2 are shown on 
the left-hand side. The small ovals on the right indicate the expression domains of the homeobox gene 
products Lbx1, Evx1, En1 and Isl1 in early populations of the D0, V0 and V1 interneurons and in 
motor neurons, respectively. V3 interneurons express the PAS-bHLH protein Sim1 (from Goulding 
and Lamar, 2000). 
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Although several genetically defined classes of neurons have been identified 

in the developing spinal cord (Jessell, 2000), little is known about the identity and 

the function of the spinal interneurons that contribute to locomotor CPGs networks. 

V1 neurons are thought to generate Ia inhibitory interneurons, in addition to 

Renshaw Cells (RC). V1 interneurons in the embryonic spinal cord initially express 

GABA (Sauressig et al., 1999; Pierani et al., 2001; Sapir et al., 2004). However, in 

the postnatal spinal cord GABA is down-regulated, particularly in the ventral horn, 

and the predominant neurotransmitter phenotype in V1 axons in the adult is 

glycinergic. V1-interneurons switch their inhibitory neurotransmitter profile 

postnatally, similarly to inhibitory neurons in other regions of the central nervous 

system (van de Pol, 2004). 

In a recent work by Gosgnach et al. (2006), the authors address the function 

of mouse V1 neurons, a class of ipsilaterally projecting inhibitory neurons that 

innervate motor neurons and express En1: these interneurons are thought to be part 

of the central pattern generator. Gosgnach et al (2006) show that V1 neurons shape 

motor outputs during locomotion and have an essential role in regulating the duration 

of locomotor step cycle and hence the speed of locomotion in mammals. Upon 

removal of the inhibition caused by V1 neurons the speed of the locomotor rhythm is 

slowed down: mutant mice lacking V1 neurons are unable to walk fast, but they can 

maintain normal motor behavior at a slower pace. These findings outline the 

importance of inhibition in regulating the frequency of CPG-locomotor rhythm.  

V1-derived interneurons (in L4 and L5 segments) are phenotypically 

heterogeneous and form distinct groups in the ventral horn of the adult spinal cord. 

Dorso-ventrally V1-derived interneurons are distributed throughout the ventral horn, 

but with largest concentrations in the dorsal half. This position of V1-derived 

interneurons suggests a closer relationship with motor neurons.  
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In a previous work (Lanuza et al., 2004) a different class of spinal neurons 

(V0) was shown as responsible for left-right coordination. In mutant mice lacking V0 

neurons the left and right motor neurons fire at the same time, rather than alternating. 

Hinckley et al., 2005 suggests that the visually identified HB9/GFP interneurons, 

located in lamina VIII, are glutamatergic interneurons that generate rhythmic 

membrane potentials in phase with rhythmic motor outputs. These excitatory 

interneurons express the homeodomain protein HB9 that genetically distinguishes 

them from most ventral interneurons and has a crucial role in motor neurons 

differentiation (Wilson et al., 2005). The interneurons generated by each of these 

embryonic classes in the adult are largely unknown.  

Alvarez et al. (2005) identify seven groups of interneurons by means of the 

expression pattern of Calcium Binding Proteins (CBPs) along with their position in 

the ventral horn. Calbindin is a good marker for RCs in the spinal cord ventral horn 

(Arvidsson et al., 1992; Sanna et al., 1993; Carr et al., 1994; Alvarez et al., 1999; 

Geinman et al., 2000), in addition a large number of other adult ventral interneurons 

express parvalbumin or calretinin (Antal et al., 1990; Ren and Ruda, 1994). By 

matching these criteria, Alvarez et al. (2005) described two groups of V1-derived 

cells, the first give rise to ventral interneurons expressing calbindin and/or 

parvalbumin, but little calretinin. The second representing about 50% of V1-derived 

interneurons, does not express CBPs and is usually located in more dorsal position.  

This raises the possibility that different V1-derived cell types arise at different times 

during development and V1-derived cell differentiate in relation to their “birth date” 

and/or in relation to the environment that they encounter while invading the spinal 

tissue.  

The appearance of a particular neurotransmitter in a certain class of neurons 

is a crucial step during development and cellular differentiation. Several mechanisms 
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regulate neurotransmitters specification: cytokines and neurotrophic factors 

(Furshpan et al., 1976; Landis and Keefe, 1983; Nawa and Patterson, 1990), intrinsic 

transcription factors (Thaler et al., 2002; Pierani et al., 2001), as well as activity-

dependent signaling (Walicke et al., 1981). For instance the incidence of neurons 

expressing GABA and its synthetic enzyme, glutamic acid decarboxylase (GAD), is 

up-regulated in cultured embryonic spinal neurons by increasing the frequencies of 

Ca2+ spikes ultimately mimicking endogenous spontaneous activity (Gu et al., 1994; 

Watt et al., 2000). The effects of activity on neurotransmitters specification are 

thought to be restricted to a critical period during early stages of development 

(Borodinsky et al., 2004).  

 

Traditionally the development of spinal cord interneurons and the formation 

of interneuronal synaptic connections have received less attention than the study of 

connections between motor neurons and the muscles they innervate. Indeed 

interneurons represent the integrative core of the spinal cord, for this reason their 

development has become an intensively studied topic (Jessell, 2000; Goulding et al., 

2002; Nissen et al., 2005). In the adult the functional flexibility of spinal 

interneuronal networks relies on the interactions between various cell populations 

and on the reconfigurations and adjustments of the operation of neuronal circuits or 

on the use of the same neuron/neuronal circuits for different purposes. Within this 

complex system, spinal inhibitory pathways play a central role in operating 

functional rearrangements, and such role is also developmentally regulated.   

Identifying the rules leading to the emergence of glycine and GABA 

interneurons might provide insights into their role in shaping spinal network 

formation. 
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Dynamic changes in the developing spinal networks: the case of the 

GABAergic and glycinergic components  

 

The interplay between the glycinergic and GABAergic components in the 

spinal cord is subjected to dynamic changes throughout development, where the 

“predominance” of one transmitter system versus the other depends on the stage of 

spinal maturation.  

Opposite to motor neurons, that are cholinergic, spinal interneurons are 

heterogeneous, although the core of mature spinal cord networks operation 

essentially requires excitatory glutamatergic and inhibitory glycinergic synaptic 

transmission (Grillner et al., 1995; Grillner et al., 2000).  

GABA and glycine are among the most prominent neurotransmitters involved 

in fast synaptic transmission in the spinal cord. During the process of neuronal 

maturation in rodents, from the embryonic to the early postnatal period, GABAergic 

and glycinergic synapses act as depolarizing endings, able to elevate intracellular 

Ca2+ concentration and, at early prenatal stages, to trigger action potentials (Ben-Ari 

et al., 1989; Reichling et al., 1994, Obrietan and van den Pol, 1995).  

The earliest recordings monitoring spinal activity in the mouse indicate that 

the glycinergic transmission favor propagation of episodes throughout contiguous 

spinal segments, while their generation locally relies on a network formed by motor 

neurons and by GABAergic interneurons (Hanson and Landmesser, 2003; Moody 

and Bosma, 2005). Nevertheless, existing evidence suggests that GABA is the most 

important transmitter in the generation of early prenatal miniature currents in rodent 

motor neurons (Gao et al., 2001) and it is crucial in the generation of motor nerve 

activity in the chick embryos (Milner and Landmesser, 1999). 
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Further investigating the dynamic of the expression profile of GABAergic 

and glycinergic neurons together with their role in the generation of spinal outputs 

reveals their extremely complex spatio-temporal pattern during spinal network 

development. 

Ma et al. (1992) investigated the spatial and temporal development of GABA 

immunoreactivity in the embryonic rat spinal cord. These authors found the first 

immunopositive fibres at embryonic age (E) 12.5 and the first GABA-

immunoreactive (GABA-ir) somata by E13.5 at the cervical level and ventrally 

located. These authors also reported that the peak in GABA-ir cells was transient in 

the ventral regions, while that located in the superficial layers of the dorsal horns was 

stable even in the adulthood.  

This developmental pattern, in which the first evidence of GABA synthesis 

occurs at E12.5 has been confirmed in an additional immunohistochemical study by 

Tran and Phelps (2000). In a further study, Tran et al. (2003) showed that the 

intracellular distribution of GAD proteins, the rate-limiting enzymes for the synthesis 

of the GABA, shifted, during spinal development, from somatic and proximal axon 

to distal axons and terminal-like varicosities. Interestingly, these changes were 

recapitulated by in vitro systems, and blocking axonal transport reversed these 

intracellular changes in older cultures (Tran et al., 2003).  

In a more recent work Allain et al. (2004) also address the precise 

localization of GABAergic neurons at distinct embryonic ages, but in the mouse 

spinal cord. These authors confirmed that the GABAergic system follows a rostro-

caudal gradient of maturation, spreading from the ventro-medial to the ventro-lateral 

areas, and subsequently fading within the same ventral areas, while contextually 

increasing in the dorsal cord. When investigating, by immunostaining experiments, 

the GABA-ir intracellular distribution, Allain and coworkers (2004) detected the first 
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GABA-ir somata at E11.5, localized at the brachial level, shifted at E12.5, when 

considering the lumbar one, such a rostro-caudal time lag is replicated by the 

appearance of the peak in GABA-ir neuronal density, observed at E13.5 at the 

brachial level and at E15.5 at the lumbar one. 

The one-day delay in the GABA-ir distribution time-profile detected when 

comparing rat spinal cord versus the mouse one has been basically related to the 

different gestation time in the two species (22 days to 19 days, rat versus mouse). 

Besides this difference the overall pattern of development in GABA-ir in mouse 

embryo resemble the one described in the rat one.   

The development and the functional regulation of the spinal GABAergic 

network is particularly relevant since a large population of GABA-ir interneurons 

appears in the ventral part of the spinal cord, where the core of the locomotor circuit 

is located. As summarized above, ventrally GABA-ir declines later in development, 

suggesting a maturation dependent phenomenon (Ma et al., 1992; Somogy et al., 

1995).  

Allain et al., (2005) further showed that in the entire mouse spinal cord 

maintained in organotypic culture, 5-HT regulates the spatio-temporal changes in the 

GABAergic neuronal population. 

In the rodent spinal cord at early developmental stages, when both GABA 

and glycine are detected and functionally depolarize neurons, GABAergic 

transmission has been shown to be more effective than the glycinergic one (Gao et 

al., 2001), whereas later in development many spinal synapses switch to a so called 

“glycine-dominated” transmission, which strongly contributes in generating mature 

locomotor patterns, in particular providing the physiological bases for ventral roots 

left-right alternated patterns of activity (Nakayama et al., 2002). In fact, as shown by 

Gonzalez-Forero and Alvarez (2005), GABAergic currents are more efficient in 
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triggering long depolarizations and subsequent Ca2+ entry. Mature synapses in the 

spinal cord, on the contrary, seem to rely more on glycinergic mediated inhibition to 

fully exploit proper synaptic integration (Beato, 2008). 

 

In fact, it has recently been reported that during early postnatal development, 

inhibitory neurons in the CNS switch from releasing predominantly GABA to 

releasing predominantly glycine (Nabekura, 2004). This well known form of 

developmental plasticity has been suggested to occur also in the chick spinal cord 

and this notion is supported by the detected co-localization of glycine and GABA 

immunoreactivities (Berki et al., 1995) and is strengthen by the finding in rat spinal 

cord of mixed synapses after birth (Jonas et al., 1998; Ren and Greer, 2003). 
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Figure 3. Quantitative analysis of the GABA-ir, Gly-ir, and mixed GABA/Gly-ir cell populations at 
E13.5, E15.5, and E17.5, in the brachial ventral horn. A1: The Gly-ir population was dominant at all 
stages studied and the percentage of co-localization did not evolve during embryonic development. 
A2–A3: Schematic drawings summarizing the temporal and spatial embryonic evolution of stained 
elements (A2) as well as GABA/glycine double-labeled somata (A3). 
Circles correspond to somata, and dots represent fibers. The location of motoneuronal pools is 
delimited in the ventral gray matter. Red corresponds to GABA, green to glycine, and yellow to 
double staining. B1–B2: Proportion of GABA/Gly double-stained cells (yellow area of histograms) 
within the GABAergic population (green area of the histogram, B1) and glycinergic population (red 
area of the histogram, B2; from Allain et al., 2006). 
 
 

The maturation of the glycinergic population parallels that of the GABAergic 

one previously described by Allain et al., (2004), although with a 1-day delay. This 
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delay is consistent with physiological data suggesting a transition from GABAergic 

to glycinergic synaptic transmission in newly formed networks (Gao et al., 2001; 

Kotak et al., 1998; Nabekura et al., 2004; Allain et al., 2006). Even though during 

postnatal maturation the functional switch from GABAergic to glycinergic synaptic 

inputs in the mouse ventral networks is thought to occur in a fashion similar to that 

described in the rat ventral cord (Gao et al., 2001), with the expression of mixed 

GABA/glycine inputs, which stably persist and represent around 20-30% of all 

synapses (Allain et al., 2006). At diverse stages of maturation, the presence of 

glycine- and GABA-mediated co-transmission, detected also during foetal life when 

glycine and GABA are purely excitatory, has been described (Jonas et al., 1998; 

Jean-Xavier et al., 2007), raising the possibility that the presence of GABA/glycine 

in presynaptic terminals might guarantee a sophisticated process of signal integration 

at the postsynaptic site, depending on the kinetic properties of the two responses. 



Introduction 

24 

 

 
 
Figure 4. Evolution of the glycinergic system during embryonic development. Schematic 
representation of glycine immunoreactivity in spinal cord slices at brachial (left) and lumbar (right) 
levels. Each drawing was established with representative confocal acquisitions from the corresponding 
stage of development. Large black dots correspond to Gly-ir cell bodies, and small dots represent 
glycine fibers. Black lines in the spinal cord sections delineate the limit of the marginal zone and 
dotted lines in the ventral horn the pools of somatic motor neurons (from Allain et al., 2006). 
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Shaping network development: the ongoing role of spontaneous 

neuronal activity  

 

In the last decades the use of multiple techniques, from fluorescent dyes, field 

potential mapping to lesion studies, has provided novel insights into spinal networks 

formation and function in mammals. In particular, a large body of research has 

recently emerged to improve the understanding of the molecular, cellular and network 

mechanisms responsible for the generation of immature spinal patterns of activity and 

their subsequent transformation into mature locomotor patterns (Jessell, 2000; Kiehn, 

2006).  

During the formation of the CNS, numerous crucial events, regulated by 

molecular signals, take place: neuronal induction and morphogenesis, neuronal 

patterning and neurogenesis, formation of axons and synaptogenesis. The assembly 

and development of the CNS is a complex process which involves both genetic 

instructions and cellular interactions leading to three major processes: axon grow and 

path-finding (proliferation), target recognition (migration) and the establishment of 

synaptic contacts, followed by the morphological specialization of synapses 

(differentiation; Sanes and Lichtman, 1999; Root et al., 2008). Several principles of 

CNS development were challenged in the last decades. For example, initially, path 

finding of growing axons was thought to be exclusively based on specific molecular 

cues provided by the surrounding developing tissues, thus independently on neuronal 

activity. Nowadays, increasing experimental evidences indicate that neuronal activity 

can influence path finding of axons before the formation of synaptic contacts. This 

concept implies that different axons might be differentially regulated by neuronal 

activity (Catalano and Shatz, 1998; Dantzker and Callaway, 1998; Ming et al., 2001).    
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Certainly, the role of neuronal activity in shaping, in a “use-dependent” way, 

the formation of proper circuits in the developing CNS is of crucial interest in 

contemporary neuroscience. During maturation such an activity belongs to two 

categories: spontaneous or experience-driven neuronal activity. Usually 

spontaneous activity is detected at earlier stages of embryonic development, and is 

supposed to guide large rearrangements in the nervous circuits, while experience-

driven activity occurs later, during postnatal stages of development, and is supposed 

to guide the fine tuning of developing circuits.  

Developing excitable cells exist in two general and different states: an 

immature state, in which the channel populations that are functionally expressed 

serve to regulate forms of activity that have a developmental function; and a mature 

state, in which channels mediate activity that serves to proper information 

processing. In each state, the ion channels expressed are optimized for their 

particular function. The immature channel populations help mediating the transition 

between the two states and the development of mature channels might depend on 

activity driven by the immature channels (Moody, 1998). Thus, developmental 

changes in the expression of a wide variety of voltage-, Ca2+- and ligand-gated 

channels depend on neuronal activity itself. It has been hypothesized that also the 

expression of channels which ultimately inhibit excitability, therefore reducing the 

occurrence of spontaneous activity, might be activity-regulated. In that case, neurons 

are able to detect when spontaneous activity has successfully triggered the required 

developmental program (Moody and Bosma, 2005).  

During ontogeny, neural networks undergo profound re-arrangements, 

involving their intrinsic properties and their synaptic interactions, due to circuit 

maturation (Feller, 1999). At early stages of development, the experimental 

manipulation of firing activity might promote significant changes in network 
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formation. For example, experimentally, it has been shown that via pharmacological 

modulation of the frequency of spontaneous bursts of neuronal activity, it is possible 

to modulate the intrinsic properties of immature neurons, such as the expression of 

particular classes of ion channels (Moody and Bosma, 2005). Another example 

comes from the work by Galante et al., 2000 in which the authors demonstrated that 

the pharmacological block of AMPA subtype of glutamate receptors during 

development caused profound and contrasting changes in the synaptic activity of 

immature spinal networks in vitro. 

 

A question arises: how and what kind of neuronal activity is generated by 

immature neurons belonging to early developing circuits? 

 

In many areas of the nervous system, from the spinal cord to the cortex, 

spontaneous activity, generated at different embryonic stages, plays essential roles in 

early and late development of the CNS. Spontaneous activity is thought to be crucial 

for the CNS expression of distinct neuronal phenotypes, axon growth, initial set of 

synaptic connections and signaling processes (Moody, 1998; Moody and Bosma, 

2005; Spitzer, 2006). In the spinal cord, as well as in other CNS areas, immature 

activity usually comprise spontaneously recurring episodes emerging more as a 

population behavior, due to the firing of large amounts of neurons, rather than the 

outcome of specific and localized rhythm generating networks. This activity is 

characterized by bursts of action potentials that last for tens/hundreds of milliseconds 

to seconds, with intervals of tens of seconds to minutes. Immature bursting activity 

often display the characteristic dynamic of propagating electrical waves, which 

spread from one region to another, such as those described in the retina (Wong, 1999; 

Feller, 1999; Penn and Shatz, 1999), in the hippocampus (Ben Ari et al., 1989; Ben 
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Ari et al., 2007) or in the neo-cortex (Garaschuk et al., 2000; Corlew et al., 2004) and 

in the spinal cord (O’Donovan and Chub, 1997; O’Donovan et al., 1998; O’Donovan, 

1999; Milner and Landmesser,1999; Momose-Sato et al., 2003; Ren et al., 2006). 

This recurrent activation of large amount of neurons usually requires synaptic 

activity, comprising excitatory synapses, as well as inhibitory ones, mediated by 

GABA or glycine generating depolarizing signals in the embryonic and early post-

natal neurons displaying high intracellular Cl- concentrations (Ben Ari et al., 2007). 

The transient depolarizing role of Cl--mediated fast synaptic transmission has been 

widely investigated together with its role in signaling circuit development, mostly via 

Ca2+ influx (Ben Ari et al., 1997; 2007) and Ca2+ waves (Garaschuk et al., 2000). In 

fact several cellular and network tools contribute in the generation of heterogeneous 

Ca2+ transients characterized by different kinetic-profiles, from waves to spikes and 

oscillations, orchestrated by the developing neural circuits (Root et al., 2008; Fabbro 

et al., 2007; Feller, 2004; Garaschuk et al., 2000; Spitzer et al., 2000; Yuste et al., 

1992; Allène et al., 2008). Interestingly, Root et al. (2008) proposed a model in 

which neurotransmitters (such as GABA and glutamate) synthesized and released by 

embryonic spinal tissue might trigger electrical activity (mostly calcium spikes) that 

further drives neuronal differentiation by inducing a specific repertoire of signaling 

molecules.  

Conversely, experience-driven activity is always evoked by sensory inputs, 

thus requiring maturation of peripheral sensory pathways to be expressed, and is 

characterized by spike trains, generated at different frequencies (Tao et al., 2001; 

Zhang et al., 2000; Zhang and Poo, 2001). This feature was investigated, for 

example, in the primary visual cortex, where the use-dependent activity is pivotal for 

the formation of ocular dominance and binocular interaction (Hubel and Wiesel, 

1962).  
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Spontaneous activity in the developing spinal cord 

 

Spontaneous neuronal activity in developing spinal networks is slow, 

irregular and synchronous and interests large populations of neurons. Along with 

spinal cord maturation this activity is replaced by mature locomotor patterns 

(Wolpaw and Tennissen, 2001; Nishimaru and Kudo, 2000; Bate, 1999).  

Rhythmic motor patterns and movements appear before they are needed for 

behavior: embryos move before they are born and during these movements the 

immature spinal cord shows rhythmic neuronal activity (Landmesser and 

O’Donovan, 1984; Greer et al., 1992; Milner and Landmesser, 1999; Branchereau et 

al., 2000; Nakayama et al., 2001; Hanson and Landmesser, 2003; Hanson and 

Landmesser, 2004; Yvert et al., 2004; Marder and Rehm, 2005; Furlan et al., 2007). 

