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Abstract 

 

Neuroinflammation is a characterizing trait of various central nervous system (CNS) 

pathologies, from neurodegenerative diseases to neuropsychiatric disorders.  

In the effort of dissecting the impact of immune status alterations on neural circuit 

function, we focused our study on the effects of local inflammation in a controlled micro-

environment where neurons and neuroglial cells maintain their appropriate organization: 

the organotypic spinal cord slices. These cultures, developed from the spinal cord of 

mouse embryos, represent a complex in vitro model where sensory-motor 

cytoarchitecture, synaptic properties and spinal cord resident cells, encompassing 

heterogeneous neuronal phenotypes and neuroglia, are retained in a 3D fashion. 

I have used this model to mainly investigate: 1) synaptic spinal changes induced by 

inflammation and mechanisms by which the inhibitory transmission is modulated; 2) 

resident microglia and astrocytes reactivity to inflammatory stress; 3) astrocytes calcium 

activity tuned by inflammation; 4) mechanisms which modulate calcium release and 

spreading in the inflamed tissues. Overall, my main aim was to understand the link 

between neuroinflammation and spinal pre-motor network. For the purpose, 

organotypic spinal cord slices are cultured for two weeks in vitro. Then, they are exposed 

for 4 and 6 hours to a cocktail of cytokines (CKs, 10 ng/mL), composed by tumor necrosis 

factor alpha (TNF alpha), interleukin-1 beta (IL-1 beta) and granulocyte macrophage-

colony stimulating factor (GM-CSF), or to lipopolysaccharide (LPS, 1 µg/mL). I use single 

cell electrophysiology, live cell calcium imaging, immunocytochemistry, confocal 
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microscopy and immunoblotting analysis to investigate and compare the spinal tissue 

responses to neuroinflammation induced by CKs and LPS. I first focus on the synaptic 

level, describing a progressive increase in the frequency of spontaneous post-synaptic 

currents (sPSCs) and inhibitory post-synaptic currents (IPSCs) and the shortening of 

GABAergic current due to CKs incubations, absent in LPS treated ones. I further explore 

by immunofluorescence and confocal microscopy, resident neuroglia reactivity, 

describing the activation of different inflammatory status, given by the two different 

paradigms, confirmed by the presence of cytokines and chemokines released in the 

supernatants. By live calcium imaging, I document an increase in the occurrence of 

calcium oscillations displayed by the astrocytes located in the ventral horn, and by several 

pharmacological treatments, I dissect the behavior of the oscillations, trying to 

understand their origin and mechanism of spreading. 

In conclusion, my work compared the effects of a cytokines cocktail and of LPS in altering 

the pre-motor circuits signaling, that may contribute to sustain spinal network increased 

excitability, eventually leading to neurodegeneration.    
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Introduction 

 

1. Neuroinflammation and Neurodegeneration 

The Central Nervous System (CNS) controls most functions of the body. This control 

emerges from the interplay between the brain and spinal cord functional units, the 

neurons, which communicate mainly by electrical or chemical synapses, and the 

neuroglia1. In several neuro-pathological conditions, including neurodegenerative 

diseases, neuroglia play a central role contributing to neuronal damage by developing 

inflammatory responses within the brain and spinal cord2. Neuroinflammation is 

mediated by microglia, astrocytes, neurons, T-cells, neutrophils and by cellular 

inflammatory mediators released by these cells3 (Fig.1). The same cells control the 

canonical CNS homeostasis during physiological conditions4. The neuroinflammation is 

initially a protective response against the damage, but, although some inflammatory 

stimuli induce beneficial and repairing effects, uncontrolled inflammation may result in 

the production of neurotoxic mediators which amplify the injury state and eventually lead 

to cell death and neurodegeneration5. During prolonged and chronic neuroinflammation, 

the elevated levels of inflammatory mediators and the accumulation and proliferation of 

the inflammatory cells perform the opposite function of the  physiological one, necessary 

for the resolution of the injury, by leading to the onset and the progression of ischemic 

conditions, neurodegenerative diseases and autoimmune diseases2,6.  
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Neurodegeneration is characterized by the slow and progressive alteration of neuronal 

function and structure with reduced neuronal survival and enhanced neuronal death, in 

specific regions of the CNS7.   

 

Figure 1 Inflammatory system activation 

Pro-inflammatory molecules can reach the CNS from the periphery going across the 

blood-brain barrier (BBB). (A) Astrocytes, the most abundant cells in the CNS, are 

functionally connected with the BBB, receiving signals from the periphery and from inside 

the CNS. (B) Mast cells can infiltrate the CNS, inducing changes in the microglia by the 

delivery of proinflammatory effectors. (C) Resting microglia can be activated in two 

classical phenotypes, M1 and M2, depending on the effector signals from its 

microenvironment. Neurons in a cross-talk signaling with astrocytes and microglia, 

increasing the toxic-loop of neuroinflammation[Adapted from Ref.8].  
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1.1 Neuroglia 

It is common to credit Rudolph Virchow, a German pathologist, with the discovery of glia. 

What Virchow described in 1856 does not exactly correspond to what we today consider 

to be glial tissue. He wrote: “this connective substance forms in the brain, in the spinal 

cord and in the higher sensory nerves a sort of putty, in which the nervous elements are 

embedded” (Fig. 2). For this reason, the term Neuroglia (or Nervenkitt in German), 

translated as “nerve-cement” or “nerve-glue” was born. The names survive, even if the 

original concept has radically changed9. 

 

Figure 2 Virchow’s illustration of subependymal neuroglia 

E, ependymal epithelium; v-w, blood vessel in “connective tissue”; N, nerve fibers; ca, 

corpora amylacea[Adapted from Ref.9]. 
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Today, the term neuroglia, or glial cells, indicates non-neuronal cells like astrocytes, 

microglia and oligodendrocytes in the CNS or Schwann cells in the peripheral nervous 

system (PNS), which play an essential and active role in development, signaling, synaptic 

plasticity and metabolic support for brain and spinal cord neurons. 

Astrocytes 

 

The term “astrocyte” was first used in 1893 by Michael von Lenhossek and refers to the 

typical stellate morphology of the cells10. They represent the most abundant fraction of 

glial cell types in the adult brain11. Glial fibrillary acidic protein (GFAP) is a class III 

intermediate filament protein, is a structural protein found only in the main branches of 

the astrocyte and it is widely used to identify astrocytic cells, even if it is estimated that 

in vivo it identifies around 15% of the cell12. Astrocytes can be very different between 

each other, but they share some common characteristics. Some criteria for defining this 

cell type have been defined: (i) non-excitability; (ii) a very negative membrane potential 

which is determined by the K+ gradient; (iii) glutamate and GABA uptake by astrocyte-

specific transporters; (iv) the presence of intermediate filament bundles; (v) the presence 

of glycogen granules; (vi) cell processes surrounding blood vessels and synapses; and (vii) 

the presence of gap junctions formed by connexin43 and connexin30. Each of these 

features is necessary but not sufficient in order to classify an astrocyte13,14. Astrocytes 

have been classified into two major morphologically differentiated and anatomically 

located groups: the fibrous astrocytes of the white matter and the protoplasmic 

astrocytes of the grey matter15. Protoplasmic astrocytes organize themselves into 

separate three-dimensional non overlapping territories known as distinct domains. On 
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the other hand, fibrous astrocytes are organized along white matter tracts and they do 

not organize themselves into domains15.  

There are three distinct pools of glial progenitors in the cerebral cortex, radial cells of the 

ventricular zone, postnatal glial progenitor cells of the subventricular zone (SVZ) and glial 

restricted precursors, which interface and communicate with the extracellular matrix 

components and molecules in order to define the different phenotypes16. Even if it is well 

established that astrocytes develop after neurons, in the CNS development, they are 

involved in driving axon migration and synaptic pruning17. They are also known to 

regulate the stability, dynamics and maturation of dendritic spines as well as the synaptic 

plasticity and synaptic transmission18. They are involved in neuronal metabolic support 

during development, maturation and injury. They are active components of the tripartite 

synapse, being responsible for the re-uptake of the glutamate in the synaptic cleft19 and 

they are the main players in the interactions within the neurovascular unit (NVU), where 

they are essential for blood-brain barrier (BBB) maintenance and neurovascular coupling. 

Loss of normal astrocyte functions may contribute to reduced support for neurons and 

dysfunction of the NVU20. In particular, protoplasmic astrocytes form extensive contacts 

with blood vessels and the microvasculature and play a central role in regulating blood 

flow in the brain10. Astrocytes communicate with neighboring astrocytes via calcium 

signals, which pass through the gap junctions. These calcium signals are not just due to 

the synaptic activity, but they can occur spontaneously21.  

Astrocytes can remove glutamate released by neurons, in order to avoid the excitotoxicity 

by using specific transporters on peri synaptic astrocytic processes22 (Fig. 3). 
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Figure 3 The many roles of the astrocyte 

Astrocytes provide energy substrates for neurons, primarily in the form of lactate which 

is converted from glucose as well as providing cholesterol to support neuronal function. 

The intimate association of astrocytic processes with neuronal synapses enables the 

finely tuned regulation of synaptic transmission. Astrocytes couple together synaptic 

activity with local blood flow to ensure neurons have a sufficient energy supply. Gap 

junctions such as connexin 43 enable dialogue between neighboring astrocytes, which is 

mediated by intracellular changes in calcium levels[Adapted from Ref.10]. 
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Microglia 

 

In 1919, Pío Del Río-Hortega, who once worked with Cajal, phenotypically characterized 

the only immune cells in the brain parenchyma, previously observed by Cajal, which are 

now known as microglia. Microglia represent approximately the 10% of the total cells in 

the adult CNS in mammals, with a considerable heterogeneity in microglia density among 

the different CNS regions23,24. They are generally considered the immune cells of the CNS, 

because of their ability in phagocytosis, in releasing cytotoxic factors and inflammatory 

mediators and in priming the immune response to several kind of threating stimuli25.  

Lineage-tracing studies in mice have established that microglia are derived from yolk-sac 

progenitors, which migrate through the bloodstream to the developing CNS, starting at 

embryonic day 8.5 and continuing until the BBB is formed (Fig. 4)26. Microglia may be 

considered to be similar to tissue-resident macrophages in non-CNS tissues, with a 

hematopoietic origin, but it has recently been determined that microglia are the only 

myeloid cells that are derived solely from yolk sac precursors under normal 

conditions27,28.  The transcriptional repertoire from the yolk sac to the adult in mice has 

revealed three major developmental states: early (less than E14), pre-microglia (E14 to a 

few weeks postnatal) and adult microglia (more than a few weeks)27.  

Microglia not only respond during threating conditions, but these cells are also necessary 

for the normal maintenance of the CNS homeostasis. It is well established that during 

early stages of CNS development microglia induce neuronal programmed cell death, 

promote neuronal fasciculation, limit axon outgrowth and trigger phagocytosis, a 

phenomenon that persists also after the CNS maturation.  
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Moreover, during the postnatal and adult CNS stages microglia interact with the mature 

neuronal synapses, in particular with those with the higher activity, and this interplay is 

necessary to attenuate the activity. It was indeed demonstrated that during CNS 

development, microglia are involved in synapse remodeling and maturation, and in 

supporting the oligodendrocytes progenitors during their maturation28–31.  

In these physiological conditions, the complement proteins mainly expressed by microglia 

are necessary for the synapse pruning, while in threating conditions they induce 

complement-mediated loss of neurons30,31. 

Microglia exist in three different conformations: the surveillant, the primed and the 

amoeboid one. In the first one they exhibit two modes of motility, indeed they constantly 

extend and retract their processes to survey the brain, but they also send out targeted 

processes to envelop sites of tissue damage32. The primed or “reactive” microglia are 

those cells involved in the release of pro-inflammatory cytokines and other inflammatory 

mediators33. The amoeboid conformation is necessary for the mechanism of 

phagocytosis. 

  



13 
 

 

Figure 4  Ontogeny of microglia and physiological roles in CNS development, homeostasis              

and plasticity 

Microglia develop from myeloid progenitors in the yolk sac that express the transcription 

factor RUNX1 and the receptor tyrosine kinase c-Kit, also known as CD117, but not CD45, 

and enter the CNS during early embryonic development (embryonic day 8.5 in mice). 

