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1 ABSTRACT 

Neuronal stem cells (NSCs) and primitive progenitors (NPCs) play an essential role in 

homeostasis of the central nervous system (CNS). Due to their ability to differentiate into 

specific lineages, the possibility to manipulate these cell types could have a tremendous 

impact on future therapeutic approaches for brain or spinal cord injuries or degenerative 

diseases charachterized by neuronal loss. Thus, the study of the pathways involved in 

self-renewal and lineage-specific differentiation of stem cells is a pillar step to generate 

specific cell types required for clinical applications. 

We focused on fetal NPCs, a more committed subpopulation of NSCs, which are mostly 

cultured in vitro as neurospheres given their ability to proliferate and differentiate in all 

neuronal cell types. We tested wheter fNPCs could integrate among post-mitotic neurons 

and communicate with them by culturing them in co-culture in vitro system. This 

possibility was investigated by co-culturing fNPCS within hippocampal neurons, within 

dopaminergic neurons, obtained from substantia nigra compacta (SNc) and ventral 

tegmental area (VTA) and within cortical astrocytes. 

Our results suggest the capability of fNPCs to differently change their phenotype and cell 

development depending on the neural circuit they interact with. 

We further examined the main players responsible for such changes, including the soluble 

component released by different cell types and the firing properties of neurons. 
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2 INTRODUCTION 

2.1 Regenerative medicine 

The term “regenerative medicine” was coined by William A. Haseltine in 2000. 

Nowadays, it describes any biomedical approach inducing endogenous, or exogenous 

(transplanted) cell-based repair of damaged tissues or, more in general, tissue engineering 

approaches to replace diseased or injured tissues and organs. Ultimately, regenerative 

medicine seeks to replace tissue or organs that have been damaged by diverse disease or 

traumatic etiologies. By bringing together experts in biology, chemistry, computer 

science, engineering, genetics, medicine, robotics and other fields, regenerative medicine 

is already facing some of the most challenging medical problems humankind must deal 

with. 

The National Institutes of Health in 2010 defined regenerative medicine as “the process 

of creating living, functional tissues to repair or replace tissue or organ function lost due 

to age, disease, damage or congenital defects”. The main strategy adopted in regenerative 

medicine to replace diseased cells, tissues, or organsis is augmenting natural or inducing 

latent regenerative processes. Underlying these goals is the manipulation – expansion and 

differentiation – of stem cells, which are the primary source for organ homeostasis, 

maintenance and tissue regeneration. 

In the majority of mammalian species including human, tissue injuries are normally 

repaired by formation of fibrous scar tissue (Klussmann and Martin-Villalba, 2005, Sun 

and Weber , 2000). However, in various experiemntal conditions, the potential to promote 

tissue re-growth in vitro and in animal models clearly emerged. For example, stem cells, 

derived from umbilical cord blood, placental, adipose, and embryonic tissues, have been 

used in animal models to promote growth of cartilage, bone, and other connective tissues 

by producing factors known to promote tissue growth (Goldberg et al., 2017). Human 

mesenchymal stem cells (MSCs) are demonstrated to produce proteoglycans and 

glycosaminoglycans, which are integral components of a healthy intervertebral disc 

(Sobajima et al., 2008). In addition to stem cells, in vitro and in vivo studies using platelet-

rich plasma (PRP), which contains high concentrations of  
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growth factors, demonstrated that PRP may induce smooth muscle cell proliferation (Ross 

et al., 1974) and bone regeneration (Hokugo et al., 2005, Kanthan et al., 2011). 

Although the current literature is very promising, to better understand how regenerative 

technologies can be used in the treatment of patients with diverse conditions, focused 

research is still needed. More specifically, the use of in vitro and in vivo studies may be 

a solid way to better elucidate the cellular mechanisms by which regenerative agents lead 

to improvements in disadvantaged conditions (McCormick and Hooten, 2018). 

Stem Cells discovery 

Tissue-resident stem cells and primitive progenitors play an essential role in homeostasis 

of most organs; indeed, they are a very attractive source of cells as they can be obtained 

from patients at relative ease and transplanted autologously. The ability to direct 

embryonic stem cells (ESCs) or stem cells from different adult tissues to differentiate into 

specific lineages will have a tremendous impact on future therapeutic approaches. Thus, 

the study of the molecular pathways involved in self-renewal and lineage-specific 

differentiation of embryonic and somatic stem cells is a pillar step to generate specific 

cell types required for clinical applications. The ESCs were described first in 1981 when 

Martin used normal mouse blastocysts cultured in embryonal carcinoma cells (ECC)-

conditioned medium (Martin, 1981), whereas Evans and Kaufman (1981) used a co-

culture system in which cells derived from the inner cell mass (ICM) of delayed mouse 

blastocysts were grown on a layer of mitotically inactivated mouse embryonic fibroblast 

(MEF) as feeder cells (Kaufman, 1981). After these two first reports – considered 

milestones of the field - ESCs were shown to contribute to all tissues of chimeric mice 

following injection into blastocysts. 

In normal conditions, mammalian development requires the specification of over 200 cell 

types from a single totipotent cell. Therefore, the investigation of the regulatory networks 

that are responsible for pluripotency in ESCs is fundamental to understand mammalian 

development and realizing therapeutic potential. These embryo-derived stem cells have 

been categorized using different names (embryonic stem cells (ESCs), embryonal 

carcinoma cells (ECCs), and embryonic germ cells (EGCs); described in Figure 1). 

Despite these distinctions, the different cells may display several overlapping fetaures 

and embryo-derived stem cells are definitely unified by some distinct advantages when 

compared to adult stem cells. They are easier to identify, isolate and maintain as 

established stem-cell lines so that they can be kept in culture basically indefinitely, 
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serving as an ‘on-demand’ reservoir of precursor cells. In the past decades, many intrinsic 

factors, essential for maintaining an ESC phenotype, have been identified (Boiani and 

Schöler, 2005) such as the octamer-binding transcription factor-4 (OCT-4) (Nichols et 

al., 1998), Nanog (Novo et al., 2016) and extrinsic factors as the leukemia inhibitory 

factor (LIF) (Jeff et al., 1988) which is a precursor of the only pathway defined in detail 

by the interaction of the transmembrane glycoprotein-130 (gp130). Because pluripotency 

is a fundamental biological function in multicellular organisms, it must be conserved 

among different types of stem cell. There is considerable interest in finding ways to 

perpetuate the pluripotency of embryo-derived cell lines, and such knowledge is crucial 

for many potential biomedical applications related to tissue regeneration and thus to 

regenerative medicine (Conrad and Huss, 2005). 

Pluripotent cells of the embryo are tracked in green (Figure 1). From left to right, the 

morula-stage mouse embryo holds a core of pre-ICM (inner cell mass). At this stage, 

embryonic stem cell (ESC) and trophoblast stem cell (TSC) cell lines can be derived in 

vitro, and implantation occurs in vivo. As the blastocyst fully expands (and undergoes 

implantation in vivo), the ICM delaminates giving rise to a primitive ectoderm and a 

primitive endoderm layer. At this stage, pluripotent cell lines that are known as embryonal 

carcinoma cells (ECCs) can be derived from the primitive ectoderm — whether they are 

distinct from ESCs has not been resolved (Pan et al., 2016). At E6 and subsequent stages, 

the experimental ability to derive ESCs, TSCs and ECCs from the mouse embryo is 

progressively lost, and the in vivo embryo will start gastrulating. The Figure 1 was 

modified from (Boiani and Schöler, 2005). 

In a similar way to mice, cell lines resembling ESCs have also been established from 

certain primates (Thomson and Marshall, 1997), including humans (Thomson et al., 

1998). However, cell lines from embryos of different mammalian species have been 

notoriously more difficult to establish or propagate without losing pluripotency and 

therefore should be defined as “ESC-like cells” (Stadtfeld and Hochedlinger, 2010). ESCs 

unique characteristics to indefinite self-renewal and pluripotency allow them to remain 

genetically normal even after 140 cycles of division (Suda et al., 1987). Indeed, ESCs are 

great promise in regenerative medicine as they provide a source of cells with the potential 

to differentiate into various cell types to repair different injured tissues. Recent 

developments in methodologies allow to better isolate and culture embryonic and somatic 

stem cells leading to concrete new applications for clinical and preclinical trials. The field 

of regenerative medicine in clinical practice is still in its debut and a great amount of 
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experimentation and optimization is needed to refine all the conditions for derivation of 

different cell lineages. The question of which stem cell source will be optimal for each 

disease/tissue condition and the issue of host-rejection, among the others, remain to be 

answered. On the way to the clinic, several obstacles must be overcome, but when they 

will be resolved, the true potential of stem cell therapies will be realized. 

  

Figure 1. Origin of stem cells in the mammalian embryo 

Pluripotent cells of the embryo are tracked in green. From left to right, the morula-stage mouse 

embryo holds a core of pre-ICM (inner cell mass). At this stage, embryonic stem cell (ESC) and 

trophoblast stem cell (TSC) cell lines can be derived in vitro, and implantation occurs in vivo. As 

the blastocyst fully expands (and undergoes implantation in vivo), the ICM delaminates giving 

rise to a primitive ectoderm and a primitive endoderm layer. At this stage, pluripotent cell lines 

that are known as embryonal carcinoma cells (ECCs) can be derived from the primitive ectoderm 

— whether they are distinct from ESCs has not been resolved. At E6 and subsequent stages, the 

experimental ability to derive ESCs, TSCs and ECCs from the mouse embryo is progressively 

lost, and the in vivo embryo will start gastrulating. This figure was modified from (Boiani and 

Schöler, 2005). 
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2.2 Neuronal replacement strategies 

Central nervous system (CNS) degeneration or damage lead to irreversible neuronal loss 

resulting in functional deficits which may cause highly debilitating pathologies. As 

patients acquire permanent disabilities, the impact on families, societies and patients 

themselves becomes a significant health and economic encumbrance. The available 

treatments tend to rescue the remaining neurons, to compensate the lack of synaptic 

function or to promote functional plasticity or simply to alleviate symptoms,. Indeed, 

CNS injury can, to some extent, “awake” mechanisms of plasticity usually present during 

CNS development (Caleo, 2015). However, as expected when extensive injury takes 

place or progressive degenerative diseases, in which the brain accumulates dysfunction 

and inflammation, this plasticity may be limited (Lepeta et al., 2016). It is quite intuitive 

that the substitution of a dying neuron by a new one, within an extremely complex and 

intricate number of connections calibrated during network development, looks like an 

daunting challenge. Anyway, the crucial discovery that also the adult mammalian brain 

hosts neural stem cells (NSCs) that continuously generate newborn neurons capable to 

integrate into pre-existing neuronal circuitries, strengthen the neuronal integration 

hypothesis (Harel and Strittmatter, 2006). So far, three distinct strategies for neuronal 

replacement have been examined in depth: (1) endogenous recruitment from neurogenic 

niches or local cells (Figure 2a); (2) forced conversion of local glia to a neuronal fate 

(Figure 2b); (3) transplantation of exogenous cells from neuronal lineage (Figure 2c). 