The appearance of early spontaneous activity in the embryonic spinal cord is 

characterized by synchronous bouts of motor neuron firing that allow the generation 

of repetitive muscle contractions (Grillner et al., 1998; Rekling and Feldman, 1998; 

Tabak et al., 2000). In vertebrates the expression of spontaneous motility usually 

develops in a rostro-caudal direction, at the beginning with random movements and 

later with a tightly controlled activity comprising alternate motor outputs of flexor 

and extensor muscles and of the left and right side of the body.  

In the mouse the spontaneous motility begins at E12.5 involving the head 

(70% of movements) and then it spreads in a rostral to caudal fashion (Suzue and 

Shinoda, 1999, Moody and Bosma, 2005). These spontaneous movements are 

important during development, in fact changes in this activity patterns may influence 

neuronal and muscle differentiation (Moody and Bosma, 2005). Rat fetuses can 

generate rhythmic, swimming-like movements when are 20 days old (Bekoff and 

Lau, 1980). In the embryonic rat spinal cord spontaneous motor neuron output is 
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present at E13 (Greer et al., 1992), before the associated muscle contractions. In the 

rat between E13.5 and E15.5 spontaneous activity is detected in cervical and lumbar 

roots and cervical segments lead the lumbar ones. Later in development, at about 

E16.5, the lumbar areas begin to lead the cervical segments and also generate 

additional firing activity that is not propagated to the cervical spinal cord (Moody 

and Bosma, 2005). Spontaneous activity in the early embryonic spinal cord is 

synchronized between different segments and between the left and right side of the 

animal.  

Imaging with voltage-sensitive dyes combined with field recordings has 

shown that in the rat embryos at E15 the rhythmic spontaneous motor activity has a 

synchronous pattern among the two sides of the spinal cord. During embryonic 

development (post E17.5) this activity evolves into an alternating activity between 

the two sides of the animal and among antagonistic motor neuron groups (Kudo et 

al., 1991; Demir et al., 2002; Moody and Bosma, 2005).  

Thus, in mammals, the networks that drive rhythmic motor neuron activity 

are formed in the spinal cord at early stages of CNS maturation. These primitive 

networks are retained at later stages of development to adapt and perform complex 

locomotor behaviors (Sillar et al., 1997) via subsequent functional changes. After 

birth, however, the output of the network remains relatively stable (Kiehn and 

Kjaerulff, 1996). 

 

In the immature spinal cord spontaneous activity plays a key role in cellular 

processes involved in neural maturation, such as neurite outgrowth, axonal path 

finding and neurotransmitter phenotype selection (Gu et al., 1994; Holliday and 

Spitzer, 1990; Moody, 1998; Moody and Bosma, 2005). In many cases, this early 

spontaneous activity is independent of the normal operation of the spinal circuits, and 
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might even occur in single neuron, without active network at all, in completely 

isolated cells (Greaves et al., 1996; Henderson and Spitzer, 1986; Moody, 1998).  

Probably, the large majority of the developmental instructions brought about 

by spontaneous activity are transduced by a cascade of events beginning with the 

entry of Ca2+ ions. Ca2+ channel blockers, in fact, block activity-dependent 

developmental events (Linsdell and Moody, 1994; Komuro and Rakic, 1992; Moody, 

1998). On the other hand, activity is accompanied by transient increases in 

intracellular Ca2+ concentration (Wong et al., 1995; Holliday and Spitzer, 1990; 

Moody, 1998), and artificially reproducing intracellular Ca2
 transients can rescue 

activity-deprived cells (Gu and Spitzer, 1995; Moody, 1998).  

The central role of Ca2+ in cell biology is essentially due an enriched Ca2+ 

signalling “tool kit”, whereby cells employ specific Ca2+ ‘on’ and ‘off’ mechanisms 

selected from a diverse array of channels, pumps and exchangers. Subtle modulation 

of the amplitude or the temporal/spatial presentation of Ca2+ signals can differentially 

regulate Ca2+-sensitive processes within the same cell. However, cells have to handle 

Ca2+ with care, since it can also trigger deleterious processes that might eventually 

culminate in cell death (Berridge, 1998; Berridge et al., 2000; Bootman et al., 2001). 

In addition to controlling local functions of cells, Ca2+ release and Ca2+buffering 

mechanisms are responsible for the generation of global Ca2+ signals such as waves 

and spikes. Essentially, global Ca2+ signals arise via the co-ordinated recruitment of 

multiple elementary Ca2+ signals. The mechanism by which this is achieved, and the 

balance between Ca2+ influx and release is cell specific. Global Ca2+ signals can also 

pass between coupled cells via gap junctions, to co-ordinate the activities of whole 

tissues or organs (Bootman et al., 2001).  

The responses of cells to elevations in intracellular Ca2+ concentration are 

determined by their amplitude, frequency, pathway of entry, sources and spatial 
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location (Moody and Bosma, 2005). Several processes, related to activity-dependent 

development, rely on Ca2+-induced Ca2+ release from internal stores (CICR, 

Holliday et al., 1991), which requires a threshold amount of Ca2+ entry to occur.  

During bursting activity of the immature spinal cord, the structure of 

spontaneous bursts may be tightly controlled, so that the CICR threshold is reliably 

crossed. Triggering sufficient CICR may be important to initiate regenerative Ca2+ 

waves (Bootman et al., 1997), perinuclear Ca2+ “puffs” (Lipp et al., 1997), or Ca2+ 

waves that propagate over the cytoplasm to engulf the nucleus (Tsai and Barish, 

1995), to create nuclear Ca2+ transients that can activate specific transcriptional 

events (Chawla et al., 1998; Hardingham et al., 1997; see also review by Moody and 

Bosma, 2005). Other processes downstream of Ca2+ entry are graded with the 

amplitude of elevations in intracellular Ca2+ concentration (Moody and Bosma, 

2005).  
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Figure 5. Diagram of the wide variety of developmental events triggered by spontaneous activity. The 
blue boxes at the top indicate events that are not linked to the influx of Ca2+ during activity, but rather 
directly to changes in membrane potential or increases in [Na+]i. Red dashed lines and arrows indicate 
negative-feedback loops. Green dashed lines and arrows indicate positive-feedback loops. 
 
 

This diversity of Ca2+ signalling mechanisms leads to the stunning array of 

spatially and temporally complex Ca2+ signals detected during stimulation of intact 

cells. 

Neurons provide an excellent example of how different combinations of Ca2+ 

signals have been adapted to regulate a wide range of processes in a single cell type 

(Berridge, 1998). For example, Ca2+ plays a pivotal role in the reception of signals 

(input), signal transmission (output), the regulation of neuronal excitablity as well as 

the cellular changes that underlie learning and memory. Neurons use a wide 

combination of elements from the Ca2+ signalling “tool kit”, which are expressed at 
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varying levels by different neurons. They can generate Ca2+ signals that are restricted 

to the tiny volumes  (~ 0.1 µm3) of spines, or larger signals that spread over many 

dendrites, perhaps reaching the soma and axon (Bootman et al., 2001). 

 

 

Ca2+ signaling during development of spinal networks 

 

Ca2+ plays crucial physiological roles and intracellular Ca2+ is known to act as 

a second messenger. In the CNS a neuronal depolarization generated at the 

membrane level, such as an action potential, induces the appearance of wide and fast 

changes in the intracellular Ca2+ concentration, that can drive output signals such as 

contraction in miocytes, neurotransmitter release at the presynaptic terminals of 

chemical synapses, or exocytosis in secretory cells. Ca2+ is equally involved in 

cellular differentiation, proliferation and in the activation of transcriptional factors.  

In all these very different cases the fundamental signal is substantially similar: an 

increase in the intracellular Ca2+ concentration. 

Transient elevations in intracellular Ca2+ may be furthered by Ca2+ influx 

triggered by membrane depolarization or by its release from intracellular Ca2+ stores. 

The extracellular Ca2+ concentration (1.5 – 1.8 mM) is much higher than the 

intracellular one (100 -150 nM). This considerable gradient between intra- and extra-

cellular Ca2+ concentrations promotes a strong drive to the influx of the ion in the 

cell; for this reason, to avoid cell toxicity and improve signal efficacy, any cell is 

provided with multiple strategies for controlling Ca2+ homeostasis via alternative 

mechanisms devoted to maintain low intracellular Ca2+ concentration (Berridge et 

al., 2000).  



Introduction 

35 

 

 

Figure 6. Mechanisms of Ca2+ release. This illustration depicts the major pathways for mobilising 
Ca2+ from internal stores. 1, Ca2+ -induced Ca2+  release from RyRs caused by the influx of Ca2+  
through VOCCs on the PM. 2, activation of RyRs by direct protein:protein interaction. 3, cADPR-
evoked Ca2+ release. 4, NAADP-evoked Ca2+ release. 5, InsP3-evoked Ca2+ release. 6, Ca2+ release 
evoked by sphingolipids. 7, LTB4-evoked Ca2+ release. 8, Ca2+ release from mitochondrial following 
activation of the PTP (from Bootman et al., 2001). 
 
 

Ca2+ entry may provide the total amount of Ca2+ required to generate a 

transient increase in intracellular Ca2+ concentration, or may provide a small amount 

of Ca2 that triggers a much larger release from the intracellular stores (Holliday et al., 

1991; Moody, 1998).  

The wide variety of developmental events that spontaneous activity initiates 

are nearly all secondary to the Ca2+  influx during the activity and Ca2+ signals change 

their pattern during development, but in the majority of cases the transient increases 

in Ca2+ concentration are linked to the expression of specific genes. In other cases, 

Ca2+ activates cytoskeletal elements or exocytosis to carry out its developmental 

roles.  
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In developing neurons Ca2+ transients are able to modulate nerve growth 

(Spitzer et al., 2000) and to stimulate or drive neuronal differentiation (Gosh et al., 

1995, Root et al., 2008). Neuronal activity, through Ca2+ influx due to membrane 

depolarization, may regulate filopodial motility, which influences the establishment 

of synaptic contacts at the level of axonal growth cone, or the formation of 

postsynaptic dendrites, in order to alter the frequency and stability of contacts 

(Lendvai et al., 2000). Moreover neuronal activity generated by growing axons can 

trigger the secretion of neurotransmitters from growth cones, allowing the onset of 

synaptic activity between growth cones and target neurons (Xie and Poo, 1986).  

The development of ventral spinal networks into functional circuits comprises 

genetic and epigenetic mechanisms cooperating for the maturation of motor control 

(Jessell, 2000; Kiehn, 2006). Among the epigenetic mechanisms, the intracellular 

Ca2+ signaling is of paramount importance for spinal network development, because 

transient elevations of intracellular Ca2+ direct the emergence of cell phenotypes and 

the formation of neuronal connectivity (Berridge et al., 2000; Gu and Spitzer, 1997; 

Spitzer et al., 2000; Spitzer, 2002).  

At embryonic stages, neuronal populations usually express widespread 

synchronous Ca2+ transients. These large-scale Ca2+ dynamics include propagating 

waves expressed as collective network behavior due to the concomitant firing of 

large numbers of neurons (Momose-Sato et al., 2005, 2007). The wide expression of 

functional gap-junctions in immature neurons allows the propagation of Ca2+ waves 

through a regenerative Ca2+-induced Ca2+ release from intracellular stores, 

independently from membrane depolarization (Zhang and Poo, 2001). Besides these 

waves indicating collective population activity, fetal spinal networks typically 

generate bursts of synchronous electrical discharges (Branchereau et al., 2000; Kudo 

et al., 1991; Hanson and Landmesser, 2003). In general, the collective synchronous 
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activity of immature neurons represents a global signal to drive (mostly via transient 

Ca2+ elevations) network refinement and synaptic consolidation (Feller, 1999).  

 

          

 

Figure 6. (a) An elementary and (b) a global Ca2+ signal, each in a hormone-stimulated epithelial cell 
visualised using confocal microscopy. Areas coloured blue indicate low Ca2+ concentrations and 
red/yellow indicates high Ca2+ concentrations. Images were taken at intervals of (a) 100 milliseconds 
or (b) 500 milliseconds (from Berridge et al., 1999). 
 
 

Several cellular and network tools contribute to the generation of 

heterogeneous Ca2+ transients occurring during spinal tissue development. In this 

thesis I addressed the issue of the time-dependent evolution of Ca2+ signals during 

ventral network formation in spinal segments. 

In this study I investigated the features and occurrence of spontaneous Ca2+ 

signaling in the ventral areas of organotypic cultures developed from the embryonic 

mouse spinal cord, and I analyzed the evolution of Ca2+ signaling at various in vitro 

stages (namely after 1 and 2 weeks in culture). Although not necessarily mirroring 

the natural developmental processes of the intact spinal cord, the organotypic 

cultures mimic some important aspects of spinal cell development in vivo (Avossa et 

al., 2003; Rosato-Siri et al., 2004; Furlan et al., 2005; Furlan et al., 2007).  

a b
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I used these cultures to investigate: 

• the age-dependent spatio-temporal control of different intracellular Ca2+ 

signals generated by ventral neuronal populations; 

• the pattern of expression of Ca2+- binding proteins and of Cl- co-transporters, 

during spinal neurons in vitro maturation; 

• the response of ventral spinal neurons to changes in their redox state, via the 

applications of reducing / oxidizing molecules (such as peroxide). 

 

 

Organotypic cultures 

 

In vertebrate spinal cord the development of neural network begins with the 

distinction of specific classes of neurons from some undifferentiated cells (Briscoe 

et al., 2000; Jessell, 2000). Neurogenesis is usually followed by the formation of 

astrocytes and oligodendrocytes and by differentiation, maturation and survival of 

specific cellular types: all these processes contribute to the formation of functional 

neuronal circuits. A useful experimental approach to investigate neuronal 

maturation and physiology is the use of ex vivo culture. Living CNS slice cultures 

closely mimic the in vivo environment, characterized by a variety of neurons and 

glial cells that come together in a three-dimensional architecture (Gähwiler et al., 

1997). A useful model to study the circuit formation in the presence of cell-cell 

interactions is represented by organotypic cultures of embryonic spinal cord, 

because they maintain the basic cytoarchitecture and the dorso-ventral orientation of 

the spinal segment (Streit et al., 1991; Streit., 1993; Ballerini and Galante, 1998; 

Ballerini et al., 1999; Galante et al., 2000, 2001; Rosato-Siri et al., 2002). 
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Moreover, this model system allows to study cells developing and differentiating in 

vitro (Gähwiler, 1981), for example it has been possible to analyze the distribution 

of motor neurons and interneurons at different stages of development or the 

expression of different membrane proteins or markers, that are important for 

maturation of neuronal development, or the expression of specific neurotransmitters 

that can change during development (Avossa et al., 2003).  

 

 

 
Figure 7. Immunocytochemistry of organotypic cultures with the anti-NF-H antibody SMI32.  
A) Culture at 8 DIV: note the SMI32-positive processes exiting bilaterally from the ventral part of the 
slice (arrows). Cell body staining is not very apparent at this stage, except for some DRG cells present 
in the top part of the picture.  
B) Culture at 14 DIV: motoneurons are located in the ventral region, bilaterally to the ventral fissure. 
Note the extent of neuronal processes exiting from the slice. DRG neurons are located laterally to the 
slice. 
C) Culture at 21 DIV: motoneurons and DRG neurons have a ventral location in the slice (from 
Avossa et al., 2003). 
 
 

Maximov used the term “organotypic” for the first time in 1925 (Maximov, 

1925), giving emphasis to the strong conservation of cellular interactions in this 

type of in vitro preparation. In fact, in the majority of cases these cultures, in 

addition to the basic cytoarchitecture, maintain also the proper synaptic interactions. 

For this reason the organotypic cultures allow to investigate, with direct 

experimental approach, the interactions between different cellular phenotypes, such 

approach is rarely possible in in vivo models (Galante et al., 2000, 2001; Rosato-Siri 

et al., 2002; Gähwiler et al., 1997). Several investigations can also be obtained with 

acutely prepare slices or cultures of dissociated cells, for others there is either no 
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alternative in vitro preparation available, or there are particular advantages to be 

gained by using slice cultures. This is especially true for experiments that require 

long-term survival of the preparation, such as studies that involve chronic 

application of drugs (Müller et al., 1993) or toxins (Rimvall et al., 1987; Vornov et 

al., 1991; Müller et al., 1994), videomicroscopic observation of the development of 

neural connectivity, analysis of fiber growth and synaptic transmission in co-

cultures derived from different areas (Knöpfel et al., 1989; Gähwiler and Brown, 

1985; Distler and Robertson, 1993; Gähwiler and Hefti, 1984; Li et al., 1993; 

Rennie et al., 1994; Cardoso de Oliveira and Hoffman, 1995; Papp et al., 1995; 

Plenz and Aertsen, 1996) , investigation or interference with normal developmental 

cues (Del Río et al., 1997), alteration in gene expression by viral vectors (Bergold et 

al., 1993), lesion-induced sprouting (Stoppini et al., 1993), regeneration of neural 

pathways (Muller et al., 1994; Heimrich et al., 1996) and long term observations 

(Tasker et al., 1992; Vornov et al., 1994; Newell et al., 1995; Strasser and Fischer, 

1995). Moreover, slice cultures offer unique opportunities for developmental studies 

at different age of donor animal tissue as well as for brain tissue derived from knock 

out animals with limited survival time in vivo (Li et al., 1995; reviewed by Gähwiler 

et al., 1997). 

Organotypic spinal slices represent a biological model of segmental 

microcircuit development in which subsets of interneurons can be directly 

investigated at different growth-time in vitro (Streit et al., 1991; Streit et al., 2006). 

Despite the absence of afferent and supraspinal inputs, which are important for the 

development of spinal circuits (Harris-Warrick and Marder, 1991; Nusbaum et al., 

2001; Branchereau et al., 2002), this preparation represents a useful model for 

studying the dynamics of intra-segmental maturation processes which evidently rely 

on propriospinal circuits (Avossa et al., 2003; Rosato-Siri et al., 2004; Furlan et al., 
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2005; Fabbro et al., 2006; Furlan et al., 2007). In fact, processes as synaptogenesis 

and formation of myelin may take place in these cultures (Gähwiler, 1981¸Streit et 

al., 1991; Streit., 1993; Ballerini and Galante, 1998; Ballerini et al., 1999; Avossa et 

al. 2003). In particular, the ontogeny and functional development of GABAergic 

interneurons observed in vivo (Antal et al., 1994; Barbeau et al., 1999; Gao et al., 

2001; Tran et al., 2003) is maintained in cultured spinal slices (Avossa et al., 2003; 

Furlan et al., 2005; Furlan et al., 2007), validating the crucial importance of 

GABAergic connections for circuit assembly and activity (Barbeau et al., 1999). 

 

 

 
Figure 8. Co-expression of GABA and ERG1A in spinal interneurons at 7 and 14 DIV. (A, B) 
Organotypic spinal cord culture at 7 DIV simultaneously labeled for GABA (A) and ERG1A (B). (C) 
Represents the merged image showing that all GABAergic neurons also express ERG1A, but not all 
ERG1A-positive neurons express GABA. Note the presence of GABA-negative, ERG1A-positive 
neurons (red). The image was derived from 12 superimposed optical sections taken at 0.5 _m 
intervals. (D, E) Distribution of GABA (D) and ERG1A (E) in an organotypic spinal cord culture at 
14 DIV. (F) Merged image. Note that GABA is distributed in the cell bodies as well as the distal 
region of the processes, while ERG1A is mainly localized in the cell bodies and proximal region of 
the processes. As occurs at 7 DIV, at 14 DIV, all GABAergic neurons express ERG1A, while not all 
ERG1A positive neurons express GABA (arrows). Note the higher magnification in D–F. The images 
(A–F) were taken from the dorsal region of the spinal slices (form Furlan et al., 2005). 
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In rodents spinal cord network activity is known to undergo several changes 

during circuit development (Branchereau et al., 2002; Hanson and Landmesser, 

2003; Whelan, 2003; Kudo et al., 2004) and these changes occur also in organotypic 

spinal cultures (Rosato Siri et al., 2004). Spontaneous rhythmic activity modulation 

in organotypic spinal slices is reminiscent of that reported in utero or in cultured 

spinal cord in the mouse as well as in the rat (Wu et al., 1992; Nishimaru et al., 

1996; Nakayama et al., 1999; Vinay et al., 2000; Branchereau et al., 2002; Hanson 

and Landmesser, 2003; Whelan, 2003; Yvert et al., 2004). All these properties 

allow an age-dependent maturation to take place in organotypic cultures, with an 

adequate synaptic specificity and normal neurochemical and pharmacological 

characteristics (Crain and Peterson, 1963; Avossa et al., 2003).   