Microglia have crucial roles in brain development and CNS homeostasis, including 

programmed cell death and clearance of apoptotic new-born neurons, as well as pruning 

developing axons and synapses. Later in development and into adulthood, microglia 

processes are highly motile and continually survey their local environment, contacting 

neurons, axons and dendritic spines. Microglia have diverse physiological roles, including 

regulating neuronal and synaptic plasticity[Adapted from Ref.27]. 
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Oligodendrocytes and Schwann cells 

 

Oligodendrocytes are the cells producing myelin sheaths around the axons of several 

neurons and the myelination process is a largely postnatal process continuing into 

adulthood in humans34. Oligodendrocytes originate from neural stem cell (NSC)-derived 

oligodendrocyte precursor cells (OPCs) that differentiate into immature pre-myelinating 

oligodendrocytes (pre-OLs) and finally differentiate into mature oligodendrocytes that 

contact neuronal axons and start the production of myelin35 (Fig. 5). Del Río-Hortega was 

able to recognize 4 different type of oligodendrocytes, from I to IV, according to their 

size, number, orientation of their processes and size of the axons they wrapped36 (Fig. 6). 

 

 

Figure 5 Schematic representation of oligodendrocyte (OL) development  

Oligodendrocytes precursor cells (OPCs) originate from neuroepithelial zones 

surrounding the ventricles, where neural stem cells (NSCs) differentiate into (OPCs). OPCs 

migrate toward an appropriate site via blood vessels. At their final destination, OPCs 

proliferate to expand the pool of OPCs. When proliferation is inhibited, OLs differentiate 

into pre-myelinating oligodendrocytes (pre-oligodendrocytes), and finally into mature 

oligodendrocytes that enwrap neuronal axons with myelin sheaths[Adapted from Ref.35]. 
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Figure 6 The four types of oligodendrocytes 

The four type of oligodendrocytes recognized by del Rìo-Hortega[Adapted from Ref.36]. 

 

The major central nervous system myelin proteins are the myelin basic protein (MBP), 

and the proteolipid proteins (PLPs/DM20) which constitute the 80% of the total myelin 

proteins37,38. To form the myelin sheath, oligodendrocytes have to deliver large quantities 

of myelin along the axon, at the proper development stage. In the same way, neurons are 

responsible for the differentiation of the oligodendrocytes and for the transport of PLP37. 

The Schwann cells represents the major population of peripheral glial cells and they are 

responsible for the release of the myelin in the PNS. The Schwann cells precursors 

originate from the cells of the neural crest and they migrate along axons extending to 

their final target tissues39. It is possible to distinguish between two different types of  

Schwann cells: the non-myelinating one, also called Remark cells, which enwrap small 
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diameter axons; the myelinating one, responsible for myelinate the larger axons of 

sensory and motor neurons. Both of these cells are involved in the metabolic neuronal 

support, but just the myelinating accelerate the nerve fiber conduction40. On the contrary 

to oligodendrocytes, not reprogrammed to repair cells and for myelin regeneration, 

Schwann cells, in the PNS can convert to cells able to repair after injury41.  

 

1.2 Immune response in CNS 

The CNS is firstly defended and protected against exogenous and endogenous threats by 

genuine physical barriers, such as the meninges, which surround the brain and the spinal 

cord and the cerebral spinal fluid (CSF). Pathogens, circulating immune cells and foreign 

factors within the blood are faced by a physical BBB, jointly maintained by tight junctions 

between brain endothelial cells, the basal lamina of these cells and astrocytes end feet 

processes42,43 (Fig. 7). It is possible to have a leakage of blood material in the CSF and in 

the nervous tissues that triggers, at first, the activation of the innate immunity, in which 

the main functions are executed by those cells expressing the pattern recognition 

receptors (PRRs), e.g. the Toll-like receptor (TLR) expressed by microglial cells44. These 

receptors activate specific pathways which lead to the release of specific molecules 

involved in the progression or resolution of the inflammatory state, called cytokines and 

chemokines, e.g. tumor necrosis factor-α (TNF- α) or the interleukins 1 (IL-1). 
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Figure 7 Blood brain barrier 

The blood-brain barrier is made up of astrocytes end feet, endothelial cells that are tightly 

connected to each other by tight junction proteins (purple). These tight connections 

prevent the leakage of unwanted substances from the blood to the brain. [Sketch made 

with Biorender.com] 

 

1.3 Neuroglia in inflammatory diseases 

Microglia are primary mediators of inflammation. They trigger inflammatory responses 

similarly to peripheral macrophages, although these responses are less robust. This is 

partly due to the fact that their precursors enter the CNS during the early embryonic 

development and they are normally not replaced by infiltrating monocytes, during the 

other stages45. Thanks to the wide range of TLR on their membranes, they recognize 

specific ligands which start the inflammatory processes, activating signaling molecules 
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such as NF-κB and they promote the activation of the adaptive immune responses46. 

When insults like pathogens, tissue damage, abnormal stimulations, neurotoxins or 

infections occur, they firstly switch their surveillance phenotype toward the primed or 

reactive state, which is responsible for the release of the cytokines, within a few tens of 

minutes33,47 and then toward the amoeboid one, which allows microglia to become 

phagocytic cells48 (Fig. 8). The released cytokines can be pro- or anti-inflammatory, in 

response to different stimuli. According to this, microglia can adopt two different states, 

M1 and M2, respectively the pro-inflammatory and the anti-inflammatory and they can 

alternate between the two.  

                                 

                                    

Figure 8 Different shapes of microglia 

This picture shows the changes in morphology undergone microglial cells[Adapted from 

Ref.49]. 
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In the first configuration, microglia show the expression of cytokines like TNF-α, IL-1β and 

IL-6 and of the respective receptors on the cell membrane surfaces. In the second one, 

they present anti-inflammatory cytokines, as IL-13 and IL-450.                                                                   

The two different classes of cytokines induce several types of responses, that can be 

respectively detrimental or protective for the neurons and eventually for the tissue.                 

In damaged tissues, microglia proliferate in response to specific cytokines such as 

macrophage-colony stimulating factors (M-CSF) and granulocyte macrophage-colony 

stimulating factors (GM-CSF)51. On the other hand, it has been shown that both microglia 

and astrocytes in response to pro-inflammatory cytokines stimulation release peculiar 

proteins called chemokines, that allow microglia expressing chemokines receptor, such 

as CCR2, CXCR10, to migrate toward the damage site, when they are in their reactive 

state52.            

Astrocytes are involved in several homeostatic functions, such as neurotransmitter, pH, 

water and ion homeostasis, they are part of the BBB and they are normally maintained in 

a resting state. They are not immune cells per se, but, following an insult to the brain, 

together with microglia, astrocytes undergo a process known as ‘‘reactive astrogliosis’’, 

which is characterized by finely gradual and progressive changes in genes expression and 

cellular morphology53. Moderate reactive astrogliosis develops if the triggering 

mechanism is transient and there is the potential for resolution. On the opposite, 

extreme levels of reactive astrogliosis occur in response to overt tissue damage and 

inflammation and the phenomenon involves scar formation that incorporates newly 

proliferated cells54 (Fig. 9).  
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Figure 9 Schematic representations of different gradations of reactive astrogliosis  

a) Variable changes in molecular expression and functional activity together with variable 

degrees of cellular hypertrophy. Such changes occur after mild trauma or at sites distant 

from a more severe injury, or after moderate metabolic or molecular insults or milder 

infections or inflammatory activation; b) this reactive astrogliosis with persisting scar 

formation generally occurs along borders to areas of overt cell and tissue damage and 

inflammation. Glial scar formation includes newly proliferated astrocytes (with red nuclei 

in figure) and other cell types. Mature glial scars tend to persist for long periods and act 

as barriers not only to axon regeneration but also to inflammatory cells in a manner that 

protects healthy tissue from nearby areas of intense inflammation[Adapted from Ref.54]. 
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According to the macrophage nomenclature, reactive astrocytes can be divided in two 

different groups based on their phenotype. We refer to A1 astrocytes when they highly 

upregulate many classical complement cascade genes known to be destructive for the 

synapses and detrimental to neuronal functions. They are induced by reactive microglia 

via pro-inflammatory cytokines such as TNF-α and the ones of the IL family. They may be 

harmful. On the other hand, we refer to A2 astrocytes, when they upregulate 

neurotrophic factors and for this reason they are protective55. Well-known hallmarks of 

astrocytes reactivity are the increase in GFAP expression and the altered expression of 

AQP4 (aquaporin 4), a water channel widely expressed in the astrocytes end-feet, which 

controls brain water homeostasis56. Together with astrocytes and microglia, 

oligodendrocytes as well are directly involved in neuroinflammation and immune 

modulation in CNS diseases like multiple sclerosis due to the expression of tumor necrosis 

factor-α (TNF-α) receptor, TNFR257. 

In conclusion, the exact molecular triggers of astrocyte and microglia reactivity during 

inflammation and initial stages of neurodegenerative diseases, before significant 

neuronal loss, are unknown, it is suggested that they sense altered neurotransmission, 

release of stress signals such as cytokines and chemokines, presence of mediators of the 

innate immunity like lipopolysaccharide (LPS), glucose deprivation, hypoxia, presence of 

reactive oxygen species and abnormally folded proteins, like amyloid-β for the Alzheimer 

disease. It is also evident that astrocytes and microglia cooperate both during 

development and adult life in regulating synaptic functions and providing trophic support, 

and most importantly, in triggering neurorepair following injury58. 
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1.4 Cytokines pathways in neuroinflammation 

With the term cytokines we refer to small proteins synthetized by the cells of the immune 

system such as microglia, but also by astrocytes and involved not only in mediating the 

intensity and duration of the immune and inflammatory responses, but also in 

neurogenesis, cell growth and differentiation and in tissue homeostasis in CNS59,60. They 

are a large and diverse group of pro- or anti- inflammatory factors that are assimilated 

into families based on their structural homology or on that one of their receptors. 

Chemokines are a group of secreted proteins within the cytokine family which induce 

macrophages migration. These “chemotactic cytokines” are involved in leukocyte 

chemoattraction and trafficking of immune cells. As well as cytokines, chemokines belong 

to two categories according to their biological activity: the maintenance of homeostasis 

and the induction of inflammation. The binding of a cytokine or chemokine ligand to its 

receptor results in the activation of the receptor itself, which induces a signaling cascade 

in order to regulate various cellular functions such as cell adhesion, phagocytosis, other 

cytokines secretion, cell activation, cell proliferation, cell survival and cell death, 

apoptosis, angiogenesis and proliferation. The main cytokines include the interleukins 

family, TNF-α, interferon- γ (IFN-γ), GM-CSF and transforming growth factor-β (TGF-β). 

On the other hand, the principal chemokines produced in the CNS are CCL2, CXCL8, 

CXCL10, CCL5 and CCL361. For instance, increased circulating pro-inflammatory cytokines 

have been associated with the neurodegenerative conditions of Alzheimer’s disease and 

Parkinson’s disease and moreover some cytokines have been associated with specific 

symptoms62,63.  
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IL-1 family is primarily associated with innate immunity. The pro-inflammatory IL-1 was 

described to regulate the amyloid β-protein precursor (APP) processing and amyloid β 

(Aβ) synthesis, in particular increasing it and this may contribute to plaque formation and 

progression, dystrophic neurite proliferation and to neuronal loss64,65. IL-6 

overexpression induces extensive gliosis and suppresses Aβ deposition in in vivo APP mice 

model66. TNF-α is another mediator, actively produced by microglia during inflammation. 

Its expression is low in healthy conditions, for this reason it is difficult to determine TNF-

α physiological function when released at basal levels. TNF-α plays a key role in 

neuroinflammation-mediated cell death, thanks to the presence on target cells of the so 

called “death receptors”, which, after ligand engagement, induce caspase activation and 

cell death. TNF-α stimulates BACE1 expression and enhances amyloidogenic processing 

from APP expressing astrocytes and cortical neurons. TNF-α increases the frequency of 

spontaneous miniature post-synaptic currents (minis)67. IFN-γ is another cytokine, only 

produced by lymphocytes, up-regulated in AD brains with pleiotropic effects, exhibiting 

both deleterious and protective functions68. It was demonstrated that in experimental 

autoimmune encephalomyelitis (EAE) animal model, administering IFNγ during the early 

stages of the pathology exacerbates clinical disease, although the administration during 

the late phases leads to amelioration.  IFNγ can also inhibit TH cell production of IL-17, 

known to facilitates the development of neuroinflammatory lesions69. Moreover, 

astrocytes produce chemokines in response to IFNγ, and silencing IFNγ signaling 

specifically in astrocytes ameliorated EAE70. IFNγ may promote BBB integrity by 

enhancing expression of tight junction proteins in endothelial cells. 
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TGF-β1 plays a central role in the brain response to injury, and elevated TGF-β1 levels 

have been found in CSF and serum of AD patients71. 