Endogenous recruitment from neurogenic sources 

As already mentioned, even if constitutive neurogenesis is mostly restricted to early 

postnatal stages, it continues in the adult brain albeit much reduced during aging (Riddle 

and Lichtenwalner, 2007). The generation of new neurons in the adult brain was, for long 

time, considered with great skepticism, partly based on the conceptual question of how 

an organ specialized in information processing and storage may deal with a constant 

addition of new neurons (Gross, 2000). Now, the existence of neurogenesis in a few 

specific regions of the adult mammalian brain has been widely accepted even though is 

still poorly understood how adult-generated neurons affect the composition and function 

of the neuronal networks. In the mouse brain, NSCs have so far been detected in two 

former regions: the subventricular zone (SVZ) lining the lateral ventricles (Lim and 

Alvarez-Buylla, 2016) and in the subgranular zone (SGZ) of the hippocampal dentate 

gyrus (DG) (Gonçalves et al., 2016) (Figure 2a, left). A substantial turnover of dentate 
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granule cells (Spalding et al., 2013) suggests that adult hippocampal neurogenesis 

contributes to brain function also in humans since neurons constantly integrate and 

replace others in regions (Weinandy et al., 2011).  

 

 

This allows the study of the mechanisms regulating the synaptic integration of adult-born 

neurons in pre-existing networks and may help us understanding and engineering 

neuronal integration in non-neurogenic areas of the adult brain for circuits reconstruction 

or replacement. However, it is important to consider that mechanisms of synaptic 

competition and selective neuronal survival occur for instance in a fully functional circuit 

with already optimal neuronal numbers, like the dentate gyrus (DG) (Bergami and 

Berninger, 2012) and may hence differ in a setting where neuronal loss leaves gaps in the 

circuitry and unmatched synapses. Neuronal integration after injury or in 

Figure 2. Overview of three neuronal replacement strategies. 

Endogenous approaches (a) include a recruitment from the brain neurogenic niches like the 

hippocampal dentate gyrus (DG) and the subventricular zone (SVZ) or from latent local 

progenitors (cortical L1 or other) (spontaneous, as illustrated by the opened locker; orange), and 

(b) neuronal reprogramming which converts local glial cells into neurons (forced, as illustrated 

by the locker opened by a key that symbolizes the reprogramming transcription factors/small 

molecules; gray). (c) Exogenous approaches (purple) use different sources of donor cells for 

transplantation into the injured or diseased area, including fetal neurons, eNSCs-derived, ESC-

derived and iPSC-derived neurons. Modified from (Grade and Götz, 2017). 
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neurodegeneration must take place in a very different environment, often inflammatory, 

posing additional challenges for the newly integrating neurons. 

Injury-induced neurogenesis 

Even though brain insults perturb the homeostasis of adult neurogenic niches and the 

migratory routes of their progeny, a spontaneous recruitment of neuroblasts towards 

pathological sites is observed in a multitude of animal’s brain models. Indeed, 

mobilization of neuroblasts from neurogenic niches occurs in response to stroke 

(Arvidsson et al., 2002), trauma (Kreuzberg et al., 2010) and Huntington’s disease (HD) 

(Kandasamy et al., 2015) in animal models (Fig. 1a, left). This is fascinating because it 

implies that injury itself elicits a profound change in the neuronal subtype produced 

(Magnusson et al., 2014). Still questions arise about the neuronal subtype recruitment: 

how appropriate and to what extent can these new neurons connect in the target zone? 

Despite the observation that they are less prone to differentiate towards the neuronal fate 

(Li et al., 2010), they have been shown to form synaptic contacts (Yamashita et al., 2006), 

receive inhibitory and excitatory inputs (Hou et al., 2008), but eventually they fail to 

achieve long-term replacement of the degenerated neurons (Thored et al., 2006).  

Besides cell mobilization from constitutive neurogenic niches, some studies suggested 

the generation of neurons from local latent precursors that are activated by the injury 

(Figure 2a, right). For instance, in the mice adult neocortex the differentiation into the 

same projection neuron subtype previously lost by apoptosis (Magavi et al., 2000) or into 

inhibitory neurons after cortical ischemia (Ohira et al., 2010) can suggest a probable local 

attempt for self-repair. Many other studies show increased plasticity of glial cells upon 

injury (Figure 2b) (Ninkovic and Götz, 2013) where reactive astrocytes isolated from the 

injured brain parenchyma exhibit NSC-like properties as shown in Figure 3 (Götz et al., 

2015, Sirko et al., 2013, Buffo et al., 2008). Usually, reactive glial cells are not 

sufficiently re-specified to generate neurons in most injury conditions in vivo, but they 

seem capable to do so after ectopic grafting into the adult brain (Seidenfaden et al., 2006) 

and upon hypoxia in the postnatal mouse brain (Bi et al., 2011). Regardless of their 

source, new neurons can be considered relevant for cell replacement only if they fully 

mature into the neuronal subtype lost, integrate appropriately and survive for long term. 

As mentioned, in the cerebral cortex or in a HD rodent model, injury-induced neurons 

were able to extend correct long-range projections, but it remains unclear how injury 

induces neurons integration into brain circuits and if this neuronal replacement may 

https://www.nature.com/articles/s41536-017-0033-0#Fig1
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improve circuitry function. Furthermore, for the development of strategies that 

contemplate cell replacement by boosting this recruitment response, long-term survival 

is the major obstacle; the large majority of the newly recruited neurons dies in the first 6 

weeks post-stroke (Lu et al., 2017). Although the neurogenic response persists for long 

time (Kokaia et al., 2006), it is not clear if it can be stimulated to efficiently achieve 

functionally relevant levels of neuronal replacement associated with a behavioral impact. 

While endogenous recruitment of neurons still lacks foundations for foreseeing a clinical 

application, a greater progress has been achieved by use of exogenous neurons or 

neurogenic cells in transplantation, discussed in the next section. 

Transplantation of neurogenic cells 

During development of the vertebrate CNS, neural stem cells (NSCs) and progenitor cells 

(NSPCs) are certainly the base for all CNS cell types generation, including neurons, 

astrocytes and oligodendrocytes (Figure 3) (Gao et al., 2014). Regarding their fate and 

specifications, an important hallmark of the CNS is its patterning – i.e. NSCs located at 

different positions express diverse fate determinants and progeny. However, it has been 

showed that upon exposure to growth factors in vitro, at least some neuronal cells can 

generate again all three types of cells - astrocytes, oligodendrocytes and neurons - 

supposedly due to the upregulation of gliogenic transcription factors mediated by 

epidermal growth factor (EGF) and sonic hedgehog (SHH) signaling pathways (Gabay et 

al., 2003). This implies that most NSCs can exhibit multipotency in vitro even after 

differentiation in vivo (Figure 3). Therefore, NSCs are a potential source of cells for 

replacement therapy, with the advantage that they can be readily isolated from the human 

brain (Widera et al., 2007). Focal pathologies with the loss of mainly one specific neuron 

subtype, such as the degeneration of substantia nigra pars compacta dopaminergic 

neurons in Parkinson’s Disease (PD) are best suited for transplantation strategies. That is 

because of the precise brain regions to target and the known cell phenotype to replace, in 

contrast to the broad and non-cell-type-specific nature of neuronal degeneration in 

Alzheimer’s Disease (AD) for which neuronal replacement strategies are very 

challenging. Stroke and brain trauma are also spatially restricted but offer greater 

challenges for neuronal replacement since various types of neurons die within the affected 

area and the formation of a glial scar is generally thought to be inhibitory to neurite 

outgrowth (Silver and Miller, 2004). There are also examples of such approach in case of 
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spinal cord injury (SCI) where the application of NPCs has been reported to enhance 

neural repair, protection and regeneration .  

Yet, it is noteworthy that young transplanted neurons can readily extend axons and 

seemingly develop well when placed in scar-forming injuries, such as stroke (Tornero et 

al., 2013) and cortical aspiration (Michelsen et al., 2015). Mainly, the homing of NSCs 

to injury sites relies on a chemoattractant gradient of inflammatory soluble molecules 

released by the lesioned tissue (Martino and Pluchino, 2006). Neurons from fetal sources 

are superbly specified as they exactly derive from the brain region that generates the 

neuronal subtype affected by the disease. For instance, cells from the medial ganglionic 

eminence (MGE) transplanted into different brain regions develop into mature 

GABAergic neurons that enhance local synaptic inhibition (Larimer et al., 2017; Howard 

and Baraban, 2016). The same therapeutic strategy could also be beneficial for AD as 

well as other traumatic brain injury associated with interneuron dysfunction or loss, and 

consequent imbalance between excitation and inhibition.  

In summary, fetal neurons have provided the most exciting results as donor cell 

population and have been applied in the clinical setting in PD patients (Barker et al., 

2013). The achievements made until now hold great promise even though the limited 

availability of fetal neurons hinders fetal neuron-based cell therapies for neurological 

disorders and hence, efforts have been focused towards the use of expandable cell sources. 

Self-replicating multipotent NSCs form and can be propagated as neurospheres in 

suspension cultures (Figure 3), which is the most common culture system to guarantee 

the maintenance and expansion of multipotency (Ewald et al., 1992). The neurosphere 

provides a three-dimensional environment that can, to some extent, mimic the neurogenic 

niche from which the NSC is derived. When used and cultured appropriately, NSCs in 

neurospheres can expand and provide important information about the mechanisms that 

potentially control in vivo mechanisms (Reynolds and Weiss, 1996). 
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Figure 3. Distinction between lineage and potential of NSCs 

Lineage is what a single cell does in vivo; potential is what a single cell can do when exposed 

to a different environment either by transplantation or in culture. SVZ, subventricular zone; 

GM, gray matter of cerebral cortex Image modified from (Götz et al., 2015) 
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2.3 Neural progenitor cells (NPCs): in vitro and in vivo studies 

Usually, two criteria are applied to define a stem cell: self-renewal, ideally for an 

unlimited number of cell divisions, and multipotency, that is, the ability to give rise to 

numerous types of differentiated cell. For instance, NSCs are self-renewing, but not 

necessarily for an unlimited number of cell divisions. Initially, the self-renewal occurs by 

symmetrical cell divisions, which generate two daughter cells with the same fate; then 

they undergo asymmetric cell divisions in which one of the daughter cells remains a 

proliferating progenitor and the other one undergoes differentiation. Over time, NSCs can 

produce various neuron types (Wang et al., 2014) essential for circuit formation by 

changing their competence (Gao et al., 2014). Once NSCs have completed their set of 

neurogenic divisions, they typically undergo apoptosis or terminal division, or enter 

senescence and decrease proliferation. For this reason, the number of NSCs is low in post-

embryonic animals, with only a few stem cells remaining in the adult brain (Ming and 

Song, 2011). Notably during development, before neurogenesis, the neural plate and 

neural tube are composed of a single layer of cells neuroepithelial (NE) cells, which can 

be considered stem cells. They first undergo symmetric, proliferative divisions, each of 

which generates two daughter stem cells (McConnell, 1995). These divisions are 

followed by many asymmetric, self-renewing divisions, each of which generates a 

daughter stem cell plus a more differentiated cell such as a neural progenitor cell (NPCs) 

or a neuron (Errore. L'origine riferimento non è stata trovata.).  