 

Five different types of ventral interneurons in organotypic slices can be 

identified on the basis of their discharge patterns (Prescott and Koninck, 2002; Szucs 

et al., 2003; Theiss and Heckman, 2005; Lu et al., 2006; Furlan et al., 2007): a) 

‘tonic’ cells, that fired action potentials (APs) without apparent accommodation; b) 

‘adapting’ cells, that discharged an early burst of APs followed by adaptation; c) 

‘delay’ cells, that generated APs after a lag; d) ‘irregular’ cells without discernible 

discharge patterns; e) ‘transient’ cells, that generated a single AP only. Interestingly, 

the distribution of the five neuronal classes is maturation-dependent, in particular, the 

firing properties of the majority of ventral recorded cells changed from ‘adapting’ at 

early embryonic ages to ‘tonic’ later in development (Furlan et al., 2007).  
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Figure 9. Discharge patterns of ventral interneurons at 7 and 14 DIV. A, Current-clamp recordings 
from spinal interneurons in organotypic cultures at 7 DIV. The 500msdepolarizing 
currentcommandsinduced different discharge patterns that identified four cell categories: tonic, 
adapting, delay, and irregular. B, Depolarizing commands induced different discharge patterns 
recorded from spinal interneurons at 14 DIV to identify four cell categories: tonic, adapting, delay, 
and transient. C, D, Bar charts illustrate the probability distribution (expressed as percentage of 
sampled population) of each cell type at 7 DIV (C) and 14 DIV (D) (from Furlan et al., 2007). 
 
 

Such changes occurred in coincidence with the critical transformation of 

spontaneous activity from bursting to sporadic discharges (Rosato-Siri et al., 2004; 

for review Whelan, 2003). Furlan et al. (2007) electrophysiological and 

immunocytochemical results strongly suggest that the ‘adapting’ cell type at early 



Introduction 

44 

embryonic stages of development could be mainly identified as the GABAergic 

phenotype.  

In Rosato Siri et al., 2004 the authors describe the spontaneous bursting 

activity generated by ventral interneurons at early stages in rat organotypic cultures 

of spinal cord during in vitro development (1 week of in vitro growth): this activity is 

characterized by long episodes correlated with muscular contractions. At later stages 

of motor network maturation in vitro, bursting spontaneous activity disappeared in 

the large majority of preparation and, when present in a subset of slices, was no more 

correlated with muscle contraction. These spontaneous and synchronous bursts of 

action potentials, detected in organotypic cultures, were similar in frequency, 

duration and dependence on glutamatergic synaptic transmission to those described 

in utero (Branchereau et al., 2002; Hanson and Landmesser, 2003; Whelan, 2003).  

 

Using organotypic slice cultures as an in vitro model system of spinal segment 

growth (Avossa et al., 2003; Rosato-Siri et al., 2004; Furlan et al., 2005; Furlan et al., 

2007), we have recently reported a novel type of neuronal Ca2+ signal arising, upon 

brief stimulation, as repeated neuronal oscillations independent from action potential 

or synaptic activity (Fabbro et al., 2007). Such oscillations depend on mitochondrial 

Ca2+ buffering (Fabbro et al., 2007) and show how a local neuronal circuit can 

respond to a transient excitation. It is, however, unclear the relation between these 

Ca2+ signals and other types of collective behavior produced at various stages of 

organotypic culturing when networks are not stimulated.  
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Fluorescent indicators and Ca2+ imaging  

 

One of the major aims in neurobiological research is to study and to 

understand the functional behavior of both single cells and organisms. Several tools 

are used to investigate cellular physiology, but only few are suitable for being 

applied to living cells. Thanks to the combination of microscopy and biochemistry it 

is now possible to investigate the cellular organization in vivo. Optical techniques are 

becoming an increasingly attractive alternative method, because of their apparent 

noninvasive nature and ease of use. The imaging techniques allow seeing (in a direct 

way and in real time mode) what is happening inside the cell with a high versatility 

in fact they can be used in a wide range of applications. Usually, in neurophysiology, 

to investigate the nervous system and its neuronal circuits, different techniques are 

used, such as electrophysiology, biochemistry and microscopy. The imaging 

techniques are an evolution of microscopy and, along with molecular biology, 

represent a novel approach to investigate and understand the neuronal circuit 

behaviors in the CNS.  

One special area in which optical techniques have largely replaced other 

investigative tools is the measurement of intracellular ion concentrations by 

fluorescent indicators. Traditional measurements based on ion sensitive electrodes 

imply to extract energy from a system (cell) in order to determine the measurement 

process, thus perturbing the system to be measured, despite the modern electronic 

designs. This limit is completely bypassed by the use of optical techniques, such as 

fluorescence and absorbance measurements, because the experimenter supplies 

energy (in the form of photons) to the system and records the interaction of the 

photons with the system. There are several advantages and disadvantages too due to 

this interaction. In fact photons interact with any molecule that has absorbance in 
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their wavelength range, in this case molecules that are of no interest to the 

experimenter may also produce a signal that contaminates the recordings (cell auto-

fluorescence). Usually special molecules must be introduced into the cell to examine 

specific cellular function, there can be difficulties in introducing molecules and these 

probes eventually perturb the system. The amount of material examined with the 

probes can be small leading to quantal limitations in the signal, this means that the 

small intracellular volume and the limited concentrations of indicator (or ions that 

bind to the indicator) produce “noise” in the experimental record.  

 

 

Fundamentals of imaging research approach  

 

The first optical methods used, involved the measure of dye absorbance 

(metallochromic indicators), but this technique had several disadvantages and was 

mainly limited to investigate large invertebrate cells and muscle fibers. 

Photoproteins (such as aequorin) are enzymes that catalyze the oxidation of a 

bound prosthetic group. This oxidation releases a photon and this catalysis is 

regulated by Ca2+ ions. This method is used to measure intracellular Ca2+ 

concentrations, but it is quite difficult to introduce the photoproteins into the cell. 

The imaging techniques are based on the use of specific fluorescent 

indicators, which are able to detect the presence of neuronal activity at a single cell 

level; according to the kind of probe used, they allow monitoring specific 

biochemical paths that are involved in neuronal activity. Usually the probe binds 

molecules that are involved in the signal transduction or that are released after a 

stimulus (Ca2+, cAMP, etc.). The fluorescent molecule (or fluorochrome) is usually 

excited by the absorption of a photon (UV or other types of radiations with different 
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wavelengths). This raises the energy of the molecule to a new “singlet” state from 

which the molecule descends the vibrational ladder until a radiative transition takes 

place and the molecule returns to the ground state with the emission of a photon. 

Alternatively, the photon emitted may be reabsorbed or the excited state may be 

quenched by collision with another molecule. In any case, the number of emitted 

photons are somewhat less than the number of absorbed photons and the ratio 

between them is called quantum efficiency (modern fluorochromes have a quantum 

efficiency of about 0.3). The energy of the emitted photon is ordinarily lower than 

that of the absorbed photon, so its wavelength is correspondingly longer. Usually the 

term fluorescence implies a release of energy that takes place within 10-8 seconds 

after its absorption.  

Each fluorochrome is characterized by a peculiar excitation and emission 

spectra due to the molecule configuration. These spectra are obtained recording the 

fluorescence intensity of the molecule at different wavelengths and the highest 

intensity is defined as its excitation peak.  

Ion sensitive probes are made by attaching groups that bind ions to the 

fluorescence part of the molecule. Some fluorescent molecules can be used to 

observe the changes in intracellular parameters. The binding of an ion alters the 

electronic configuration of the molecule and hence alters the fluorescence of the 

molecule. For these reasons the probes must have spectral characteristics that vary 

according to the intracellular parameter of interest. For example fluo-3 has a Ca2+ 

coordination site based on the BAPTA molecule and the fluorescent group is attached 

to one side of the BAPTA backbone. Ca2+ binding to fluo-3 draws electrons from the 

BAPTA rings, which in turn draw electrons from the rings of the fluorescence group 

and thereby increase the fluorescence of the molecule. The more common spectral 

changes, due to the binding to the target substance by the fluorescent molecule, 
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comprise a shift in the excitation or emission spectra or a modification in the 

quantum efficiency. For example, fura-2 also has a Ca2+ coordination site based on 

the BAPTA molecule with a fluorescent group attached to it. The alteration of the 

electronic structure upon Ca2+ binding causes the shift of the excitation spectrum to 

shorter wavelengths. Such shift is desirable because it allows the Ca2+ concentration 

to be estimated from the relative levels of fluorescence measured at two different 

wavelengths. This technique is known as ratiometric fluorescence measurement. The 

most important point concerning these spectral shifts is that they must be large 

enough to be detected easily, ideally in a part of the spectrum that does not require 

very specialized detection equipment.  

There are indicators for the main ions involved in biological processes, such 

as H+, Ca2+, Mg2+, Na+, K+ and Cl-, but the most used are indicators of intracellular 

pH (Rink et al., 1982) and Ca2+ (Blinks et al., 1982). In order to measure, for 

example, Ca2+ levels with such a fluorescent indicator, one needs simply to measure 

fluorescence at a suitable wavelength (both from excitation and emission). By the 

way, the raw signal would not be quantitative because the absolute fluorescence will 

depend on (1) the concentration of the indicator, (2) the volume of the cell (or path 

length which is being illuminated), (3) the intensity of the illumination, (4) the 

properties of the detection system, (5) the cell auto-fluorescence and finally (6) the 

Ca2+ concentration, which is the only variable of real interest.  

Although one can argue about which type of spectral shift is the best on 

theoretical grounds, it is also required a i) reasonable affinity and selectively for the 

target substance (the best results are obtained when the probe interacts with one ion 

and when the recorded signal is due only to the fluorescent indicator interaction to 

the target molecule), ii) high fluorescence quantum yield (useful to estimate the 

change in intracellular ion concentration: it is fundamental that at least an indicator 
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property changes when it binds the target ion, and this change could be the shift in 

the excitation or emission spectra or it could interest the quantum yield or other 

characteristics of the probe), iii) lack of biological side-effects and iv) molecular 

stability (the dissociation constant, Kd: the experimenter should have a good optical 

response in the presence of the target molecule, the best response is given when the 

indicator is near its Kd, that is when the ionic concentration is able to bind half of 

total probes. For this reason Kd should be in the order of magnitude of the 

intracellular ion concentration). 

Usually the changes in a fluorescent indicator after its binding to the target 

molecule are an increase or decrease of quantum yield or of the fluorescence 

efficiency and a moderate shift in excitation and emission spectra (fluo-3, Calcium 

Green, Magnesium Green); a shift in the excitation spectrum and, consequently, in 

the emission spectrum towards lower wavelengths and a change also in the peak of 

absorption (quin-2, fura-2, Fura Red, mag-fura-2); a shift both in the excitation and 

in the emission spectra towards shorter wavelengths (indo-1, mag-indo-1, SNARF). 

The consequence of a shift in the emission spectrum is that the fluorescence at some 

wavelengths will increase, whereas at other wavelengths will decrease. Although it is 

useful for calibration, and some other purposes, to measure the complete spectra, the 

parameter that is of greatest interest in biological measurements is the time-

dependence of the fluorescence change. The cases where the excitation spectrum 

shifts are somewhat more complicated, because the emission spectrum usually 

remains the same. To measure changes in the excitation spectrum, the individual 

excitation wavelengths must be supplied sequentially (i.e. fura-2).  
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Fundamentals of Ca2+ dyes 

 

Fluorescence is a rapidly developing field and in the last decades strong 

improvements have been made in the field of Ca2+ dyes. At the beginning fluorescent 

indicators were organic molecules, whose binding to an ion causes changes in their 

spectral characteristics. Nowadays several probes become fluorescent because of 

conformational changes in specific proteins (Ca2+ binding proteins) after binding 

with Ca2+. Usually organic probes are formed by fluorescent products of BAPTA, an 

aromatic molecule that links Ca2+, such as EGTA. Among these there are probes with 

excitation spectra in UV field and they can be divided into high affinity indicators 

(such as quin-2 and its products, fura-2 and indo-2 with their products), middle 

affinity indicators (like fura-4F, fura-5F and fura-6F) and low affinity indicators (as 

fura-FF, BTC, mag-fura-2, etc.). 

 

Quin-2 was the first Ca2+ fluorescent dye used and is a tetracarbossilic acid 

that binds Ca2+ ions with a ratio of 1:1. The excitation peak of quin-2 is at 340 nm 

and the emission peak at 490 nm. When the probe binds Ca2+ ions, its fluorescence 

increases of 6.2 times. Anyway quin-2 is used rarely because the increasing in 

fluorescence is the only parameter that indicates the presence of intracellular Ca2+, 

but it is not a real value, in fact it can be due to other factors, such as the intensity of 

light, the concentration of the probe, and so on.  

For fluorescence measurements, made at a single wavelength, the free ion 

concentration [Ca2+] is related to the fluorescence F by: 

 

[Ca2+] = Kd (F – Fmin) / (Fmax – F) 
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where Fmin and Fmax are respectively the fluorescence levels at zero and saturating ion 

concentration and Kd is the dissociation of the ion-indicator complex. 

 

Fura-2 binds Ca2+ ions with a ratio 1:1 and after the binding to the ion the 

excitation spectrum changes from a peak at 380 nm for the free dye to a peak of 340 

nm for the probe that binds Ca2+ ions. In this way when the cytosolic Ca2+ 

concentration increases the fluorescence at 340 nm increases too and there is a 

contemporary decrease in fluorescence recorded at 380 nm. At 360 nm the 

fluorescence is just due to the fura-2 concentration and it is not correlated with Ca2+ 

concentration, in fact it represents the isosbetic point of the dye. In fluorescent 

indicators in which there is a shift in excitation or emission spectra after the binding 

to the target ion, the isosbetic point is present and at this point of the spectrum the 

indicator seems to be indifferent to the characteristic it should show. This behavior is 

due to the chemical equilibrium between the free molecule and the molecule bond to 

the target ion. 

 

Figure 10. Fluorescence excitation (detected at 510 nm) and emission (excited at 340 nm – 380 nm) 
spectra of Ca2+-saturated (A) and Ca2+-free (B) fura-2 in pH 7.2 buffer. 

 



Introduction 

52 

The emission peak of fura-2 is at 510 nm and it is possible to use this probe 

in low concentrations, avoiding a buffer effect for the Ca2+ ions and maintaining a 

good fluorescence too. Moreover, since the fura-2 excitation spectrum changes in the 

presence of binding to Ca2+ ions, it is possible to make a ratio between the 

fluorescence values at 340 nm and 380 nm (ΔR = 340 nm / 380 nm), getting the real 

value of intracellular Ca2+ concentration, independently from the probe itself and 

other variable factors.  

For fluorescent measurements made at a pair of wavelengths using 

ratiometric indicators, as fura-2, the free ion concentration [Ca2+] is related to the 

fluorescence ratio R by the analogous equation: 

 

[Ca2+] = Kd . S . (R – Rmin) / (Rmax – R) 

 

where S is a scaling factor given by the fluorescence at the denominator wavelength 

of R at zero ion concentration, divided by the fluorescence at a saturating ion 

concentration.  

 

Figure 11. Fluorescence excitation spectra of fura-2 in solutions containing 0–39.8 µM free Ca2+. 
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There are also fluorescent probes that are characterized by an excitation 

spectrum in visible field, this means that there is a low auto-fluorescence and a low 

cellular damage in the sample. These fluorescent indicators are: fluo-3, rhod-2 and 

their products, Calcium Green, Calcium Orange, Oregon Green and others.  

 

Fluo-3 is excited at 488 nm and its emission peak is at 525 nm. It is not a 

ratiometric indicator: in the absence of Ca2+ this probe is not fluorescent, but when it 

binds the ion its fluorescence becomes 40 times higher.  

 

 

Figure 12. Ca2+-dependent fluorescence emission spectra of fluo-3. The spectrum for the Ca2+-free 
solution is indistinguishable from the baseline. 
 

 

There are also other Ca2+ indicators based on GFP technology, based on the 

high affinity of one protein, calmodulin, for Ca2+ ions. One of the first engineered 

probes was camgaroo-1, formed by the YFP (yellow fluorescent protein) with 

calmodulin inserted between positions 145 and 146. The conformational change due 

to the binding with Ca2+ to calmodulin, causes the ionization of the chromofore and 

an increase in fluorescence. Calmodulin is an ubiquitary protein that activates many 
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responses to Ca2+. Therefore there are high interactions in the cytoplasm causing a 

progressive partial inhibition of this protein and consequently a decrease in the 

expected response. 

For this reason other proteins, without interactions with cellular metabolism, 

are preferably searched instead of calmodulin. Recently new indicators have been 

created from manipulation of troponin C, a protein that binds Ca2+ in skeletal and 

cardiac muscles. Because of its high affinity for Ca2+ ions, it interacts less with the 

other cytoplasmatic proteins and this property improves the fluorescent responses 

(Griesbeck, 2004; Knopfel et al., 2006). 

 

 

Fundamentals of fluorescent dyes experimental procedures 

 

The most reliable method for loading indicators is the direct injection of the 

probe via a microelectrode (Cannel et al., 1987, 1988). Indicators can also be loaded 

via patch electrode when whole-cell recording technique is used. Once directly 

introduced into the cells, fluorescent indicators generally remain there for a 

reasonable time lag, allowing stable recordings. Even if there is some loss of 

indicator over time, the effects may be compensated by the ratiometric measurement 

method. However, there are cases in which loss of the indicator is a crucial problem 

and this effect can be reduced by injecting the indicator in a dextran-linked form.  

A particularly attractive feature of many of the fluorescent indicators is the 

possibility of introducing them into cells by the ester loading technique. This 

method has extended fluorescence measurements into the realm of very small cells 

such as blood platelets. The fluorescent indicators usually do not permeate cell 

membrane, on account of being multiply charged at neutral pH. 
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In the majority of these indicators, the charges are carried by carboxyl 

groups. By esterifying these groups, an uncharged derivative of the indicators can be 

produced (Tsien, 1981). This product is not an active indicator, but it is sufficiently 

lipophilic to permeate biological membranes and thereby enter cells. Inside cells, the 

derivative is converted to the active indicator by the action of intrinsic esterase 

enzymes. Since the active indicator does not permeate, this procedure determines an 

accumulation of the active indicator trapped in the cells. The esters are highly 

insoluble in fact they need to be dissolved in an appropriate carrier solvent before 

addition to the medium. The incubation conditions have to be carefully 

experimentally adjusted in order to achieve a satisfactory intracellular loading. A risk 

is that the indicator will be loaded into other cell compartments apart from the 

cytosol. A further potential problem is that the type of ester that needs to be used 

(acetoxymethyl) liberates formaldehyde as hydrolysis product, although serious 

toxicity problems have not been reported.  

The major problem with the ester loading technique is that the experimenter 

has little direct control over where the indicator ends up in the cell. The ester will 

enter all the intracellular compartments and the active indicator concentration in each 

compartment will depend on the relative esterase activity. Thus the endoplasmic 

reticulum and mitochondria will also contain indicator that can confound 

interpretation of the signals. An additional problem is that de-esterification may be 

incomplete so that a fluorescent intermediate, which is not ion sensitive, may be 

produced (Highsmith et al., 1986). The magnitude of these effects can only be 

ascertained with careful control experiments and at very least the fluorescence from 

the cell should be examined under a microscope to ensure that is relatively uniform.  

In any case, considerable caution should be applied to the interpretation of signals 

from the cells loaded with the ester form of the indicator. In summary direct injection 
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is always preferable to ester loading, if there is a choice. However, good results can 

be obtained with the ester loading technique in many cases, provided adequate 

control experiments are performed. The ester loading technique may be the only 

route to take if cells cannot be loaded by patch pipette and it also has the advantage 

that many cells can be loaded at the same time, therefore is the technique of choice 

for monitoring neuronal ensembles.  

Although fluorescent indicators were proved to be extremely powerful, it is 

important to appreciate in particular that the indicators work by reversibly binding to 

the target, so by definition they have a buffering action. The extent of the buffering 

will depend on the concentration of the indicator relative to the free concentration of 

the target ions as well as the affinity of the indicator, so it will be more significant for 

those ions whose free concentrations are relatively low, such as Ca2+ and protons. 

Fortunately, the natural cell buffering capacity for these ions reduces the effect of 

indicator buffering. Another problem is that the kinetic of the fluorescence change 

does not reflect the kinetic of the underlying Ca2+ transient. This arises from (1) 

saturation effects in indicator response and (2) the binding kinetics of the dye. 

Another potential difficulty concerns the fact that any indicator will give best 

resolution over a fairly narrow ion concentration range and attempts to use one 

indicator to cover all experimental situations will give inaccurate results. For 

accurate transient measurements one should use an indicator with a dissociation 

constant ≥ to the highest transient concentration, unfortunately this reduces the signal 

at resting ion levels.  

(All refs. from Cannel and Thomas, 1994 and Mobbs et al., 1994, In: Microelectrode 

Techniques: The Plymouth Workshop Handbook. (Ed. D. Ogden). Chapter 12 and 

Chapter 14, respectively. Cambridge: The Company of Biologists Limited).  
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Reactive Oxygen Species: oxidative stress and plasticity  

 

In this thesis the last set of experiments was targeted at investigating the 

responses, in terms of intracellular Ca2+ level (in in vitro ventral spinal slices), to 

changes in the redox state, via the applications of reducing/oxidizing molecules (such 

as peroxide). 

 

Reactive Oxygen Species (ROS) are usually studied in the context of 

oxidative stress-induced cell damage. ROS are depicted as both ubiquitous and 

dangerous and oxidative stress was rapidly established as a common mechanism 

linking inflammatory, degenerative and neoplastic processes in human diseases. 

