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INTRODUCTION 

 

 

The idea that astrocytes – the main population of glial cells in the brain – are active 

partners of neurons in many aspects of brain functions represented a Copernican 

Revolution in neurobiology. Astrocytes, which were for many years considered just 

like the cement (from Greek glia i.e. glue) that keeps neuronal cells together, have 

now been moved from the periphery to the centre of the universe of information 

processing in the brain providing a radically different point of observation in the study 

of brain physiology. This new view of brain activity turns around the discovery of a 

bidirectional communication between neurons and astrocytes, a process called 

gliotransmission. Astrocytes respond to neurotransmitters and through a Ca2+ 

dependent mechanism release neuroactive substances that induce functional 

changes in neurons. In spite of the resistances opposed against the desertion of the 

neuronal dogma, a large amount of evidence collected during the last three decades 

contributed to reshape the concept of synaptic communication, considering astrocytes 

- together with the pre- and post- synaptic membranes -   a fundamental element of 

the tripartite synapse. In other words, astrocytes participate transversally to 

information processing in the brain by modulating both synaptic transmission and 

different forms of plasticity. 

This new consciousness of astrocytes as active elements in brain physiology, 

naturally suggests that  these glial cell can potentially be involved in the development 

of brain disorders. Indeed many studies revealed that dysfunctions in astrocyte-

neuron signaling can be directly involved in many pathologies including Alzheimer’s 

disease, Parkinson disease, amyotropic lateral sclerosis and epilepsy.  

The main goal in my thesis was to understand how the release of gliotrasnmitters by 

astrocytes, in particular glutamate, may influence two distinct phases of epileptic 

activity: the generation and the propagation of a focal seizure.   
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NEURONS TALK TO ASTROCYTES 

 

The information flow in the brain is 

conveyed by electrical signals. 

Astrocytes do not have a density of 

Na+ channels sufficient to generate 

an action potential and they respond 

to depolarizing steps with a linear 

current-tension characteristic. In 

other words, they are unable to 

elaborate the information using a 

language based on electrical 

signals. For this reason astrocytes 

have been segregated for many 

years at the periphery of the brain. 

Nevertheless, clues for a possible 

neuron-to-astrocyte signalling came 

from morphological studies, which 

revealed an intimate connection 

between the astrocytes processes and the synapse (see Figure 1; (Peters et al., 

1991);(Dani et al., 1992);(Ventura and Harris, 1999). 

 In the early 90s, taking advantage of the novel Ca2+ imaging techniques, different 

groups provided the first evidence that astrocytes display a form of excitability 

mediated by Ca2+ signal changes in response to neuronal activity (see Figure 2; (Dani 

et al., 1992); (Porter and McCarthy, 1996); (Pasti et al., 1997). In both cell cultures 

and acutely isolated hippocampal slices, the stimulation of glutamatergic afferents 

evoked Ca2+ oscillations in astrocytic cytoplasm. In the following years, the pioneering 

observation of an astrocytic Ca2+ signaling was extended to different brain regions 

(Perea et al., 2009); for a review see (Volterra and Meldolesi, 2005), associated to 

many neurotransmitters and factors (for a review see (Haydon and Carmignoto, 

2006), and, more recently, reported also in living animals in response to sensorial 

stimuli (Navarrete et al., 2012) and during locomotor activity (Nimmerjahn et al., 

2009). Despite astrocytes speak a different language with respect to that of neurons - 

which is based on intracellular Ca2+ change and not on electrical signals - it seems, 
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however, that they can understand neurons. In the two following paragraphs I address 

two important issues related to neuron-to-astrocyte signalling: i) what is the 

mechanism that induces Ca2+ oscillations in astrocytes? ii) how Ca2+ oscillations are 

codified in the astrocyte to convey signals to neurons.? 

 

 

Ca2+ SIGNALLING IN ASTROCYTES 

A signaling based on Ca2+ dynamics is present in all eukaryotic cells and it generally 

plays a crucial role in many cellular processes such as muscle contraction, gene 

expression, metabolic reactions, etc… Generally speaking, Ca2+ is the fundamental 

ion in cellular communication, providing the link between input signals coming to the 

cells and output signals. In particular, Ca2+ is the key molecule for chemical 

transmission in the nervous system: it couples the electrical excitability (input) with the 

exocytosis of neurotransmitters from the pre-synaptic terminal (output). During the 

action potential discharge at the pre-synaptic terminal, exocytosis requires that very 

high concentrations of Ca2+ (10-50 M) were reached in proximity of the compartment 

specialized for releasing transmitters, the active zones, in order to induce the fusion of 

the vesicles with pre-synaptic membrane. This process occurs at the time scale of a 

few milliseconds and it thus implies a very fast mechanism and requires a huge Ca2+ 

source. This source is constituted by voltage-gated Ca2+ channels (VGCCs) which are 

abundntly expressed at the pre-synaptic membrane. 