Even if the clinical association between cytokines and disease hallmarks have been 

elsewhere understood, the pathophysiological mechanisms behind several classes of 

cytokines are still unknown.  
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2. Spinal Cord: a brief overview 

2. 1  Anatomy and functions of the Spinal Cord 

 

As part of the CNS, the spinal cord is considered the focus of information transfer 

between body and brain and a center for neuronal circuits that integrate and coordinate 

complex sensory, motor and autonomic functions72. It is contained and preserved by the 

spinal column and surrounded by the meninges. Along its length the spinal cord is divided 

in three segments, each associated with groups of sensory neurons, whose cell bodies 

form the dorsal root ganglia (DRG), while the axons centrifugally innervate the periphery. 

In humans, depending on the position of the segments, they can be cervical, thoracic, 

lumbar and sacral, in a rostro-caudal orientation. Internally, the spinal cord is also divided 

into grey and white matter. This latter surrounds the cord and comprises the myelinated 

motor and sensory axon tracts that relay signals to and from the brain. The grey matter 

shows a peculiar butterfly shape with two ventral horns and two dorsal horns, which 

comprise the termination of primary afferent neurons, neurons ascending from the brain, 

interneurons and ascending tract cells projecting to higher CNS levels72. 

It further includes microglia, astrocytes, oligodendrocytes and unmyelinated axons, as 

well72. The neurons contained in the grey matter are ordered in different layers called 

laminae, from I to X (Fig. 10). 

Spinal neurons are involved in two main functions: i) they relay sensory information to 

spinal and supra-spinal centers located in the brain stem ii) and they integrate sensory 

inputs and motor outputs. These two functions are also anatomically differentiated. 
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Indeed, the sensory neurons are concentrated in the dorsal spinal cord, whereas circuits 

involved in proprioception and motor control are located in the ventral spinal cord73. 

 

Figure 8 The segmental organization of the spinal cord 

The spinal cord is divided in sensory dorsal horn (laminae I-VI), intermediate layer (lamina 

VII) and ventral horn (VII-IX). Motor neurons nuclei are located in lamina IX and their 

axons, along with sympathetic preganglionic neurons located in intermediolateral 

nucleus (IML), exit via ventral roots. Sensory information is transmitted to brain through 

two principal axon tracts, the dorsal column and anterolateral system[Adapted from Ref.72]. 

 

 

The somatosensory system 

 

The somatosensory system is a complex circuit which allows to perceive a wide net of 

heterogeneous signals coming from the periphery, thanks to the presence of a range of 

receptors distributed all over the body. According to the type of signal, receptors are 

classified as: chemoreceptors, thermoreceptors, mechanoreceptors and nociceptors and 

translate physical stimuli into electrical signals. Primary afferent axons, whose cell bodies 
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are inside DRG, located alongside the spinal cord, can be divided into thickly myelinated 

fast-conducting Aβ fibers, thinly myelinated fast-conducting Aδ fibers and unmyelinated 

slow-conducting C fibers. The dorsal horn receives several inputs from these fibers, in 

multiple sensory modalities. Information are then processed by local interneurons, 

whose axons remain in the spinal cord and modulated by descending axons before being 

transmitted to the brain. Interneurons in the external laminae are both inhibitory 

(GABA/glycine) and excitatory (glutamate/substance P)74. Primary afferents release 

glutamate as a neurotransmitter to evoke fast postsynaptic responses composed of early 

AMPA/kainate and late NMDA receptor-mediated components. The continuous signals 

coming from the periphery are strictly regulated by depolarization of their terminals 

thanks to the direct synaptic actions of interneurons75,76, in order to avoid conditions such 

as neuropathic pain, due to imbalances between central excitatory and inhibitory 

signaling such that inhibitory interneurons and descending control systems are 

impaired77.  Indeed, one of the main functions of the dorsal horn is to integrate and relay 

pain information to higher area of the brain.  

The motor system                                        

The ventral horn is involved in motor functions. The laminae are occupied by 

glutamatergic excitatory and GABA/glycinergic inhibitory interneurons. In the lamina IX  

cholinergic motorneurons are located, which send their long axons out of the ventral 

horn to innervate the skeletal muscle fibers at the neuromuscular junction. 

Motorneurons are the ultimate actors in the contraction process. They are divided into 

α-motoneurons, which supply skeletal (extrafusal) muscle fibers and are responsible for 
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movement and γ-motoneurons, smaller than the others, which innervate intrafusal 

muscle fibers in order to control muscle tone by regulating the sensitivity of muscle 

spindles to stretch72. In order to control the correct functioning of the motor behavior 

and to protect body from harm, spinal cord needs reflexes. Spinal reflexes are involuntary 

and stereotyped responses to sensory stimuli arising from receptors in muscles, joints, 

and skin, either directly or indirectly via one or more interposed interneurons, and the 

neural circuitry responsible for the motor response is entirely contained within the spinal 

cord. Even the simplest reflex is a fine and regulated mechanism, in which the interplay 

between motorneurons and interneurons results in the correct excitation and inhibition 

ratio, in order to generate flexors and extensors muscles contract/release72.  

Central pattern generators (CPGs) are intrinsic neuronal networks generally defined as 

networks of neurons capable of enabling the production of central commands, 

specifically controlling stereotyped and rhythmic motor behaviors, as for example 

deglutition, mastication, respiration, defecation, micturition and ejaculation78. More 

specifically, the CPG controlling locomotion-like activities in absence of sensory and  

descending inputs from the brain cortex, which carry timing information, resides along 

the ventromedial portion of the lower thoracic and lumbar spinal cord of limbed 

vertebrates79. CPGs studies have been also conducted in invertebrate species, such as 

lampreys, where the presence of neuronal networks capable in inducing swimming 

behavior was demonstrated80.  
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2. 2  Neurodegenerative diseases and inflammation in the spinal cord: some 

example 

 

The standpoint regarding the pivotal role of neurons in CNS in health and disease has 

changed, microglia and astrocytes are known to play an essential and active role in 

development, synaptic plasticity and support for spinal cord neurons. On the other hand, 

the key homeostatic functions of neuroglia may be compromised, turning them into the 

major drivers of neuronal cell death. Neurorepair begins with the elimination of damaged 

tissues when the pro-inflammatory response of microglia and astrocytes decrease and an 

anti-inflammatory response, such as the secretion of the anti-inflammatory cytokines IL-

4 and IL-10 starts to predominate. However, the extensive and/or prolonged damage can 

prevent efficient repair, resulting in chronic neuroinflammation, as is the case of spinal 

cord injury (SCI), motor diseases like amyotrophic later sclerosis (ALS), spinal muscular 

atrophy (SMA) and multiple sclerosis (MS). 

Spinal cord injury 

 

Traumatic or non-traumatic SCI is a devastating condition with high incidence, causing 

mortality or severe neurological deficits and permanent disability81. When SCI occurs, 

synaptic connections are lost, demyelination and axon damage disrupt signal 

propagation, and neurons undergo mechanically induced cell death. Currently, there are 

not therapies able to restore neuronal connections and re-establish neuronal circuits 

responsible for complex functions such as standing or walking. Since the primary injury 

activates non neuronal cells, such as glia and pericytes, potential therapies can target 

these cells, their mutual interaction or their interaction with neurons. Non neuronal cells 



30 
 

activation induces cascades of vascular and inflammatory events, further leading to cell 

death, but also known to facilitate repair. In detail, following SCI, glial cells secrete toxins 

and cytokines in response to the mechanical damage. SCI activates resident astrocytes, 

which migrate to the lesion epicenter and seclude inflammatory cells, leading to tissue 

repair. However, active astrocytes gradually transform into scar-forming astrocytes, 

thanks also to type I collagen in the extracellular matrix (ECM) that form astrocytic scars82. 

Scars formation is irreversible and it permanently inhibit axonal regrowth in both rodents 

and humans83. On the other hand, the fibrotic scars have a beneficial, tissue-preserving 

role, confining inflammation to the lesion epicenter and restricting tissue damage and 

neural loss after SCI84. 

Due to the astrocyte’s impairment, the BBB is disrupted during SCI, and this facilitates the 

entrance of immune cells, such as microglia, which have been shown to modify the 

microenvironment, causing an upregulation of factors that promote oligodendrocyte 

progenitor cell proliferation85.  
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Figure 9 Scar formation scheme 

Astrocytes, NG2+ cells and ependymal cells are involved in the scar-formation after 

SCI[Adapted from Ref.86]. 

 

 

 

Motor diseases 

 

ALS is a relentless, adult-onset, fatal paralytic disorder confined to the voluntary motor 

system87. Between the neurodegenerative motor diseases, it is the most known, 

commonly arising as a sporadic condition, but ∼ 10 % of the disease is inherited and due 

to superoxide dismutase 1 (SOD1) mutation. These rare familial occurrences are clinically 

and pathologically indistinguishable from the sporadic cases of ALS. It is characterized by 
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the loss of motorneurons and by the massive activation of astrocytes and microglia.      

SMA is the second most common autosomal-recessive disorder of infancy, often leading 

to death88. It is characterized by a selective loss of motorneurons within the anterior 

horns. Other pathological hallmarks of SMA are glial bundle formation, predominantly in 

the spinal cord anterior roots and in the lumbar region and reactive gliosis, even if, on the 

contrary to ALS, there is any model of the disease in which gliosis has been 

demonstrated89. These kinds of pathologies are part of the neurodegenerative diseases, 

whose prominent feature is neuroinflammation, characterized by active gliosis. This 

means that microglia can became primed, triggered by cytokines and chemokines, such 

IFN-γ, TNFα, GM-CSF originating from neurons and astrocytes.          

They can, then, became surveillant, exhibiting thicker cell bodies and proximal processes 

and eventually lead to motorneurons death90. In the same way, astrocytes show a typical 

reactive morphology with hypertrophic nuclei and with the increased expression of GFAP 

protein in their processes. In this scenario, they can have a protective or detrimental 

behavior, helping or preventing motorneurons survival, respectively thanks to the release 

of neurotrophic factors or to the synthesis of nitric oxide91. 

Multiple sclerosis 

 

Differently from the above-mentioned diseases, MS is an autoimmune and not hereditary 

pathology characterized by inflammatory cascade in the CNS, which is mainly caused by 

inappropriately activated T cells, that trigger an immune response against myelin and 

oligodendrocytes. Astrocytes are recognized as cells that critically contribute to the early 

development of MS lesions, since they are involved in the myelin phagocytosis, which 
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induces the MS lesions92. Myelin uptake induces NF-kB signaling activation, which leads 

to chemokines production, such as CCL3, CCL5 and CXCL9 and to the resulting activation 

of microglia92. 

                                 

Figure 10 Involvement of immune cells in MS pathogenesis 

T cells recognize myelin and activate macrophages and microglia to damage myelin by 

phagocytosis. Cytokines and toxic mediators such as NO released by immune cells cause 

myelin damage[Adapted from Ref.93].  

 

Indeed, reactive astrocytes are present in the active margins of demyelinating lesions. 

During these events, astrocytes become hypertrophic, they increase the volume of the 

cell bodies and they induce disruption of astrocyte-oligodendrocyte networks. In vivo 

experiments reveal that reactive astrocytes likely contribute to tissue damage in MS also 
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through impaired glutamate re-uptake94. On the other hand, astrocytes and microglia are 

known to drive neuroprotective effects thanks to brain-derived neurotrophic factor 

(BDNF) expression in those inflammatory cells detected around the lesioned regions95.                            

Microglial cells as astrocytes contribute to myelin lesion formation and to 

oligodendrocytes degeneration, thanks to nitric oxide (NO) and TNF-α production, which 

activate mechanisms of apoptosis and the resulting activation of astrocytes96,97. 