ROS, including superoxide radical (O2
-), hydrogen peroxide (H2O2) and hydroxyl 

radical (OH-), are proposed to be involved in molecular processes leading to 

neurodegeneration, through the effects of oxidative stress - a condition in which 

more ROS are produced than the cellular defense mechanisms can handle, leading to 

eventual neuronal apoptosis.  

A variety of human neurological diseases have been linked to an 

overproduction of ROS. In this regard, oxidative stress is believed to be the 

underlying mechanisms of decline in neuronal efficacy. This mechanism has been 

proposed for Alzheimer’s disease (AD), Parkinson’s disease (PD) and amyotrophic 

lateral sclerosis (ALS; Halliwell, 1992), which are diseases of the nervous system 

involving death of specific neurons and an impairment of neurological systems. 

Support to this hypothesis is largely based on in vitro studies, usually employing 

high concentrations of ROS, rarely present in vivo (Kanno et al., 1999; Burlacu et al., 

2001; Datta et al., 2002).  
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There is a growing body of research that implicates ROS in general and H2O2 

in particular, in regulatory events underlying synaptic plasticity: H2O2 is regarded in 

this context as a specific diffusible signaling molecule (Kamsler and Segal, 2004). 

 

Danger… 

 

In mammalian cells, the physiological role of O2
- and H2O2 is less 

characterized than that of another ROS, namely nitric oxide (NO; Finkel, 1998). ROS 

are produced inside the cell as a part of normal metabolic reactions (Babior, 2002; 

Vignais, 2002). H2O2 is an endogenous diffusible ROS produced mainly by the 

mitochondria (Mailly et al., 1999; Avshamulov and Rice, 2002; Avshamulov et al., 

2003; Takahashi et al., 2007). H2O2 can be generated directly in cells by some 

oxidoreductase, such as glucose oxidase (Massey et al., 1969) and the recently 

described DuOXs (Lambeth, 2002), which are isoforms of the NADPH oxidases. 

Most of  H2O2  production, however, results from the dismutation of O2
-  produced by 

NADPH oxidases (Lambeth, 2002), leakage from the mitochondrial electron 

transport chain (Loschen et al., 1974; Forman and Kennedy, 1974), and redox 

cycling of xenobiotic quinones (McCord and Fridovich, 1970) and several 

flavoproteins (Massey et al., 1969).  

H2O2 in itself is much less toxic than superoxide, however, it can be converted, via 

Fenton reaction in the presence of iron ions, to hydroxyl radicals that are more 

reactive than superoxide. The in vivo occurrence of this reaction depends on the 

availability of free H2O2 and free iron (Halliwell, 1992) and has been regarded as the 

mechanism by which H2O2 can become toxic. H2O2 is normally converted to H2O and 

O2 by cellular antioxidants including catalase and glutathione peroxidase, however, 
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under oxidative stress more ROS are produced than can be handled and the overall 

redox state of the cell can be altered (Kamsler and Segal, 2004). There are emerging 

evidences that suggest a role of ROS in apoptotic pathways (Jacobson, 1996). As 

apoptosis is triggered by multiple agents and proceeds through multiple pathways it 

is likely that ROS may participate in some, but not all, aspects of programmed cell 

death (Finkel, 1998).  

 

 

 

Figure 13. Schematic view of cellular ROS management. Superoxide radicals are produced by 
mitochondria and NMDA receptors. This highly active radical can undergo dismutation by the 
enzyme SOD to form hydrogen peroxide, which in turn can form hydroxyl radicals via the Fenton 
reaction in the presence of free iron cations. These ROS can cause damage to lipids, proteins, and 
nucleic acids thus causing a disruption of cellular activities. The anti-oxidative enzymes catalase and 
glutathione peroxidase can facilitate the conversion of H2O2 to the benign water and oxygen 
molecules (from Kamsler and Segal, 2004). 
 
 

In summary, ROS are highly reactive oxidants (Liochev, 1996; Turrens, 

2003) and their excessive, uncontrolled production can have destroying effects on 
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cellular physiology and function, often leading to apoptosis and a variety of diseases 

(Finkel, 2003; Tsatmali et al., 2006). 

This view of ROS as agents of destruction on lipids, proteins and DNA 

promoted studies that use concentrations of ROS that are several orders of magnitude 

higher than those expected to be present in living cells, in an attempt to accelerate 

processes that are perceived to occur in vivo (Kamsler and Segal, 2004). With regard 

to the concentrations of ROS in vivo, many studies demonstrated a sub-mM 

concentration of H2O2, even under extreme acute pathological conditions that are 

known to generate ROS (Hyslop et al., 1995; Lei et al., 1998). Despite these low 

estimates there are virtually hundreds of studies showing that mM concentrations of 

H2O2 can produce apoptosis in different cell types including neurons (Kanno et al., 

1999; Burlacu et al., 2001; Datta et al., 2002; Jang and Surh, 2001; Bhat and Zhang, 

1999; Herson et al., 1999): are all these studies valid as models for 

neurodegeneration in the brain, if the used H2O2 concentrations are at least 10-100 

times higher then those assumed to be present in vivo? (Kamsler and Segal, 2004) 

 

Clearly, the use of exogenous added or generated H2O2 will not precisely 

mimic every physiological situation in which H2O2 is involved, but further 

consideration of how H2O2 acts in signaling should shed light on when such models 

are appropriate. Exogenous application of H2O2 may mimic signaling by 

endogenously produced H2O2 and has the same advantage as using any other 

membrane-permeable second messenger. The primary advantage is in verifying that 

this second messenger can do the signaling. The primary disadvantage is that the 

results can be misleading, because H2O2 may have additional effects. In order to 

asses the value, a combination of experimental approaches should be used and 
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particular attention should be paid to the kinetics and concentration dependence of 

the reactions in which H2O2 is proposed to participate (Forman, 2007). 

 

 

… or help? 

 

Recent studies have suggested that elevated, but sub-lethal, levels of H2O2 

and O2
- can act to influence intracellular signaling pathways in a variety of neuronal 

and non-neuronal cells by modulating gene expression, cellular growth and 

differentiation (Droge, 2002; Finkel, 1998; Hancock et al., 2001; Kamata and Hirata, 

1999; Klann and Thiels, 1999; Rhee, 1999). For this reason, alteration of intracellular 

levels of ROS to regulate cellular growth and differentiation is a ubiquitous strategy 

in eukaryotes selected early in evolution (Tsatmali et al., 2006).  

Some evidences suggest that the production of ROS is tightly regulated and 

serves a physiological function, acting as intracellular second messengers (Finkel, 

1998). 

The second messengers have five essential characteristics. 

(1) Their concentration increases either via enzymatic generation or via 

regulated release into the cytosol from sites of higher concentration: H2O2 increase in 

concentration is obtained via enzymatic generation by oxidoreductases and DuOXs 

and from dismutation of O2˙¯ produced by other oxidoreductases. 

(2) Decreases in their concentration occur through enzymatic degradation or 

the restoration of the concentration gradients by the action of pumps, or diffusion 

from the cell: H2O2 decreases upon enzymatic degradation catalyzed by catalase, 

glutathione peroxidases and peroxiredoxins. 
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(3) Their intracellular concentration rises and fails within a short period: H2O2 

concentration rises and falls within a short period from a steady-state, estimated in 

the nM range (Antunes and Cadenas, 2000). 

(4) They are specific: H2O2 is also specific (Terada, 2006). Extracellular 

administration of non-lethal concentrations of H2O2 has been demonstrated to 

activate mitogen-activated protein kinase (MAPK) as well as the c-Jun amino-

terminal kinase (JNK; Sundaresan et al., 1995; Stevenson et al., 1994; Guyton et al., 

1996; Finkel, 1998).  

(5) Gradients of their concentration determine where they are effective: 

because of the characteristics of H2O2 reported in 1, 2 and 3, the gradient of H2O2 

from its origin to where it is degraded is very steep. Indeed, due to the distribution of 

glutathione peroxidases and peroxiredoxins throughout the cell, H2O2 needs to react 

within a few molecular diameters of its site of production with its target effector 

(Forman, 2007). 

Thus, H2O2, to play a direct role in signaling, needs to be produced close to 

its targets, due to the high intracellular activity and rate constants of glutathione 

peroxidase, catalase and other enzymes. If H2O2 acts indirectly, however, for 

example via the generation of a lipid peroxidation product, then this rule does not 

necessarily apply (Forman, 2007). 

 

The effects of ROS on neuronal morphology and function have been recently 

shown. In fact, ROS have been shown to be essential for the NGF- induced 

differentiation of PC12 cells (Katoh et al., 1997, Katoh et al., 1999; Suzukawa et al., 

2000) via TrkA (Kamata et al., 2005) and, in hippocampal neurons, high levels of 

O2
- (Bindokas et al., 1996) modulate neuronal plasticity (Hongpaisan et al., 2004; 

Knapp and Klann, 2002). Redox state has also been shown to modulate 
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differentiation in mesencephalic precursor (Lee et al., 2003; Studer et al., 2000), of 

neuronal crest stem cells (Morrison et al., 2000), and of O2-A progenitors (Smith et 

al., 2000) in vitro. ROS can therefore influence multiple aspects of neuronal 

differentiation and function, including the survival and the plasticity of neurons, the 

proliferation of neuronal precursors, as well as their differentiation into specific 

neuronal cell types (Tsatmali et al., 2006). The production of high levels of ROS is 

associated with young neurons in vivo, it is developmentally regulated and it is not 

associated with cell death. High levels of ROS persist in only neurogenic regions, 

such as the hippocampus and olfactory bulb in the adult brain (Tsatmali et al., 2006). 

An important issue for understanding the role of ROS in neuronal differentiation and 

maturation concerns the differences in ROS expression between experiments in 

culture and in acute slices. High ROS level are transient in vivo, but in vitro high 

ROS levels persisted. It is clear therefore that some feedback loop must exist to 

decrease the levels of ROS after neuronal differentiation and migration. How this 

might occur via modulation of mitochondrial activity will be an active area of future 

research (Tsatmali et al., 2006).  

ROS may directly regulate also the activity of transcription factors. Using 

cells that over-expressed either superoxide dismutase or catalase, H2O2 and not O2
- 

has been demonstrated to be the relevant ROS (Schmidt et al., 1996; Finkel, 1998).  

Some studies demonstrate a bimodal action of ROS on neuronal properties, 

suggesting a role for H2O2 as a specific diffusible messenger molecule that modulates 

the activity of protein phosphatases, resulting in modulation of neuronal plasticity. 

The action of H2O2 is assumed to be carried out via the release of Ca2+ ions from 

internal stores, modulating the activity of specific Ca2+-dependent protein 

phosphatases. The cellular regulation of H2O2 levels that are altered in aging 

individuals is quite important in the ability to express plasticity (Kamsler and Segal, 
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2003). Thus, when H2O2 levels are not under optimal regulation, cells may lose the 

ability to utilize H2O2 as a plasticity-messenger molecule (Kamsler and Segal, 2004).  

Aging of the brain is accompanied by an increase in ROS production. Several 

groups have applied H2O2 to brain slices for studying the effects of ROS on synaptic 

plasticity (Pellmar et al, 1991; Avshalumov et al., 2000; Avshalumov and Rice, 

2002; Kamsler and Segal, 2003). These studies show the effect of H2O2 on synaptic 

plasticity when it is applied concurrently with trains of stimuli, which normally elicit 

synaptic plasticity. However, aged individuals are exposed to chronically altered 

levels of ROS, which may affect synaptic plasticity in different ways (Kamsler and 

Segal, 2004). H2O2 has been shown to release Ca2+ from the intracellular stores. This 

may result from a redox sensitive domain of proteins controlling Ca2+ release, such as 

ryanodine receptors.  

H2O2 is a short-lived, membrane permeable, oxidant that is well suited for the 

role of messenger, and so it can be considered as an important signaling molecule. 

This messenger can induce the release of Ca2+ on both sides of the synapse triggering 

concerted activity. Accordingly, H2O2 acting as an acute messenger molecule 

produced by the activity of ion channels depends on existing levels of H2O2 prior to 

generation of plasticity-related events. A high background level of H2O2 can induce 

higher activity of antioxidants or alter the redox sensitivity of target molecules. In 

this way, a high ambient H2O2 level will dampen the effect of an H2O2 flux that 

results from synaptic activity (Klamser and Segal, 2004). 

It is interesting to note that H2O2 also affects spinal cord physiology being 

positioned between cellular damage and spinal cord plasticity. H2O2 regulates 

GABAergic interneurons pre-synaptic activity in the spinal cord (substantia 

gelatinosa (SG). H2O2 increases the GABAergic miniature inhibitory postsynaptic 

current (mIPSC) frequency by releasing pre-synaptic calcium from an IP3R-sensitive 
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pool and the GABAergic interneurons seem to be critical transducers of the pre-

synaptic modulatory action of H2O2 (Takahashi et al., 2007).  

 

 

 

Figure 14. Representation of the sequence of events that may link between redox changes and 
alterations in synaptic plasticity. Aging, transgenic intervention, or exogenous addition of H2O2 (1) 
can increase the intracellular concentration of H2O2 (2) which can then cause the release of calcium 
from internal stores (3), activating calcineurin (4); calcineurin-mediated dephosphorylation of 
Inhibitor-1 (5) allows protein phosphatase 1 to dephosphorylate PKA substrates on VGCCs (6), 
altering the permeability of these to calcium (7) which may alter the opening time of calcium-
dependant potassium channels (8) leading to a change in synaptic plasticity (from Kamsler and Segal, 
2004). 
 

 

All these findings suggest that ROS production during normal development 

does not influence the probability of a cell to become a neuron, but affects aspects of 

neuronal maturation including morphology, physiology and biochemistry. ROS have 

also been shown to influence cell and tissue morphology in a number of other 

systems. For example, ROS play an essential role in promoting vascular angiogenesis 

(reviewed in Maulik, 2002) and in directing polar growth in plants (Mori and 
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Shroeder, 2004). Cell shape changes induced by integrin activation (Kheradmand et 

al., 1998) involve ROS (Werner and Werb, 2002) and neurite outgrowth in PC12 

cells is mediated by ROS (Kamata et al., 1996; Katoh et al., 1997). A search for 

common mechanisms in these disparate systems may provide a useful link to the 

general role of ROS during development (Tsatmali et al., 2006). 
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MATERIALS AND METHODS 

 

Mammalian CNS is formed by heterogeneous groups of cells and circuits with a 

variable and complex synaptic organization. Owing to this inherent complexity, 

simplified experimental strategies are usually better suited to tackle a particular 

scientific problem related to CNS development and functions.  

To investigate spinal network development basic neuroscience have employed 

different ex vivo models, such as the entire isolated spinal cord or the acutely isolated 

spinal slices. Alternatively, culture systems developed from mammalian dissociated 

neurons or organotypic slices have been used. Although organotypic culture models 

have several limits, they are widely used and they represent an extremely helpful system 

to monitor in vitro growth and to study the mechanisms potentially expressed by 

neurons during spinal circuit development.  

In this work we used organotypic cultures from the mouse spinal cord isolated at 

embryonic age (E) 12. These cultures provide a model system tailored to investigate in 

vitro neurogenesis and development. Organotypic slices from embryonic spinal explants 

offer a direct experimental access to spinal micro circuits, in addition, in this culture 

system, the basic segmental architecture and the distinct classes of neurons and glial 

cells are preserved (Galante et al., 2000 – 2001; Rosato-Siri et al., 2002).  

The term “organotypic” has been used for the first time by Maximov in 1925 

(Maximov, 1925), to emphasize the maintenance, under culture long-term growth 

conditions, of the inter-cellular connections. An intriguing property of these cultures is 



Materials and Methods 

‐ 68 ‐ 

that processes, leading to synaptogenesis and myelinogenesis, may take place during in 

vitro growth (Gähwiler, 1981; Streit et al., 1991; Streit, 1993; Ballerini and Galante, 

1998; Ballerini et al., 1999; Avossa et al., 2003). In this preparation the in vitro 

development of the tissue shows a certain degree of synaptic and ultra-structural 

specificity, with comparable neurochemical and pharmacological characteristics (Crain 

and Peterson, 1963; Avossa et al., 2003). 

 

Several techniques were developed to obtain organotypic cultures of the 

embryonic spinal cord slices, which can be divided into two main groups, identified by 

the static or dynamic growth conditions, (i.e. depending on the incubation procedure). 

According to Maximov the cultures are incubated in a static manner, on the contrary we 

used the method developed by Gähwiler (Gähwiler, 1981), in which the cultures are 

kept in a rotating roller drum that allows the slices to progressively flatten after few 

days in culture. 

 

 

Preparation of spinal cord slices 

 

Organotypic slice cultures of spinal cord and dorsal root ganglia (DRGs) were 

prepared from mouse embryos (breading B6SJL-F1, The Jackson Laboratories, Bar 

Harbor, ME, USA) at E12-13 of gestation, as previously described (Furlan et al., 2007). 

Briefly, the pregnant mouse was anesthetized and afterwards sacrificed by an intra-

cardiac injection of chloral hydrate (10.5 %, 0.4 mL/100 g). This procedure is in 
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accordance with the regulations of the Italian Animal Welfare Act, with the relevant EU 

legislation and guidelines on the ethical use of animals and is approved by the local 

Authority Veterinary Service. The first embryonic day (named E1) is the day after 

mating. After isolation, fetuses were decapitated and their backs isolated and cut into 

275 μm thick transverse slices with a tissue chopper. All these procedures were made in 

sterility conditions using Geys’ balanced salt solution (GBSS, in mM: 1,49 CaCl2 

(2H2O); 4,97 KCl; 0,22KH2PO4; 1 MgCl2 (6H2O); 0,28 MgSO4 (7H2O); 136,87 NaCl; 

2,7 NaHCO3; 0,84 Na2HPO4; 5,55 Glucosio; pH 7.4 and osmolarity 296 mOsm. 

Slices were chosen from the low thoracic and high lumbar levels and, after 

isolation, they were kept at 4°C for 1 hour, before mounting them on a glass coverslip 

(12 x 24 mm, 1,2 mm thick, Vitromed). The spinal cord slices (with the attached DRGs) 

were then fixed on a glass coverslip with 20 µl of reconstituted chicken plasma (Tebu-

Bio, Italy) coagulated with 30 µl of thrombin (Merck, Italy).  

After 30-40 minutes, the coverslips were inserted into plastic tubes with 1 mL of 

medium with the following composition: 67% Dulbecco’s modified Eagle’s medium 

(Invitrogen, Italy), 8% sterile water for tissue culture (Invitrogen, Italy), 25% fetal 

bovine serum (FBS, Invitrogen, Italy) and 20 ng/mL nerve growth factor (Alomone 

Labs, Israel), 1% Antibiotic – Antimytotic Solution (Gibco, Invitrogen, Italy), 

osmolarity 300 mOsm, pH 7.35.  

 

Glass coverslips were prepared via a cleaning procedure 48 h before culturing by 

incubation in HCl 0.5 N (24 h), afterwards they were washed in distilled water. Surfaces 

were further cleaned by incubation in 100% ethanol for 30 minutes. Coverslips were 

dried and sterilized overnight in a drying oven at 80-100 °C. 
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Components Medium A Medium B Medium C 

D-MEM 67 ml 67 ml 67 ml 

FBS 25 ml 25 ml 25 ml 

Distilled Water 8 ml 8 ml 8 ml 

NGF 5 ng/ml 20 ng/ml 5 ng/ml 

Antibiotic-Antimycotic 

Solution 100X 
1 ml 1 ml 1 ml 

Antimitotics / / 10 µM  

 

Each dissection supplied 50 to 100 slices that were kept in culture for 7-17 days 

before use. The tubes were kept in a roller drum rotating at 120 rph in an incubator at 

36.5° C in the presence of humidified atmosphere with a concentration of 5.2 % CO2. 

Spinal cord organotypic cultures underwent a progressive flattening due to the 

dynamic culturing conditions. 

We used Medium B at the day of dissection and, after 5 days, we replaced it by 

Medium C (1 mL in every tube), which contained also a blend of Antimytotic, such as 

1% 5-Fluoro-2-deoxyuridine, 1% Cytosine Arabinoside (ARA-C) and 1% Uridine. 

After 24 h Medium C is replaced by Medium A, which had to be changed every 7 days. 
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In all the experiments reported in this thesis we used organotypic cultures 

developed from the embryonic mouse spinal cord and maintained in vitro for 1 or 2 

weeks, to investigate the age-dependent spatio-temporal control of intracellular Ca2+ 

signaling generated by ventral neuronal populations during spinal networks 

development. 

 

 

Figure 1. Preparation of organotypic cultures from embryonic mouse spinal cord. 

(A) Isolation of spinal cords from mouse fetuses.  

(B) Slices are cut with tissue chopper.  

(C) Dissection of spinal cord slices after cut. DRGs still remain attached to the slices. 

(D) and (E) The spinal cord slices (with DRGs) are fixed on glass coverslips, which are then 
inserted into plastic tubes, with the culture medium (F) and (G). 