As we anticipated above, Ca2+ is the substrate for astrocytes excitability. Ca2+ 

elevations in astrocytic cell body occur with slow kinetics (1-10 seconds time scale), 

and are indeed very much slower compared with the kinetics which characterize Ca2+ 
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increase at the neuronal terminals.. Not surprisingly astrocytes lack a fast source of 

Ca2+: VGCCs expressed by astrocytes have minor implications in cellular signalling 

(Carmignoto et al., 1998), and no evidence have been reported for the presence in 

astrocytes of other possible fast sources of Ca2+, like  the Ca2+-permeable glutamate 

NMDA receptor (Teichberg, 1991). The most important mechanism for Ca2+ 

elevations in astrocytes is the activation of G-protein-coupled receptors. When a 

neurotransmitter binds to a GPCR, Phospholipase C (PLC) hydrolyzes 

Phosphatidylinositol 4,5-bisphosphate (PIP2) generating Diacil Glycerole (DAG) and 

Inositol 1,4,5-triphosfate (IP3) which binds to IP3 receptor inducing Ca2+ release from 

endoplasmatic reticulum. Astrocytes express many receptors that can be activated by 

different neurotransmitters, such as glutamate, D-serine, ATP, GABA, which are 

usually released by the pre-synaptic terminal. Also the post-synaptic neuron may 

activate astrocytes Ca2+ signal through the release of retrograde messenger such as 

is mediated by Ca2+ 

flux through transient receptor potential A1 (TRPA1) channels. 

endocannabinoid (Navarrete and Araque, 2008); (Navarrete and Araque, 2010).  

A totally different mechanism of Ca2+ signaling in astrocytes was recently described 

by Shigetomi and colleagues (Shigetomi et al., 2011). Taking advantage of a 

membrane-tethered, genetically encoded Ca2+ indicator (Lck-GCaMP3), they 

observed Ca2+ signals which appeared as flashes at localized spots of the membrane. 

They were able to demonstrate hat this type of Ca2+ signalling 

in

 

 

ASTROCYTES CODING OF NEURONAL INPUT 

The most compelling problem in the study of neuron-astrocyte interactions is our 

defective  understanding of how the Ca2+ signals are codified by astrocytes. 

Differently from neurons, where the action potential represents a sort of basic unit of 

the electrical excitability in these cells, the language spoken by astrocytes lacks a 

similar hall mark. Ca2+ oscillations in astrocytes may have different patterns, in terms 

of frequencies and amplitude, and these differences may be translated into different 

functional outputs. A possible reason of our unsatisfactory understanding of the code 

used by astrocytes could be the fact that, at least until few years ago, scientists have 

monitored Ca2+ signals exclusively at the level of the astrocytic cell body. Astrocytes 

displays long lasting (one to ten seconds) Ca2+ elevations in their soma, mainly in 

response to a very intense neuronal activity. In other words, a somatic Ca2+ elevation 
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could occur only when neuronal activity reaches a certain threshold and the frequency 

of these oscillations increased according to an increasing intensity of the neuronal 

ry fine substrate for the detection and the 

ed threshold and reflect a more intense and coordinated 

euronal network activity.  

 

activity (Pasti et al., 1997); (Matyash et al., 2001).  

A fundamental step forward in our understanding of Ca2+ signalling in astrocytes was 

given by two recent studies that by revealing that the spatio-temporal scale of the 

Ca2+ activity at the astrocyte processes unveil a totally new world previously hidden 

with features rather different from those of the Ca2+ signal  at the level of the cellular 

body (Di Castro et al., 2011); (Panatier et al., 2011). Authors showed that low levels of 

neuronal activity, such as spontaneous synaptic events, may induce Ca2+ increases in 

tiny compartments (1-4 um) of the astrocytic processes. These signals occur 

randomly with a frequency significantly higher than that of similar events at the cell 

body), and are relatively short-lasting (less than a second rise time; focal Ca2+ 

transients). On the other hand, a single action potential generates a robust and long 

response (few seconds; Expanded Ca2+ transients) occurring synchronously in 

several of these compartments. The authors demonstrated that these Ca2+ signaling 

control a process of glutamate release which influences synaptic transmission at this 

spatial-temporal scale. Astrocytes are able to detect action potential-dependent 

synchronization of local synaptic activity, and to coordinate their response 

accordingly, thereby providing a ve

modulation of local synaptic activity.  