Among NSCs, radial glial (RG) cells represent more fate-restricted progenitors than NE 

cells (Malatesta et al., 2000) so, as a consequence, most of the neurons in the brain 

derived, either directly or indirectly, from RG cells (Anthony et al., 2004). In fact, NSCs 

typically undergo symmetric, differentiating divisions, each of which generates two 

neurons — terminally differentiated, postmitotic cells. These types of division were first 

deduced from retroviral cell-lineage-tracing experiments (Luskin et al., 1988) and were 

subsequently shown directly in live time-lapse observations with brain slices (Chenn and 

McConnell, 1995) and isolated cells in vitro (Qian et al., 2000). Besides RG cells, another 

type of NSCs is the so-called basal progenitor (BP) (Noctor et al., 2004). BP originate 

from the mitosis of NE and RG cells at the apical surface of the basal side of the 

ventricular zone (Haubensak et al., 2004). They have been found to contribute to 

neurogenesis by undergoing symmetric cell divisions that generate two neuronal daughter 

cells. Therefore, BP might function to increase the number of neurons that are generated 

https://www.nature.com/articles/nrm1739#df10
https://www.nature.com/articles/nrm1739#df11
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from a given number of NSCs by allowing the occurrence of a further round of cell 

division. This concept is also supported by the correlation between the increasing in size 

of the subventricular zone and the number of neurons in the cerebral cortex during 

phylogeny (Smart et al., 2002). 

 

Many studies provide evidence for the competence of grafted NS-NPCs to survive, 

migrate, and differentiate both in vitro and in vivo systems (Widera, 2004; Wu et al., 

2012). Trials have been performed with NSCs obtained from different brain regions to 

better fit the injured area, knowing that local environments have a fundamental impact to 

regulate the fate choice of adult stem cells (Björklund and Lindvall, 2000). For example, 

in case of peripheral nerve injury (PNI), embryonic spinal cord neurons are best fitted as 

graft. In fact, these cells demonstrated, after transplantation into the injured distal nerve 

stump, the ability to sprout axons and reinnervate the target muscles tested (Zhang et al., 

Figure 4. Lineage trees of neurogenesis 

The lineage trees shown provide a simplified view of the relationship between neuroepithelial 

cells (NE), radial glial cells (RG) and neurons (N), within (a) and in (b) basal progenitors (BP) as 

cellular intermediates in the generation of neurons. They also show the types of cell division 

involved. Image modified from (Götz and Huttner, 2005). 
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2017). However it has been observed also that NSCs derived from adult hippocampus or 

spinal cord gave rise to neurons after grafting to the dentate gyrus, but not in the spinal 

cord (Shihabuddin et al., 2000). Anyway, it has been observed that after induction of 

hippocampal injury, grafted hippocampal NPCs migrated to the damaged area of the 

hippocampus in vitro and in vivo. Once they reached their destination, transplanted cells 

subsequently developed into functional neurons that keep integrating into the organotypic 

hippocampal network for at least 4 weeks after transplantation (Hofer et al., 2012). 

Hippocampal NPCs demonstrated, at 21 days in vitro, to express neurotransmitters, 

neurotransmitter receptors, and synaptic proteins consistent with those expressed in the 

mature hippocampus, but this was observed only in cultures grown in the presence of 

fibroblast growth factor 2 and brain-derived neurotrophic factor (Mistry et al., 2002). 

Electrophysiology is a powerful tool to assess grafted cells phenotype and synptic 

integration (Hofer et al., 2012; Zhang et al., 2017). Indeed, by using electrophysiology it 

is possible to study synapses formation directly in vivo as reported from Tornero et al. 

(2017). These auhtors demonstrated, for the first time, that intracortical grafts of adult 

human iPSC-derived cortically fated neurons, receive direct synaptic inputs from stroke-

injured brain tissue, and that these afferents are functional (Tornero et al., 2017). Studies 

in vitro combining MEAs and patch clamp technique (Stephens et al., 2012) investigated 

NPCs capability to generate neural networks - already documented in different conditions 

(Ban et al., 2006; Heikkilä et al., 2009) - and also to stimulate plasticity among silenced 

networks, such as those found in the stroke. MEAs offer long-term, label-free, and large-

scale neuronal recording capabilities in entire networks therefore, the recent opportunities 

emerging from advances in cellular reprogramming techniques are strongly motivating 

the adoption of MEAs for readouts on cultures of human iPS-derived neurons (Malerba 

et al., 2018). There are many different examples of in vivo system where NPCs from 

primary CNS tissue and from cell cultures have been shown to integrate and differentiate 

after transplantation into developing brain (Fricker et al., 1999). 

As stated before, ES-like cell lines features as donor cells (Ruschenschmidt et al., 2005) 

but local cellular environments are very important in controlling neurogenesis and, to 

note, adult NPCs grown in an environment nonpermissive for neurogenesis were unable 

to respond to excitation (Deisseroth et al., 2004). 

Astrocytes surrounding neurons modulate the delivery of neurotransmitters, such as 

excitatory neurotransmitter glutamate (Hu et al., 2015). Indeed, glutamate transporter-

1(GLT-1) in astrocytes clears 90 % of glutamate spilled over the synaptic cleft (Banasr 
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and Duman, 2007; Martinez-Lozada et al., 2016). It has been shown that downregulated 

expressed of GLT-1 in astrocytes in post-stroke depression (PSD) rat model is sufficient 

for inhibiting synaptic formation among NSC-derived neurons (Guo et al., 2013). This 

could also be related to the observed increased number of NSC-derived astrocyte in vitro 

when co-cultures with astrocytes (Yu et al., 2018). The increase in the proportion of NSC-

derived astrocytes may be attributed to a compensatory mechanism to control ambient 

glutamate excess, but the mechanism(s) potentially inducing higher NSCs differentiation 

into neurons are unknown. Another study examined the regulation of adult-derived stem 

cells by different cell types, that may exist in the niche of proliferative cells in adult 

brains, and demonstrated that astrocytes from postnatal hippocampus can actively 

regulate neurogenesis from adult neural stem cells (Song et al., 2002). 

 

2.4 In vitro co-cultures 

Co-culture is a cell cultivation set-up, in which two or more different cells populations 

are grown with a variable degree of contact between them. Co-culture systems have long 

been used to study the interactions between cell populations and to gain more details 

incell–cell interaction features. Therefore, such systems have become of interest to 

synthetic biologists for studying and engineering complex multicellular systems (Goers 

et al., 2014). The are several motivations for using such a set-up that include: (1) studying 

natural interactions between different populations e.g. infection studies (Cottet et al., 

2002) and other natural interactions (Tanouchi et al., 2012); (2) improving culturing 

success for certain populations to generate, for instance, experimental models and 

biomimetic environments of natural systems or artificial tissues (Moraes et al., 2012); (3) 

establishing interactions between populations (Figure 5). Mastering co-culture 

experiments allows the study of cell–cell interactions both natural and artificial at many 

levels and thus, the engineering of such new interactions. To reach high control over co-

culture experiments we have to consider that such systems differ in many variables 

interlinked in their effects. 
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Co-cultures can differ in the number of distinct co-cultured populations, degree of 

similarity between populations or, covnersely, in the degree of separation between 

populations. Any information about the populations in a co-culture can potentially be 

used to control cell behavior even though studying interactions remains a major challenge 

and controlling them even more so. 

A larger number of interacting populations increase the possibilities of complex reaction 

pathways -e.g. engineered microbial consortia useful for industrial applications (Brenner 

et al., 2008) - but also exponentialy complicates the experimental procedure. In fact, more 

than three interacting cell populations come along with an unmanageable level of 

complexity in terms of molecular interactions, leading to unpredictability and instability 

(Zeidan et al., 2010). To facilitate the study of system behavior, laboratory- based co-

cultures usually involve only two populations. Generally, the aim is to characterize the 

activities and dynamics of each cell population in detail, as well as the interpopulation 

interactions. Both features are strongly affected also by the extracellular environment; 

hence growth medium composition obviously represents a fundamental factor to control 

the experimental set-up. Ultimately, the cellular phenotype emerging from the experiment 

is dependent upon the complex interactions between genotypes and environment. As 

stated at the beginning, depending on the experimental set-up and the different 

applications, there could be a variable degree of contact between the involved 

populations. Based on the idea that the systems should replicate the environment in which 

the co-culture will ultimately be used, the different cell populations can be in direct 

contact (if they are perfectly mixed, sometimes they are called mixed culture) or partially 

segregated. To establish valuable biomimetic in vitro models, especially in the case of 

mammalian tissue and other eukaryotic cell cultures, direct contact is required to preserve 

physiological behavior (Bidarra et al., 2011, Campbell et al., 2011). In such tuned 

Figure 5. Schematic representation of different co-culture experiments 

Studying natural interactions between populations (a). Improving cultivation success for a 

certain population (b). Establishing interactions between populations (c). 



17 
 

systems, also culture volume and cell density are very important factors to be considered. 

In a representative study investigating the embryonic developmental processes 

segregation and pattern formation, cell number in the co-culture was chosen to be 

comparable in size to an embryo, so that it was relevant to the natural biological system 

(Méhes et al., 2012). Studying natural cell–cell interactions will highlight new pathways 

for re-engineering cell populations and organisms but before these systems can be used 

in industrial, environmental or medical contexts, they must undergo rigorous testing for 

function and safety, especially in terms of process optimization. 

Many works already cited in the previous chapter (2.3) took advantage of the co-culture 

system to simulate transplantation of exogenous NSCs (Deisseroth et al., 2004) or to 

evaluate different cells impact on NPCs differentaition (Song et al., 2002). The more 

common studies are based on the idea of exogenous cells, therefore it has been 

investigated the destiny of NSC-PCs added to bain slice cultures (Husseini et al., 2008) 

or lightly fixed dissociated cultures (Deisseroth et al., 2004). In vitro neuronal mixed 

cultures per se have not been investigated extensivel. Such an approach might be very 

usefull for the study of the diverse (synaptic) features otherwise hard to charachterize in 

more complex models. 

 

 

2.5 Post-natal circuits  

Hippocampal neurons culture 

Conceivably one of the greatest appeals of in vitro neuronal cell culture is the wide 

experiemntal access to living neurons and synaptic networks provided by this model. In 

addition, low-density cultures are an ideal preparation for the investigation of many 

features because they are far less complex than neural tissue. It is preferable for 

neuroscientists to work with primary cultures instead of continuous (clonal) cell lines, 

because in such cell types the synapsys functionality is harder and slower to obtain (Xie 

et al., 2018). Primary CNS cell cultures are prepared from brain or spinal cord regions. 