(H) The tubes were kept in a roller drum.
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Spinal cord morphology and organotypic cultures 

 

The cultured explants of the spinal cord slices preserve a typical organotypic 

configuration that allows recognizing the morphology of a segment after both 7 and 14 

Days In vitro (DIV). The ventro-dorsal orientation is indicated by the co-cultured DRG, 

which re-connect with the dorsal area of the spinal slice, while the ventral area is clearly 

marked by the presence of the ventral fissure. In these organotypic cultures, several 

cellular phenotypes are present. For this reason, organotypic cultures developed from 

the spinal cord have been used to study motoneurons, interneurons, muscle fibers, 

(usually co-cultured by inclusion of peri-spinal tissue containing myoblasts that mature 

into myofibers and are re-innervated by motor neurons located in the ventral horns; 

Avossa et al., 2003; Rosato-Siri et al., 2004) and DRGs neurons.  

 

Motor neurons are identified by their morphology and location in spinal slices: 

they are multipolar neurons with large soma (>25 µm largest diameter) and they are 

located in the ventral area, at the two sides of the ventral fissure. These features were 

confirmed by immunocytochemical studies, where the SMI32- and ChAT-ir of larger 

ventral neurons were shown (Avossa et al., 2003). 

Another important class of spinal cells is represented by the ventral pre-motor 

interneurons which are involved in the generation of rhythmic motor patterns 

(Ballerini and Galante, 1998; Ballerini et al., 1999; Galante et al., 2000 – 2001; Rosato-

Siri et al., 2002). In organotypic cultures ventral interneurons display a soma-diameter 

of about 15-20 µm and they are mono- or bi-polar cells. Ventral interneurons in 

organotypic cultures generate spontaneous synaptic activity with characteristic temporal 
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patterns (see the electrophysiological recordings by Ballerini and Galante, 1998; 

Ballerini et al., 1999; Rosato-Siri et al., 2004). 

After 2 weeks of in vitro growth DRG neurons spread out in monolayers, 

symmetrically located at both sides of the spinal slice (Spenger et al., 1991). DRG 

neurons are easily identified by their morphology, characterized by a polygonal profile 

and a large cell body (40-50 µm diameter) with one or two large processes emanating 

from it (Avossa et al., 2003). These cells never display spontaneous synaptic activity 

although they spontaneously generate action potentials (Galante et al., 2000). 

 

 

Ca2+ - imaging   

 

Organotypic slices grown in vitro  for 1 week (from 7 to 11 days in vitro ; DIV), 

or for 2 weeks (14-17 DIV) were incubated in the recording solution containing (in 

mM): 152 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose (pH adjusted to 7.4 

with NaOH; Carlo Erba, Italy) integrated with 0.5% Bovine Serum Albumin (BSA, 

Sigma-Aldrich, Italy) and loaded at room temperature (RT; 20-22° C) with a mixture 

(1:2, v/v in DMSO) of Fura-2-AM (2 - 5 μM, final concentrations in the loading 

solution; Sigma-Aldrich, Italy). Fluorescent indicators are all subject to oxidation 

during storage and will lose activity in a few days if exposed to light and air at room 

temperature. For this reason, I prepared the Fura-2-AM, in dry DMSO, in aliquots each 

of which contained the amount of indicator usually required by a single experiment. The 

aliquots were kept frozen and thus avoiding repeated freeze/thawing cycles. After 1 h 

the loading solution was removed and the slices were washed with, and kept in, the 
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recording solution for 1h to allow complete de-esterification of the dye. A single Fura-

2-loaded slice was then placed in a recording chamber (Perspex chamber) mounted on 

an inverted microscope (Eclipse TE 200, Nikon, Japan), where it was superfused with 

the recording solution at 5 mL min-1. Videomicroscopy and Ca2+-imaging 

measurements were carried out at RT. The Fura-2 loaded cultures were observed with a 

40X objective (1.8 NA, Nikon, Japan). All the recordings were taken from a small (125 

μm x 95 μm) visual field located in the ventral area. Slices were excited at wavelengths 

of 340 and 380 nm with a monochromator device equipped with integrated light source 

(Polychrome IV, Till Photonics). Excitation light was separated from the light emitted 

from the sample using a 395 nm dichroic mirror. Images of emitted fluorescence >510 

nm were acquired continuously for 1200 s as a maximum (500 ms integration time for 

frame) by a cooled slow-scan interline transfer camera (IMAGO CCD camera, Till 

Photonics) and simultaneously displayed on a color monitor. This protocol minimized 

photo-bleaching as confirmed by robust responses produced by 100 mM KCl (Carlo 

Erba, Italy) pulse application at the end of the recording session. Camera was operated 

on 4 x 4 pixel binning mode. The imaging system was controlled by an integrating 

imaging software package (TILLvisION, Till Photonics) using a personal computer.  

Video frames were then digitized, integrated and processed offline to convert 

fluorescence data into Ca2+ maps by computing a ratio of 340/380 nm excitation 

wavelength values (ΔR; integrating imaging software package, TILLvisION, Till 

Photonics). 
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Figure 2. Example of the control window in the integrating imaging software package TILLvisION (Till 
Photonics). 

 

 

We recorded Ca2+ signals from selected ventral areas, in which we visualized 

neuronal cell bodies, clearly identified by their shape and size in bright field microscopy 

(Fabbro et al., 2007). Ca2+ signals were recorded from ventrally located spinal neurons 

(<20 μm somatic diameter), which fulfilled the criteria for interneuronal identification 

on the basis of their round shape and were located in close proximity (20-300 µm) to the 

ventral fissure (Spenger et al., 1991; Streit et al., 1991; Ballerini and Galante, 1998; 

Ballerini et al., 1999; Fabbro et al., 2007).  As previously shown, these cells are clearly 

distinguishable from other neurons with the typical morphology of motoneurons as well 

as from DRG neurons (Fabbro et al., 2007). In this thesis we decided to name 

interneuron any neuron (in the ventral region) that was clearly distinguishable from 

motor neurons. This category, thus, includes projection neurons even if their ultimate 
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target was confined to the slice preparation and whose full maturation is lacking in the 

embryonic spinal cord since axons have not yet reached their targets (Eide and Glover, 

1995). Therefore, in accordance with this convention, developmental studies usually use 

the term “interneuron” for all non-motor neurons (Nissen et al., 2005).  

For each experiment, only one region/slice was analyzed and 20 ± 5 fluorescent 

interneurons were selected (usually focused in the most superficial recording plane) to 

investigate changes in intracellular Ca2+ concentration. Signals were colored spots in 

clear correspondence to previously identified cell bodies and were analyzed by limiting 

the area of interest over the cell body, excluding the background (see example in Figure 

2). Interneurons were visible in pseudo-colors from blue to red, corresponding to 

increasing scale of Ca2+ concentrations.  

Several evidences confirmed the neuronal nature of the recorded cells: i) in a 

representative group of slices (at both 1 and 2 weeks), 54 recorded cells were tested 

with a 2 s long pulse of 100 mM KCl (Carlo Erba, Italy) at the end of the experiment 

and responded with a large Ca2+ transient (Fabbro et al., 2007); ii) 15 cultured slices 

were fixed after recording and stained with the neuron-specific marker MAP2 

(Microtubule Associated Protein 2, ZYMED Laboratories, Invitrogen, Italy), 

confirming the neuronal nature of the recorded cell within the selected field (Fabbro et 

al., 2007); iii) in a set of slices, neurons (n=10) were patch clamped and recorded after 

Ca2+ imaging (see below). 
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Electrophysiological recordings and drug solutions 

 

Recordings were performed from cultured slices after 1 week in vitro  as 

previously described (Furlan et al., 2005, 2007); briefly, coverslips with cultures were 

positioned in a Perspex chamber mounted on an inverted microscope (Eclipse TE 200, 

Nikon, Japan) and continuously superfused with the recording solution at RT. Whole 

cell currents were recorded in voltage-clamp mode from ventrally located, and visually 

identified, spinal interneurons which, in the same experimental session, were also 

identified with Ca2+ imaging technique as belonging to the active neurons, i.e. those 

generating spontaneous and repetitive Ca2+ signals.  

Patch pipettes had resistances of 4–6 MΩ and contained (mM): 120 K gluconate, 20 

KCl, 10 HEPES, EGTA 10, MgCl2 2 and Na2ATP 2 (pH 7.35 adding KOH; Carlo Erba, 

Italy). Responses were amplified and stored for further analysis (Axopatch 1-D; Axon 

Instruments, Foster City, CA, USA), and digitized online at 10 kHz with the pCLAMP 

software (Axon Instruments, version 8.1). All cells were kept at a holding potential (Vh) 

of -56 mV.  

All drugs were applied via the perfusing system. Modified Ca2+-free solution consisted 

in the same recording solution (see above) except for (in mM): 0 CaCl2, 3 MgCl2 and 5 

EGTA (Carlo Erba, Italy).  

Drugs were applied at the following concentrations:  

• 5 µM CNQX  

• 1 µM TTX 

• 2 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP) 
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• 30 µM 7-chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-one 

(CGP-37157) 

• 5 µM thapsigargin 

• 10 µM ryanodine 

• 2 mM CoCl2 

• 6 mM DTT 

• 200 µM DTNB 

• 10 mM Pyruvate 

• 3 30 – 100 - 300 µM H2O2 

• 5 – 10 mM NAC 

 

Pulse applications of 100 mM KCl were 2 s long. CCCP, CNQX, DTT, DTNB, 

Pyruvate, NAC, H2O2 and CoCl2 were from Sigma-Aldrich (Italy); CGP-37157, 

ryanodine and thapsigargin were from Calbiochem (Germany); TTX was from Latoxan 

(France). 
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Figure 3. Example of bursting-like spontaneous activity recorded from ventral spinal neurons in an 
organotypic culture (courtesy of Micaela Galante). 

 

 

Patch Clamp 

 

In this thesis the used electrophysiological technique is the patch clamp 

technique via traditional glass pipette. Patch clamp measurements were performed in 

according to Sackman and Neher technique (Sackman and Neher, 1986). This method 

allows to measure small currents (order of magnitude of pA), generated by neuronal 

cells with small cell soma (<15 µm maximum diameter), such as interneurons. 
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Figure 4. Comparison between a glass pipette and an hair. 

 

In all the electrophysiological recordings we used the whole cell configuration 

(after formation of a stable tight seal between the cell membrane and the pipette) by 

breaking the patched membrane by applying a moderate negative pressure to the 

pipette. In whole cell the inner solution of the pipette communicates directly with the 

intracellular space, leaving the seal intact and allowing the recording of the activity in 

the whole cell.  

We performed voltage clamp recordings: we controlled the voltage of the 

cellular membrane and we measured trans-membrane currents, generated in cells with a 

holding potential (Vh) of -56 mV.  
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Ca pello

 

Hair

Pipette
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Figure 5. Patch Clamp tecnique. Approaching the cell (A), seal (B), cell attached (C e C2) and different 
types of techniques used to investigate cellular activity (D,E, ed F). 
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Immunofluorescence (IF) 

Organotypic cultures were fixed with paraformaldehyde (PFA, 4% in PBS, 

Sigma-Aldrich, Italy). All the samples were incubated for 1 h at RT in 4% PFA, rinsed 

in PBS, and stored at 4° C until use. They were then incubated for 30 min in the 

blocking solution: 5% BSA, 0.3% Triton X-100 (Carlo Erba, Italy) and 1% Foetal 

Bovine Serum (FBS, Gibco, Italy) in PBS. Cultures were then incubated in primary 

antibodies overnight at 4°C or in DAPI (1 μg/mL, Invitrogen, Italy) for 1 h at RT.  We 

used the following primary antibodies: mouse monoclonal anti-calbindin D-28K and 

rabbit anti-parvalbumin 28 (1:1000, Swant, Switzerland), mouse monoclonal anti-

calretinin (1:50, DakoCytomation, Denmark), goat polyclonal anti-NKCC1 and goat 

polyclonal anti-KCC2 (Santa Cruz Biotechnology, USA), mouse anti-Microtubules 

Associated Protein 2 (MAP2: 1:250, ZYMED Laboratories, Invitrogen, Italy), SMI32 

(Sigma Aldrich), mouse monoclonal anti-glycine receptor (Synaptic Sistems, 

Germany), rabbit polyclonal anti-gephyrin (Molecular Probes, Invitrogen, Italy), rabbit 

polyclonal anti-GABA (Sigma Aldrich, Italy). 

Subsequently slices were washed in PBS and incubated with secondary 

antibodies for 2 h at RT.  The secondary antibodies we used are: Alexa Fluor-488 goat 

anti-mouse and Alexa Fluor-594 goat anti-rabbit (1:300, Invitrogen, Italy). DAPI was 

from Molecular Probes (Invitrogen, Italy). 

At last, the cultures were washed in PBS and mounted in glycerol/pH 8.6 PBS 

(9:1) containing 2.5% (w/v) 1,4-diazabicyclo-(2,2,2)-octane (DABCO, Sigma-Aldrich, 

Italy), to prevent fluorescence fading and stored at -20°C until use. Cultures were 

viewed with a Nikon inverted microscope (Eclipse TE 200, Nikon, Japan) equipped 

with an IMAGO CCD camera (Till Photonics). Images were obtained with a TCS SP2 
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Leica confocal microscope. To quantify oscillating neurons 15 organotypic slices (14 

DIV, from different cultures) were used. For quantification of the number of positive 

cells, images were taken with a 10X objective. The areas were measured and the 

number of cells within 10 randomly chosen square regions was counted to determine the 

density of positive cells. 

In a separate set of experiments (3 culture series), the number of calbindin-

immunoreactive (IR) neurons (15 slices) was quantified using MetaMorph 7.5 software 

(Molecular Devices). For each slice we selected three areas (i.e. ventral, central and 

dorsal; see the scheme in Fig.6c, right) in which the distribution of calbindin positive 

cells was estimated. The occurrence of calbindin-IR cells present in each region was 

expressed as percentage of the total number of positive cells detected in the entire slice 

(Figure 24, left). 

 

 

Statistical analysis and cross correlations 

Experiments were obtained from 118 different culture series. Results are 

presented as mean ± SE, with n = number of neurons, unless stated otherwise.  

Intracellular Ca2+ transients, expressed as ΔR, were considered significant if they 

exceeded 5 times the S.D. of the baseline noise. Each event was also visually inspected 

to exclude artifacts. Repetitive signal period was measured as the time interval between 

the onsets of two subsequent events. The regularity of event occurrence was quantified 

by the coefficient of variation (CV: standard deviation/mean) of their period, expressed 

as percentage. Episode duration was defined as the time from the beginning of the Ca2+ 

rise during which the signal remained above a preset threshold (usually 5 times the S.D. 



Materials and Methods 

‐ 84 ‐ 

over the baseline noise). After obtaining the average values for period and duration from 

each cell in a slice, data were pooled for all slices recorded under the same experimental 

conditions and averaged for further comparison. Since the amplitude of Ca2+ transients 

was highly variable, we did not consider the absolute value of amplitudes as a parameter 

for the characterization of Ca2+ signals. For propagating waves, propagation velocity 

(μm/s) was quantified by calculating the time (in s) in which the wave extend over the 

preset recorded area (μm). 

Synchronization of Ca2+ transients among neurons in the same slice was 

estimated by cross-correlation analysis. For each recorded area, three cells were 

arbitrarily selected (with no spatial overlap between their fluorescence signals) and 

cross correlation analysis were performed separately for >10 cycles from each 

combination of the three cell pairs. The value of cross correlation factor (CCF) was used 

to measure the strength of the correlation between cycles, i.e. the relative probability 

that the peaks of Ca2+ transients took place at the same time in the two cells. These 

values cannot exceed 1 (time series identical: maximal correlation) and cannot be lower 

than -1 (maximal anti-correlation), and were obtained using the Clampfit 9.2 software 

(Axon Instruments, Foster City, CA, USA). Single episodes of compound postsynaptic 

currents (PSCs) recorded from patched clamped neurons, under voltage clamp 

configuration contextually to Ca2+ waves or bursts, were detected and analyzed by 

AxoGraph 3.5.5 (Axon Instruments) event detection software on a MacIntosh computer.   

In waves- or in bursts-like activity the repetitive intracellular Ca2+ transients were 

spontaneously and cyclically generated along the entire recording session, conversely in 

oscillations-like activity intracellular Ca2+ transients were generated spontaneously but 

could start at different time of the recording session in different neurons.
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AIMS 

 

The specific goals of the present study are:  

 

1) To validate the use of in vitro spinal explants to investigate Ca2+ signaling 

arising spontaneously during spinal network formation 

2) To reveal whether the generation of repetitive Ca2+ signals occurs spontaneously 

and, if so,  

3) To identify the changes in the pattern of Ca2+ signaling (and underlying 

mechanisms) expressed during network maturation in vitro 

4) To investigate the expression pattern of calcium binding proteins and chloride 

transporters at crucial times of in vitro growth of the spinal circuit  

5) To identify neurons involved in a particular class of repetitive activity-

independent Ca2+ signaling  

6) To map the sensitivity of spinal neurons to physiological concentrations of H2O2 

during development in vitro. 

 

Our results were obtained from slice cultures of embryonic spinal cord monitored at 

1 (from 7 to 11 DIV) and 2 (14-17 DIV) weeks, in the absence of any exogenous 

stimulation.  

Organotypic slice cultures allow direct experimental access to spinal microcircuits. 

This preparation has been used in neuroscience research for a long time (Crain and 
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Peterson, 1963; Braschler et al., 1989; Streit et al., 1991; Gähwiler et al., 1997; 

Ballerini and Galante, 1998; Galante et al., 2000) and represents a useful model for 

studying the dynamics of intra-segmental maturation processes relying on propriospinal 

neurons and circuits (Avossa et al., 2003; Rosato-Siri et al., 2004; Furlan et al., 2005; 

Fabbro et al., 2007; Furlan et al., 2007; Figure 1). In fact, despite the absence of 

afferent and supraspinal inputs, which are important for the development of spinal 

circuits (Harris-Warrick and Marder, 1991; Nusbaum et al., 2001; Branchereau et al., 

2002), in this preparation the ontogeny and functional development of classes of 

interneurons, such as the GABAergic ones, observed in vivo (Antal et al., 1994; 

Barbeau et al., 1999; Gao et al., 2001; Tran et al., 2003) is maintained (Avossa et al., 

2003; Furlan et al., 2005; Furlan et al., 2007). In these cultures many spinal cord cell 

types are present, and spontaneous neuronal activity develops in a manner reminiscent 

to that observed in vivo (Avossa et al., 2003; Rosato-Siri et al., 2004; Furlan et al., 

2007). 

 

Figure 1. Bright field images of spinal cord organotypic cultures, at 0 – 7 – 14 DIV. Blue rectangles 
define ventral regions. Calibration bars: 500 µm.  

 

0  DIV 7 DIV 14 DIV  

Courtesy of Daniela Avossa 
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Several lines of experimental evidence indicate that spinal segment growth in 

vitro is characterized by many events known to occur during in vivo maturation of the 

spinal circuitry. For example, the discharge patterns of firing activity in cultured ventral 

neurons evolve in a fashion reminiscent to that observed in acute spinal slices taken at 

different postnatal ages (compare Furlan et al., 2007 to Szucs et al., 2003 and to Theiss 

and Heckman, 2005). In addition, ERG proteins (and/or ERG potassium currents) 

spatio-temporal expression by GABAergic interneurons in culture is very similar to the 

one reported in the embryonic spinal cord in vivo (Furlan et al., 2005; 2007). 

GABAegic neuron age-dependent pattern of expression evolves during organotypic 

slice maturation mimicking that described in in vivo spinal segments at corresponding 

times of development. In fact the GABAergic system, in vivo, follows a gradient of 

maturation, spreading from the ventro-medial to the ventro-lateral areas (at E13.5) and 

subsequently fading within the same ventral areas, while contextually increasing in the 

dorsal cord (at E17.5; Allain et al., 2004). In the mouse organotypic slices we have 

observed, in previous studies (Avossa et al., 2003; Furlan et al., 2005), a similar 

temporal distribution of GABAergic neurons via detection of a transient expression of 

GABA synthetic enzyme GAD 67 (Avossa et al., 2003) and of GABA-ir (Furlan et al., 

2005, 2007; see also Figure 2). Glycine expression has been only recently investigated 

during spinal growth in culture, and our preliminary results suggest a progressive 

increase in the ventral expression of both GlyRs and gephyrin, a protein known to 

restrict the mobility of GlyRs, thereby generating dynamic plasma membrane domains 

contributing to the plasticity of inhibitory synapses (Choquet and Triller, 2003; Meier et 

al., 2001, see Figure 3).  
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Figure 2. Immunofluorescence stainings with anti-GABA antibody (in red) in a slice at 15 DIV. 

(a) At this age GABA-ir cells are rarely detected in the ventral part of the slice (the ventral fissure is 
pointed out by the white arrow). Calibration bar: 500 µm.  

(b) Higher magnification of ventral area. White arrows indicate two GABA-ir soma. Note the large 
amount of GABA-positive processes. Calibration bar: 50 µm. 

 

Several changes in the spontaneous network activity which occur in the spinal 

cord isolated at different embryonic ages, are also found in cultured organotypic slices 

(Rosato-Siri et al., 2004; Furlan et al., 2007) as well as in the entire cultured spinal cord 

(Branchereau et al., 2002). 