All in all, somatic Ca2+ signaling appears to be the tip of the iceberg of a very more 

complex and intricate network of signals. They represent a class of responses that 

can occur only above a fix

n
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ASTROCYTES RESPOND TO NEURONS 

 

Although astrocytes can release gliotransmitters by different mechanisms including 

transporters and hemichannels, the great importance of Ca2+ signalling in the 

intercellular communication and the neuronal activity dependence of Ca2+ oscillations 

in astrocytes, strongly suggest that the output of astrocytes, i.e. the gliotransmission, 

might be fundamentally a Ca2+-dependent process. First of all, researchers focused 

their attention on the possible similarities between the release of transmitters from 

astrocytes and the Ca2+-dependent exocytosis of neurotransmitter from neurons. A 

major role in the regulated secretion of vesicles in neurons is played by the proteins of 

the SNARE complex, which are involved in the processes of docking and fusion of the 

vesicles. Astrocytes have been showed to express several proteins of SNARE 

complex, i.e., synaptobrevin II, the Ca2+ sensor synaptotagmin IV, syntaxin and the 

homolog of SNAP-25, SNAP-23, suggesting that a regulated Ca2+- dependent 

exocytosis may occur in astrocytes too. Other kinds of evidence support the notion of 

Ca2+-dependent exocytosis in astrocytes. The exocytosis process was directly 

monitored in cultured astrocytes using TIRF microscopy (Bezzi et al., 2004); (Bowser 

and Khakh, 2004); (Malarkey and Parpura, 2011) and the fusion of the vesicles with 
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the astrocytic membrane was measured as changes in the membrane capacitance 

(Kreft et al., 2004); (Zhang et al., 2004).  

 

MODULATION OF SYNAPTIC ACTIVITY AND PLASTICITY 

Do the transmitters released by astrocytes influence neuronal activity? Do they 

modulate synaptic transmission? Do they affect synaptic plasticity? Although until 

today we have not definitive answers to these questions, a huge amount of 

experimental data obtained transversally in all brain regions studied allow us to state 

that astrocytes has the potential to do release gliotrasnmitters that deeply influence 

synaptic transmission.. 

Astrocytic modulation of synaptic transmission is; however, a multifaceted world as it 

can result in both potentiation and depression of synaptic transmission. The overall 

nature of the gliotransmitter effects on neuronal activity depends on many different 

factors: the type of gliotransmitter released, the neuronal receptor activated, the type 

of neuron targeted, the brain region in which gliotranmsission takes place. The 

release of glutamate acting on pre-synaptic mGluRs, for example, was demonstrated 

to potentiate synaptic transmission in hippocampal CA3-CA1 synapses (Perea and 

Araque, 2007), but the same effect can be provided by the activation of NMDARs in a 

different region of the hippocampus, the dentate gyrus (Jourdain et al., 2007). 

Analogously, the release of ATP by astrocytes, which is readily metabolized in 

adenosine by specific enzymes in the extracellular space, has been showed to be 

linked to both inhibitory and excitatory effects activating A1 and A2A receptors 

respectively (Serrano et al., 2006); (Pascual et al., 2005); (Panatier et al., 2011). An 

additional factor of complexity is the spatial extensions of astrocytic processes. For 

example, a Ca2+ signal induced locally at an active synapse can travel intracellularly 

and triggers the release of gliotransmitters in different and distant sites. Astrocytes 

activated by endocannabinoids in the hippocampus have been shown to enhance 

synaptic transmission in relatively distant synapses, while neurotransmission was 

depressed by the direct effect of the endocannabinoid at the presynaptic membrane 

expressing CB1 cannabinoid receptors (Navarrete and Araque, 2008); (Navarrete and 

Araque, 2010). Similarly, the ATP released by astrocytes upon the stimulation of a 

high active synapse was observed to depress other synapses aftre its conversion to 

adenosine (heterosynaptic depression; (Serrano et al., 2006)). 
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Long lasting effects on synaptic efficacy were associated to astrocytes. Also in this 

context many variables determine the effect of astrocytes modulation of neuronal 

network. The gliotransmitter glutamate mediates a form of spike-timing dependent 

depression of excitatory transmission in neocortex (Min and Nevian, 2012), but, at the 

same time, was associated to an mGluR dependent and NMDA independent form of 

long term potentiation (LTP) in the CA1 region of the hippocampus. Here, this form of 

plasticity requires the coincidence between postsynaptic activity and astrocyte Ca2+ 

signalling (Perea and Araque, 2007). A different form of LTP in the same hippocampal 

CA1 region was associated to the release of another gliotransmitters, D-serine, which 

acts as NMDAR co-agonist, and is necessary for the induction of this kind of NMDA 

dependent LTP (Henneberger et al., 2010). Also cholinergic activity evoked by 

sensory stimulation was shown to evoke an astrocytes dependent LTP. Authors 

showed that the activation of a Ca2+ signaling in astrocytes, and the consequent 

gliotransmission is required to this form of plasticity (Takata et al., 2011); (Navarrete 

et al., 2012).     
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THE ROLE OF ASTROCYTES IN EPILEPSY 

 