Consequently, astrogliosis elicits BBB impairment. 
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3. Synaptic activity and inflammatory milieu 

 
3.1 Microcircuit synapses and soluble signaling in inflammation 

Cytokines are the main actors during the inflammatory events but regardless this role, 

they are also involved in crucial activities in the CNS, related to its growth and 

development. Moreover, it is now well established that cytokines are powerful 

neuromodulatory molecules capable of influencing synaptic transmission and neuronal 

excitability, either directly by activating their neuronal receptors in the spinal cord, or 

indirectly by promoting the release of such molecules from glia or the endothelium, like 

nitric oxide98. Synaptopathy is the recent term used to indicate pathological synaptic 

alterations, dysfunction and loss and it has been implicated in many CNS disorders, which 

involve features as neuroinflammation, such as MS99. Indeed, the inflammatory 

microenvironment seems to directly influence the structural modifications and loss of the 

presynaptic and postsynaptic elements, as observed in post-mortem brain of MS 

patients, where decreased levels of proteins crucial for synaptic maintenance and 

functions, have been found100. Moreover, in MS a permanent increase in pro-

inflammatory cytokines levels and increased availability of glutamate can upregulate 

neuronal GluR expression and induce synaptic dysfunction, thereby reinforcing the local 

glutamate excitotoxicity99. Research on this subject has led to a deep understanding of 

the role of pro-inflammatory cytokines in driving synaptic function and plasticity. 

Especially, TNF-α, IL-1β and IL-6 are attracting considerable interest due to their 

implication in a wide spectrum of synaptic dysfunctions typically concerning neurological 

and spinal disorders101,102. TNF-α modulates glutamate and GABAA receptors at the 
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neuronal membrane, resulting in increased excitotoxicity stress and neuronal death. In 

particular, TNF-α can exhibit its function affecting the expression of AMPARs on the cell 

membrane by TNF-R1103. In addition, TNF-α can also modify extracellular glutamate levels 

by inducing glutamate release from microglia and as well as blocking the astrocytic 

glutamate re-uptake104,105. TNF-α further induces a rapid decrease of GABAergic synaptic 

strength associated with a down-regulation of cell surface GABAAr106. 

Similarly, IL-1β plays a crucial role in synaptic modulation by binding its receptor and up-

regulating the surface expression of NMDA receptors, which leads to a marked Ca2+ efflux 

with the subsequent neuronal hyperexcitability in spinal slices107. 

Spinal cord slices acutely incubated with TNF-α enhanced the frequency of spontaneous 

excitatory post-synaptic currents (sEPSCs), while the incubation with IL-6 reduced the 

frequency of spontaneous inhibitory post-synaptic currents (sIPSCs). Notably, IL-1β both 

enhanced the frequency and amplitude of sEPSCs and reduced the frequency and 

amplitude of sIPSCs. Consistently, TNF-α and IL-1β enhanced AMPA- or NMDA-induced 

currents, and IL-1β and IL-6 suppressed GABA- and glycine-induced currents101. IL-1β also 

acted to increase mEPSC amplitudes and frequencies, through presynaptic glutamate 

release and postsynaptic AMPA receptor activity, in the spinal dorsal horn108.  Concerning 

the family of the M-CSFs, some of them are involved in the changes induced at the 

synaptic level. For instance, the colony stimulating factor 1 (CSF-1) increases the 

amplitude and frequency of sEPSCs of the dorsal spinal neurons109. Although great effort 

has been applied in the studies of the dorsal horns undergone pro-inflammatory 

cytokines exposure, less is known about the behavior of the ventral one, which is the 

focus of the motor networks, impaired during diseases like MS, and it is also known that 
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coordination between neurons is largely controlled by glycinergic  

and glutamatergic interactions110. Regarding this, recently in our group, it has been 

shown that in spinal cultured tissues exposed to a cocktail of pro-inflammatory cytokines 

composed by TNF-α, IL-1β and GM-CSF, all known to be released in experimental 

autoimmune encephalomyelitis (EAE) models, ventral interneurons displayed a 

significant increase in spontaneous synaptic activity, also characterized by a speeding up 

of the GABAergic decay time constant111. 

In conclusion, during pathological conditions, the final downstream effects of cytokines 

on synaptic transmission and neuronal survival depends on the synaptic cytokine 

concentrations and on the subcellular expression of their receptors in specific neuronal 

compartments. Likewise, the balance between pro-inflammatory and anti-inflammatory 

cytokines is important for the final effects and for the resolution of the inflammatory 

events112. This approach on the synaptopathies could represent a novel and promising 

target for future therapies. Overall, these results indicate that the above-mentioned 

cytokines are involved in the spinal neurons synaptic activity impairment, disrupting the 

excitatory/inhibitory ratio and probably leading to excitotoxicity or eventually to neuron 

death. This provides the necessity to investigate the cross-talk between the immune 

system, the main source of cytokines, and neurons exploiting synaptic activity, but also 

the entire network activity as primary evaluation tools. 
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Figure 11 Inflammatory synaptic dysfunction 

a The concentrations of excitatory (glutamate) and inhibitory (GABA) neurotransmitters 

at the synaptic cleft are modulated by strict control of transmitter release, degradation 

or reuptake. b Proinflammatory cytokines released by autoreactive lymphocytes and 

activated microglia induce synaptic dysfunction in both glutamatergic and GABAergic 

systems[Adapted from Ref.99].  
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3.2 Cross-talk among neuroglia and neurons in physiology and inflammation 

A single astrocyte can contact tens of thousands of individual synapses and has highly  

dynamic processes capable of altering the extracellular space113,114. Likewise, activated 

astrocytes release gliotransmitters and are sensitive to neurotransmitters suggesting that 

astrocytic processes interact with pre- and post-synaptic neuronal elements115. The 

interaction between neurons and astrocytes is known to occur in physiological 

conditions, in diverse fashions like the tripartite synapse, the exosomes communication 

and the gap junctions (GJs) coupling116,117,118 and astrocytes exert several homeostatic 

functions that collectively contribute to maintain the microenvironment in such 

conditions in order to ensure the optimal neuronal functions. For example, thanks to the 

presence of a high number of inward rectifier channels on astrocytes, the extracellular 

potassium concentration is always preserved within the correct range119. This latter 

mechanism, together with the glutamate uptake by astrocytes from the extracellular 

milieu19, contributes to avoid neuronal depolarization, hyperexcitability and 

excitotoxicity. Some studies speculated that alterations in K+ buffering in astrocytes from 

glial scars and altered expression, localization and function of astrocytic Kir4.1 channels 

in brain tissue from epileptic patients and in the ventral horn of spinal cord could be 

plausible mechanisms involving abnormal K+ buffering activity120,121. Likewise, under 

physiological conditions, glial-derived exosomes mediate important functions 

participating in neural circuit development and maintenance, promoting neurite 

outgrowth, synaptic activity and neuronal survival. On the contrary, after a neural insult, 

astrocytes and microglia became activated and release exosomes containing mutated  
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and inflammatory proteins, such as superoxide dismutase 1 (SOD1) and pro-inflammatory 

cytokines, leading to neurodegeneration122,123. 

Exosomes crucially contribute to intercellular communication, representing key 

vectorized systems able to spread and actively transfer signaling molecules from 

neuroglia to neurons, ultimately modulating target cell functions. Exosomes are also able 

to cross the blood brain barrier propagating the neuroinflammatory response to the 

periphery. Similarly, microglia are involved in the regulation of neuronal activity 

contributing to the development, plasticity and maintenance of neuronal circuits. 

Furthermore, the surveillant microglia are able to sense and monitor the functional state 

of synapses, as observed in vivo by Wake and colleagues124. Under pathological 

conditions or after stimulation, microglia undergo a conformational and functional 

change and they become active or “primed” and this process is followed by the release 

of neurotransmitters, small molecules as nitric oxide, trophic factors and cytokines, 

known to control neuronal function and synaptic transmission125. An example is given by 

the microglia stimulation performed with LPS, which induced both ATP release with the 

subsequent release of glutamate from the neighbor astrocytes and increase in the 

spontaneous AMPA PSCs frequency in hippocampal neurons. This did not occur in pure 

astrocytes cultures126. 

In conclusion, this tight collaboration among neurons and neuroglia and the neuroglial 

support could be even more important during pathological events such as inflammation, 

but microglia and astrocytes, once stimulated, release pro-inflammatory mediators such 

as TNF-α and IL-1β, known to impair glutamate uptake/release and to increase excitatory 

transmission, which are detrimental for the neurons127. 
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Figure 12 Glutamate released from astrocytes 

Stimulating the left neuron evokes glutamate release that triggers fast synaptic currents 

in the right cell, as well as an increase in intracellular Ca2+ ([Ca2+]i) in astrocytes mediated 

by mGluRs (blue). This releases glutamate from the astrocytes, which activates extra 

synaptic NMDARs (green) in nearby cells, generating slow inward currents that enhance 

excitability and synchronize firing of these neurons (the two neurons on the right) [Adapted 

from Ref.115]. 
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3.3 Diverse treatments mimic diverse neuroinflammatory insult: cytokines and LPS 

effects on spinal cord cells 

Dissecting the impact of immune status alterations on spinal circuit function is important 

to better understand the progress of several diseases, among them MS and ALS, and to 

develop therapeutic strategies in order to deal with these pathologies. We have 

mentioned how soluble mediators, such as cytokines, mainly released by neuroglia, 

mediate the synaptic transmission and how relevant is the coupling between neuroglia 

and neurons, both in health and disease, in the CNS. What about the specific effects on 

spinal cord tissues due to LPS, known to be a potent trigger of cytokine induction and the 

most common stimulus used to investigate microglial reactivity in brain inflammation and 

to pro-inflammatory cytokines, well-known determinant in the etiology of different 

immune disease5,128? The innate immunity of SOD1G37R transgenic mice was triggered 

with systemic administration of LPS, which exacerbates the disease progression129. This 

suggest that inflammation is a key event in the pathogenesis of ALS and may mediate 

motor neuron injury. In rat neonatal spinal slices, LPS-mediated inflammation induces 

both the increase in the mRNA level of IL-1β and severe degeneration of motor neurons 

but relatively slight damage to interneurons, which is similar to the pathological change 

in ALS130. Moreover, treatment of spinal cord slice cultures with LPS disrupts axonal 

integrity, induced by the phagocytic activity of microglia131.  As already assessed, 

microglial activation and synaptic dysfunction are both early features of many CNS 

diseases. LPS stimulation, both through intrathecal injection and through bath 

application, induces at first microglia activation, which secondly leads to a decrease in 

Glyr and GABAAr expression and this modulation correlates with a differential modulation 
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of GABAergic and glycinergic neurotransmission132. It is also important to underlie that 

the activation of microglia, triggers the subsequent activation of astrocytes, mediated by 

Il-1α, TNF and the complement  protein C1q55. It is well established that LPS induces the 

immune response thanks to the presence mainly on microglia of TLR4, even if it was more 

recently demonstrated that LPS-induced TLR4 signaling in neurons rapidly enhances 

calcium-permeable AMPAr currents44,133,134. Once activated, microglia release cytokines, 

known to produce profound changes, some of them briefly mentioned in the previous 

paragraphs. Among these cytokines, IL-1β, one of the first expressed during the induced 

signal cascade, enhances glutamate release in the spinal dorsal horn107,108. Moreover, 

TNF-α increases sEPSC frequency in dorsal horn neurons in a rat model of pain135. Spinal 

slices, obtained from SOD1G93A mice and co-cultured with motoneurons, show elevated 

levels of IL-1, IL-6, and IL-12p70, which were responsible for the toxicity induced on 

cocultured motorneurons, resulting in shortened neurite lengths136. Spinal cultured 

tissue exposed to a cocktail of pro-inflammatory cytokines, composed by TNF- α, IL-1β 

and GM-CSF display significant changes at the synaptic level (see paragraph 3.1), that 

were accompanied by significant production of cytokines and chemokines, astrogliosis 

and microglia activation111.  
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4. Organotypic spinal cord and dorsal root ganglia co-cultures 

Although the etiology of diverse neuroinflammatory and neurodegenerative diseases is 

likely distinct, they display shared common features: first, neurodegeneration results in 

clinical neurological disability and second, the occurrence of chronic microglial cell and 

astrocytes activation.  Identifying novel therapeutics remains challenging due to 

undetermined etiology, the variable disease course marked by a prolonged subclinical 

phase and the paucity of validated targets. These factors make difficult to model 

neurodegenerative diseases in univocal way and they underlie the strong need to develop 

relevant model systems able to recapitulate as close as possible the in vivo brain structure 

and, at the same time, allowing manipulations and an easy access to individual cells. 