                      

VENTRAL 
PART  

Figure 3. Immunofluorescence staining of anti-Gephyrin and anti GlyRs. (a) High magnification of the 
ventral part in a slice at 13 DIV stained with anti-Gephyrin in red, anti-GlyRs in green and DAPI in blue. 
Calibration bar: 50 µm. (b) A 13 DIV slice stained with DAPI: note the ventral region clearly marked by 
the presence of the ventral fissure (on the right). Calibration bars: 500 µm. 

a  b

a  b
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Thus, embryonic spinal neurons maintained in organotypic slice cultures mimic 

certain maturation-dependent signaling changes. With such a model we investigated, in 

embryonic mouse spinal segments, the age-dependent spatio-temporal control of 

intracellular Ca2+ signaling generated by neuronal populations in ventral circuits and its 

relation with synaptic activity. We used Ca2+ imaging to monitor areas located within 

the ventral spinal horn at 1 and 2 weeks of in vitro growth.  
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RESULTS and DISCUSSION 

 

The main finding of the present study is the novel demonstration that maturation 

of ventral spinal networks evolves through a complex pattern of Ca2+ signaling that first 

engulfs large neuronal populations with synchronized waves and bursts. Later, this 

spontaneous network global behavior wanes as discrete Ca2+ signals (oscillations) are 

restricted to subgroups of neurons with a specific sensitivity to H2O2, an agent known to 

promote plasticity and synaptic organization (Takahashi et al., 2007). These data 

suggest a developmental shift in spontaneous network activity of heterogeneous nature 

that led to collective, synchronous recruitment of a vast neuronal population. This 

process is subsequently refined to a stereotypic pattern of Ca2+ signaling mode. Because 

discrete, cell-dependent Ca2+ signaling is an important hallmark of motor behavior 

expressed by postnatal spinal networks (Bonnot et al, 2005), it seems likely that the 

present observations provide a first insight into the cellular and temporal dynamics of 

such processes in an experimentally accessible preparation. Indeed, an interesting result 

emerging from the present study is the associated change in Ca2+ binding proteins which 

presumably were implicated in controlling the nature of Ca2+ signaling. 
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Neuronal Ca2+ dynamics at 1 week: a large repertoire comprising waves, 

bursts and oscillations  

 

In the isolated spinal cord, as well as in the organotypic spinal cord 

(Branchereau et al., 2002) or slice cultures (Rosato-Siri et al., 2004; Furlan et al., 2007; 

Czarnecki et al., 2008) or in the acute slices (Demir et al., 2002), tissue maturation is 

accompanied by the generation of spontaneous rhythmic activity emerging at the 

earliest time of motor circuit formation (Hanson and Landmesser, 2003; Branchereau et 

al., 2002; Whelan, 2003). Synchronous rhythmic discharges occur spontaneously, 

without the need of descending or afferent inputs, relying on local synaptic circuits and 

usually displaying different frequency ranges that depend on the embryonic age tested 

(Branchereau et al., 2002; Whelan, 2003; Rosato-Siri et al., 2004).  

We characterized the generation of repetitive Ca2+ signals by ventral horn 

neurons grown for 7-11 DIV in organotypic cultures.  

All the recordings were taken from a small (125 μm x 95 μm) visual field 

located in the ventral area (see example in Figure 21a; see also Fabbro et al., 2007), in 

close proximity to the ventral fissure. Ventral fields were recorded from 100 

organotypic slices at 1 week in vitro and we monitored a sample of 900 neurons. We 

considered for analysis 90 slices and 500 neurons.  

This study shows that the synchronous neuronal activity of embryonic spinal 

networks led to spontaneous, propagating Ca2+ waves, detected, to the best of our 

knowledge, for the first time in organotypic culture. Waves were defined by the visual 

appearance of such activity during Ca2+ imaging recordings, characterized by a front of 
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propagation, which recruited and synchronized almost all neurons detected within the 

visual field. 

Under standard experimental conditions in 17% of the recorded organotypic 

slices (7-11 DIV), ventral neurons generated spontaneous Ca2+ waves as exemplified by 

the simultaneous recording from two neurons (upper and lower traces in Figure 4a).  
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Such Ca2+ waves, which are rarely observed in acutely isolated spinal slices 

(Demir et al., 2002), spread slowly across the ventral horn at a speed of 41.63 ± 2.07 

µm/s (shown in Figure 5; n=15 slices; see movie #1 in the DVD attached). In this case 

all neurons recorded in the field were recruited and synchronized by the advancing 

wave, as indicated by the CCF average value of 0.9 ± 0.004 (see example in Figure 4b).  

Figure 4. (a) Spontaneous and repetitive Ca2+ waves 
generated in the ventral area of a slice after 1 week of in vitro
growth (8 DIV). ΔR tracings show synchronized waves 
recorded from two neurons located in the same visual field. 
Waves were fully blocked by CNQX 5 µM. Inset: expanded 
record of a series of waves. (b) Typical example of cross-
correlogram relative to Ca2+ waves recorded from a pair of 
cells in the same visual field in a 1 week slice (same cells as
in a). Note the high correlation of these transients. 

a  b
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2 s1 s0 s 7 s5 s4 s  

Figure 5. Spatio-temporal pattern of wave activity. Pseudo-colors images of the optical signals at variable 
frame intervals obtained from ventral areas previously stained with the fluorescent indicator FURA2-AM. 
Ca2+ maps were obtained by computing a ratio of 340/380 nm excitation wavelength values (ΔR). See 
also movie #1 in DVD attached. 

 

 

On average, these waves occurred at a very slow pace with a mean period of 27 

± 2 s and long duration of 16 ± 1 s (period-CV value = 34 ± 6 %). These Ca2+ transients 

were readily blocked by 5 min application of TTX (1 µM, not shown) or of CNQX (5 

µM, Figure 4a).  

 

Waves progressively gave way to large population bursts and even rare 

oscillations. In one third of the remaining cultures (n=30 slices), spontaneous repetitive 

elevations in intracellular Ca2+ were also detected, although with different dynamics 

when compared to waves (which never emerged in these preparations). Ca2+ elevations 

were organized in bouts (Figure 6a), which did not propagate, and were reminiscent of 

synchronous bursting episodes of synaptic activity, generated at early stages of 

development in vitro (Furlan et al., 2007). Our study validated the presence of early 

synaptic bursting activity (Avossa et al., 2003; Rosato-Siri et al., 2004; Furlan et al., 

2007; Whelan, 2003) to support large Ca2+ signals, confirming that Ca2+ imaging is a 

reliable tool to monitor the activity of populations of neurons as it occurs also in the 

isolated whole spinal cord (Whelan, 2003; Branchereau et al., 2002; Hanson and 

Landmesser, 2003; Furlan et al., 2007).  
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Bursts detected with Ca2+ imaging were simultaneous, repetitive signals from the 

majority of neurons present in the recorded field (Figure 7; see movie #2 in DVD 

attached). Bursting activity displayed a mean period of 11 ± 1 s with 6 ± 0.5 s duration 

and a period-CV value of 43 ± 7 %, indicative of their lack of regularity. Repetitive 

bursting activity was highly synchronous, as confirmed by the CCF average value of 0.9 

± 0.005 (Figure 6b). Bursts of intracellular Ca2+ rises were readily blocked by TTX (1 

µM, Figure 6a) or CNQX (5 µM, Figure 10). 

 

a  b

Figure 6.  (a) Spontaneous and repetitive Ca2+ bursts 
generated in the ventral area of a spinal slice after 1 
week in culture (9 DIV; different slice than in Figure 
4a). ΔR tracings show synchronized bursts recorded 
from two neurons located in the same visual field. 
Bursts were completely blocked in the presence of 
TTX 1 μM. Inset: expanded record of a series of 
bursts. (b) Typical example of cross-correlogram 
relative to Ca2+ bursts recorded from a pair of neurons 
in the same visual field (same cells as in a). Note the 
high synchronicity of the analyzed signals. 
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2 s1 s0 s 5 s4 s3 s  

Figure 7. Spatio-temporal pattern of burst activity. Pseudo-colours images of the optical signals at 
variable frame intervals obtained from ventral areas previously stained with the fluorescent indicator 
FURA2-AM. Ca2+ maps were obtained by computing a ratio of 340/380 nm excitation wavelength values 
(ΔR). See also movie #2 in DVD attached. 

 

 

We performed voltage clamp recordings from a sample of interneurons (n=10) 

located in the ventral area of slices displaying either waves or bursts (Figure 8 and 

Figure 9) identified on the basis of the presence/absence of a clear propagating 

behavior during imaging. In Figure 8a waves of activity recorded from two 

interneurons at 8 DIV are depicted as ΔR tracings with 10 ± 3 s period and 

characterized by a propagation velocity of 55 ± 3 µm/s. In Figure 9a (different 9 DIV 

preparation), bursts were detected from two cells as episodes of Ca2+ increases (6 ± 2 s 

period) without apparent propagation.  
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Figure 8. (a) Spontaneous Ca2+ waves recorded form the ventral area of a slice at 8 DIV. The ΔR tracings 
represent 2 neurons recorded from the same ventral field. (b) Current tracings recorded from a ventral 
neuron belonging to the active ones in the optically recorded field (same slice as in a). Note the presence 
of large bursts of PSCs. (c) Pseudo-colors picture of the imaging recording field: note the electrode and 
the patched clamped neuron recorded in (b). 

 

 

The patch clamp recordings from cells (Figure 8b and Figure 9b), waves and 

bursts, respectively) located within the field of active neurons (Figure 8c and Figure 

9c) showed that the changes in fluorescence in either propagating waves or synchronous 

bursts were tightly coupled to compound postsynaptic currents (PSCs) occurring at a 

pace similar to that of the corresponding fluorescence signals (periods values of: 8 ± 4 s 

and 4 ± 3 s, b and e respectively), indicating patterned synaptic activity as previously 

reported (Furlan et al 2007).  
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Figure 9. (a) Spontaneous Ca2+ bursts generated by cells located in the ventral area of a 9 DIV spinal 
slice (different from Figure 8a. ΔR tracings are from 2 neurons located in the same recording field. (b) 
Current tracings are recorded from a ventral neuron belonging to the active ones in the optically recorded 
field (same as in a). (c) Pseudo-colours picture of the optical recorded field, note the electrode and the 
patched clamped neuron recorded in (a). 

 

 

The association between Ca2+ fluorescent changes and compound PSCs was 

further demonstrated by their similar block by CNQX. In a 9 DIV preparation (Figure 

10), spontaneous bursts (detected as fluorescence signals from four cells) displayed a 

typically irregular periodicity (CV=58 % in Figure 10).  

 

a  b
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Figure 10. ΔR tracings show Ca2+ transients during bursting in 4 ventral neurons in the same visual field 
(9 DIV). Note that this activity is fully blocked by CNQX and it readily recover upon wash out. 

 

 

Likewise, a single patched clamped neuron (Figure 11b) located within the 

same active field (Figure 11a) displayed irregular bursts of PCSs with 64% CV. Both 

Ca2+ signals and inward currents readily disappeared in the presence of CNQX (Figure 

10 and Figure 11c, respectively) and recovered upon washout (Figure 10 and Figure 

11d). It is interesting to note that, for fluorescence signals and currents, the initial phase 

of washout from CNQX was associated with more regular bursting (CV=25% and 

CV=38%, imaging and current tracings, respectively) that, however, never became 

propagated activity.  
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This set of experiments, including Ca2+ imaging and voltage clamp recordings 

(Figure 8-11) confirmed that the changes in intracellular Ca2+ expressed as either bursts 

or waves were coupled to synaptic inward currents. Repetitive inward bursts of current 

similar in shape, onset and rate were observed with voltage clamp recordings from 1 

week cultures that were not loaded with Fura-2 or illuminated, indicating that bursting 

activity was not a side effect of the imaging procedure (see also Rosato-Siri et al., 2004; 

Furlan et al., 2007). 

a  b

c

d

Figure 11. (a) Pseudo-colours picture 
representing the optical recording field and 
the electrode of the patched clamped 
neuron recorded in (b), same slice as in 
Figure 10. (b) Bursting activity recorded 
under voltage-clamp mode. (c) Note that 
bursts of inward currents were fully 
blocked by CNQX and (d) recover upon 
washout in a manner similar to those 
detected by Ca2+ imaging.  
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We tested the possibility of transforming waves into bursts in two slices (8 DIV; 

n=13; see example in Figure 12 for five neurons). Initially, all cells displayed typical 

waves whose propagation disappeared after a depolarizing pulse of KCl (Figure 12, 

arrow) that evoked high-frequency, bursts-like activity (2.4 ± 0.1 s, period) 

superimposed on the baseline increase. Such a bursting activity was readily blocked by 

CNQX application (Figure 12).  
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Figure 12. Waves detected as ΔR tracings and recorded from 5 neurons located in the same visual field. 
Note that after a short (2 s) pulse of KCl (100 mM) waves gave pace to fast bursting activity that was 
readily blocked by CNQX. 

 

 

The switch from waves to bursts might be related to the increased convergence 

of excitatory inputs to ventral interneurons (Furlan et al., 2007) leading to raised 

excitation and stronger neuronal coupling. In fact, a transient increase in excitability 

(via a short KCl pulse) readily converted propagating waves into fast bursts lacking a 

KCl 10 mM 
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discernible propagation front. Indeed, the age-dependent transition from waves to bursts 

could not be detected simply by monitoring single-cell electrical activity via patch 

clamping (Furlan et al., 2007) and confirms the usefulness of Ca2+ imaging for 

monitoring network behavior. 

In summary, in 45% of the 1 week-slices, it was possible to detect synchronous 

activity in the form of large, repetitive fluorescence Ca2+ waves or bursts, presumably 

reflecting the generation of synchronous patterns by the immature spinal network. Large 

ensembles of ventral neurons were involved in synchronous activity, which resulted in 

large repetitive Ca2+ signals, whose generation and spreading depended on chemical 

synaptic transmission and on action potential generation. The propagation front moved, 

however, more slowly than in the entire spinal cord (Momose-Sato et al., 2005; 2007). 

When rat-slice cultures are maintained in vitro for 3-5 weeks (Czarnecki et al., 2008), 

waves of spiking activity can be observed in a minority of organotypic slices. It is 

noteworthy that such a phenomenon is localized to restricted areas and is superimposed 

to local fast bursting (Czarnecki et al., 2008), thus possessing properties different from 

those reported here and probably attributable to the longer culturing period.  

 

In the remaining 1 week slices (around 50%), neurons also displayed Ca2+ 

activity, represented by small, fast spontaneous, TTX-sensitive Ca2+ transients (not 

shown), reflecting, even in the absence of large Ca2+ elevations, the high degree of 

spontaneous synaptic activity typical of embryonic spinal cord preparations and 

cultured slices (Furlan et al., 2007; Czarnecki et al., 2008). 
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In a previous work (Fabbro et al., 2007) we could not reliably detect 

spontaneous large Ca2+ signals evoked by synaptic activity, probably because of the 

lower resolution imaging technique. It was, however, reported that (at 1 week) a cluster 

of ventral neurons produced Ca2+ oscillations triggered by depolarization (Fabbro et al., 

2007). These results are confirmed in the present study which additionally shows how 

blocking ongoing PSCs facilitated the detection of these oscillations occurring 

spontaneously.  

In 30% of 1 week old slices, regardless of their spontaneous activity, application 

of CNQX or TTX disclosed a subset of neurons generating spontaneous, yet activity-

independent Ca2+ oscillations (Figure 13). Unlike bursts (that were promptly suppressed 

by these inhibitors), Ca2+ oscillations were a discrete phenomenon within the relatively 

small field used for analysis as illustrated with ΔR tracings of Figure 13, in which out 

of four recorded neurons, after applying CNQX, only one generated oscillations (see 

inset with expanded trace on the right).  

50
ΔR
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CNQX 5μM

20
ΔR

10 s

20
ΔR
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Figure 13. Ca2+ traces show the emergence of activity-independent oscillations at 10 DIV in the presence 
of CNQX. The ΔR tracings were simultaneously recorded from four neurons in the same visual field. 
Note that, unlike bursts, Ca2+ oscillations were a discrete phenomenon and were not blocked by CNQX. 
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Such activity-independent Ca2+ oscillations were characterized by slow period 

(38 ± 1 s) and typical stereotypic behavior as previously reported (Fabbro et al., 2007). 

These oscillations were never coupled to compound PSCs under voltage clamp 

configuration (n=5; not shown). Activity-independent Ca2+ oscillations were usually 

synchronized at early embryonic stages (CCF 0.83 ± 0.17, n=84 neurons) but were 

asynchronous and more easily detected at later stages of development (see below), when 

bursting activity spontaneously disappears (Rosato-Siri et al., 2004; Furlan et al., 2007).  

We next explored the age-dependent distribution of Ca2+ waves and bursts. The 

histograms of Figure 14 summarize these results. When considering very early stages 

of development in vitro (7 DIV), waves were 80% of Ca2+ repetitive activity, while 

bursts made up the remaining 20%. At 8-10 DIV the relative distribution was inverted 

(Figure 14) as bursts gradually became the most frequent type of Ca2+ signal. At 14 (or 

more) DIV, activity-dependent, large Ca2+ signals disappeared and could be detected in 

only 3% of total recordings (Figure 14, n=190 slices, at 14-17 DIV).  
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Figure 14. Age-dependent distribution of Ca2+ waves and bursts. The histograms summarize these results. 
Note that at 7 DIV waves were 80 % of Ca2+ activity while bursts were the remaining 20 %. At 8-10 DIV 
the relative distribution was inverted. At 14-17 DIV, activity-dependent, large Ca2+ signals were only 3 % 
of total recordings. 
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The detection of activity-independent, spontaneous Ca2+ oscillations rose from 

30 % (at 7-11 DIV) to 57 % (n=108 slices, Figure 15) of the 14-17 DIV preparations 

when they represented the only large, slow repetitive Ca2+ rises generated by small 

ensembles of ventral neurons. Figure 16 shows their duration and period values 

together with corresponding values for bursts and waves. 
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Figure 15. Activity-independent, spontaneous Ca2+ oscillations were 33 % at 7-11 DIV and rose to 57 % 
at 14-17 DIV. 
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Figure 16. Plot shows the duration and period values for waves, bursts and oscillations. 
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Neuronal Ca2+ dynamics at 2 weeks: a stereotypic program of oscillations 

 

At later embryonic stages, spinal network activity evolves from synchronous 

bursting to a background of random, spontaneous PSCs (Rosato-Siri et al., 2004; Furlan 

et al., 2007), along with the maturation of converging inputs (Wilson et al., 2007). At 

this time, synchronous Ca2+ rises involving major spinal neuron populations were 

absent. The majority of slices demonstrated repeated Ca2+ oscillations which, however, 

were present only in a subset of ventral interneurons (regardless of pharmacological 

block of network transmission). Although similar to those detected in 1 week old spinal 

circuits, the 2 weeks oscillations were completely asynchronous, irrespective of ongoing 

synaptic activity. Transient synchronization could be achieved by exposing the ventral 

areas to exogenous depolarizing stimuli, suggesting that broadened excitability (and 

perhaps coincidence of excitatory inputs) might convert sparse into rhythmic 

discharges.  

Because activity-independent Ca2+ oscillations were the prevailing pattern of 

Ca2+ signaling at 2 weeks in culture, their characteristics were further explored with the 

use of the Fura2-AM ratiometric method that allowed a high Ca2+ signal resolution (Roe 

et al., 1990; Hayashi et al., 1994).  

23 s19 s0 s 50 s45 s35 s
 

Figure 17. Pseudo-colours pictures at variable frame intervals show the spatio-temporal distribution of 
Ca2+oscillations. See also movie #3 in DVD attached. 
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Thus, 57% of 2 weeks organotypic slices (190 fields from 190 slices, n=2000) 

contained spontaneously oscillating neurons (see example of three cells in Figure 18a) 

with mean 25 ± 3 s period and 14 ± 1 s duration (n=56). Oscillations had the distinctive 

property of complete lack of synchronization (see Figure 17 and Figure 18; see movie 

#3 in DVD attached) before and after TTX or CNQX treatment (CCF of 0.16 ± 0.18; 

see the sample of cross-correlograms in Figure 18b). 

TTX 1 μM + CNQX 5 μM

20
0 
ΔR

100 s

        

BEFORE TTX + CNQX

AFTER TTX + CNQX

-400 0 400

0.0

0.4

0.8

C
CF

Lag period (s)

-200 0 200

0.0

0.4

0.8

C
CF

Lag Period (s)

 

Figure 18. (a) Spontaneous, regular and repetitive Ca2+ oscillations generated from neurons ventrally 
located in a 2 weeks slice. The ΔR tracings show such spontaneous transients recorded from three 
neurons belonging to the same optical field. Note that oscillations continued in the presence of TTX and 
CNQX and note their distinctive lack of synchronization shown in (b) by the typical cross-correlogram 
relative to Ca2+ oscillations recorded from a pair of cells in the same visual field as in (a). 

 

 

Transient phase-coupling (CCF 0.8 ± 0.03; n=18) could only be seen after 

stimulation with a pulses of KCl (Figure 19).  

a  b
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Figure 19. Asynchronous Ca2+ oscillations are transiently phase coupled (see the typical cross correlation 
plot in the right) after stimulation with a short (2 s) pulse of KCl (in the left). 