The term epilepsy is referred to a chronic neuro-pathological condition characterized 

by recurrent seizures provoked by anomalous and hyper-synchronous neuronal 

discharges which originate from the hyperactivity of the neurons from a restricted 

cerebral region – the epileptogenic focus – and then propagate to other regions 

possibly involving the whole brain. Seizures can arise in a plenty of different ways, 

and a clinical classification has been made in 1981 by the Commission on 

classification and terminology of the international league against epilepsy. The 3% of 

the total world population is affected by this condition, that in a 30% percentage of 

cases is pharmacological untreatable, the only possible solution being the surgical 

ablation of the portion of tissue which generates the seizures. Epileptic activity is 

conventional characterized by three different phases (Pinto et al., 2005): 

i) generation which consists in the transition from a local and asynchronous 

neuronal hyperactivity restricted to the epileptogenic focus, to a synchronous activity 

involving large neuronal populations 

ii) propagation which consists in the recruitment to the epileptiform activity of 

neuronal population distant from the epileptogenic focus   

iii) termination which consists in the sudden and synchronous cessation of the 

crisis 

 

The increase in astrocytes number, morphological changes of their soma and 

processes, together with functional changes – a complex condition generally termed 

reactive astrogliosis – have been for a long time associated to brain disorders, and in 

particular to epilepsy. Although a causative role for astrogliosis in epileptogenesis has 

been never demonstrated, gliosis, which can be reveald from an increase in the 

expression of glial fibrillary acidic protein (GFAP), was observed in different epileptic 

tissues: both in patients (tissues obtained by surgical ablation or postmortem) and in 

animal models (such as pilocarpine or kainite induced epilepsy; (Seifert et al., 2006). 

More interestingly, was also shown that seizure often generate in proximity to gliotic 

brain tissue (McKhann et al., 2000). Thus, the hypothesis that astrocytes dysfunctions 

can contribute to epileptogenesis can be reasonably advanced.  
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How astrocytes can be connected to epileptic activity? In the next paragraphs I give a 

rapid sketch of two view of the astrocyte role in epilepsy. The first is related to K+ 

buffering and glutamate uptake, while the second is emerging from recent results and 

it is directly related to the action of gliotransmission in epileptiform activities (for a 

review see (Losi et al., 2012)).  

 

 

K+ BUFFERING 

Since even small elevations in extracellular K+ concentration ([K+]o) might lead to a 

significant depolarization in neurons and to an increase in the activity of the neuronal 

network, the homeostasis of K+ is considered to be both a fundamental aspect in the 

control of the general excitability in the neuronal network and a possible causal factor 

in epilepsy. The high and rapid permeability of astrocytes to K+ makes them very 

important in the control of [K+]o homeostasis. Astrocytes are able to spatially 

redistribute K+ from areas characterized by an high [K+]o to neighboring regions which 

have a lower [K+]o. Due to their ability of spatial buffering of K+, astrocytes have been 

hypothesized to play a crucial role in epileptic activity in the clearance of the large 

[K+]o increase due to intense action potential firing during epileptic activity (Kuffler et 

al., 1966). The K+ channels responsible for the high astrocytic K+ permeability are 

rectifying K+ channels (Kir channels). These channels are characterized by high open 

probability at resting potential and by a channel conductance proportional to [K+]o 

(Olsen and Sontheimer, 2008). For these reasons Kir channels can be effectively 

activated by large [K+]o increases, and they mediate small [K+]o efflux from depolarized 

cells and large influx at hyperpolarized potentials. Among the sixteen distinct Kir 

channel subunits, the most estensively studied is type 4.1, which is interestingly 

largely expressed in astrocytes in many brain regions (Takumi et al., 1995); (Li et al., 

2001).  

Altered Kir4.1 expression and activity has been observed in epileptic tissues from 

human patients  and experimental animal models (Lenzen et al., 2005); (Inyushin et 

al., 2010). These observations do not dissect out if Kir4.1 dysfunctions were actively 

involved in epileptogenesis or if they were just a mere consequence of epileptic 

activity.   
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GLUTAMATE UPTAKE 

Another important factor which can influence neuronal network excitability is the 

dynamics of glutamate concentrations in the extracellular space. A crucial role in 

taking up the glutamate released by excitatory neurons is played by five different 

excitatory amino acid transporters EAAT1-5. Among this group, EAAT1 and EAAT2 

(GLAST and GLT-1 in rodents, respectively) are selectively expressed in astrocytes, 

they have the function of regulating the extracellular glutamate concentration (Tanaka 

et al., 1997). While elevated levels of glutamate have been reported in human 

epileptic tissues, there are no definitive results about the contribution of EAAT levels 

in epileptogenesis: some studies revealed a down regulation of astrocytic glutamate 

transporters level (Mathern et al., 1999); (Proper et al., 2002); (Sarac et al., 2009), 

others did not observed alterations (Tessler et al., 1999); (Eid et al., 2004).   