Furthermore, due to the essential role of synaptic activity during all the phases of brain 

development and how its impairment could be responsible also of late-onset disorders, 

a possible strategy is to focus more on the properties on immature neuronal circuits. An 

in vitro cell culture assay obviously fails to account for the complex interplay between cell 

types in the CNS, while animal based studies, even if demonstrate disease phenotypes, 

may not adequately recapitulate the pathophysiology of the disease in its completeness 

and they are difficult to manipulate experimentally in a high through-put manner137,138. 

The use of an ex vivo spinal cord slice culture system offers an alternative to these assays. 

Slice cultures maintain the basic tissue architecture and neuronal connections at the 

synaptic level. This allows us to account for the complexity of cellular interactions and 

several modifications of variables and manipulations of the system are permitted.  
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Ex vivo CNS slice culture system partly models the in vivo environment and  it allows the 

development of specific disease models131. CNS slice preparations include acute or fresh 

slices and organotypic cultured slices. The first type of slices can only be maintained ex 

vivo for limited amount of hours, while in the second type the slices are maintained in 

culture for several weeks enabling to design studies in vitro over a period of days to weeks 

or months in a context that reflects organ features139.  

Organotypic slice cultures can be prepared from both late embryonic and early postnatal 

animals, because the essentials of the cytoarchitecture (such as dorsoventral 

organization) are already established in most CNS areas and they do not suffer of necrotic 

events as often happens with more aged animals140. 

 

4.1  Ex-vivo explants from mouse embryos spinal cords: cellular component and 

development 

In order to develop organotypic spinal cord cultures, it is possible to take advantage of 

two major techniques: i) roller-tube cultures (dynamic)140 and ii) interface cultures 

(static)141. In both these techniques cultures, the basic characteristic cytoarchitecture of 

the tissue of origin is retained with excellent cellular differentiation. The major difference 

between these techniques is the final slice thickness. Roller-tube cultures become thinner 

(100-200 µm), compared to the interface ones140. In the roller-tube culture, the tissue is 

embedded in a plasma clot on glass coverslips, it undergoes slow rotation that ensures 

oxygenation thanks to the continuous changing of the liquid-gas interface and finally it 

survives for several weeks or even months in vitro, like in the case of interface cultures. 
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Longevity and tissue flattening are the main features which make roller-tubes cultures 

the most suitable for electrophysiological and live cell imaging experiments, to investigate 

the dynamics of maturation processes that rely on neuronal-glia network activity.  

Many studies conducted in our laboratory report that spinal cord organotypic slice 

cultures preserve the basic spinal tissue cytoarchitecture, synaptic connections and the 

dorsal-ventral orientation of the spinal segment from which they are derived142,143,144. 

They are obtained from the spinal cords of mouse embryo and this represent an 

advantage, since during the culturing the cells undergo proliferation, migration and 

differentiation in the spinal cord, like in the in vivo spinal cord. As shown by our group 

and other groups, these cultures have peculiar characteristic. For example, mechanisms 

as synaptogenesis and myelin formation take place.  

 

Figure 13 Immunocytochemistry of organotypic cultures with the anti-NF-H antibody 
SMI32 

A) The culture at 8 days in vitro (DIV) labelled with SMI32 show processes exiting 

bilaterally from the ventral part of the slice (arrows). DRG cells present in the top part of 

the picture. B) The culture at 14 DIV show motoneurons located in the ventral region, 

bilaterally to the ventral fissure. C) Slice at 21 DIV notes motor neurons and DRG neurons 

in the ventral horn. All the images show the correct ventral-dorsal orientation typical of 

the spinal cord[Adapted from Ref.143]. 
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In addition, they display heterogeneous neuronal phenotypes and neuroglial cells are 

preserved in a three-dimensional fashion and maintain the presence of DRG and their 

incoming output111,143,145. During spinal network maturation, two fundamental 

developmental steps regarding GABA and glycine neurotransmitters occur: the switch of 

GABA function from depolarizing to hyperpolarizing and the following shift in the spinal 

cord from GABA receptor-mediated to glycine receptor-mediated synaptic 

transmission146,147. These functional steps have also been described in spinal slices. 

During spinal network development progressive changes in network properties are 

required to generate mature motor behavior and some of these changes occur also 

during the in vitro development of organotypic spinal cord explants. For example, at early 

stage of development in vitro (1 week of in vitro growth, 1WIV), that corresponds to the 

late embryonic stage, ventral interneurons display a synchronous bursting activity which 

drives the muscle contractions and which is mediated by excitatory synaptic transmission 

via GABA/glycine receptors148. In fact, in this developmental stage, GABAergic and 

glycinergic synapses act as depolarizing endings, able to elevate intracellular Ca2+ 

concentration, necessary to guide growth and differentiation. At later stages (2 and 3 

WIV), representing the early postnatal phase, when GABA and glycine receptor activities 

have an inhibitory role, bursting activity is drastically reduced as well as its correlation 

with motor responses148. Moreover, these developmental changes are associated with a 

progressive decrease in glutamic acid decarboxylase (GAD) immunoreactivity in the 

ventral area, which is the enzyme responsible of GABA synthesis in the period between 1 

and 2-3 WIV. In this latter range, GAD-labeled neurons are localized principally in the 

dorsal horn regions143. 
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These considerations identify organotypic spinal slices from mouse embryos as an eligible 

in vitro model to study the mechanisms of neurogenesis, glial differentiation, myelination, 

muscle formation and synaptogenesis. In fact, they represent an ideal experimental tool 

to design and perform several experiments, including the study at a single cell level of the 

dynamics of spinal network activity under stress conditions, such as inflammation. 

 

4.2 Electrophysiology of spinal slices 

Electrophysiological experiments such as patch-clamp recordings have been widely 

exploited by our group with the purpose to detect changes in neural mechanisms and 

activity, also relevant when the organotypic spinal cord slices are interfaced to different 

pathological environments. In particular, previous studies focused on the neural 

mechanisms responsible for the generation of rhythmic behavior, essential for clarifying 

the basis of locomotion, which resides in the ventral horn of the spinal cord. They took 

advantage of several features of these tissues, among which the possibility to easily 

identify interneurons based on their shape and localization, allowing to conduct 

electrophysiological patch-clamp experiments useful to observe the spinal network 

activity152,153; the fact that the slices maintain the correct dorsal-ventral orientation, 

providing the possibility to focus on a specific spinal area, and the correct structure of the 

pre-motor circuits, encompassing the complex interplay between interneurons and 

motor neurons, supported by the DRG and their incoming output143; the ability to 

reproduce suitable inflammatory responses mediated by the in vitro activation of 

microglia, astrocytes and oligodendrocytes114,154; the possibility of isolating a specific 
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mediated-receptor current using pharmacological blockers151. 

Patch-clamped ventral interneurons, identified thanks to their small diameter, their 

localization and their firing properties, revealed spontaneous rhythmic activity, following 

the co-application of pharmacological blocker of the inhibitory transmission and the same 

activity was inducible by rising the extracellular K+ concentration149,150. Furthermore, 

during the development of spinal circuits, GABAergic synapses are modulated by 

glutamatergic transmission and display a developmental switch in spontaneous activity 

from stable bursting to random patterns, after the first week in culture. During this first 

week spontaneous bursts of interneurons correlate with muscular contractions due to 

the activation of motoneurons via AMPA-receptors. Conversely, bursting recorded in the 

presence of strychnine and bicuculline became increasingly regular with time in 

vitro142,148. Together, these results, are useful for studying the developmental changes in 

spinal circuits. More recently, in our group, organotypic cultures interfaced with carbon 

nanotube scaffolds were exploited to investigate whether and how the interactions at 

the monolayer level were translated to multilayered nerve tissues and they showed not 

only that slices neurite outgrowth was enforced, but also that the ventral interneurons 

spontaneous activity was improved152. Finally, Medelin and colleagues further exploited 

organotypic cultures from SOD1G93A mice to investigate on glycine-receptor mediated 

postsynaptic currents, demonstrating that the speeding up of the decay phase of glycine-

PSCs was higher in SOD1G93A interneurons compared to the wild type ones and this is an 

important feature in the regulation of the excitatory transmission153. 
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Figure 14 Spontaneous activity of ventral interneurons 

Spontaneous synaptic activity in control solution (A, left) is shown at both one (8 DIV, top 

tracings) and two weeks in culture (14 DIV, bottom tracings). Co-application of strychnine 

and bicuculline (A, right) induces the appearance of rhythmic bursts of inward current. At 

14 DIV frequency of bursting is higher than at 8 DIV[Adapted from Ref.149]. 

 

                   

Figure 15 Increased extracellular [K¤] induces patterned activity in ventral interneurons 

Left, spontaneous synaptic activity in control solution. Right, increased extracellular K+ (7 

mM; arrow indicates the start of application) induced a slow inward current which 

reached a peak value of −65 pA 40 s later[Adapted from Ref.150]. 
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4.3 Organotypic slices in disease 

The organotypic spinal cord system represent an excellent setting to perform several 

kinds of experiments and assays, in order to study its circuitry and the behavior of its 

resident cell types, that replicate the ones of the spinal cord region by which the slices 

are obtained. Moreover, since these slices can be kept in culture for weeks, it is possible 

to administer them drugs, toxic agents and neuroprotective substances in order to 

perform long-term experiments. For this reason, the system can be used to dissect the 

mechanisms underlying diverse pathological conditions, such as SCI or inflammation and 

neurodegeneration and they can offer a link between in vitro experiments and animal 

models154.  

A variety of models reproducing SCI in vitro have been developed, as for example the one 

in which the mechanical disruption of the slice is useful for studying the 

pathophysiological mechanisms associated with neurotrauma155. Chemically induced 

models of SCI are able to mimic metabolic perturbations occurring during the damage, 

such as hypoxia. Organotypic spinal cord slices cultured in glucose-free medium and 

anaerobic incubator could replicate hypoxia-ischemia of the spinal cord reliably156. The 

organotypic spinal slice system is also a platform to study pathologies such as ALS. 

Administering IgG to organotypic spinal slices offers a model to evaluate the role of IgG 

in the pathogenesis of ALS. Organotypic cultures contribute to study of the impact of IgG 

on motor neurons by mimicking physiological conditions157. Threo-hydroxyaspartate 

(THA), a glutamate uptake inhibitor, has been used as model of ALS as it causes loss of 

motoneurons158.  
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Since glutamate-induced excitotoxicity is one of the major contributor to motorneurons 

degeneration in ALS, it has been developed a model in which the neuroprotective effect 

of glutamate receptor antagonists was evaluated, when they were administered to slices 

obtained from different spinal cord regions (i.e. cervical, thoracic and lumbar)159.  

Altogether, these studies provide a new way of addressing at mechanisms involved in 

glutamate-induced excitotoxicity, or in hypoxia and they may therefore be important for 

the development of treatment strategies to protect the spinal tissue in 

neurodegenerative disease and traumatic injury. 
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5. Calcium waves and oscillations 

Ca2+ plays crucial physiological roles in the CNS and intracellular Ca2+ is a well-known 

second messenger. In the CNS a neuronal depolarization triggered at the membrane 

level, such as an action potential, induces a huge and fast increase in the intracellular Ca2+ 

concentration, from the nanomolar range to the millimolar one160, comparable to the 

extracellular concentration. There is, indeed, a considerable gradient between intra- and 

extracellular Ca2+ concentrations that could promote a huge influx of the ion in the cell if 

there were not multiple strategies for controlling Ca2+ homeostasis via alternative 

mechanisms necessary to maintain low intracellular Ca2+ concentration and to avoid the 

excitotoxicity and eventually the neuronal death161,162.  

Ca2+ is equally involved in several and different events, such as cellular differentiation, 

proliferation and activation of transcriptional factors. Indeed, all the activity-dependent 

developmental events that involve gene expression and the large majority of the 

developmental instructions brought by spontaneous activity are triggered initially by Ca2+ 

influx and the resulting transient increases in Ca2+. Overall, all these activities are induced 

by the intracellular Ca2+ concentration increase. 
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Figure 16 Calcium signaling network 

Stimuli act by generating Ca2+-mobilizing signals that act on various ON mechanisms to 

trigger an increase in the intracellular concentration of Ca2+. The increased level of Ca2+ 

stimulates various Ca2+-sensitive processes to trigger many different cellular pathways. 