However, hippocampal cultures benefit of a widespread popularity for many reasons, first 

for their relatively simplicity in terms of cell population. Most of the total neuronal 

population is represented by pyramidal neurons in addition to a variety of interneurons, 

fewer and morphologically distinguishable as describe in Figure 6 (Benson et al., 1994). 

The possibility to have such functional neurons well distributed in the culture allows the 
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study of cellular, subcellular and synaptic phenomena with a degree of resolution 

previously difficult to address, such as the dynamics of network formation and 

maturation, the synapse physiology, channels and receptors homeostasis, in addition to 

developmental and pharmacological studies. Primary dissociated hippocampal cultures 

were first introduced in the late seventies thanks to the enzymatic dissociation of 

hippocampi obtained from embryonic rats and subsequent plating on poly-lysine-treated 

coverslips in an enriched medium (Banker and Cowan, 1977). 

Nowadays the stages of hippocampal neuron development in vitro have been well-

characterized and are very consistent among different laboratories. Finally, as 

hippocampal cultures have been investigated for over 20 years, there is already an 

extensive database that provides the benchmark for new experiments (Kaech and Banker, 

2007). A major focus of experimentation using hippocampal cultures concerns the study 

of events like dendritic development and branching, synaptogenesis and synaptic 

plasticity. For such studies, most investigators use cultures between 2 and 4 weeks in 

vitro. At this stage, hippocampal cultures have formed a very dense network because the 

peak of dendritic growth and synapse formation occurs during the second and third weeks 

in culture. 
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Figure 6. Main hippocampal cell populations 

Drawings of MAP2-stained, GABA-immunopositive (red) and GABA-immunonegative (black) 

neurons. The GABAergic interneurons, shown in red, cover a wide spectrum of shapes but 

nevertheless resemble one another due to specific characteristics: the elongated dendritic arbors, 

the long dendritic segment lengths, and the relatively small number of primary dendritic branches. 

The non-GABAergic pyramidal cells shown in black have more radial dendritic arbors, shorter 

dendritic segment lengths and more consistently round cell somata. Scale bar = 100 µm. Image 

modified from (Benson et al., 1994). 
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Dopaminergic neurons culture 

Midbrain dopaminergic neurons constitute the major source of dopamine in the 

mammalian CNS. The most prominent dopaminergic cell group resides in the ventral part 

of mesencephalon, which contains approximately 90 % of the total number of brain 

dopaminergic cells. The mesencephalic dopaminergic system has been subdivided into 

several nominal systems (Figure 7). 

 

 

Probably, the best known is the nigrostriatal system, which originates in the zona 

compacta of the substantia nigra (SNc) and extends its fibers into the dorsal striatum 

(Errore. L'origine riferimento non è stata trovata. green): the nigrostriatal pathway 

plays an essential role in voluntary motor movements control. The mesolimbic and 

mesocortical dopaminergic systems arise from dopaminergic cells present in the ventral 

tegmental area (VTA). The cells of the VTA project most prominently into the nucleus 

accumbens, olfactory tubercle but also innervate the septum, amygdala and hippocampus 

(Figure 7 blue and pink); these dopaminergic systems are involved in emotion-based 

behavior including motivation and reward (Wise, 2004). 

Figure 7. Three dopamine pathways and their related cognitive processes 

Most of dopamine is generated deep in the midbrain, and it is released in many different areas 

across the brain. Image taken from http://sitn.hms.harvard.edu/flash/2018/dopamine-

smartphones-battle-time. 
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Considering the fact that dopaminergic system degradation is the basis of PD, the majority 

of the works present in literature about dopaminergic neurons is focused on the related 

disease. The first evidence of DA neurons in the SNc and VTA was given in the 70’s 

(Aghajanian and Bunney, 1974), but only in the late 80’s few studies started about the 

electrophysiological characterization of dissociated dopaminergic neurons obtained by 

rat midbrain (Grace and Onn, 1989). Anyway, the electrophysiological aspect of 

dissociated cells from SNc and VTA has been poorely considered, because the majority 

of works focalize on the molecular mechanisms underlying the loss in DA neurons, as 

main problem to overcome for PD recovery (Madrazo et al., 2019). In this frame, NS-

NPCs gained a lot of attention thanks to the possiblity to guide their development toward 

the desired cell type i.e. dopaminergic in this case (Freed et al., 2001) as these cells also 

showed a good survival rate, up to 12 to 46 months after transplantation (Freed et al., 

1992). 

Anyway, as discussed above, the in vitro system, in its simplicity, represents an optimal 

way to investigate the basic aspects of cell to cell interactions. Therefore, with such 

system we could gain new insights about NPCs development among DA neurons and 

then, we could think about new and stronger strategies for PD neurons supply.  
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3 AIMS 

Many questions still arise if we think to the exogenous transplantation as the most 

resolutive way to overcome brain damage. For instance, to which extent can the remaining 

brain parenchyma be as plastic to accommodate neurons in networks that suffered 

neuronal loss due to injury or neurological disease? Would the microenvironment be 

permissive for neuronal replacement and synaptic integration? Which cells can perform 

best? Can lost function be restored and how adequate is the new cells participation in the 

pre-existing circuitry?  

The future in neuronal replacement therapy lies much in the field of neuronal circuits as 

a key to better understand neuronal networks and their functioning. As our understanding 

of neuronal circuits increases, neuronal replacement therapy should fulfill the lacking in 

network structure and function knowledge enough to incorporate neural circuitry research 

into regenerative medicine. This is a mandatory requisite to repair successfully brain 

injury. In this framework, electrophysiology appears to be the perfect techique to 

investigate neuronal circuits and accurately evaluate integration and synapse formation. 

By taking advantages of patch-clamp technique and hippocampal neurons dissociated 

cultures (a gold standard of in vitro neuronal cultures, very well characterized from an 

electrophysiological point of view), we investigated if and how fNPCs had the ability to 

synaptically interact with different neurons types when co-cultured and whether co-

culturing affected the cell phenotype fate. 

Several studies show that exogenous NSCs may develop into the correct neuronal cell 

type and eventually interact with the surrounding neurons after traspalntation, however a 

deep insights into the features of the synapses established between cells of different origin 

grown in close contact and wired together is lacking. We further investigated, considered 

the unexpected change in terms of morphology and development, type of synapses and 

neurotrasmitters adopted by fNPCs, the mechanistic factors that govern such changes, in 

particular those related to their functional integration in the postnatal cultured network. 

For instance, the intrinsic electrical component driven by mature neurons such as the 

auxiliary support activity completed by astrocytes have been considered fundamental 

aspect to investigate in the mixed cultures. Finally, we addressed newtork collective 

behaviour and fNPCs contibution in hippocampal mixed cultrues as well as the functional 

integration of fNPCs in SNc cultures. These results are included in this thesis as submitted 
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manuscript drafts. Additional work has been conducted in characterizing the integration 

rate due to conditioned media, the physiological membrane features of fNPCs in mixed 

cultures and the role of FOXg1 in neuronal development. Such collateral studies are 

reported separately in the Appendix. 
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Abstract 

During development, fetal neuronal progenitors (fNPCs) play an essential role in the 

construction of central nervous system (CNS) functional circuits. In this process, cell 

diversification and neuronal subtypes ability to form specific synaptic connections are 

crucial steps. Here we investigated by immunofluorescence and confocal microscopy a 

mixed culture system where rat fNPCs, labeled by enhanced green fluorescent protein 

(eGFP), differentiation is guided by postnatal hippocampal circuits reconstruction in 

vitro. Integrating fNPCs into active synaptic networks favored their development into 

glutamatergic phenotype and fNPCs synaptic contribution to the emergent activity was 

investigated by single and paired patch clamp recordings. We further examined the main 

players responsible for fNPCs identity specification, including network synaptic activity 

triggered by firing of action potentials and postnatal neuroglia microvesicles (MVs) 

release, a vectorized system able to transfer signaling molecules from neuroglia to 

neurons. We hypothesized that both signaling pathways influenced fNPCs destiny. 

Introduction 

Tissue-resident stem cells and primitive progenitors crucially contribute to the 

homeostasis of the CNS (Xu et al., 2017) and represent a very attractive source of cells 

in regenerative medicine since they can be potentially isolated from patients and 

transplanted autologously. Despite its promises, regenerative medicine translation in 

clinical practice is still in its debut and a great amount of experimentation and 

optimization is needed to refine all the conditions for ad hoc derivation of different cell 

lineages. Several investigations provided evidence for the competence of grafted neural 

stem cells (NSCs) to survive, migrate, and differentiate both in vitro and in vivo systems 

(Widera et al., 2007; Wu et al., 2012; Yin et al., 2019). There are several different 
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examples of in vivo systems where NSCs or neural progenitor cells (NPCs) from primary 

CNS tissue and from cell cultures have been shown to integrate and differentiate after 

transplantation into the developing brain (Fricker et al., 1999), or, more recently, into 

diseased brain (Upadhya et al., 2019; Yin et al., 2019). Therefore, NSCs and NPCs-like 

lines have the potential to feature as donor cells (Ruschenschmidt et al., 2005) and their 

controlled manipulation might have enormous impact in future developments of 

regenerative medicine. Among the factors that influence progenitors destiny, the local 

micro-environment was found crucial in controlling grafted-NPCs diversification into 

different cell identities (Deisseroth et al., 2004). We focused on fNPCs, a more committed 

subpopulation of NSCs, which are mostly cultured in vitro as neurospheres, given their 

ability to proliferate and differentiate in all brain cell phenotypes (Gao et al., 2014). We 

specifically investigate fNPCs, expressing green fluorescent protein (eGFP), 

differentiation and functional, synaptic, integration when grafted for > 2 weeks into 

cultured hippocampal networks. We exploited a cultured system to assess the fNPCs 

identity when cultured alone or when co-cultured into postnatal hippocampal networks. 

By single cell or paired electrophysiology recordings we further investigated the 

formation and nature of synapses to and from fNPCs, in particular we measured 

monosynaptic contacts with neighbor hippocampal neurons or fNPCs and we assessed 

the impact of fNPCs on the emerging network activity, measured as basal, spontaneous 

synaptic activity. We further dissected the influence of firing activity and of neuroglia 

MVs release on fNPCs differentiation. 