 

In accordance with previous report (Fabbro et al., 2007), oscillations were 

strongly dependent on mitochondrial Ca2+ buffering ability as shown by their inhibition 

by CCCP (2µM; a drug that specifically collapses the mitochondrial electrochemical 

gradient; n=160) or the mitochondrial Na+/Ca2+ exchanger blocker CGP-37157 (30 µM; 

n=140). These results are exemplified in Figure 20. 
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Figure 20. Ca2+ oscillations depend on mitochondria Ca2+ buffering capacity. (a) ΔR tracings of 4 
oscillating neurons recorded in the same ventral field: oscillations were blocked by the mitochondrial 
protonophore CCCP (2 µM, 3 min). (b) ΔR tracings of 7 neurons in which the oscillations were 
progressively blocked by the mitochondrial Na+/ Ca2+ exchanger inhibitor CGP-37157 (30 µM, 10 min). 

a  b
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How many Ca2+ oscillators?  

 

The question then arose about the identity of the cells generating Ca2+ 

oscillations. To this end, we combined Fura 2-AM recording and immuno-fluorescence 

staining to quantify the percentage of neurons generating oscillatory Ca2+ transients 

within each recorded field. After the functional identification of the active neurons, via 

monitoring fluorescence changes, 20 slices at 14 DIV were fixed and subsequently 

stained with MAP2 to specifically identify neurons within the general population of 

cells stained with DAPI (Avossa et al., 2006). To reconstruct (after fixation) the precise 

area were the oscillating neurons were identified by Ca2+ imaging (before fixation) 

bright field micrographs were taken at various magnifications, of the recorded area. 

 

 

Figure 21. (a) A typical recording field during a Ca2+ imaging experiment is shown: the circled areas 
select the recorded neurons shown in a pseudocolours scale. (b) After the functional identification of the 
active neurons, via monitoring fluorescence changes, total neurons present in the same visual field as in 
the optical recordings of (a), were visualized by double staining with DAPI and MAP2 following the Ca2+ 

recording session.  

 

 

We then compared the number of oscillating cells with the total amount of 

DAPI/MAP2 co-stained cells within the same field. As shown in Figure 21b, the 

a  b 
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number of cells stained with DAPI/MAP2 was larger (n= 90 ± 10) than the number of 

oscillating neurons (10 ± 5) recorded in the field of Ca2+ responsive cells (Figure 21a). 

On average, only 15 ± 5 % of total neurons within the recorded field displayed activity-

independent Ca2+ oscillations. There were no oscillating cells that were negative for 

MAP2 staining, indicating that only neurons displayed this property. 

 

 

Calcium-binding proteins expression during spinal slice development 

 

Oscillating neurons represent a minority of ventral cells with prolonged, 

repetitive Ca2+ signaling arising even without external stimuli. We next addressed the 

question whether different expression patterns of Ca2+ signals might be related to 

developmental changes in Ca2+ binding proteins. In fact, in the spinal cord the 

distribution of calcium binding proteins is highly versatile during embryonic 

development (Alvarez et al, 2005). 

To monitor the localization of such proteins, we performed immunofluorescence 

staining with anti-calbindin (Figure 23 shows at 7, 8, 9, 10 and 15 DIV; 1, 3, 5, 6, and 

7, respectively; n=50). Likewise, Figure 22 (panels 1-5), shows anti-calretinin staining 

at 1 (1) and at 2 (2) weeks, respectively (n=59). Figure 25 (panels 1-5, 2 weeks; n=103) 

shows parvalbumin immunoreactivity alone (panel 1) or with calbindin (panel 2 and 4) 

or calretinin (panel 3 and 5).  

Calretinin-positive cells were widespread over the slice without any apparent age-

dependent distribution.  
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Figure 22. Low magnification images of double-immunolabeled sections: anti-calretinin (in green) and 
DAPI (in blue), at 1 week (1 and 3) and 2 weeks (2, 4 and 5) of in vitro growth. Note the ventral fissure 
pointed out by white arrows. The panels 3-5 are higher magnifications of 1 and 2. See also movie #6 and 
movie #7 in DVD attached. In 5 a supposed motoneuron is shown. Calibration bars: in 1 and 2 = 300 µm; 
in 3, 4 and 5 = 50 µm. 

 

 

On the contrary, calbindin-positive neurons displayed age dependent 

distribution, as they first appeared close to the central fissure (7 DIV), and subsequently 

were distributed along the ventro-dorsal axis of the spinal slice. At 2 weeks (Figure 33, 

panel 7), calbindin-positive neurons were dorsally distributed, with the exception of 

small clusters of positive neurons in the ventral region with a pattern reminiscent of the 

one of the spinal cord in situ (Alvarez et al, 2005).  
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Figure 23. Co-staining of the Ca2+ binding protein calbindin (in green) and the nuclear marker DAPI (in 
blue) in spinal cord organotypic cultures after 1 (1 and 2 = 7DIV; 3 and 4 = 8DIV; 5 = 9DIV; 6 = 
10DIV) or 2 weeks (7 and 8 = 15DIV) of in vitro growth.  In low magnification images (1, 2, 5, 6 and 7) 
it is possible to see the whole slices and the ventral fissures (white arrows). Panels 2 and 4 are higher 
magnifications of panels 1 and 3 respectively and they show the typical calbindin-staining close to the 
fissure (white arrows; see also movie #4 in DVD attached.). Panel 8 is a higher magnification of the 
slice at 15 DIV (7), in which it is possible to note the shape of neurons and their processes. See also 
movie #5 in DVD attached. Calibration bars: in 1, 3, 5, 6 and 7 = 300 µm; in 2 = 20 µm; in 4 and 8 = 50 
µm.  

 

 

In a separate set of experiments we quantified the % of calbindin positive 

neurons in each one of the three slice regions (ventral, central or dorsal; see scheme in 

Figure 24, right) at 1 and 2 weeks of in vitro growth. As summarized by the 

histograms of Figure 24 (left) at 1 week of in vitro growth, the majority of calbindin-

positive cells were localized to the ventral area, and about 20% were detected in the 

central region (no calbindin-IR cells were found in the dorsal area). On the contrary, at 

2 weeks of in vitro growth, the majority of calbindin-positive cells were localized to 

the dorsal region, almost 1/3 was detected centrally, and only two small clusters were 

observed ventrally.   
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Figure 24. Quantification of calbindin-IR neurons in slices at 1 and 2 weeks of in vitro growth. The 
histograms summarize these results. Note that at 7-11 DIV 78% of calbindin positive cells were localized 
in the ventral part and no positive cells were detected in the dorsal area. To the contrary, at 14-17 DIV 
60% of calbindin-IR cells were located dorsally and only 7% of positive neurons remained in the ventral 
part of the slice. Right: scheme of the slice regions (courtesy of Micaela Galante). 

 

 

Parvalbumin positive cells were distinctively fewer and appeared only at 2 

weeks. At that age parvalbumin positive neurons (Figure 25, panel 1) were mostly 

found at the edge of the ventral area: such cells displayed the morphology of large 

neurons (>20 µm largest soma diameter). At 2 weeks parvalbumin immunoreactivity 

was never co-localized with either calbindin or calretinin immunoreactivity as shown in 

the merged images of Figure 25, panels 2-5. 
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Figure 25. Panel 1 shows a double-immunolabeled slice with anti-parvalbumin (in red) and DAPI (in 
blue).The panels 2-5 are merged images for anti-parvalbumin and anti-calbindin (2 and 4) or anti-
parvalbumin and anti-calretinin (3 and 5) respectively. In low magnification images (1, 2 and 3) the 
ventral fissure is pointed out by white arrows. Note in the higher magnification images that there is no co-
expression both of anti-calbindin and anti-parvalbumin (4) and of anti-calretinin and anti-parvalbumin 
(5). Calibration bars: in 1, 2 and 3 = 300 µm; in 4 = 100 µm; in 5 = 50 µm. 

 

 

The developmental changes of Ca2+ binding proteins suggested a complex 

maturation process in the ability to handle intracellular Ca2+ with considerable cell dis-

homogeneity within the same slice. In this framework, we observed a strong 

dependence of the expression profile of the Ca2+-binding protein calbindin, on 

developmental maturation. At 2 weeks this protein was mainly detected in the dorsal 

horn area and, interestingly, in small clusters of ventral horn neurons. This was not a 

universal phenomenon as other Ca2+ binding proteins like calretinin or parvalbumin did 

not follow the same pattern. Calbindin participates in the regulation of Ca2+ homeostasis 

and its expression is controlled by intracellular Ca2+ (Arnold and Heintz, 1997) and 

synaptic inputs (Lowenstein et al., 1991; Philpot et al., 1997; Scharfman et al., 2002; 
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Patz et al 2004). Interestingly, calbindin is most frequently expressed by inhibitory 

spinal interneurons within the ventral horns (Alvarez et al., 2005). 

The present data suggest that a differential pattern of expression of Ca2+ 

handling proteins is a novel biomarker of intracellular Ca2+ signaling. 

 

 

Cl- co-transporters expression during spinal slice development 

 

An important ion tightly controlled by neurons during CNS (including the 

spinal cord) development is Cl-, whose gradient regulation goes on during the first two 

weeks after birth, when the depolarizing action of GABA/glycine is progressively 

replaced by a hyperpolarizing one. The lowering of intracellular Cl- concentration 

during CNS development relies on the differential ontogenic expression of the Na+-K+-

2Cl- co-transporter isoform 1 (NKCC1; Alvarez-Leefmans et al., 1988; Russel, 

2000) and the K+-Cl- co-transporter type 2 (KCC2; Rivera et al., 1999). It is 

generally accepted that the regulation of cation–chloride co-transporter expression and 

activity may underlie the switch of GABA and glycine from excitation to inhibition 

(and vice versa), following a programmed decrease in the number of NKCC1 and an 

increase in KCC2 (Payne et al., 2003; Stein et al., 2004; Rivera, 1999: Hübner et al., 

2001; Vinay and Jean-Xavier, 2008). Although KCC2 and NKCC1 can operate in the 

reverse mode (Payne, 1997) a change in the direction in which they move Cl- is 

unlikely to account for the switch of GABA and glycine functional role. Interestingly, 

postnatally, a reduced KCC2 expression (that leads to depolarizing action of GABA 

and glycine) has been recently described in several pathological conditions (Payne et 
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al., 2003; Jean-Xavier et al., 2006; Ostroumov et al., 2006; Vinay and Jean-Xavier, 

2008).  

It is important to note that GABAergic activity itself has been suggested to 

regulate the level of KCC2 mRNA, modifying the activation properties of voltage-

gated Ca2+ currents. This observation suggests that electrical signaling associated with 

GABAA receptor activation acts on the postsynaptic cell to alter the property of 

synaptic transmission and GABA itself serves as a maturation factor for the 

development of inhibitory synapses (Zhang and Poo, 2001). The contribution of 

GABA to the regulation of KCC2 mRNA (Ganguly et al., 2001) is controversial, as 

reviewed by Fiumelli and Woodin (2007).  

 

 

Hypothetical relationship between cation–chloride cotransporters and locomotor network operation. 
Cation–chloride cotransporters are responsible for the regulation of intracellular Cl− concentration ([Cl−]i) 
(from Vinay and Jean-Xavier, 2008). 

 

 

We studied the pattern of expression of NKCC1 and KCC2 during in vitro 

maturation of organotypic slices. We performed double immunofluorescence staining 

with anti-KCC2 and anti-SMI32, or with anti-NKCC1 and anti-SMI32. We used the 

antibody SMI32, which recognizes the non-phosphorilated epitope of NF-H, because it 
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has been widely used as a developmental marker specific for spinal motor neurons 

(Breckenridge et al., 1997; Tsang et al., 2000) and DRG neurons (Yabe et al., 1999). 

We detected an age-dependent sub-cellular distribution of the KCC2 protein 

during spinal development in vitro (Figure 26, a and b). At the first week in vitro 

KCC2 is detected in neuronal soma (Figure 26a) and then, by the second week in 

culture, it is especially expressed in neuronal processes (Figure 26b).  

                    

Figure 26. Co-staining of the K+-Cl- co-transporter type 2 (KCC2, in red), the motor neurons marker 
Smi32 (in green) and DAPI (in blue) in spinal cord organotypic cultures after 1 (a = 8 DIV) or 2 weeks 
(b = 16 DIV) of in vitro growth.  Calibration bars: 50 µm. 

 

 

We did not detect a significant difference in NKCC1 distribution between 1 

(Figure 27a) and 2 weeks (Figure 27b) of in vitro growth. In fact NKCC1 transporter 

seemed to be expressed in cytoplasm of neurons after 1 and 2 weeks in culture as well, 

without any significant change. Interestingly, in the mouse spinal cord, both co-

transporters are expressed throughout embryonic development, but their efficacy evolve 

differently, with NKCC1 becoming inefficient during maturation (Delpy et al., 2008).  

 

 

a  b
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Figure 27. Co-staining of the Na+-K+-2Cl- co-transporter isoform 1 (NKCC1, in red), the motor neurons 
marker SMI32 (in green) and DAPI (in blue) in spinal cord organotypic cultures after 1 (a = 9 DIV; 
calibration bar: 100 µm) or 2 weeks (b = 15 DIV; calibration bars: 50 µm) of in vitro growth.   

 

 

Relative contribution by extracellular and intracellular Ca2+ to oscillatory 

activity 

 

A first glimpse about the complex origin of Ca2+ during the generation of 

oscillation came from the observation that, at the same in vitro stage (2 weeks), in the 

majority of slices (60 %), Ca2+ oscillations were completely abolished by Ca2+-free 

solution (Figure 28a), whereas in 40 % of cultures clusters of oscillations were still 

detected during Ca2+-free perfusion (5 min; Figure 28b). This response to Ca2+-free 

medium was bimodal as no coexistence of these two effects was found in the same 

slice.  

 

a  b
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Figure 28. (a) and (b) Ca2+ oscillations dependence on extracellular Ca2+: the response to Ca2+ free 
medium was bimodal, Ca2+ transients could be completely removed (see ΔR tracings in (a) taken from 3 
representative neurons from the same optical field) or not (see ΔR tracings in (b) taken from 3 
representative neurons from a different slice), however there was no coexistence of these two effects in 
the same slice. 

 

Similar heterogeneity was observed following the application of the Ca2+ store 

depletor thapsigargin (5 µM, n=39; Figure 29) that always induced a steady rise in 

baseline accompanied by either block (62 % of neurons; see Figure 29a) or persistence 

(38 %; Figure 29b) of oscillations.  
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Figure 29. (a) and (b) Ca2+ oscillations dependence on thapsigargin (5 μM, 10 min) which completely 
blocks Ca2+ oscillations in (a) or does not completely removed Ca2+ transients in (b), despite the clear 
increase in baseline. It is interesting to note again the bimodal response, no coexistence of these two 
effects were detected in the same slice.  

a  b
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The oscillatory activity was not dependent on ryanodine-sensitive stores, 

because ryanodine (10 µM), that blocks release of Ca2+ from the endoplasmic reticulum 

(Ogawa, 1994), did not inhibit oscillations (Figure 30; n=96) that remained on the 

background of a slow increase in Ca2+ baseline. In addition, as shown by the second and 

fifth traces in Figure 30, ryanodine could act as a trigger to initiate oscillations in a few 

quiescent neurons.  

It seems feasible that thapsigargin-insensitive oscillations were mediated by 

extracellular Ca2+ influx (as ryanodine was actually an ineffective blocker). Direct 

demonstration of this notion is however difficult because of the long lasting action of 

thapsigargin which cannot be readily washed out. 
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Figure 30. ΔR tracings of oscillations recorded from 5 representative neurons located in the same optical 
field, show that ryanodine (10 µM, 10 min) does not block oscillations, on the contrary it can act as a 
trigger in quiescent neurons (see, from top, trace 2 and 5). 

 

 

These data are summarized by the histograms in Figure 31 that indicate how 

Ca2+ oscillations were supported by multiple Ca2+ sources which included extracellular 
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calcium, mitochondria and other intracellular calcium stores with differential 

contribution by neurons even in the same ventral region.  
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Figure 31. The histogram summarizes the percentage of cells in which the oscillations were blocked in 
the presence of CCCP (100%), CGP (100%), Ca2+-free solution (60%), thapsigargin (62%) and ryanodine 
(0%). 

 

 

In a subset of slices (10) we used cyclopiazonic acid (CPA, 10 and 30 µM), a 

reversible inhibitor of the endoplasmic reticular Ca2+-ATPase, which completely 

blocked the oscillations after a clear increase in Ca2+ baseline (Figure 32). This result 

strengthens the role of the endoplasmic reticulum as a Ca2+ source in the generation of 

these Ca2+ signals. However, in the previous set of experiments as well as in a recent 

study (Fabbro et al., 2007) thapsigargin (5 µM, n=39), which inhibits the same 

intracellular pools as CPA, although effective in blocking oscillatory activity in 62% of 

neurons (Figure 29a), in 38% of cells did not removed Ca2+ transients, despite the 

efficacy in inducing an increase in baseline (Figure 29b). 
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Figure 32. (a) and (b) Ca2+ oscillations dependence on CPA (10 min; a = 10 μM and b = 30 μM) which 
completely blocks Ca2+ oscillations in (a) and (b), after the clear increase in baseline. 

 

  

CPA and thapsigargin were equally effective in raising the baseline Ca2+ level, 

and the effective depletion of stores by thapsigargin was assessed with pulses of 

bradykinin, which gave rise to elevations of the calcium signal, an effect lost when 

slices were superfused with thapsigargin (Fabbro et al., 2007). The different efficacy in 

blocking oscillations might be related to CPA and thapsigargin different activity-profile. 

In fact, thapsigargin raises cytosolic Ca2+ concentration by (1) blocking the ability of the 

cell to pump Ca2+ into the endoplasmic reticulum (ER), and thus depleting the stores 

(Young et al., 2001), by (2) opening IP3-gated channels in the ER (Katsuragi et al., 

2002), and by (3) activating plasma membrane Ca2+ channels (Barrit, 1998). On the 

contrary CPA is an inhibitor of the Ca2+-ATPase selective at the level of the 

intracellular Ca2+ storage sites (Goeger et al., 1988; Seidler et al., 1989).  

 

The present study indicated that, despite the standard properties of oscillations 

(origin, periodicity, etc), these events could be generated with the contribution of 

multiple Ca2+ sources. In fact, blocking Ca2+ influx with the broad spectrum inorganic 

a  b
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antagonist Co2+ consistently suppressed oscillations and suggested that, whatever the 

intracellular Ca2+ handling mechanism was, it needed, in the first instance, Ca2+ entry to 

operate. Our current report strengthens our previous observations (Fabbro et al., 2007) 

that neither L- nor T-type channels were individually responsible for oscillations. It is, 

therefore, likely that oscillations required Ca2+ influx via the concerted activation of a 

large class of voltage-gated channels. We cannot exclude the possibility that other types 

of voltage gated Ca2+ channels as well as unidentified voltage gated channels or non-

traditional calcium pathways took also part in rhythmic Ca2+ elevations, as reported 

during CNS development (Berridge et al., 2000; Spitzer et al., 2000). One of these 

pathways could have been capacitative entry of Ca2+ to re-supply intracellular stores 

(Berridge et al., 2000; Brini, 2003). Globally, these notions concur to support the idea 

of a major role for Ca2+ influx to produce oscillations. 

The observation that, in almost half of the neuronal population, oscillations 

could continue in the absence of external Ca2+ (although at irregular pace), does not 

contradict these issues because simple omission of extracellular Ca2+ was likely to have 

generated a compensatory intracellular Ca2+ release adequate to support oscillations 

(Berridge, 1997). Such a dual behavior was also observed in the presence of the Ca2+ 

pump inhibitor thapsigargin.  

Pharmacological dissection of Ca2+ oscillations at 2 weeks confirmed their 

dependence on mitochondrial Ca2+ buffering properties (Fabbro et al., 2007). We 

propose that oscillations can be elicited through multiple sources of Ca2+, that, with a 

variable degree of contributions by intermediate Ca2+ handling steps and stores, include 

mandatory Ca2+ influx and mitochondrial buffering. To test this hypothesis will require 

further investigation, but the interplay among different Ca2+ sources might 
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counterbalance the developmental-dependent suppression of calcium influx (Gu et al., 

1994). 

 

 

Ca2+ oscillations predict neuronal sensitivity to H2O2  

 

The mechanisms responsible for growth and maintenance of brain neuronal 

networks appear to involve, to a large extent, the bimodal action of certain reactive 

oxygen species, especially H2O2 as a diffusible messenger modulating neuronal 

plasticity. H2O2 is a short-lived, membrane permeable oxidant that can induce the 

release of Ca2+ on both sides of the synapse triggering concerted activity (Kamsler and 

Segal, 2004). Furthermore, H2O2 has been recognized as an important endogenous 

signal to shape neuronal maturation in vitro and in vivo (Tsatmali et al., 2006). This 

notion has recently been extended to the role of H2O2 for activity modulation and 

plasticity of spinal networks (Takahashi et al 2007). For these reasons, we tested if there 

was any association between the ability to generate Ca2+ oscillations, in embryonic 

neurons under in vitro growth, and the ability to respond to physiological concentrations 

of H2O2, in particular at 2 weeks in culture. 