The response is terminated by OFF mechanisms that restore Ca2+ to its resting level[Adapted 

from Ref.161]. 

 

5.1 Calcium signaling in the spinal networks 

Spontaneous activity is thought to be crucial for the CNS expression of distinct neuronal 

phenotypes, axon growth, axonal path finding, neurotransmitter phenotypes selection, 

initial set of synapses connections and signaling processes163. In the spinal cord, 

immature activity during embryonic stages is slow and synchronous and usually 

comprises spontaneously recurring episodes emerging more as a population behavior, 

due to the concomitant firing of large amounts of neurons, rather than the outcome of 

specific and localized rhythm generating networks164. The immature firing usually 
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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. These depolarizations 

are able to elevate intracellular Ca2+ concentration165. 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. Live calcium imaging experiments reveals that embryonic amphibian spinal 

neurons exhibit spontaneous elevations of intracellular Ca2+ concentration both in culture 

and in vivo during the early differentiation166. With Ca2+ transients or Ca2+ waves it is 

possible defining a localized increase in cytosolic Ca2+ that is followed by a succession of 

similar events in a wave-like fashion. Neuronal cell bodies and growth cones can exhibit 

multiple spontaneous elevations in Ca2+ concentration, necessary during the 

development and Ca2+ transients are able to stimulate or drive neuronal 

differentiation167,168,169. Neuronal activity raises Ca2+ concentration in developing 

oligodendrocytes in in vivo zebrafish spinal cord and myelin sheath elongation is 

promoted by a high frequency of Ca2+ transients170. Ca2+ increase in the mature spinal 

cord neurons can drive output signals such as contraction in muscular cells, 

neurotransmitter release at the presynaptic terminals of chemical synapses or exocytosis 

in secretory cells and the spontaneous motor neuron activity may function at earlier 

stages to enable correct matching of pre- and postsynaptic partners171. The responses of 

cells to elevations in intracellular Ca2+ concentration are determined by their amplitude, 

frequency, pathway of entry, sources and spatial location163. Several processes, related 

to activity-dependent development, rely on Ca2+-induced Ca2+ release from internal 
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stores, which requires a threshold amount of Ca2+ entry to occur172. Some studies reveal 

the existence of two different types of intracellular Ca2+ transients, Ca2+ spikes and Ca2+ 

waves: (i) spikes depend on Ca2+ influx through voltage-gated channels and Ca2+ release 

from intracellular stores; they last approximately 10-20 seconds, and since they involve 

Na+ -dependent bursts of action potentials they propagate throughout neurons; (ii) waves 

are kinetically slower (mean duration 30 seconds in growth cones) and do not involve 

action potentials for their generation. They occur locally and decay with distance from 

their site of initiation. They appear to be produced by a different Ca2+ entry pathway, 

which depends on Ca2+ influx and is active at resting potentials, since voltage-gated 

calcium channels and several classes of ionotropic receptors are not involved and calcium 

entry triggers calcium release from the intracellular stores, which amplifies the waves. 

Spikes and waves are both required for specific aspects of differentiation. Their 

elimination by removal of extracellular Ca2+ or suppression with intracellular BAPTA 

prevents normal development168,173.  

Ca2+ activity-independent signaling is of paramount importance for spinal network 

development since, at embryonic stages, neuronal populations expressing synchronous  

Ca2+ transients, which propagate through the gap-junctions and regenerate thanks to 

Ca2+-induced Ca2+ release from intracellular stores, represents a global signal to drive 

(mostly via transient Ca2+ elevations) network refinement and synaptic 

consolidation164,174.          
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5.2 Mechanisms of calcium elevation and recruitment in astrocytes and role of  

calcium signaling in pathophysiology 

Several in vivo brain studies demonstrate that astrocytes exhibit both spontaneous Ca2+ 

increases and Ca2+ responses to neuronal activity and that the first kind of activity has 

been detected in the soma of astrocytes under basal conditions, suggesting that Ca2+ 

elevations initiating in astrocyte processes can propagate to the soma without the need 

of neuronal activity. The study revealed also that Ca2+ activity was much more frequent 

and dynamic in astrocyte processes or vascular endfeet175. 

Several mechanisms trigger the elevation of astrocyte intracellular Ca2+ levels. For 

example, the activation of G-protein-coupled receptors (GPCR) triggers the IP3 signaling 

cascade and results in robust intracellular Ca2+ elevations, mainly via the IP3 receptor type 

2 activation (IP3R2). Ca2+ release from the endoplasmic reticulum (ER) via ryanodine 

receptor (RyR) also contributes to astrocytic Ca2+ signals176,177. Mitochondria, which are 

abundant in astrocytic processes, are the main active source of Ca2+ for localized events 

in far distant microdomains and it has been reported that Ca2+ release from mitochondria 

via the mitochondrial permeability transition pore (mPTP) mediates Ca2+ transients178. 

Moreover, astrocytes express several types of transient receptor potential (TRP) channels 

and their blockade contributes to a slight decrease in resting Ca2+ levels178.                                

In addition, synaptic activity induces an increase in astrocytes Ca2+ concentration, 

through the stimulation of the Ca2+-permeant ionotropic receptors or via reversal of 

Na+/Ca2+ exchangers following neurotransmitter uptake or pumping activities179.  
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Figure 17 Sketch of the Ca2+ elevation functions 

Elevation of astrocytes intracellular Ca2+ evoked by GPCRs induces the release of 

gliotransmitters ATP, glutamate and GABA. These can modulate neuronal activity pre- or 

post-synaptically. Ca2+ waves can spread through the astrocyte’s processes to the soma 

and to its vascular endfeet, where vasoactive messengers are released[Adapted from Ref.180]. 

 

In the past, astrocytes were considered electrically silent, chemical and physical 

insulators, necessary for the neuronal activities. The finding that astrocytes express 

GPCRs, linked to a series of intracellular signaling cascades, among which the elevation 

of intracellular Ca2+ levels, changed the view on these cells. Moreover, the discovery that 

these calcium elevations could propagate along other astrocytes and neurons, through 

the GJs, raised the possibility that astrocytes might have a signaling network, like neurons. 

The specific consequence of Ca2+ increase, occurring in response to sensory or motor 
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stimuli in living animals, is the release of gliotransmitters, among them, ATP, one of the 

predominant extracellular messengers that mediates Ca2+ waves in astrocytes, which are 

themselves involved in modulating neuronal activity. Gliotransmitters are able to 

modulate other glial cells, neuronal and vascular activity179. For instance, the 

gliotransmitter substance P induces an elevation in the intracellular Ca2+, which is 

responsible of processing sensory information in the spinal dorsal horn181. The direct 

imaging of living astrocytes in spinal cord reveals that astrocytes actively participate to 

sensory processing, shown by the increase in intracellular Ca2+ levels during the 

stimulation182. Again, in spinal dorsal horn, ATP and UTP, which induce a raise in the level 

of intracellular Ca2+ concentration, through thapsigargin-sensitive stores, play a role in 

neuronal-glial signaling183,184. Experiments conducted in mice and rats brain slices reveal 

that IP3R2-mediated Ca2+ signaling in astrocytes is essential for plasticity and learning. On 

the contrary brain tissue damage in ischemic brain injury and neurodegenerative disease 

were ameliorated in IP3R2-KO mice177. Moreover, several evidences indicate that 

astrocytic Ca2+ elevations, preceding the release of gliotransmitters, lead to an increase 

in the GABAergic currents frequency, which means that astrocytes can modulate synaptic 

transmission and that they are required to modulate synapses in the human brain185,186.      

In the brain, during strokes or ischemia, the damaged areas are associated with an 

increased in ATP concentration from dying cells, and this facilitates astrocytes Ca2+ waves, 

which may further assist the release of glutamate. Significant alterations in astroglial Ca2+ 

homeostasis and signaling, e.g. elevation in resting Ca2+ concentration levels and 

enhanced spontaneous Ca2+ oscillations are common in neurodegenerative disease like 

ALS187. All these examples strength the notion that astrocyte functions are intimately 
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regulated by cellular Ca2+ signaling. Ca2+ signaling acts as an important part of glial 

excitability and the signals are initiated by neurotransmitters released by neurons, by 

gliotransmitters and by a wide variety of other chemical factors. Finally, these Ca2+ waves 

control vital and physiological functions of glial cells, as gliotransmitter release, 

homeostasis and neuronal-glial-vascular syncytium and critical and pathological 

functions, as the reactive gliosis. 

 

5.3 Calcium activity in organotypic slices  

As described in the paragraph 4, organotypic slices from embryo spinal cords are an 

excellent in vitro system able to reproduce the different spinal segments growth and 

circuitries143,148. Exploiting this culture model at early developmental stages, in our group, 

we observed a novel type of neuronal Ca2+ signal arising spontaneously as repeated 

oscillations independent of action potential or synaptic activity, from the ventral 

interneurons, as already shown in other neuronal cell types188,189.  

These signals may represent an additional type of activity-independent calcium transients 

that contributes to specific developmental processes during spinal circuit formation. 

Moreover, we observed that such oscillations were mainly due to the mitochondrial Ca2+ 

buffering. More recently, still in our group, we demonstrated that neuronal and synaptic 

growth shifted the generation of spontaneous Ca2+ signals from early waves driven by 

synaptic activity invading the entire spinal region to late, activity-independent 

asynchronous oscillations generated by few neurons (15%) in restricted ventral areas190. 

Organotypic spinal cord cultures, developed from chick embryos have also been used to 
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examine excitotoxicity in motorneurons. It has been shown that the slices retain their 

rhythmic activity with spontaneous Ca2+ transients in motorneurons, but when the slices 

were undergone excitotoxic treatments, increase in the frequency of Ca2+ transients was 

observed, followed by a sustained deregulation of intracellular Ca2+ from the stores, in 

particular from the thapsigargin-sensitive ones191.  

In conclusion, neurons and astrocytes have access to an extensive Ca2+ signaling toolkit, 

given by the several number of receptors, from which they can assemble different kind 

of signals. How these signals occur and work during developmental stages is quite clear. 

The challenge is to better understand the significance of Ca2+ signaling during 

pathological conditions, not only in neurons but also in neuroglia, since, as above-

described and anticipated in the paragraph 4, the organotypic spinal cord system is an 

excellent setting which reproduces the spinal cord tissue architecture, encompassing 

different cell types, eligible for live cell Ca2+ imaging experiments and helpful for 

dissecting the mechanisms underlying diverse pathological conditions, related to the Ca2+ 

oscillations.  

Moreover, since neuroglia as well as neurons are involved in the onset of several 

pathological conditions, it is reasonable to focus also on the glial Ca2+ oscillations role and 

on their impact on the interplay between neurons and glial cells in spinal organ slices, a 

topic not yet addressed by the literature. 
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6. Gap junctions (GJs) and hemichannels (HCs) communications in the 

spinal cord astrocytes 

 

6.1 GJs and HCs components in astrocytes: connexin 43 

 

A typical feature of astrocytes is to express a high level of connexins (Cxs), whose specific 

role is the formation of GJs and HCs, mediating the direct glial intercellular 

communication192.  Cxs represent a family of ~ 20 isoforms identified in mice and humans, 

forming hexamers (or connexons) on plasma membranes. Cx43 is the major astroglial Cx 

detected in cultured astrocytes, even if more recently, it was demonstrated that the 

presence of cortical neurons co-cultured with mature astrocytes, induced in these latter 

the expression of Cx30, as well13,193. The connexons can align and dock with other 

hexamers provided by neighboring cells to form GJs channels. GJs channels provide a 

unique direct cytoplasm-to-cytoplasm pathway, allowing ionic and biochemical coupling 

between adjacent cells. They allow direct exchange of a variety of small molecules 

including ions (Ca2+), energy metabolites, neurotransmitters and signaling molecules 

(cAMP and IP3), with a cut-off around 1-1.2 kDa, coordinating electrical and metabolic 

activities of connected cells194. Besides the classical formation of GJs, Cxs hexamers exist 

as single membrane channels, as well, known as HCs, which directly connect the cell 

cytoplasm to the extracellular milieu. Since HCs are thought to be poorly selective large 

pores, permeable to numerous low molecular weight molecules, they are generally 

closed under normal conditions in order to maintain cell integrity, but they are opened 

by various factors such as low external calcium concentration, depolarization, pro-

inflammatory agents and a moderate rise in intracellular calcium concentration.  