Results  

To investigate the formation and neurotransmitter identity of synaptic networks 

developed by fNPCs when cultured alone or when co-cultured with postnatal primary 

hippocampal neurons, and to gain insights into fNPCs neuronal identity and ability to 

synaptically integrate to postnatal circuits, we compared three cultured systems: 

hippocampal, fNPCs and mixed cultures, where fNPCs and primary hippocampal cells 

were seeded in 1:1 ratio (sketched in Figure 1B; see methods). To identify fNPCs, we 

used green fluorescent protein-labeled (eGFP; see methods) fNPCs, such cells have been 

shown to proliferate as neurospheres in the presence of growth factors (such as EGF and 

FGF; Supplementary Figure S1; see methods), and retained their proliferation ability for 

7 days after plating, as confirmed by BrdU labeling experiments (not shown). 
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We quantified the network size and the ratio between neuronal and glial cells after 15–17 

days in vitro (DIV), using immunofluorescence markers of cytoskeletal components 

specific for neurons (class III β-tubulin) or astrocytes (glial fibrillary acidic protein, 

GFAP) in all culture groups (coverslips n = 10; n = 9 and n = 10 from ≥ 3 hippocampal, 

fNPCs and mixed culture series, respectively). In Figure 1A, representative fluorescence 

micrographs show the presence of β–tubulin- and GFAP-positive cells in all culture 

groups, conversely eGFP- positive cell were detected, as expected, only in fNPCs and in 

mixed cultures, and were double stained for β–tubulin or GFAP in both conditions, with 

a minority (< 16 % in both fNPCs and mixed cultures) of cells positive only to eGFP. 

When comparing the total cell density (bar plot in Figure 1C), in mixed cultures we 

measured increased values (350 ± 10 cells/mm2, 453 ± 33 cells/mm2, 530 ± 36 cells/mm2, 

hippocampal, fNPCs and mixed respectively; P < 0.001). However, in all culture groups 

the neuron/glial cell ratio (expressed in %) remained unaltered (32 % in mixed cultures; 

33 % in hippocampal; 27 % in fNPCs). In Figure 1D, bar plots quantify double positive 

neurons for β–tubulin and eGFP, to estimate the amount of fNPCs neurons positive for 

eGFP in cultures. Apparently, fNPCs differentiated into neurons when cultured alone in 

standard culturing medium conditions (see methods) and were detected as eGFP double 

positive cells in 56 % of cases (69 ± 7 cells/mm2 in fNPCs alone), thus we cannot exclude, 

also in mixed cultures, the presence of fNPCs neurons which are not identifiable by eGFP 

positivity. Regardless eGFP-positive ones, β–tubulin-positive neuron density values were 

significantly higher in mixed cultures (167 ± 20 cells/mm2) when compared to 

hippocampal and fNPCs ones (116 ± 7 cells/mm2 and 123 ± 13 cells/mm2, respectively; 

Bar plots in Figure 1D). These findings suggested that standard culturing conditions 

supports fNPCs proliferation as well as neuronal and glial differentiation. It is tempting 

to speculate that in mixed cultures the larger number of neurons detected be due to fNPCs 

residual proliferation.  

 

In culture, neurons mature and develop functional synapses and display spontaneous 

collective electrical activity as a result of recurrent connections. To investigate cells 

membrane passive properties and synaptic activity, we used whole-cell patch-clamp 

technique. fNPCs and hippocampal neurons, after 15-17 days of in vitro growth were 

compared to aged matched mixed cultures (Hmixed and fNPCsmixed). Hippocampal neurons 

when cultured alone (116.6 ± 38.7 pF and 203.9 ± 169.5 MΩ) or in Hmixed (105.2 ± 40.9 

pF and 252.6 ± 236.7 MΩ) displayed similar values of passive membrane properties. 
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Interestingly, fNPCs (n = 112) displayed significant lower cell capacitance and higher 

input resistance (64.8 ± 19.5 pF and 446.9 ± 324.4  MΩ; see plot in Figure 2A) when 

compared to fNPCsmixed (96.4 ± 36.7  pF and 331.9 ± 258.3 MΩ respectively, n = 128), a 

result potentially indicative of an improved cell maturation (le Magueresse et al., 2011) 

when fNPCs are co-cultured with postnatal neurons. Resting membrane potential values 

(Figure 2B) are little or even not affected by the various culturing conditions, in particular 

fNPCsmixed value is – 60.5 ± 13.9 mV against the fNPCs alone one of – 60.2 ± 15.5 mV.  

In all culture groups we monitored the occurrence of spontaneous, basal, postsynaptic 

currents (PSCs) as a clear evidence of functional synapse formation and as an index of 

network efficacy (representative traces in Figure 2C, in black hippocampal and Hmixed and 

in green fNPCs and fNPCsmixed, respectively). Spontaneous synaptic activity in our 

recording conditions was manifested by inward currents made up by a mixed population 

of inhibitory (GABAA-receptor mediated) and excitatory (glutamate AMPA-receptor 

mediated) PSCs, typically characterized by different kinetic properties (Cellot et al., 

2011). 

PSCs recorded from hippocampal neurons (n = 152) were represented by inward currents 

of variable amplitude (representative traces are shown in black in Figure 2C, top) 

occurring at a frequency of 5.2 ± 4.4 Hz (Figure 2D). PSCs in fNPCs displayed a 

significant lower frequency (0.5 ± 0.5 Hz) when compared to hippocampal neurons 

(representative traces are shown in green in Figure 2C, note the different scale). 

Accordingly, fNPCs displayed also significant differences in the average amplitude 

values of the recorded PSCs (Figure 2E). To gain more insights on the synaptic identity 

in the neural network, we performed offline differential analysis of PSCs kinetic (see 

methods), in particular we measured the PSC decay (Lovat et al., 2005). Based on their 

kinetic, we identified slow decaying (τ = 25.2 ± 1.2 ms) PSCs presumably GABAA-

receptor mediated events (Banks and Pearce, 2000) and fast decaying (τ = 5.1 ± 0.2 ms) 

events usually corresponding to AMPA-receptor mediated currents (Angulo et al., 1999). 

In hippocampal neurons fast events were the large majority of detected PSCs (~ 73 %); 

conversely, in fNPCs, slow events were more expresses (~ 58%). 

Hmixed neurons (n = 111) retained the same characteristics of cells recorded in the 

hippocampal cultures described above (Figure 2C left panel, bottom recording in black). 

Interestingly, fNPCsmixed (eGFP-positive; n = 117; Figure 2C, right panel bottom 

recording in green) showed a strong increase in PSCs frequency (3.8 ± 3.2 Hz; Figure 2C 

and box plot in 2D) and amplitude (from 23.5 ± 19.6 pA in fNPCs to 41 ± 20.9 pA in 
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fNPCsmixed; box plot in Figure 2E). In addition, fNPCsmixed showed now a majority (~ 68 

%) of fast events.  

These results indicated the occurrence of clear changes in fNPCs activity once integrated 

to the hippocampal network, leaving Hmixed unchanged, in particular the slow synaptic 

component seems downregulated. We pharmacologically addressed the contribution of 

GABAA-receptor mediated transmission to network activity in all culture groups by 

administration of the specific GABAA-receptor antagonist bicuculline (10 µM; n = 25 

hippocampal neurons, n = 24 fNPCs, n = 19 Hmixed, n = 13 fNPCsmixed) to weaken synaptic 

inhibition. As previously reported (Eisenman et al., 2015), the weakening of inhibition in 

hippocampal networks induced a switch from random activity to patterns of bursting and 

synchrony, leading to the appearance of slow-paced bursting in hippocampal, Hmixed and 

fNPCsmixed (representative traces and box plots summarizing bursts inter event interval 

and duration values in Figure 3A). On the contrary, in fNPCs, bicuculline virtually 

removed all PSCs and no patterned activity appeared (Figure 3A). The crucial role of 

GABAergic synapses in driving network activity in fNPCs suggested a prevalence of 

inhibitory neurons when fNPCs differentiate in standard medium alone.  

This suggestion was strengthened by immunofluorescence experiments quantifying in all 

culture groups double positive cells for β-tubulin and GABA (representative images in 

Figure 3B). In accordance with the electrophysiological results, we detected a different 

distribution of GABAergic neurons (summarized in the bar plot of Figure 3B):  35 ± 3 

double-positive cells/mm2 in hippocampal cultures (31% of total β-tubulin positive, n = 

9 samples); 88 ± 8 double-positive cells/mm2 in fNPCs (68% of total β-tubulin positive, 

n = 12 samples) and in mixed culture (42% of total β-tubulin positive, n = 11 samples) 

the value is 58 ± 6 cells/mm2. To estimate fNPCsmixed differentiation into GABAergic 

neurons we further extrapolated the density of triple β-tubulin-GABA-eGFP-positive 

cells in co-culture (25 ± 2 cells/mm2 on a total of 50 ± 5 cells/mm2 β-tubulin III-eGFP 

positive ones). Thus, based on eGFP-positive cells, the amount of fNPCsmixed that 

differentiate into GABAergic neurons is reduced to 50 % and contributes to 70 % of 

GABAergic double positive cells in mixed cultures.    

Thus far, although the previous results suggested a switch in identity in fNPCsmixed 

differentiated neurons, with a lower expression of GABAergic ones compared to fNPCs 

alone, it is hard to translate this information into fNPCsmixed integration and contribution 

to the hippocampal synaptic networks. Ultimately, are fNPCsmixed differentiating into 

glutamatergic neurons and contribute to glutamate-mediated synaptic transmission?  
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In the next set of experiments, we simultaneously patched clamped pairs of mono-

synaptically coupled neurons in all three culture groups (sketched in Figure 4A). Paired 

recordings allow a detailed examination of the evoked transmissions of isolated 

synaptically coupled neurons of a known type (hippocampal, fNPCs, Hmixed and 

fNPCsmixed). Action potentials (APs) were evoked in the presynaptic cell and the 

probability of finding mono-synaptically connected neurons in fNPCs cultures (n = 50 

pairs) was very high (82 %) when compared to hippocampal neurons (51%, n = 59 pairs); 

a high probability of coupling was detected in mixed pairs (30 % Hmixed to fNPCsmixed and 

32 % in vice versa pairs; n = 47 pairs) as depicted by the histograms in Figure 4B. Unitary 

post synaptic currents (uPSCs), were evoked in all pairs with a delay of 2.6 ± 0.25 ms, 

and were identified based on their decay time constant (representative traces are showed 

in Figure 4C). fNPCs pairs displayed 100 % of slow (τ = 25.3 ± 1.3 ms), probably 

GABAergic, uPSCs; this percentage was reduced to 68 % in hippocampal pairs, where 

32 % of uPSCs displayed fast (τ = 4.8 ± 0.5 ms) decay, presumably representing 

glutamatergic connections. Mixed pairs have been evaluated in both directions: by having 

the fNPCsmixed firing on the Hmixed and vice versa, and behaved symmetrically, with 80 % 

of slow responses and 20 % of fast (τ = 4.7 ± 0.6 ms), probably glutamate mediated uPSCs 

(plot in Figure 4D).  

These results suggested that when grafted to hippocampal postanal networks, fNPCs 

differentiated into neurons that belongs to both GABA and glutamate phenotypes, 

synaptically targeting both fNPCsmixed and Hmixed neurons. 