With the objective of identifying H2O2 responsive neurons we investigated 

whether, in coincidence with the critical transformation of spontaneous activity from 

bursting to sporadic discharges (Whelan, 2003; Rosato-Siri et al., 2004; Furlan et al., 

2007), Ca2+ oscillating neurons represented a cluster of H2O2 responsive-cells.   
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In the presence of H2O2 (100 µM; 90-200 s; Lei et al 1998) ventral neurons with 

Ca2+ oscillations displayed an increase (120 ± 6 %; n=200) in Ca2+ baseline reaching a 

plateau after a few min (Figure 33). This baseline rise was reversible upon washout 

and, interestingly, did not block the ongoing oscillatory activity and did not affect the 

oscillation period (18.5 ± 0.4 s and 16.2 ± 0.4 s before and after H2O2, respectively, 

n=10 in 2 slices).  

We obtained the mean value of increase in Ca2+ baseline calculating the 

difference between the initial baseline and the plateau reached after H2O2 application. 

Then we calculated the best mean value (X best) and best standard deviation (ơ best): 

X best = (1 / ơ1 * X1) + (1 / ơ2 * X2) + (1 / ơ3 * X3) … + (1 / ơn * Xn) 

ơ best = 1 / √ (1 / ơ1 +  1 / ơ2 + 1 / ơ3 … + 1 / ơn) 

 

H2O2 100 μM
TTX 1 μM

10
0 
ΔR

100 s  

Figure 33. Ca2+ traces of 3 oscillating neurons and the baseline response to H2O2 100 μM (90 s). Note 
that Ca2+oscillations were maintained during the increase in Ca2+ baseline brought about by H2O2.  
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Ventral neurons that did not generate Ca2+ oscillations at 2 weeks, DRG neurons 

as well as dorsal spinal neurons never show any change in intracellular Ca2+ driven by 

H2O2 at the same concentration (n=23; Figure 34).  

KCl 10 mM

50
 Δ

R

100 s

DRG neurons TTX 1 μM
H2O2 100 μM

 

Figure 34. DRG neurons in cultured slices do not display oscillatory activity. ΔR tracings are from 
visually identified DRG, these cells do not respond to peroxide (100 μM; 90 s). Note the Ca2+ response of 
these neurons to a short pulse of KCl 10 mM. 

 

 

The heterogeneous responsiveness of neurons to H2O2 was an acquired property 

because, at an earlier stage in vitro (7-11 DIV), all tested cells in the ventral spinal spice 

(n=77) responded to H2O2 (see example in Figure 35).  
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Figure 35. Peroxide effects on bursting neurons at 7-11 DIV (n = 5; 77 neurons). ΔR tracings show Ca2+ 
transients during bursting in 3 ventral neurons in the same visual field (10 DIV). This activity is fully 
blocked by application of TTX 1 µM. All bursting cells recorded in the same ventral field respond to 
peroxide (100 µM; 90 s). 

 

 

The unexpected association between Ca2+ oscillations and H2O2 sensitivity 

prompted us to investigate if both effects shared a similar dependence on extracellular 

Ca2+ and on intracellular Ca2+ store homeostasis (Figures 36 - 38). As illustrated in 

Figure 36, while Ca2+-free medium could either block or not Ca2+ oscillations, the result 

of subsequent H2O2 application was a smaller baseline rise, irrespective of CCCP 

presence (2 µM; Figure 37a). The reduction in baseline rise evoked by the absence of 

extracellular Ca2+ and the presence of CCCP was on average of 57 ± 3 % (n=56). 

Conversely, under similar experimental conditions (Figure 37b), CGP (30 μM) did not 

prevent the H2O2 response (+124 ± 5 %; n=13).  

These observations pointed to an intracellular contribution for the H2O2 

response. 
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Figure 36. H2O2 –mediated Ca2+ baseline increase is still detected in Ca2+-free solution, although with 
reduced amplitude. 
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Figure 37. (a) Ca2+ traces of 5 neurons recorded in the same visual field in the presence of Ca2+ free 
medium and after protonophore CCCP (2 µM, 3 min) application: note that the response to H2O2 100 μM 
(90 s), although reduced, is still detected. (b) Ca2+ recordings of 3 neurons showing the typical large H2O2 
100 μM (90 s) response obtained in the presence of the Na+/Ca2+ exchanger inhibitor CGP-37157 (30 µM, 
10 min). (a) and (b) are all from different 2 weeks slices. 

 

 

a  b
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In fact, in the absence of extracellular Ca2+ and in the presence of CPA (10 µM; 

Figure 38a) or CPA + CCCP (2µM; Figure 38b), although not fully blocked, the 

baseline response to H2O2 was drastically reduced (29 ± 1%, n=115). 
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Figure 38. (a) Ca2+ traces of 5 neurons recorded in the same visual field in the presence of CPA (10 µM): 
note that the response H2O2 100 μM (90 s), although reduced, is still detected. (b) Ca2+recordings of 5 
neurons showing a larger H2O2 100 μM (90 s) response obtained in the presence of CPA (10 µM) and the 
protonophore CCCP (2 µM, 3 min). (a) and (b) are all from different 2 weeks slices. 

 

 

These data suggest an important contribution of the endoplasmic reticulum not 

only to Ca2+ oscillations, but also to the response elicited by H2O2. 

 

Recent results show that H2O2 is an endogenous donor of reactive oxygen 

species present in µM concentrations in the CNS (Lei et al., 1998; Kamsler and Segal, 

2004). In the postnatal spinal cord, H2O2 has been recently indicated as a soluble, Ca2+ 

dependent mediator capable of modulating synaptic plasticity under physiological and 

pathological conditions (Takahashi et al., 2007). In the present study, physiological 

a  b
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concentrations of H2O2 increased intracellular Ca2+ only in oscillating neurons, at 2 

weeks, without changing the oscillation period. Such an effect on baseline Ca2+ was 

observed even when oscillations were pharmacologically suppressed, further 

demonstrating distinct processes for the control of intracellular Ca2+ background and its 

periodic variations in concentration. This effect of H2O2 was attenuated in the absence 

of extracellular Ca2+ and/or in the presence of the mitochondrial protonophore CCCP.  

Ca2+ signals (oscillations) were restricted to subgroups of neurons with a specific 

sensitivity to H2O2, an agent known to promote plasticity, neuronal differentiation and 

synaptic organization (Kamsler and Segal, 2004; Tsatmali et al., 2006; Takahashi et al., 

2007). The fact that oscillating neurons were the only responsive cells to a low H2O2 

dose in 14 DIV slices suggested that these spinal interneurons could be critical 

transducers of the modulatory action of H2O2. Thus, a small group of ventral 

interneurons (at 2 weeks in vitro) could be characterized by two functional predictors, 

namely sensitivity to H2O2 and ability to produce spontaneous oscillations. 

It seems attractive to assume that periodic oscillations of Ca2+ plus H2O2 

sensitivity confer a summative ability to these cells to shape the plasticity of local 

circuits through different changes (phasic or tonic) in intracellular Ca2+. The role of 

such neurons in physiological as well as pathological processes is undoubtedly complex 

and requires further investigation, but could hint to a multimodal strategy to handle Ca2+ 

over a crucial time for development. 
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H2O2 concentration dependent effects on Ca2+ oscillations and baseline 

 

In another set of experiments we focused our attention on the possible effects of 

higher concentrations of and longer exposures to H2O2.  

H2O2 is produced in response to cell stress and metabolic impairment as a 

byproduct of the dismutation of the superoxide (O2
-) free radical (Ryan et al., 2009). 

ROS, and peroxide itself, are highly reactive oxidants (Liochev, 1996; Turrens, 2003; 

Tsatmali et al., 2006), and their excessive, uncontrolled production can have detrimental 

effects on cellular physiology and function (Finkel, 2003; Tsatmali et al., 2006). 

Testing H2O2 responses should be done within the bounds of what is reasonable 

to mimic either a physiological or a pathological process (Forman, 2007). Many 

physiological responses might involve H2O2 production, but the sources are unknown 

(Finkel, 1999). Not surprisingly, to investigate the role in signaling of H2O2 several 

studies apply exogenous H2O2 (Forman, 2007). Such an approach may be criticized due 

to the use of non-physiological experimental paradigms, although there might be 

relevant biological conditions sustaining the use of exogenous H2O2 (Forman, 2007). 

We investigated the effects of H2O2 on the dynamic features of Ca2+ oscillations 

by applying long-term (90 sec – 15 minutes) and increasing H2O2 concentrations, also 

beyond the physiological range (µM: 3 – 10  – 30 – 300) via the perfusion system, thus to 

perturb the oxidative state of the entire spinal network. 

In the recorded ventral neurons, low concentrations of H2O2 (3 μM and 10 μM, 

n=88) applied for about 250 s, significantly increased the Ca2+ baseline in 53% of the 

neurons monitored. Within this percentage of responsive cells, 100% of oscillating 
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neurons was always included. Long-term applications of low doses of H2O2 did not 

significantly affect the pattern of oscillations (period = 18 ± 5 s and duration = 12 ± 4 s; 

Figure 39) and only in 11% of oscillating neurons, oscillations were reduced in 

amplitude after H2O2 application (not shown). 

 

200 s

10
0 
ΔR

H2O2 30 μMH2O2 3 μM

 

Figure 39. Ca2+ traces of 3 neurons recorded in the same visual field in the presence of H2O2 3 μM before 
and H2O2 30 μM after in a slice at 2 weeks of in vitro growth. Note that low concentration of H2O2  (3 
μM) do not seem to affect Ca2+ oscillations, despite of the small increase in Ca2+ baseline, while a higher 
concentration of H2O2  (30 μM) induces a reduction in oscillations amplitude after an higher increase in 
Ca2+ baseline.  

 

 

When we exposed neurons to long-term (~ 250 s) higher (30 µM) H2O2 

applications, we detected an increment in Ca2+ baseline (176 ± 1%, n=66) in 77% of the 

recorded cells (Figure 39). In this case, in 67% of oscillating neurons, in addition to the 

increase in baseline, we detected a reduction in the oscillation amplitude (to 30 ± 20%), 

without effect on the period (25 ± 5 s) and the duration (13 ± 3 s).  

Applications of 300 μM H2O2 always induced a large increase in Ca2+ baseline 

levels (238 ± 1%) in all recorded neurons, which reached a plateau on average at 4.6 ± 
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1.8 min application. In oscillating cells the increase in Ca2+ baseline level was always 

followed by a full suppression of Ca2+ repetitive events in all recorded neurons (Figure 

40, n=74). 
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H2O2 300 μM

 

  

Figure 40. ΔR tracings of 3 neurons recorded in the same visual field in the presence of H2O2 300 μM in 
a slice after 2 weeks in culture. Note that oscillations quitted in all the cells after a large increase in Ca2+ 
baseline. 

 

 

The effects of H2O2 on Ca2+ baseline and oscillations are summarized in the two 

histograms in Figure 41, a and b.  
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Figure 41. The histograms summarize the percentage of cells in which increasing concentrations (3 μM – 
30 μM – 300 μM) of H2O2  (a) cause an increment in Ca2+ baseline and (b) affect Ca2+ oscillations. 

 

 

It is interesting to note that when exposed to prolonged, increasing 

concentrations of H2O2 (3 μM, 10 μM and 30 μM), all oscillating neurons responded by 

increasing their Ca2+ baseline, and such a response was dose-dependent (Figure 41a).  

a

b 
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Oscillating neurons not only can detect brief and transient exposures to H2O2, 

but are also sensitive to long-lasting ROS exposure that also affects their ability to 

generate oscillations.  
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APPENDIX 

 

In a group of preliminary experiments I tested other molecules, known to 

modulate the cellular redox state. The analysis of these experiments was primarily 

focused on oscillating neurons at 2 weeks.  

 

 

NAC 

 

I tested the anti-oxidant N-Acetyl-L-cysteine (NAC) known to enhance cellular 

pools of free radical scavengers, by reducing disulfide bridges (Ferrari et al. 1995), to 

investigate how this molecule, by changing the redox state, affected oscillating neurons.  

 

NAC (1 mM and 5 mM, n=83, time of application 5-15 minutes) induced a clear 

increase in Ca2+ baseline in 27% of oscillating neurons (Figure A, a and b). In 25% of 

cells (n=83) Ca2+ oscillations decreased in amplitude to 51 ± 0.8% without changes in 

period and duration (24 ± 7 s and 17 ± 5 s, respectively). In 29% of oscillating cells, low 

concentrations of NAC left Ca2+ transients unabated (Figure A, a and b). Interestingly 

also non-oscillating neurons present in the recording field seemed to respond to NAC 

application with a constant increase in their Ca2+ baseline. 
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Figure A. (a) Ca2+ traces of 2 neurons recorded in the same visual field in the presence of NAC 1 mM. 
(b) ΔR tracings of 4 neurons recorded in the same visual field in the presence of NAC 5 mM. Note the 
Ca2+ response of these neurons to a short pulse of KCl 10 mM. Note that low concentration of NAC (1 
mM and 5 mM) do not seem to affect Ca2+ oscillations. (a) and (b) are all from different 2 weeks slices. 

 

 

Application of higher NAC concentration (10 mM; 10 min n=257) increased 

Ca2+ baseline, stopped oscillatory activity in 29% of neurons, while in 44% of neurons, 

oscillations persisted although reduced in amplitude (33 ± 2.1%; Figure B). Regardless 

the persistence or the disruption of oscillations, in 27% of the analyzed neurons NAC 

induced a fast and large increase (276%) in the basal level of intracellular Ca2+ that did 

not allow any further evaluation of Ca2+ responses (not shown). It is interesting to stress 

that, also in this case, even non-oscillating neurons located in the recorded field, 

respond to NAC application, with an increase in their Ca2+ baseline. 

  

a  b
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Figure B. Ca2+ traces of 2 neurons recorded in the same visual field in the presence of NAC 10 mM. 
Application of higher concentration of NAC block oscillating activity after a clear increase in Ca2+ 

baseline. 

 

 

Ca2+ oscillations became more irregular in their shape with the increasing 

concentrations of NAC, as indicated by the CV of duration, which increased from 5 ± 

2% to 31 ± 6% (n = 20) in the presence of NAC (Figure C). 

NAC 10 mM
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Figure C. ΔR tracing of 2 oscillating neurons recorded in the same visual field in the presence of NAC 10 
mM. Note that Ca2+ oscillations become more irregular in their shape after application of NAC 10 mM. 
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The effects of NAC applications (1mM – 5 mM – 10 mM) in non oscillating 

neurons are summarized in Figure D. 
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Figure D. The histogram summarizes the percentage of cells in which increasing concentrations (1 mM – 
5 mM – 10 mM) of NAC cause an increment in Ca2+ baseline.  

 

 

Dithiothreitol 

 

Dithiothreitol (DTT) is a reducing reagent, (i.e. a substance that has the ability 

to reduce other molecules). Put in another way, it transfers electrons to another 

molecule, being, thus, oxidized itself: a so called “electron donor”. DTT is a particularly 

strong reducing agent, due to its high conformational propensity to form a six-

membered ring with an internal disulfide bond (Cleland, 1964; Ruegg and Rudinger, 

1977).  
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In this set of experiments I compared the effects of DTT (6 mM) versus H2O2 

(10 µM; 11 slices, n=260) with the aim of exposing neurons to rapid cycles of distinct 

redox states. In the presence of H2O2 (10 µM, long exposure) the oscillations quitted in 

42% of neurons and there was an increase in Ca2+ baseline, regardless previous DTT 

application. Applying a reducing agent to oscillating neurons did not prevent or recover 

the effects of prolonged H2O2 applications. 
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Figure E. (a) ΔR tracings of 5 neurons located in the same recorded field in the presence of DDT 6 mM 
before and H2O2 10 μM after. (b) Ca2+ traces of 5 oscillating neurons recorded in the same visual field in 
the presence of DDT 6 mM and H2O2 10 μM. Note that DTT does not seem to prevent H2O2 effects. 

a  b
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Pyruvate 

Pyruvic acid (CH3COCOOH) is the simplest alpha-keto acid. The carboxylate 

anion of pyruvic acid is known as pyruvate. Pyruvate plays an important role in 

biochemical processes. Pyruvate is an important chemical compound in biochemistry. It 

is the output of the anaerobic metabolism of glucose (glycolysis). One molecule of 

glucose breaks down into two molecules of pyruvate, which are then used to provide 

further energy. Pyruvate is a key player in the network of cellular metabolic pathways 

and can be converted to carbohydrates via gluconeogenesis, to fatty acids or energy 

through acetyl-CoA, to the amino acid alanine and to ethanol.  

We tested the effects of pyruvate (10 mM) on oscillating neurons (7 slices, 

n=171) with the aim of interfering with mitochondria metabolism. In 46% of neurons 

the oscillations disappeared in the presence of pyruvate, after an increase in Ca2+ 

baseline. 

In the remaining cells we observed a change in oscillating period, from 20 ± 5 s 

(before pyruvate application) to 15 ± 3 s in pyruvate, and in duration, from 14 ± 3 s 

before to 12 ± 2 s after. Oscillations became more irregular in their shape in the 

presence of pyruvate as quantified by the CVof duration, which increased from 49 ± 2% 

to 73 ± 6% (n=25) in the presence of pyruvate. The oscillations were also decreased 

(70%) in amplitude.  
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Figure F. ΔR tracings of 6 oscillating neurons recorded in the same visual field in the presence of 
pyruvate 10 mM. Note that the oscillations are blocked by pyruvate application, although the Ca2+ 

response of these neurons to a short pulse of KCl 10 mM was still detected.  

 

 

DTNB 

 

We applied another oxidant molecule, 5, 5'-dithiobis-(2-nitrobenzoic acid, or 

DTNB (200 µM). DTNB is known not to permeate cell membranes (Susankova et al., 

2006; Cai et al., 2008), therefore DTNB oxidative effects will be restricted, opposite to 

H2O2, only to proteins localized in the membrane.  

 

KCl 10 mM 
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When we applied DTNB (200, µM; 29 slices, n=589) the oscillations 

progressively quitted (5 ± 0.6 min after DTNB application) in all the recorded neurons 

and the disappearance of oscillations was accompanied by a progressive slow increase 

in Ca2+ baseline.  

Interestingly, DTNB, before blocking the oscillations, was the only agent tested, 

able to synchronize the Ca2+ transients, as shown by the cross-correlograms in Figure 

G. 

The observed block of oscillations by strong and prolonged plasmatic membrane 

oxidation, is suggestive of the presence of proteins or channels, sensitive to oxidation, 

crucial for the oscillations to occur. 
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       CCF = 0.3                                                                                                 CCF = 0.96 

Figure G. ΔR tracings of 3 oscillating neurons recorded in the same visual field in the presence of DTNB 
200 μM. The cross-correlograms show the complete lack of synchronization (CCF = 0.3) before DTNB, 
while after the addition of this molecule the oscillations become highly synchronous (CCF = 0.96). 
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CONCLUSIONS 

 

In summary in my Thesis I observed, in the embryonic mouse spinal cord grown 

in organotypic slices, a shift in the generation of Ca2+ signals, from activity dependent 

waves and/or bursts (after 1 week in culture) to asynchronous, activity independent, 

Ca2+ oscillations (at 2 weeks of in vitro growth). It is tempting to speculate that periodic 

Ca2+ oscillations confer a summative ability to ventral spinal neurons to shape the 

plasticity of local circuits through different changes (phasic or tonic) in intracellular 

Ca2+. The role of such neurons in physiological as well as pathological processes is 

undoubtedly complex and requires further investigation, but could hint a multimodal 

strategy to handle Ca2+ over a crucial time for development. 

This change in activity was accompanied by the appearance of a discrete 

calbindin immunoreactivity against an unchanged background of calretinin positive 

cells and by a maturation in the pattern of expression of the Cl- co-trasporter KCC2, 

mimicking the in vivo development.  

Only those small clusters of ventral neurons which retained Ca2+ oscillating 

behavior at 2 weeks retained also the ability to respond to short H2O2 exposures, with a 

large rise in their intracellular Ca2+. This property might be related to the reported 

modulatory-role of H2O2 on neuronal maturation. Since low concentrations of H2O2 are 

known to regulate neurotransmission (Avshalumov et al., 2003), to promote neuronal 

differentiation (Tsatmali et al., 2006) and to modulate plasticity of synaptic spinal 

pathways via Ca2+ signals (Kamsler and Segal 2004; Takahashi et al., 2007), it was 
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interesting to observe that only oscillatory neurons could produce Ca2+ transients in 

response to H2O2. Such a novel characteristic might help to identify a subclass of spinal 

neurons specialized as chemical sensors of H2O2 signals. 

 

 

NOTE 
 
Part of the data reported in this Thesis is included in the articles in press listed below: in 
all cases, the candidate personally performed the experimental work, data analysis and 
contributed to the paper writing. 

 
• Sara Sibilla, Micaela Grandolfo, Alessandra Fabbro, Paola D’Andrea, Andrea Nistri 
and Laura Ballerini 

“The patterns of spontaneous Ca2+ signals  generated by ventral spinal neurons in vitro 
show time-dependent refinement”  

European Journal of Neuroscience - 2009 (in press) 
 

 
• Sara Sibilla and Laura Ballerini 

 
“GABAergic and glycinergic interneuron expression during spinal cord development: 
dynamic interplay between inhibition and excitation in the control of ventral network 
outputs”.   

Progress in Neurobiology – 2009 (accepted under review) 
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