63 
 

Once opened, HCs allow the release of gliotransmitters, such as ATP and glutamate or 

other neuroactive substances such as K+, known to modulate neuronal activity195. 

Cxs, like other membrane proteins, have a high turnover and exhibit half-lives of only 1.5-

5.0 hours both in cultured cells and in vivo196. Once synthetized, on their transit from the 

ER through the trans-Golgi network, Cxs are oligomerized into hexamers. Then, 

connexon-containing vesicles are transported from the Golgi to the cell surface via the 

secretory pathway197. Cxs do not only exhibit GJs and HCs functions, they also mediate 

cell morphology and growth, the regulation of cell polarity and they influence cell motility 

and the adhesion between radial glial cells and neuroblasts198,199.  
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Figure 18 Sketch of connexin (Cx), connexon/hemichannel (HC) and intercellular channel 
and gap junction (GJ) 

The schematic picture shows the relationships between the Cx monomer, the hexameric 

assembly of Cxs into an HC and the two HCs forming an intercellular channel[Adapted from 

Ref.197]. 

 

Specifically regarding Cx43, the key functions are homeostatic buffering, synchronization 

of astrocyte networks, metabolic support for neurons, regulation of vascular components 

and modulation of synaptic activity and plasticity200.  

Concerning the Cx43 expression, contrasting results among different pathological CNS 

conditions have been reported. For example, in Alzheimer’s disease, Cx43 was found to 

be up-regulated in amyloid plaques201. In contrast, Cx43 is down-regulated after 

treatment of human fetal cultured astrocytes with the proinflammatory cytokine IL-1β202, 
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or after treatment of microglia and astrocytes co-cultures with TNF-α and IL-1β203,  and 

after brain mechanical lesions204 or ischemia205. Furthermore, the inflammatory 

molecule, LPS, reduces Cx43 expression in cultured rat astrocytes via the ubiquitin-

proteasome pathway206. More specifically concerning the protein expression in spinal 

cord, in an animal model of MS, the expression of Cx43 in astrocytes is significantly 

reduced and in inflamed regions it is not compensated for by the other major astrocytic 

gap junction protein Cx30207. More recently, Zhang et al. reported that 3 hours treatment 

of spinal primary astrocytes with a mixture of TNF- α and IFN-γ induced a reduction in the 

Cx43 levels208. On the contrary, a progressive increase in Cx43 expression in astrocytes in 

the SOD1G93A mouse model of ALS was observed and this impacts on motoneuron 

survival209.   

 

6.2 GJs and HCs in calcium signaling and synchronization 

 

As already mentioned, astrocytes participate in brain function as an integrated and a 

coordinated syncytium thanks to the presence of intercellular GJs, that can provide a 

pathway through which signaling molecules, such as cAMP, Ca2+ and IP3 spread between 

cells. Beside these functions, the dissipation of Ca2+ waves between adjacent astrocytes 

is attributable to GJs and HCs210,211. Cornell-Bell and collaborators firstly reported the 

occurrence of intercellular Ca2+ waves in astrocytes and proposed that GJs 

communication in astrocytes may constitute a long-range signaling system within the 

brain, with the important feature that astrocytes were not only able to respond to 

external stimulation with increases in intracellular Ca2+ concentration, but they were able 

to transmit these Ca2+  signals to adjacent non-stimulated astrocytes212. The propagation 
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of intercellular Ca2+ waves mediated by GJs was, instead, first observed between neurons 

and astrocytes in co-culture213. In this way, astrocytes are able to constitute an extra-

neuronal pathway for rapid long-distance signal transmission within the CNS. The same 

authors proposed that ‘‘if Ca2+ activity in the network of astrocytes constituted another 

form of intercellular communication, such signaling should have a physiological 

relevance, influencing neuronal activity and thus being bi-directional’’212.  

Electrotonic coupling through GJs is thought to be essential for synchronizing neuronal 

responses214. Fabbro and colleagues have more recently demonstrated that GJs also 

contribute to the periodicity and synchronization of the Ca2+ oscillation of spinal 

organotypic interneurons, thanks to the observation that using the GJs blocker 

carbenoxolone (CBX) the oscillations period was prolonged but not blocked189. 

 

Figure 19 Intercellular Ca2+ waves 

The transmission of intercellular Ca2+ signals between astrocytes is illustrated in the 

sequential images obtained from Fluo-3-AM loaded spinal cord astrocytes. Mechanical 

stimulation (arrow) of a single astrocyte in culture induces intracellular Ca2+ elevation 

(displayed as an increase in fluorescence intensity) in the stimulated cells, which is then 

followed by Ca2+ increases in neighboring astrocytes[Adapted from Ref.215]. 
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6.3 Pathophysiological implication of GJs and HCs  

 

For a long-time it was believed that GJs and HCs would remain closed under physiological 

conditions, in order to maintain cell integrity and homeostasis. On the contrary, they are 

involved in neurogenesis and development, in neuronal excitability, in synaptic 

transmission and in synaptic plasticity, thanks to their permeability to different signaling 

molecules, such as ATP or glutamate194,216. Most of the evidence implicates HCs as 

pathological rather than physiological entities, contributing to cell swelling and cell death. 

In brain cells, excessive hemichannel opening allows the entry of Na+ and Ca2+ and the 

outflow of K+, ATP and other small metabolites, leading to osmotic shifts, energy 

depletion, Ca2+ overload and eventually cell death202,217,218,219. 

HCs also propagate secondary damage signals following spinal cord injury and O’Carroll 

and colleagues demonstrated that Cx mimetic peptides treatment on an in vivo model of 

spinal cord injury prevented swelling, reduced astrogliosis and cytokines release and 

increased neuronal survival after spinal cord injury, in a concentration- and time-

dependent manner220,221. In a rat spinal cord compression model, Cx43 downregulation 

by local application of antisense oligodeoxynucleotides immediately after injury reduced 

inflammation and improved the locomotion score after injury. Like in the above-

mentioned model, it decreased spinal tissue swelling and disruption, it attenuated 

astrogliosis and the infiltration of neutrophils222. Animals with astrocyte specific Cx43 

knockout displayed reduced areas of post-traumatic ATP release, suppression of reactive 

gliosis, less tissue loss following spinal cord injuries and a strongly improved locomotor 

score223.  
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In a similar fashion, other experiments revealed that partial deletion of astrocytic Cx43 

reduced pro-inflammatory cytokines levels induced by systemic LPS injections, and 

blocked microglial activation224. Moreover, the reduction of glutamate-mediated 

excitotoxicity via administration of the GJs and HCs blocker, INI-0602, in the injured spinal 

cord elicited, the attenuation of pro-inflammatory cytokines and the subsequent release 

of anti-inflammatory cytokines, followed by neurobehavioral improvement and extensive 

suppression of glial scar formation225. Altogether these results may suggest that the GJs 

and HCs made of Cx43 are involved in the regulation of neuroinflammation, since they 

can enhance spinal cord synaptic transmission and maintain neuropathic pain in the late-

phase via releasing chemokines, as demonstrated in one case by the block of Cx43-HCs 

and the consequent block in the release of ATP, after the application of a Cx43 mimetic226, 

or in another case, after spinal injection of CBX and Cx43 mimetics227. It remains unclear 

whether GJs and HCs play a protective or detrimental role for the entire system. It is 

therefore important implementing all these in vitro systems, in which we observe the 

block or the reduction in GJs and HCs activity, in order to better understand which are 

the concentration and time ranges that make the used compounds more efficient. It is 

then important to probe the compounds in in vivo system, in order to assay the animal 

behavior, with the aim of producing drugs useful for human patients with 

neuroinflammatory disease, such as ALS, SCI or MS. 
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Aim of the thesis 

 

The main aim of my thesis was to investigate the neuroinflammation mechanisms, which 

interfere with the synaptic transmission, and to understand the impact of the immune 

status alterations on the neural and glial circuit function and on the interplay between 

neurons and glial cells. Since several neurodegenerative disorders, involving spinal 

microcircuits and synapses, are frequently accompanied by an inflammatory feature, 

which eventually leads to neuronal cell death, I combined electrophysiological techniques 

and immunofluorescence analysis to characterize the ventral interneurons located in 

spinal circuits. For that purpose, I used a combination of two distinct elements: 

1. The organotypic spinal cultures obtained from mice embryos, which represent an 

excellent model well characterized in our laboratory; 

2. two different inflammatory paradigms: 1) a specific cytokines cocktail composed 

by TNF-α, IL-1β, and GM-CSF, reported to be highly concentrated in blood and CSF from 

MS patients and EAE model; 2) a more general inflammation inductor, LPS. 

In the first part of my work, by using patch clamp voltage-mode techniques, I recorded 

the synaptic activity from visually identified ventral interneurons and I focused on 

understanding the effects of the different inflammatory threats on GABAA receptor-

mediated currents. In doing this, I also monitored the astrocytes and microglia reactivity 

by immunofluorescence techniques. 
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In the second part of my project, I exploited the same experimental settings, to insult the 

organ slices and induce inflammation, but focusing for the first time on the activity of the 

main characters of the neuroinflammatory process: the glial cells. For the purpose, I 

exploited live Ca2+ imaging techniques and pharmacology to characterize the astrocytes 

Ca2+ oscillations in an inflamed environment, and to understand their mechanistic 

backgrounds. 
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Methods and results 

 

1. Cytokine inflammatory threat, but not LPS one, shortens GABAergic 

synaptic currents in the mouse spinal cord organotypic cultures 
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2. Inflammatory threats modulate glial cells activity in organotypic spinal 

slices: the role of Connexin43 hemichannels in Ca2+ signaling 
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Figure 3 
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Figure 5 
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Supplementary Figure 1 
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Supplementary Figure 2 
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Supplementary Figure 3 
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Discussion 

 

In several neuro-pathological conditions, including neurodegenerative diseases and 

neuropsychiatric disorders, neuroglia play a central role, contributing to neuronal 

damage by developing inflammatory responses within the CNS2.  

Trying to dissect the impact of the immune status alteration on spinal circuits function, 

we focused the attention on the effect of a localized and acute inflammation in a 

controlled micro-environment, provided by the organotypic spinal cord slice cultures, 

developed from the embryonic mouse spinal cords. The slices in vitro maintain their 

original sensory-motor cytoarchitecture and dorsal-ventral orientation. Furthermore, 

synaptic properties and spinal cord resident cells, encompassing heterogeneous neuronal 

phenotypes and neuroglia, are retained in a 3D-fashion111,143,144.  Here, like in our 

previous work111, we adopted short-term treatments with a specific cytokines cocktail in 

order to trigger inflammatory responses, without affecting neuronal membrane 

properties or inducing direct neurotoxicity, which would eventually have led to neuronal 

death, but still able to alter synaptic transmission. The peculiar cocktail was composed by 

IL-1β, a well-known determinant of neuropathy, TNF-α, present during Th1/Th17-

mediated inflammatory reactions and GM-CSF, able in targeting resident microglial 

cells102,126,228. These cytokines are key factors known to affect neuronal functions and to 

mediate the harmful action of microglia in experimental animal models of MS111. By the 

use of this model, we reported the emergence of the so-called “synaptopathy” in pre-

motor circuits following CKs transient exposure, characterized by an increase in the sPSCs 
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frequencies and a speeding up of the decay phase of GABAergic inhibitory currents, 

accompanied by a marked production of pro-inflammatory cytokines and chemokines111. 