 

 

 

THE ROLE OF GLIOTRANSMISSION (GLUTAMATE) 

The hypersyncrhonization which characterized epileptic activity has been considered 

for long time a pure neuronal phenomenon until glutamate released by astrocytes was 

revealed to be an extrasynaptic source that could synchronize groups of neurons from 

different brain regions. Two different studies demonstrated that glutamate released 

upon the stimulation of the metabotropic receptors in astrocytes is able to induced 

synchronous N-methyl-D-aspartic acid (NMDA) mediated slow inward currents (SICs) 

in pyramidal neurons (Fellin and Carmignoto, 2004); (Angulo et al., 2004). Using 

paired patch-clamp recordings from pyramidal neurons, authors showed that SICs 

occurred with a high level of synchrony whenpair of neurons were located within a 

reciprocal distance of 100 m. Furthermore, Ca2+ imaging experiments revealed that 

astrocyte Ca2+ elevations could be followed by the synchronous activation of spatially 

dinstinct domains of neurons. The power of astrocytes in synchronizing groups of 

neurons raises the hypothesis that astrocytes – and in particular glutamatergic 

gliotransmission – can be involved in the process of ictogenesis. In other words, the 

observation that Ca2+ oscillation in astrocytes could evoke synchronous response in 

groups of neurons, seems to sugges that this group of neurons could represent – in 

embryo - an epileptogenic focus. This thesis was strongly supported by a 

controversial study by Nedergaard’s group, which showed that in five different 
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experimental models of pharmacological induced epilepsy, 70-90% of paroxysmal 

depolarizing shift (PDSs), i.e. interictal spikes, were insensitive to tetrodotoxin (TTX) 

application (Tian et al., 2005). The interpretation given by the authors was that PDSs 

coincide with SICs and that seizure activity may have a pure astrocytic basis. 

However, the observation reported by Tian et al. was in contrast with previous and 

subsequent studies showing that TTX efficiently blocks PDS. Moreover, as was 

reviewed by Weteringhton et al., (Wetherington et al., 2008) a huge amount of data 

supports the notion that SICs and PDSs are rather different cellular events. SICs have 

been demonstrated to be mediated exclusively by NMDA receptors, while PDSs were 

reported to be in large part D-AP5 insensitive. In spite of these possible contradictions 

against a hypothesis of an astrocytic basis of epilepsy, the possibility that glutamate 

released by astrocyte could be an important factor in epileptic discharge generation 

was never ruled out. In the Results we are going to report a recent work from our 

laboratory (Gomez-Gonzalo et al., 2010) showing how the contribute of astrocytic 

glutamate, although not sufficient, is very important to set the threshold for ictal 

discharge.  

 

 

 

THE ROLE OF GLIOTRANSMISSION (ATP) 

Glutamate is not the only gliotransmitter released by astrocytes which plays a relevant 

role in the control of epileptic discharges. ATP is released by astrocytes through 

different mechanisms, both Ca2+ dependent and Ca2+ independent (Coco et al., 

2003); (Pascual et al., 2005). Although ATP can act directly on neurons and 

astrocytes respectively through the activation of P2 and P2Y receptors (for a review 

see (Kumaria et al., 2008)), the main effect of ATP on epileptic discharges is exerted 

by its metabolite adenosine (Ado). Ado is a strong suppressor of neurotransmitters 

release, activating A1 receptors on neuronal pre-synaptic terminals. Haydon’s group, 

taking advantage of a transgenic mouse characterized by impaired gliotransmission, 
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demonstrated that astrocytic ATP mediates an important form of synaptic 

transmission: etherosynaptic depression (Pascual et al., 2005); (Serrano et al., 2006). 

This result put astrocytes at the center of the stage of the purinergic signaling in 

synaptic transmission, opening the way to possible implications of this signaling in the 

control of epileptic discharges. Is today well established that Ado is a potent 

anticonvulsant, and astrocytes are very important regulators in Ado metabolism, since 

they are a major source of an enzyme that efficiently degrades Ado, adenosine kinase 

(ADK; (Gouder et al., 2004); (Boison, 2005)). The genetic reduction of ADK was 

shown to prevent seizure and reduce epileptogenesis in animal models of epilepsy 

(Hubert et al., 2001); (Li et al., 2007); (Li et al., 2008).  

 

 

 

 

 

 

 

 

SUMMARY OF THE RESULTS 

 

This brief introduction about gliotranmsission and its role in epilepsy represents the 

background on which the experimental results obtained during my PhD program are 

built on. In the following section I am going to present these results. In the fist chapter 