 

We further explored which signaling might have instructed the different destiny of 

fNPCsmixed, in particular whether the ongoing firing and synaptic activity of the network 

could influence fNPCs differentiation. We thus developed mixed cultures in the presence 

1 µM tetrodotoxin (TTX), a Na+ voltage-gated channels blocker. 24 hours prior to 

recordings, fresh medium was replaced. fNPCsmixed treated with TTX showed 

significative differences in terms of cell capacitance, input resistance and PSCs frequency 

when compared to fNPCsmixed sister cultures developed without TTX (Figure 5A). 

fNPCsmixed capacitance was reduced in TTX (from 93.8 ± 24.7 pF to 70.6 ± 18.4 pF) with 

an increased input resistance (from 250.4 ± 128.1 MΩ to 453.7 ± 371.8 MΩ). In 

fNPCsmixed TTX treated, PSCs frequency was reduced from 5.7 ± 4 Hz to 2.7 ± 3.3 Hz 

(boxplot in Figure 5B and representative traces in Figure 5C). These results indicated that 

ongoing network activity might influence fNPCsmixed differentiation and identity, 
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however fNPCs alone are still displaying an apparently more immature 

electrophysiological phenotype. Since the cultured system contains also postnatal GFAP-

positive astrocytes we wondered whether signals generated by these cells could influence 

fNPCs differentiation. 

Brain intercellular communication comprise the shedding of microvesicles (MVs) from 

neuroglia (Raposo and Stoorvogel, 2013), a physiological form of cross talk between 

astrocytes and neurons. Extracellular vesicle signaling molecules, either stored within 

their cargo or embedded in their plasma membrane, modulate relevant processes in the 

development of CNS target cells (Théry et al., 2002). MVs are nanovesicles able to 

interact specifically with cells at local or distant sites and thus considered as a 

“vectorized” signaling system able to bind their target cells to transmit specific 

information. 

We isolated MVs from mature cortical glia cultures (see methods). MVs presence was 

assessed by immunoblot analysis for the biomarker flotillin-1 (Rauti et al., 2016) of the 

supernatant collected from glial cultures, showing, as expected, the appearance of a thick 

band corresponding to flotillin-1 (Figure 6A), a signature of MVs release by neuroglia. 

Atomic force microscopy (AFM; Rauti et al., 2016) topographic reconstruction of re-

suspended MVs pellet (Figure 6B) confirmed the presence of MVs detected by the 

immunoblot.  

We thus compared fNPCs neurons treated with MVs (n = 92; see methods) with control 

fNPCs neurons (n = 55). Electrophysiological recordings showed a significative increase 

in PSCs frequency in MVs treated fNPCs (1.2 ± 1.2 Hz versus 0.5 ± 0.4 Hz) (Figure 6C, 

MVs treated fNPCs in magenta, control fNPCs in green). Interestingly, weakening of 

inhibition by bicuculline induced in MVs treated fNPCs the appearance of slow-paced 

bursting (2 cells out of 5 showed inter-burts-interval of 34.6 ± 5.6), reminiscent of that 

observed in fNPCsmixed, while, as expected, almost blocked PSCs occurrence in fNPCs 

(Figure 6D).  

As depicted in Figure 6F, double-positive neurons for β-tubulin and GABA were reduced 

in fNPCs from 76 ± 7 cells/mm2 to 52 ± 4 cells/mm2 when treated by MVs. This reduction 

in fNPCs differentiated GABAergic phenotype is reminiscent of that detected in 

fNPCsmixed and might contribute to the changes in network activity. This hypothesis is 

further supported by pair recordings, uPSCs recorded in pairs of fNPCs (n = 25) were 100 

% represented by slow (τ 26.8 ± 2.2 ms) events, while in fNPCs treated by MVs pairs (n 
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= 42) 14 % of mono-synaptically connected neurons displayed fast decay (τ 5.1 ± 0.9 ms) 

uPSCs, suggestive of the appearance of glutamatergic synapses (Figure 6E).   

Discussion 

The main result of the current work is the reported ability of fNPCs to differentiate into 

neurons and to construct an active synaptic network when developed in standard medium. 

Notably, the development of mixed synaptic networks with post-mitotic hippocampal 

neurons tuned the fNPCs neuronal phenotype and their synapse specification, leading to 

the appearance of glutamatergic synapses and reducing the amounts of GABAergic cells 

derived from fNPCs. 

We characterized fNPCs neurons based on their eGFP expression, however a percentage 

of fNPCs neurons were not eGFP positive, thus, in mixed cultures, we might have 

underestimated the amount of fNPCs and also the amount of fNPCs positive for GABA; 

however the presence of eGFP positive non GABAergic cells supports the different 

fNPCs destiny in mixed cultures, a result further strengthen by pair recordings (see 

below). Regarding the single cell patch clamp characterization, recordings form eGFP 

positive cells represented with no doubts fNPCs neurons in mixed cultures, but we cannot 

exclude that a small amount of hippocampal cells (i.e. eGFP negative) might have been 

indeed progenitors, we used the differences in passive membrane properties to functional 

isolate hippocampal neurons from fNPCs ones, thus reducing the potential sampling in 

this group of neurons belonging to the fNPCs population. 

The electrophysiological properties of fNPCs maintained in cultures have been previously 

reported, although in diverse culturing conditions (Antonov et al., 2019; Heikkilä et al., 

2009; Muth-Köhne et al., 2010). More recently, the synaptic integration of progenitor 

cells into postnatal networks has been increasingly investigated (Miskinyte et al., 2017), 

however e detailed analysis of unitary synaptic connections has, to our knowledge, not 

been described yet. 

By pair recordings of mono-synaptically connected neurons we explored the role and 

contribution of fNPCs to the hippocampal synaptic network, and we assessed the presence 

of neurotransmission mediated by fast unitary synaptic events to and from fNPCs, which 

were never detected in fNPCs when cultured alone. Fast uPSCs were not 

pharmacologically or electrophysiologically characterized in the current work, however 

in the very same culture system (hippocampus) we have repeatedly reported the glutamate 
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AMPA-receptor mediated nature of such events (Cellot et al., 2011; Pampaloni et al., 

2018; Rauti et al., 2019).  

These changes in fNPCs destiny once grafted in postnatal neuronal networks is intriguing, 

since appropriate CNS circuit function requires balanced excitatory and inhibitory 

neurotransmission (Yizhar et al., 2011). The evidence that fNPCs-derived neurons were 

homeostatically integrated into the host synaptic network contributing by GABAergic 

and glutamatergic neurons to basal synaptic activity is relevant when targeting neuronal 

replacement in neuropathology approaches (Kopach et al., 2018).  

Indeed, exploring the extent of afferent synaptic inputs to fNPCs-derived neurons 

originating from the host neurons and vice versa is a relevant issue and is increasingly 

explored by different experimental settings in vitro and in vivo, measuring the host-to-

graft synaptogenesis (Avaliani et al., 2014; Miskinyte et al., 2017) as well as elucidating 

factors which control the neural conversion of grafted cells (Kopach et al., 2018). In this 

regard, our results indicate that spontaneous synaptic activity driven by APs generation 

contributes to fNPCs differentiation in mixed cultures, as in part expected (Lepski et al., 

2013). More relevant is the role we suggested for glial derived MVs. This vectorized 

system of extracellular signaling may be significant during CNS development (Marzesco 

et al., 2005). MVs have been shown to tune synaptic activity via various transported 

molecules and signaling pathways as well as enabling the proliferation rate of stem cells 

(Feliciano et al., 2014). In particular, astrocyte-derived vesicles could variously affect 

immature neurons and mediate neuronal differentiation (Wang et al., 2011). We thus 

exploited the MVs cargoes obtained from pure glial cultures, as confirmed by western 

blot and AFM analysis (Rauti et al 2016), and we show how long-term fNPCs exposure 

to these vectors, tuned the differentiation of fNPCs neurons, providing synaptic networks 

reminiscent of those detected in mixed cultures. 

In conclusion, our results convincingly indicate that fNPCs develop into a more mature 

electrical phenotype in presence of post-mitotic neurons. This appears to be the first work 

with a pure in vitro co-culture system to study electrophysiology, thus it could be a 

fundamental tool towards the understanding of fNPCs electrophysiological 

characteristics in the frame of neuronal replacement therapy in vivo. 

  



33 
 

Materials and Methods 

Ethical statement 

All animal procedures were conducted in accordance with the National Institutes of 

Health and with international and institutional standards for the care and use of animals 

in research, and after consulting with a veterinarian. All experiments were performed in 

accordance with European Union (EU) guidelines (2010/63/UE) and Italian law (decree 

26/14) and were approved by the local authority veterinary service and by our institutional 

(SISSA-ISAS) ethical committee. All efforts to minimize animal suffering and to reduce 

the number of animals used were made. Animal use was approved by the Italian Ministry 

of Health, in agreement with the EU Recommendation 2007/526/CE(http://eur-

lex.europa.eu/legal-

content/EN/TXT/?uri=uriserv:OJ.L_.2007.197.01.0001.01.ENG&toc=OJ:L:2007:197:T

OC). 

 

Cell cultures  

Hippocampal neurons 

Primary cultures of hippocampal neurons were obtained from P3 rat pups (Wistar) by 

slightly modifying previously reported protocol (Cellot et al., 2011). Briefly, hippocampi 

were isolated and dissociated by following a three steps enzimatic procedure: (1) 

dissected hippocampi were first digested in the presence of trypsin (Sigma-Aldrich 

T1005) and deoxyribonuclease (DNAse - Sigma-Aldrich D5025-150KU) for 5 minutes 

at 37 °C and (2) then treated with trypsin inhibitor (Sigma-Aldrich T9003) for 10 minutes 

at 4 °C; (3) final mechanical dissociation was performed in presence of DNAse. Cells 

were filtered (0.70 µm), centrifuged (100 g for 5 m) and resuspended in culture medium. 

Culture medium was composed of Neurobasal™-A Medium (Gibco™ 10888022), 2 % 

B-27™ Supplement (Gibco™ 17504044), 1 % GlutaMAX™ Supplement (Gibco® 

35050061) and 0.05 % gentamicin (50mg/mL) (Gibco® 15710-049). Samples were 

prepared by plating cells on poly-L-ornithine-coated (Sigma Aldrich P4957, 0.01 % 

solution) rectangular glass coverslips (Kindler, 12 x 24 mm, 0.17 mm thickness) at a 

density of 60000 cells/200 µL and incubated at 37 °C, 5% CO2 for 15-17 DIV. 