It is well reported in literature that some of the main pro-inflammatory cytokines are able 

to modulate both glutamatergic and GABAergic transmissions, acting directly on the 

neurotransmitter receptors or on their re-uptake103–106. Pro-inflammatory cytokines have 

been already tested on brain slices to evaluate their effects on synaptic activity since they 

are over-expressed in pathological conditions. Centonze and coworkers treated a 

microglia cell line with a cytokines mix composed by TNF-α, IL-1β and INF-γ, known to 

peak during the acute phase of the EAE. They showed that TNF-α released from activated 

microglia might be a  good candidate for the induction of the synaptic dysfunctions in 

EAE102,229. Thanks to these previous observations, in the work we are presenting here, we 

decided to compare the effects on synaptic transmission and on resident immune cells 

reactivity of two different experimental paradigms, LPS, a common inductor of 

inflammation, used to investigate microglia reactivity, able to trigger the release of pro-

inflammatory cytokines128 and the above-mentioned CKs cocktail. Since the LPS effects 

on neurons might be indirect, because LPS is known to induce the release of different 

molecules, including for instance TNF-α and IL-1β, but also others such as IL-6 and NO 

after binding TLR4 mainly on microglia, we decided to perform a longer LPS treatment 

(24 h), even maintaining the 4 and 6 hours treatments as well, both for the CKs and LPS 

paradigms44. On the other hand, with the CKs treatment we were able to detect direct 

effects on neurons since they display CKs receptors. The main finding of the present work 

is that the localized inflammation induced by LPS or CKs altered the synaptic transmission, 

already after 4 hours treatment, shown by the increase in the sPSCs and IPSCs 
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frequencies. This result represented the starting point for the analysis of the observed 

behavior, followed by the dissection of the inhibitory currents. We pharmacologically 

isolated the GABAergic component, finding that only the CKs treatment was effective in 

speeding up the current decay, probably via a post-synaptic mechanism, as demonstrated 

by the changes in the mIPSC’s τ153. On the contrary, LPS, even upon prolonged exposure 

of the slices, was not able to induce a reduction in the decay currents, although the LPS 

treated slices produced several pro-inflammatory cytokines and chemokines and 

microglia expressed the TLR4, necessary to let LPS exert its inflammatory role (see the 

Appendix 1). The next step was to check the involvement of glial cells in mediating 

synaptic activity, focusing on their morphology. Also in this case, the treatment with CKs 

was more effective than the one with LPS, but, despite the low GFAP-positive cell 

reactivity after the LPS treatment, we were able to detect marked changes (although 

opposite) in the microglia morphology after the administration of both of the paradigms. 

In fact, we could observe the typical amoeboid microglia (marker of phagocytic 

microglia)48 after the CKs treatment and a more ramified microglia after the LPS one, 

which may indicate that probably we were facing two different stages of glial cells 

activation, supported also by the different cytokines and chemokines profile 

production32,230. In fact, since CKs and LPS simulate different inflammatory conditions 

(the typical inflammatory responses of the CNS immune system and the bacterial 

inflammation, respectively), it may be that they affect synapses in a different way and 

following different pathways231.  

Once determined that the resident immune system was involved in the synaptic 

transmission alteration, at least for what the CKs treatment concerned, we focused again 
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on the GABAergic current component and in particular in the mechanisms responsible 

for IPSCs shortening. Since the differences in the intracellular Cl- concentration have been 

reported to affect IPSCs kinetics232, we administered the CKs treated slices with a blocker 

of the NKCC1 activity, bumetanide, to reduce the internal Cl- concentration, but with this 

experiment we excluded the possibility of such differences in the Cl- concentration, 

known to occur during neuroinflammation, which could have affected the IPSCs 

kinetics232,233. Finally, the last process involved in the change of the IPSCs current duration 

we considered in our work was the analysis of GABAAR α-subunit composition, taking into 

account that the α1-subunit was responsible for fast deactivation and for faster-decay 

currents234–236. Our experiments with the allosteric modulator of GABAAR subunits, 

zolpidem, suggested that the CKs treatment was effective in prolonging IPSCs duration. 

In conclusion, we can assert that the mechanism of switch of the GABAAR subunit, which 

is regulated by the inflammatory milieu and in particular by the CKs cocktail, which 

contributes to shortens the GABAergic currents decay, might disrupt and weaken the 

IPSCs transmission. 

In the second part of the project, we focused again on the main characters of the 

neuroinflammatory process: neuroglia. For the first time, we approached to the analysis 

of these cells, in this complex in vitro system, exploiting live cell Ca2+ imaging techniques, 

focusing on the Ca2+ activity of the astrocytes, since it is well known that they display 

spontaneous Ca2+ oscillations, as well as neurons. With this method we aimed to have a 

better and wider overview on the spinal network activity, since using Ca2+ imaging it is 

possible to record the activity of a large number of cells simultaneously. Moreover, with 

the live imaging it was possible to record from astrocytes, on the contrary to the patch-
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clamp techniques, since they are located in the deeper layers of the organotypic slice and 

it is quite difficult to detect them and record from them with a patch pipette. It is also 

important to consider that calcium has been implicated in the etiology of inflammation, 

since it is well known that calcium signaling is required for the activation of several 

immune cells237,238, and it has been observed that in MS, T cells are not able to properly 

exert their role of reducing calcium influx239. Finally, it is important to characterize the 

calcium signaling in inflammatory conditions since it is now clear that calcium is involved 

in neurodegeneration, which, among other things, can be induced by neuroinflammation. 

In these experiments we exposed again the slices to both of the inflammatory paradigms 

for 6 hours, because, even if LPS did not induce the shortening of the GABAAR-mediated 

currents, it was for sure a trigger for the inflammatory processes, as demonstrated by the 

cytokines and chemokines released by the glial cells in the inflamed slices. Even if a Ca2+ 

signaling characterization in the spinal slices has already been performed in our lab189,190, 

here we described for the first time glia activity in an inflammatory environment. As 

expected, given the results of the previously mentioned work, we observed that the two 

treatments induced an increase in the frequency of the Ca2+ events, that are also 

synchronized among them, due to the weak presence of inhibition in spinal slices, 

cultured for two weeks150,240,241. We then moved to the main focus of the investigation, 

the astrocytes activity, obtained after blocking the neuronal firing, with the application 

of TTX, from the sulforhodamine 101-positive cells242. We observed a dysregulation of 

the astrocytes oscillatory activity after both of the inflammatory treatments, given by the 

increase in the number of active astrocytes and by the reduction in the number of IEIs, 

which means that the inflamed astrocytes display more oscillations, given by the increase 
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in the calcium concentration, in the same range time, when compared to the non-

inflamed tissue. It was already confirmed by literature, that the increase in the astrocytes 

calcium activity was related to the pathogenesis of neurodegenerative diseases185–187, 

also because the increase is firstly given by a rise in the internal Ca2+ concentration, to 

which glutamate receptors, such as the AMPA receptors, are very sensitive243. In our case, 

we demonstrated that mitochondria and endoplasmic reticulum accounted for the 

release of the ion and eventually for the increase in the Ca2+ concentration, which was 

not dependent by the inflammatory environment. In order to better characterize the 

observed calcium oscillations and to understand not only their source, but also their way 

of spreading, we analyzed them for their synchronicity among simultaneously recorded 

cells, since it is well reported that GJs are responsible for the synchronization of the 

calcium activity and that during inflammatory conditions the calcium events are less 

synchronized than in physiological conditions13,244,245. As expected, we found that the 

astrocytes in the inflamed slices are less synchronized than in the control condition, and 

that, when we applied the GJs uncoupler CBX, the astrocytes calcium activity was reduced 

in an inflamed-dependent manner, which means that the astrocytes are more active in 

the CKs and LPS treated slices. Then, when we applied Gap27, a specific astrocytes-GJs 

blocker246, which targeted the Cx43-GJs and HCs13, we obtained the complete lack of 

astrocytes activity in all the three experimental conditions, with a mechanism 

independent from the inflammatory environment, meaning that probably the GJs 

involved in the spreading of the calcium waves are mainly made of Cx43. Moreover we 

also observed a disruption in the neuronal activity. In fact, the neuronal transients 

showed low frequency and a burst-like feature,  probably due to the lack of K+ buffering, 
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induced by Gap27247. Another point we considered was that during inflammatory 

conditions the protein turnover is higher than in physiological conditions and this is the 

same for the Cx proteins which constitute the GJs206. For this reason, we decided to 

analyze the expression of Cx43, revealing that in the inflamed tissues there were a 

reduced amount of protein, which may imply that probably the protein is degraded faster 

during inflammation. Despite this, such a reduction could not explain the enhanced 

calcium activity previously observed. In order to explain the increase in the astrocytes 

calcium activity, in the presence of a reduced expression of Cx43, we hypothesize that 

this could be due to changes in the pores permeability203,226,248. Taking advantage of a 

commonly used fluorescent dye, ethidium bromide, able to cross the GJs and HCs pores, 

we demonstrated that in the inflamed tissues the dye uptake was higher when compared 

to the control tissue, but also that the uptake was comparable to the control when the 

inflamed tissues were pre-incubated with CBX. This might indicate that the inflammatory 

treatments induce a change in the GJs and HCs pores capacitance, responsible for the 

observed increase in the calcium activity. 

In conclusion, we can assert that in this case CKs and LPS act in the same way in increasing 

the astrocytes Ca2+ signaling, likely modulating the permeability of the GJs and HCs pores, 

responsible for the spreading of the calcium waves, between close cells.  
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Conclusions 

 

In this work we confirmed that the organotypic slices system represents an excellent 

setting, thanks to which we were able to dissect how the inflammatory environment 

interferes with the spinal circuits function, due to the easy accessibility of the resident 

cells and to the long lasting of the cultures. In fact, we exploited these cultures to 

investigate both the synaptic and whole network changes of a precise region of interest 

under physiological and pathological conditions, since we were able to mimic two 

different kind of inflammation. The main findings of this work are that only in the CKs 

treated slices, the interneurons GABAergic transmission is altered and more precisely the 

final result was that the cytokines cocktail induced the weakening of the IPSCs 

transmission in the spinal circuits, which could be detrimental for the correct tuning of 

the synaptic transmission. On the other hand, we found that both of the inflammatory 

treatments were able to regulate the astrocytes function, regardless of GFAP expression 

or microglia morphology differences, acting at the calcium signaling level, modulating the 

permeability of GJs and HCs. In this case it is possible to have a dysregulation in the 

calcium transmission, which can eventually lead to excitotoxicity and neurodegeneration. 

In conclusion, expanding our knowledge on the cross-talk between glial cells and neurons 

in the spinal circuits, and understanding the mechanisms which promote the 

dysregulation of the inhibitory transmission and of the astrocyte calcium signaling in 

pathological condition, represent the starting point for developing new therapies and 

strategies, essential for investigating the spinal neurodegenerative disorders.  
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Appendix 

 

1. Microglial cells express TLR4 receptors 

 

 

 

Representative confocal images of 2 WIV control slices immunolabeled for Iba1 in red 

and TLR4 in green, marker respectively for microglia and TRL4. For the staining, fixed 

samples (4% PFA, 1 h, RT) were quenched with 0.1 M of glycine solution for 10 min. Slices 

were blocked with PBS 1×, 10% FBS (Sigma), 1% BSA (Sigma) and 0.3% Triton X-100 

(Sigma) at RT for 1 h and then incubated overnight at 4 °C with anti-Iba1 (rabbit 

polyclonal, 1:500, Wako) and anti-TLR4 (mouse monoclonal, 1:500, Invitrogen) primary 

antibodies. The third image shows the overlap between the two signals, which means 

that the microglial cells in our slices system express the TLR4 on their surfaces, necessary 

to trigger the inflammatory responses. Together with the supernatants essay, necessary 

to determine the portfolio of synthetized cytokines and chemokines during the induced 

inflammation (see Figure 3, Methods and Results section, paper 1151), this result confirms 
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that microglia have the toolkits to switch from a priming and surveillant stage to an active 

one, capable of producing active molecules to deal with the inflammation. Scale bar 5 

µm. 

 

2. Oligodendrocytes disruption after acute treatment with CKs and LPS 

 

 

 

Representative immunostaining of the different experimental conditions, performed on 

3 WIV slices with the MBP antibody. For the staining, fixed samples (4% PFA, 1 h, RT) were 

quenched with 0.1 M of glycine solution for 10 min. Slices were blocked with PBS 1×, 10% 

FBS (Sigma), 1% BSA (Sigma) and 0.3% Triton X-100 (Sigma) at RT for 1 h and then 

incubated overnight at 4 °C with anti-MBP primary antibody (rabbit polyclonal; 1:500, 

Abcam), able to recognize the myelin. We can observe that after the CKs and LPS 6 hours 

treatments, disruption of the myelin envelopes occurs, if compared to the Control, since 

it is not possible to see the typical filamentous myelin shape, underlined by the arrows in 

the control, suggesting us that probably there is a damage in the oligodendrocytes and 

the establish of the myelin is not occurring in the proper way. Scale bar 25 µm.  
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