(2.1) I am going to describe the experimental model developed in our lab and used for 

all the experiments described in this thesis. In cortical slices of young rodents 

perfused with 4-AP and low Mg2+, activation of layer V-VI by local NMDA applications 

evolved into an ictal discharge that propagated to the entire cortex. In this way we 

have the unique opportunity to repetitively evoke an ictal discharge from the same 

restricted site, and thus to study the cellular events at the basis of ictal discharge 

initiation. Using this model we next investigated the role of gliotranmsission in ictal 

discharge generation. Chapters 2.2 and 2.3 present results about the contribution of 

astrocytic glutamate in setting the threshold for ictal discharge generation obtained 

using respectively an experimental and a computational approach. The next chapters 

are dedicated to ictal discharge propagation. Chapter 2.4 is a study in which we 
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demonstrated that Parvalbumin-expressing fast-spiking interneuron, the most 

abundant GABAergic interneurons population, are crucial in controlling the spatio-

temporal features of the recruitment of pyramidal neurons during the propagation of 

ictal discharge. Starting from these results, in chapter 2.5, we show how the 

manipulation of this GABAergic signaling by the stimulation of an individual 

Parvalbumin-expressing fast-spiking interneuron can prevent ictal discharge 

propagation. Finally, chapter 2.6 present preliminary data about the interaction 

between this GABAergic signals and astrocytes.  
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APPENDIX: 

SELECTIVE STIMULATION OF INDIVIDUAL FAST SPIKING 

INTERNEURONS PREVENTS SEIZURE PROPAGATION IN A BRAIN 

SLICE MODEL OF FOCAL EPILEPSY 

Mario Cammarota, Gabriele Losi and Giorgio Carmignoto 

 

ADDITIONAL METHODS:  

Analysis of afterdischarges. To evaluate in voltage-clamp recordings the delay 

between excitatory bursts from two neurons located at different distance from the 

epileptogenic focus, we calculated the cross-correlation between the time derivative of 

both signals, in time bins of 1000 ms separated by 30 ms and we represented the 

cross-correlation values in a pseudo-colors plot . We measured the lag corresponding 

to the maximal value of the cross-correlation before and after the change in direction 

of the afterdischarge. 

 

Preventing depolarization block in Pv-FS-INs, but not in Som-INs, arrests ID 

propagation  

If the depolarization block in Pv-FS-INs is a necessary condition to the local 

recruitment of PyNs into propagating IDs, one expects that ID propagation would be 

either delayed or blocked if the functional impairment in Pv-FS-INs is prevented. To 

test this possibility, an intense firing discharge was evoked in individual Pv-FS-INs by 

a sequence of depolarizing current pulses (500 ms duration at 0.5 or 1 Hz) applied 

through a patch pipette. Under these conditions, the double NMDA pulse failed to 

induce a depolarization block in the Pv-FS-IN and no ID was observed in 11 of a total 

of 12 NMDA stimulations (Figure 1 A,B). In the same neurons, when no current pulses 

were applied, the NMDA stimulation evoked both a depolarization block and a full ID 
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(left and right traces) in 13 out of 13 trials (n = 5 experiments). Similar intracellular 

current pulses applied to Som-INs always failed to prevent the depolarization block 

and the ID in these cells (n = 7 IDs from 3 experiments; Figure 1 A,B). The results 

reported above were further validated in Ca2+ imaging experiments. In all the 

performed experiments (n = 3), the sustained firing discharge evoked in individual Pv-

FS-INs drastically reduced the recruitment of nearby neurons into propagating IDs. 

The experiment illustrated in Figure 1C shows the activity of a patched Pv-FS-IN 

distant from the focus and the Ca2+ change in neurons from the same recording field 

(Figure 1C) in response to double NMDA pulses applied in the absence or presence 

of a Pv-FS-IN stimulation.  When the Pv-FS-IN was not stimulated (Figure 1C, left and 

right traces), an ID was successfully evoked and two neuronal clusters were 

subsequently recruited (red and blue traces). When current pulses were delivered to 

evoke an intense firing in the Pv-FS-IN (for details, see Methods), the ID propagated 

to neurons of the first cluster (red), but not to neurons of the second cluster (blue) 

surrounding the patched Pv-FS-IN (Figure 1C, middle traces). Noteworthy is that 

under these conditions neurons from the first cluster that were still recruited into the 

propagating epileptic discharge, but the ID duration in these neurons was reduced (-

57 ± 5 %; n=24 neurons). Such an ID reduction might be linked to the existence of 

multiple foci of the afterdischarges that sustain the late ID phase. Indeed, during 

spontaneous IDs recorded in neocortical slices, afterdischarges have been described 

to travel also in the opposite direction with respect to that of ID propagation (Trevelyan 

et al., 2007). If neurons become sources of the afterdischarges as they are recruited 

into the ID wavefront, then the block of the recruitment process would reduce the 

afterdischarges in already recruited regions and shorten the overall ID duration, as we 

observed. To address this hypothesis we analyzed the timing of the afterdischarge in 

paired voltage-clamp recordings from two PyNs located at different distances from the 
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focus. We found that the ID wavefront propagated firstly to the neuron closer to the 

focus (Figure 1D, upper trace) and then to the more distant neuron (lower trace). 