 

Fetal neural progenitor cells (fNPCs) 

fNPCs were isolated from E15 rat embryos (Wistar), by adding to the protocol reported 

by Aurand et al., 2014 the three enzymatic steps procedure described for the hippocampal 
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neurons. To allow specific identification, right after enzymatical and mechanical 

dissociation, fNPCs were engineered by incubation with lentiviral vectors encoding the 

enhanced green fluorescent protein (eGFP) under constitutive promoters (pGK). Before 

plating, fNPCs were kept in suspension as neurospheres for 2 days to allow proliferation 

(Supplementary Figure 1). Standard serum-free proliferation medium was composed of 

3:1 Dulbecco’s Modified Eagle’s Medium (DMEM - Merck D5546): F-12 (Merck 

N4888), 1  B-27™ Supplement, 2 mM L-glutamine (ThermoFisher 25060081), 

100U/mL penicillin/streptomycin (ThermoFisher 15140122) plus the addition of 20 

ng/mL basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF). Before 

the plating, neurospheres were dissociated by using ACCUMAX (Sigma-Aldrich T7089) 

for 5 minutes at 37 °C, centrifuged (100 g for 5 m) and resuspended in culture medium. 

Samples were prepared by plating fNPCs at the same density and in the same culture 

medium described for the hippocampal neurons (see above). 

 

Mixed cultures 

Mixed cultures were obtained by incorporating dissociated fNPCs to primary 

hippocampal neurons in 1:1 ratio and plating the cells in the same conditions of controls. 

For experiments involving chronic treatment, mixed cultures were incubated at DIV 8 

with a medium containing 1 µM tetrodotoxin (TTX – Latoxan L8503). At DIV 14 or 15 

(after 6-7 d of incubation) medium was replaced with fresh one, without the blocker, 24 

h prior to electrophysiological recordings. Control cultures were subjected to the same 

medium changes without TTX, following the procedure described by (Cellot et al., 2011). 

 

Glial cultures 

Primary brain glial cultures were obtained from P2−P3 rats (Wistar) cortices, as 

previously described (Calegari et al., 1999). Briefly, enzymatically dissociated cells were 

plated into plastic 150 cm2 flasks, incubated (37 °C; 5% CO2) and cultured for 21-25 

DIV in culture medium consisting of DMEM (ThermoFisher 31966021), supplemented 

with 10% FBS (ThermoFisher 10500064), 100U/mL penicillin/streptomycin. 

 

MVs isolation  

DIV 21-25 glial cells were cultured in FBS-free glial medium for 24h before collecting 

MVs, in order to exclude any contribution of the MVs already present in the FBS. MVs 

were then isolated as already described (Rauti et al., 2016). Briefly, the 24h-conditioned 
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medium was collected and centrifuged at 300 x g for 15 minutes, in order to remove cell 

debris. The supernatant was then centrifuged at 20000 x g for 1 hour. The presence of 

MVs was confirmed with Western blot analysis for the MVs biomarker flotillin-1 (Al-

Nedawi et al., 2009; Conde et al., 2005) and atomic force microscopy (AFM).  

For the Western blot, as already described in Rauti et al., 2016, the pellet was resuspended 

in lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 % NP40, 0.1 % SDS), 

sonicated 3 × 10 s, and then boiled at 95 °C for 5 min. Samples were run on a 10 % 

polyacrylamide gel and were blotted onto nitrocellulose filters (Millipore, Italy). Filters 

were then blocked in PBS-Tween-20 (0.1 %) plus 5 % nonfat dry milk and incubated with 

the primary antibody antiflotillin-1 (BD Biosciences 610820dilution 1:1000) for 16 h at 

4 °C. After three washes with PBS-Tween, filters were incubated with peroxidase-

conjugated anti-mouse secondary antibody (dilution 1:1000). Immunolabeled ECL-

exposed protein bands were visualized with UVI-1D software. 

AFM measurements were performed as previously described (Rauti et al., 2016) . Briefly, 

the pellet of MVs was resuspended in PBS solution and a 15 μL drop of sample solution 

was placed and left to adsorb (30 min) onto a freshly peeled mica substrate. Vesicles were 

then fixed with 1% formaldehyde for 1 h (RT) in order to prevent their collapse during 

AFM acquisition. MVs were then washed with MilliQ and dried under a gentle stream of 

nitrogen. AFM analysis was performed in air at RT, using the semicontact mode of a 

commercial instrument (Solver Pro, NT-MDT, RU). Silicon tips (NSC36/CR-AU, 

MikroMash, USA) with a typical force constant of 0.6 nN/nm and a resonance frequency 

of about 65 kHz. Topographic height and phase images were recorded at 512 × 512 pixels 

at a scan rate of 0.5 Hz. Image processing was performed using Gwyddion freeware AFM 

analysis software, version 2.40. 

The concentration of MVs delivered to NPCs has been quantified by nanoparticles 

tracking analysis (NTA) measurements, performed on a NanoSight LM10 system 

(Malvern) using approximately 500 μL of MVs, previously isolated from astrocytes FBS-

free culture medium and diluited 1:10 in MilliQ H2O. Individual videos of 60 seconds 

for each sample were acquired using the maximum camera gain and analyzed by the 

NanoSight particle tracking software to calculate vesicle concentration. 

 

fNPCs exposure to glia-derived MVs 

The pellet obtained from differential centrifugations of astrocytes culture medium was 

resuspended in 300 μL of fresh fNPCs culture medium, with a concentration of 
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approximately 6.27 ± 108 vesicles/mL. A 100 μL volume was then added to each fNPCs 

culture at DIV 4, 8 and 12. Negative control experimental groups were treated at the same 

time intervals with the same volume of supernatant obtained from the second 

centrifugation and virtually depleted of MVs or with fresh fNPCs culture medium. 

Electrophysiological experiments were performed at DIV 15-17. 

 

Electrophysiology 

Patch-clamp, whole cell recordings were performed with glass micropipettes with a 

resistance of 5 to 8 MΩ. The intracellular pipette solution was composed as following 

(mM): 120 K gluconate, 20 KCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2 Na2 ATP and 0.1 

QX 314, pH 7.3. The external standard saline solution contained (mM): 150 NaCl, 4KCl, 

1 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose, pH 7.4. All recordings were performed at RT 

in continuous perfusion (2 mL/min). Cells were voltage clamped at a holding potential 

set at −56 mV (not corrected for the liquid junction potential, calculated to be 13.7 mV at 

20 °C) and registered for spontaneous activity at least for 10 min. Recordings in mixed 

cultures were performed thanks to a simple HBO lamp that allowed to selectively choose 

eGFP+ cells in epifluorescence. Pharmacological experiments were performed by adding 

10 µM Bicuculline (Sigma-Aldrich 14343) directly in the extracellular solution. After 5 

min, spontaneous activity was recorder for 10 more min. Data were collected using a 

Multiclamp 700A Amplifier (Molecular Devices, US), and analyzed using either 

Clampfit 10.3 (Molecular Devices) or Axograph (Axograph Scientific). Glutamate 

AMPA-receptor and GABAA -receptor mediated post synaptic currents (PSCs) were 

isolated offline by building two templates with different kinetic parameters: 0.1 ms rise-

time; 3 and 30 ms decay time constant (τ) respectively. Previous work (Pampaloni et al., 

2018) indicates that in our experimental conditions, fast-decaying (τ < 5 ms) PSCs are 

mediated by the glutamate AMPA-receptor type; while the slow-decaying (τ > 20 ms) 

PSCs are mediated by the GABAA-receptor type. The two classes of PSCs were obtained 

from the average of ⁓ 300 events for every cell and organized in terms of amplitude, rise 

time and decay time. 

Pair recordings were performed by patching two neurons simultaneously visualized in the 

same 40x field. The firing neuron, in current clamp mode, was hold at -70 mV and 

stimulated (2 nA; 5 ms) 15 times, with an interval of 1 s between every sweep. The 

response in the post-synaptic neuron was obtained by averaging the 15 evoked events, 

and evaluated in terms of delay, amplitude, decay time. 
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Immunofluorescence 

Cultures were fixed in 4 % formaldehyde (prepared from fresh paraformaldehyde) in PBS 

for 20 min and 1 % glutaraldehyde for GABA staining as reported (Furlan et al., 2007), 

permeabilized in Triton X-100 and subsequently incubated with primary antibodies for 

40 min at RT. To visualize a fourth channel, we did an intermediate step by using a 

donkey anti-mouse (SIGMA SAB3701110,1:300 dilution) or anti-rabbit (SIGMA 

SAB3700930, 1:300 dilution) biotinylated antibody. After washing in PBS, samples were 

finally incubated with secondary antibodies for 40 min. Cultures were then mounted with 

the Fluoromont (Sigma-Aldrich F4680) on 1 mm thick microscope glass slides. To 

visualize neurons and astrocytes we used the following: rabbit anti- β-tubulin III primary 

antibody (Sigma T2200, 1:500 dilution), mouse anti-GFAP primary antibody (Sigma 

G3893, 1:500 dilution). For GABA immunostaining we used: mouse anti- β-tubulin III 

(Sigma T8535, 1:500 dilution) and rabbit anti-GABA (Sigma SAB420721, 1:300 

dilution). Secondary antibodies used were: Streptavidine 647 (Life technologies S21374, 

1:300 dilution), Alexa 594 goat anti rabbit (Life technologies A11037, 1:500 dilution); 

Alexa 594 goat anti mouse (Life technologies A11032, 1:500 dilution) and DAPI to 

visualize nuclei (Invitrogen, 1:500 dilution). Finally, samples were mounted on 1 mm 

thick glass coverslips using Vectashield mounting medium (Vector Laboratories). 

For the neurospheres experiments, the labeling was performed in suspension. Briefly, 

neurospheres were centrifuged and fixed as previously reported. Every wash was 

performed by consecutive centrifugation. Primary antibodies (rabbit anti-nestin, 1:100) 

was used at 4°C overnight and secondary antibodies as already described. 

For BrdU experiments, cultures were incubated with BrdU (Thermo Fisher, Waltham, 

MA, USA) diluted in the culture medium at a final concentration of 10 μM for 24h at 

DIV 2, 4, 6. Cells were then washed with PBS and fixed by 4% formaldehyde. Free 

aldehyde groups were quenched in 0.1 M glycine in PBS for 5 min. Cells were then 

incubated with HCl 1 M for 1 min on ice and with HCl 2 M for 15 min at 37°C. Acid was 

then neutralized with boric acid 0.1 M for 10 min at RT. Samples were then blocked and 

permeabilized in 3% FBS and 0.3% Triton-X 100 in PBS for 1 h at RT. Primary antibody 

was used at 4°C overnight (mouse monoclonal anti-BrdU, 1:200).  

All images were acquired using an inverted Nikon C2 Confocal microscopy, equipped 

with Ar/Kr, He/Ne and UV lasers, using a 40x (1.4 NA). oil objective (using oil mounting 

medium, 1.515 refractive index). Confocal sections were acquired every 300 nm and the 

total Z-stack thickness (3 µm) was set such that all emitted fluorescence was collected 



38 
 

from the sample. Fluorescence signals were quantified using ImageJ software 

(http://rsb.info.nih.gov/ij/). 