During the clonic phase, however, the afterdischarges that initially propagated in the 

same direction as the ID wavefront, changed direction (Figure 1E). As revealed by the 

cross correlation diagram, after the switch in direction all the afterdischarges 

propagated from a distant region to the original site of ID generation (Figure 1D,E, 

lower panels). Similar results were obtained in 4 IDs from 3 PyN pairs. On the 

average, the direction switch occurred 7.97 ± 15 s after the tIE in the more distant 

neuron. Before the direction switch, the afterdischarge in the neuron closer to the 

focus preceded by 30.5 ± 12.18 ms that in the more distant neuron, while after the 

switch it followed with a mean delay of 18.11 ±  6.4 ms (see Additional Methods). 
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WORK IN PROGRESS: 

A GABA MEDIATED Ca2+ SIGNALLING IN CORTICAL ASTROCYTES 

Gabriele Losi, Mario Cammarota, Letizia Mariotti and Giorgio Carmignoto 

 

INTRODUCTION 

Astrocytes can respond to the neuronal release of excitatory neurotransmitters such 

as glutamate with G-coupled protein receptor-mediated intracellular Ca2+ elevations 

(Porter and McCarthy, 1996, Pasti et al., 1997). The Ca2+ change triggers the release 

of diverse gliotransmitters, including glutamate, that affect neuronal excitability and 

modulate synaptic transmission. This discovery revolutionized the study of the brain 

and changed the basic concept that the function of the brain relies exclusively on 

neurons and neuron-to.neuron synaptic communication. While the vast majority of the 

studies on gliotransmission describe the interactions of astrocytes with excitatory 

neuronal network (for a review see Haydon and Carmignoto, 2006), little is known 

about the hypothesis that astrocytes can be also activted by synaptically released 

GABA and signal back to interneurons and/or principal neurons to modulate  inhibitory 

and excitatory synaptic transmission.  

It is noteworthy that feed-forward inhibition is highly active during ictal discharge 

propagation in the cortical network. A large amount of GABA is,, indeed, released by 

early activated interneurons to oppose ictal discharge propagation. This raised the 

question of whether such  an intense activity of GABAergic interneurons can result in 

a strong activation of astrocytes. 

 

METHODS: 

Cortical slices from Enthorinal (EC), Temporal (TC) or Somatosensory (SCC) cortex 

of P15 wild type mice were obtained as described in the methods sections of the 

previous chapters. Slices were incubted with Sulforodamine 101 (SR101) to 

selectively labeled astrocytes (Nihemermaier et al., non mi ricordo come si scrive e 

data). We developed a new protocol in order to load slices with Fluo4-AM: slices were 

incubated with the Ca2+ indicator for 15 minutes only instead of 1h as commonly done. 

Under these conditions only a few neurons (5% of the total labeled cells) were loaded. 

Ca2+-evoked fluorescence changes were measured by a confocal or two-photon 

microscope during either local pressure-pulses applied to a GABA (or Baclofen) -

containing glass pipette or perfusion with the same agents alone or in conjunction with 
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a selective GABAB receptor antagonist (CGP or SCH). In the experiments performed 

on Tomato-floxed mice crossed with PV-CRE mice, the total number within the 

recording field of potentially responsive astrocytes was evaluated as the number of 

astrocytes responsive to the application of the mGluR agonist DHPG (50 M). Only 

astrocytes that showed a Ca2+ increase greater then 3 standard deviation of their 

basal trace were considered responsive. 

  

 

RESULTS 

We first clarify whether GABA can evoke Ca2+ elevations in astrocytes. In Enthorinal 

Cortex (EC) slices loaded with both SR101 to selectively mark astrocytes 

(Nimmerjahn, 2004) and the Ca2+ sensitive dye Fluo4-AM (Figure 1A), we found that 

bath application of GABA (25 m) activated a Ca2+ rise in a group of astrocytes (18 ± 

6 astrocytes per recording field; Figure 1B). The GABAB antagonist CGP55485 (25 

m) almost completely abolished GABA effect on astrocytic Ca2+ (Figure 1B; n=3 

slices). The GABAB agonist baclofen (25 m) evoked a Ca2+ response similar to that 

evoked by GABA (19 ± 3 astrocytes, 11 experiments), and also in this case 

CGP55485 drastically reduced the number of activated astrocytes.  (Figure 1B; see 

Methods). In temporal Cortex (TeCx)  slices we also found that local baclofen 

applications (500 m) evoked Ca2+ elevations in a large group of astrocytes. On the 

average, Baclofen local applications activated 10.1 ± 1.5 astrocytes (n = 8 

experiments) that were located within a radius of approximately 150 m from the 

Baclofen-containing pipette tip, inducing a mean fluorescence increase (F/F0) of 171 

± 16% (n = 60 astrocytes from 6 experiments; Figure 1C). This response was 

prevented by the GABAB antagonist SCH90911 (500 m) locally applied 2 s before 

Baclofen applications (Figure 1C). These results clearly indicate that astrocyte 

respond to GABA through GABAB-mediated Ca2+ changes. We next tested whether 

GABA synaptically released by GABAergic interneurons activates astrocytic Ca2+ 

changes.  Since we recently observed that parvalbumin positive fast spiking (Pv-FS) 

interneurons are a major source of the feed-forward inhibition that restrains focal ictal 

discharge propagation (Cammarota, 2013), we focussed on this interneuron subtype. 

We used a mouse line in which Pv-FS interneurons express a red fluorescent protein 

(Tomato-floxed mice crossed with PV-CRE mice) which allowed us to identify these 

cells in slices loaded with the green fluorescence dye Fluo-4. In order to preferentially 
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load astrocytes with the Ca2+ sensor we reduced the loading protocol duration (see 

Methods). We then performed patch-clamp recordings of a single Pv-FS interneuron 

and simultaneous Ca2+ imaging of nearby astrocytes before and during induction of 

high frequency action potential firing in the patched interneuron (trains of 80 Hz action 

potentials for 1000 ms, train frequency 0.5 Hz, induced by current injection through 

the patch pipette). Out of 74 astrocytes monitored, 24 displayed spontaneous activity. 

Twenty of these showed a significant increase in the frequency of Ca2+ oscillations 

after Pv-FS interneuron stimulation (p<0,02; Figure 2) (whereas amplitude did not 

increase significantly, the remaining 4 did not show any Ca2+ oscillations). In the 

remaining 50 astrocytes studied - which were not spontaneously active - we found 

that 19 cells displayed intense Ca2+ oscillations after Pv-FS interneuron stimulation. 

Notably in the presence of bath applied GABAB receptor antagonist SCH90911 (25 

M) almost all the responses of astrocytes were prevented. Altogether, these data 

show that firing activity in a single Pv-FS interneuron can evoke  a GABAB-mediated 

Ca2+ elevation in a group of neighbouring astrocytes. 
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What are the consequences of GABAB-mediated Ca2+ increases in astrocytes? In 

presence of TTX to block all neuronal activity, in TeCx slices we found that Baclofen 

(BAC) local applications evoked slow inward currents (SICs) in 5 out of 9 Pv-FS 

interneurons tested. Similar experiments were performed in somatosensory cortex 

slices from Pv-Cre/Tomato-floxed mice where numerous Pv interneurons express the 

tomato fluorescent protein. In this area, in 4 out of 5 Pv interneurons and in 5 out of 5 

pyramidal neurons Baclofen induced a significant increase in SIC amplitude and 

frequency (Figure 3A-B). Interestingly, as a mean  SICs in Pyramidal neurons were 

significantly larger than in FS interneurons, both in control and after GABAB activation 
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(Figure 3B). This result raises the possibility that GABAB-mediated Ca2+ elevations in 

astrocytes result in a different effect  in Pyr vs FS-interneurons. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

 

Full understanding of the cellular mechanisms at the basis of generation, propagation 

and cessation of epileptic seizures represents one of the most complex and 

challenging problem in the pathophysiology of the brain. A seizure is comparable to a 

big electric tilt in the brain where thousands of neurons fire synchronous action 

potentials and release multiple inhibitory and excitatory transmitters. The problem 

became even more intricate when we consider the emerging concept that the function 

of the brain, and perhaps also the dysfunction of the brain,  is based on a network of 

intensively interacting neurons and astrocytes rather than a network of only neurons. 

Exciting results have been published on the hidden capabilities of these cells to 

communicate with neurons in fundamental phenomena in brain function.  

In my thesis I used a multidisciplinary experimental approach that was based on 

patch-clamp recordings coupled with confocal and 2-photon Ca2+ imaging in a newly 

developed model of focal ictal discharge in rodents brain slices. All our results indicate 

that a neuron-astrocyte reciprocal signaling can be deeply involved in the different 

phases of epileptiform activity. We showed that a release of glutamate from astrocytes 

– that were activated after an intense firing dischage was induced in a group on 

neurons by a local NMDA application - is a crucial event that generates a local 

hyperactivity of neurons and ultimately an epileptogenic focus that predisposes the 

neuronal network to seizure initiation. Seizure generation is, therefore, triggered by a 

concerted action of neurons and astrocytes, connected each other in an excitatory 

loop. The role of astrocytes in determining the threshold of ictal discharge generation 

was further corroborated by data obtained in a computational model of a neuron-

astrocyte network. As regards  the propagation of epileptic activity, we firstly 

investigated the role of GABAergic transmission in governing the spatial-temporal 

features of the recruitment of new neuronal territories into the propagating seizure. 

We found that one of the most abundant GABAergic interneurons in the grain, i.e., the 

parvalbumin expressing fast-spiking interneurons, play a crucial role in governing the 

timing of the recruitment of pyramidal neurons to the propagating ictal discharge. 

Preliminary results described in the last chapter of this thesis, raised the possibility 

that in areas distant from the focus astrocytes may establish with parvalbumin fast-

spiking interneurons a series of reciprocal interactions that contribute to control 
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seizure propagation. This hypothesis will be specifically address in future 

experiments. 
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