 

Data analysis and statistics 

All values from samples subjected to the same experimental protocols were pooled 

together and expressed as mean ± SEM with n = number of cells (unless otherwise 

indicated). A statistically significant difference between data sets was assessed by one-

way ANOVA followed by Tukey’s multiple comparison test or Kruskal-Wallis test 

followed by Dunn’s multiple comparison test, depending on normality tests results. In 

cases of comparing just two data groups, Unpaired t test or Mann Whitney test was used, 

depending on normality tests results. Statistical significance was determined at P < 0.05, 

unless otherwise indicated.  
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Figure and figure legends 

 

Figure 1. fNPCs grafted to hippocampal networks differentiate into neurons and 

astrocytes. (A) Representative immunofluorescence micrographs of the three conditions 

at 15-17 DIV: hippocampal neurons (hip), fetal neuronal progenitor cells (fNPCs) and 

mixed cultures (mixed) labeled for neurons (β-tubulin III in red), astrocytes (GFAP in 

blu) and eGFP expressing cells (only fNPCs, in green). Scale bars: 50 µm. (B) Sketch of 

the experimental setting. (C) Bar plots summarize the β-tubulin III and GFAP relative 

positive-cell densities in the three conditions and in (D) the density of β-tubulin III 

positive cells is reported in respect to eGFP-positive cells for the same groups. *P<0.05, 

****P<0.0001, ANOVA. 
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Figure 2. fNPCs neurons grafted to hippocampal networks: electrophysiological 

characterization. (A) Average values for neuronal cell input resistance are plotted 

against cell capacitance and compared in the three culture groups. (B) Bar plots report 

average values of the resting membrane potential recorded in the three culture groups. In 

the inset, the symbols for hippocampal (hip, black) and fNPCs (in green) neurons when 

cultured alone (filled circle) or when co-cultured (open circle) is sketched. (C) 

Representative traces of PSCs recorded from a hippocampal neuron (in black) or a fNPC 

(in green, note inset with different calibration) when cultured alone (top row) and in 

mixed cultures (bottom row). The box plots summarize the frequencies (D) and amplitude 

(E) values for all types of events in all tested conditions. **P<0.01, ***P<0.001, 

****P<0.0001, Kruskal-Wallis. 
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Figure 3. Bicuculline effects in fNPCs, hippocampal and mixed synaptic networks. 

(A) Representative recordings of PSCs in presence of 10 μM bicuculline. Note the 

appearance in hippocampal and mixed cultures of synchronized patterned activity 

organized in long bursts recorded in all neurons. Burst inter event intervals are depicted 

in the box plots. Conversely, bicuculline application in fNPCs virtually removed all PSCs. 

(B) β-tubulin positive (in red) neurons and GABA positive (in cyan) ones are shown for 

the three culturing conditions. Scale bar 50 µm. The bar plots summarize the densities of 

β-tubulin positive cells, β-tubulin and GABA double positive cells, and β-tubulin, GABA 

and eGFP triple positive cells.  The percentage of double positive neurons was 31 % in 

hippocampal cells; 68 % in fNPCs and 42% in mixed cultures. In mixed cultures, 

GABAergic neurons were 48 % of the total β-tubulin and eGFP-positive cells. 

****P<0.0001, Kruskal-Wallis. 
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Figure 4. Synaptic characterization by pair recordings: uPSCs in hippocampal, 

fNPCs and mixed cultures. (A) Bright field image and experimental sketch of pair 

recordings. (B) Bar plot reporting probability (expressed as percentage) of finding mono-

synaptically connected pairs in the three conditions. (C) Representative traces of induced 

pre-synaptic action potentials (top) and evoked post-synaptic responses (bottom) with 

relative symbol legend identifying hippocampal neurons (hip, black) and fNPCs (in 

green), when cultured alone (filled circle) or when co-cultured (open circle). In 

hippocampal neurons pairs, post-synaptic responses were represented by both slow and 

fast τPSCs (fast τ is highlighted in blue and slow τ is highlighted in red with corresponded 

value in ms). In fNPCs pairs, 100% of responses were represented by slow τPSCs. When 

recorded in mixed cultures, post-synaptic responses in eGFP-positive cells exhibited both 

τPSCs (both slow and fast are shown). (D) Percentage of occurrence of fast and slow 

τPSCs and relative duration in time is summarized in the plot. 
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Figure 5. fNPCs feature in mixed cultures when developed in the absence of 

neuronal firing. (A) Plot summarizing membrane passive properties in fNPCs in mixed 

cultures (fNPCsmixed; open green circle) and in fNPCs developed in TTX treatment 

(fNPCsmixed + ttx; crossed darker green open circle). (B) Boxplot quantifying PSCs 

frequency and relative representative traces (C). **P<0.01, Mann Whitney test. 
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Figure 6. fNPCs network changed synaptic features when incubated with MVs 

released by cultured astrocytes. (A) Western blot analysis for biomarker flotillin-1, 

expressed on cell membrane as showed by the band corresponding to glial cell lysate 

(Lys). MVs presence is demonstrated by the band corresponding to the pellet isolated 

from glial culture medium (MVs). Any presence of MVs were found neither in the 

supernatant obtained during the second centrifugation (Sup) nor in the fresh glial culture 

medium (Med). (B) AFM images of fixed MVs deposited on mica surface and represented 

in 2D (left) and 3D (right) where the differences in color are representative of height 
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differences (brighter means higher). Scale bar: 500 nm. (C) Representative tracings in 

standard saline solution and in bicuculline; fNPCs in green, fNPCs treated by MVs in 

purple. Bottom: box plots summarize PSCs frequency values in the two conditions. (D) 

Representative pair recordings from both culture groups. Bottom: probability of finding 

(expressed as percentage) fast and slow τ PSCs plotted against τ values; (E). 

Immunofluorescence micrographs of the two conditions labeled for neurons (β-tubulin 

III in red) and GABA (GABA in cyan). Scale bar 50µm. Bar plots quantify the neurons 

density in the two conditions and the relative GABAergic (double positive) cells. 

*P<0.05, **P<0.01, ***P<0.001 Mann Whitney test. 

 

 

Supplementary figure 1. fNPCs proliferating as neurospheres. 

Representative immunofluorescence micrographs of fNPCs assembled in proliferating 

neurospheres at DIV 3 post dissection, labeled for early proliferation marker (nestin in 

red) and nuclei (DAPI in blue). Scale bars: 50 µm. 
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Abstract 

Neuronal progenitor cells (NPC) play an essential role in homeostasis of the central 

nervous system (CNS). Considering their ability to differentiate into specific lineages, 

their manipulation and control could have a major impact on future therapeutic 

approaches for those CNS injuries or degenerative diseases characterized by neuronal cell 

loss. In this work, we established an in vitro co-culture and tested the ability of foetal 

NPC (fNPC) to integrate among post-mitotic hippocampal neurons and contribute to the 

electrical activity of the resulting networks. We performed extracellular 

electrophysiological recordings of the activity of neuronal networks and compared the 

properties of the emerging spontaneous spiking in hippocampal, fNPC, and mixed 

circuitries ex vivo. We further employed patch-clamp intracellular recordings to examine 

single-cell excitability. Our results describe overall the capability of fNPC to mature 

when combined to hippocampal neurons, shaping the profile of network activity, a result 

suggestive of newly formed connectivity ex vivo. 
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Introduction 

During the last decade, neuronal replacement therapy (NBT) has come to the forefront of 

experimental research in neurodegenerative diseases. Alternative to those interventions 

aimed at slowing down cell loss or at a refined rehabilitation, NBT directly addresses 

neurodegeneration by replacing dead cells with healthy new ones in order to restore 

compromised brain functions. Such perspectives have become within our reach thanks to 

our progress in understanding the functional homeostasis (Grade and Götz, 2017) of the 

mammalian central nervous system (CNS), despite CNS’s inherent lack of tissue 

regeneration. Among the candidates for NBT, multipotent neural stem cells derived from 

embryonic tissue are the most promising. They are well known to differentiate into 

neuronal and glial cells, under the appropriate manipulations (Snyder et al., 1997), and 

their protective effects against the host’s dysfunctional neurons has been demonstrated in 

rodents (Ourednik et al., 2002). However, the mechanisms underlying the functional 

CNSimprovements by NBT have not yet been completely understood (Grade and Götz, 

2017). For this reason, we decided to focus on foetal neural progenitor cells (fNPC) as a 

reservoir of proliferating cells, and we defined a new in vitro experimental model. This 

consisted of a mixed population of fNPC and of cultured neurons dissociated from the rat 

hippocampus, reorganizing ex vivo into functional circuits. This coculture system was 

then coupled to the surface of an array of substrate-integrated microelectrodes (MEAs), 

which allowed us to monitor over time and non-invasively the simultaneous electrical 

activity of cells from up to 60 spatial locations. Our MEA coculture system revealed to 

be a powerful in vitro assay for the systematic dissection of cellular and circuits correlates 

of NBT. 

 

Material and methods  

Cultures preparation. Primary cultures of hippocampal cells were obtained from Wistar 

rats at postnatal days 2-3 (P2-3), as reported (Bosi et al., 2015). Foetal neural progenitor 

cells (fNPC) were instead isolated from (E15) embryos, as already described (Aurand et 

al., 2014). fNPC were next tagged by a reporter fluorescent protein (eGFP), upon 
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transduction with Lentiviral vectors and under the PGK promoter. All experimental 

conditions shared identical plating and culture conditions, with the culture medium 

containing Neurobasal A Medium, 2% B-27 Supplement, 1% GlutaMAX Supplement, 

and 0.05% gentamicin (50mg/mL). Mixed cultures were obtained by adding fNPC to 

hippocampal cultures (1:1 ratio) and then compared to cultures of fNPC or hippocampal 

cells. Cells were plated at a density of ⁓420 cells/mm2 on 0.01% poly-L-ornithine 

solution-coated glass coverslips (Orsatec GmbH, Bobingen, Germany) in a 144 mm2 

medium droplet, for single-cell intracellular electrophysiology. Cells were instead plated 

at a density of ⁓3000 cells/mm2 on the inner area of MicroElectrode Arrays (MEA) (Multi 

Channel System GmBH, Reutlingen, Germany). Prior to plating, each MEA was plasma-

cleaned (PDC-32G, Harrick Plasma, Ithaca, USA; 80s at medium power) and later coated 

with a 0.1% polyethylene-imine (03880, Sigma-Aldrich) solution, rinsed with sterile 

milliQ water. Cover slips and MEAs were incubated at 37 °C, 5% CO2 for 15-17 days in 

vitro (DIV), with MEAs sealed with polydimethylsiloxane (PDMS) caps (Sylgard 184, 

Dow Corning, Midland, USA) (Blau et al., 2009), preventing contamination and reducing 

osmotic drift. All chemicals and reagents were obtained from Thermo Fisher Scientific 

(Monza, Italy), or Sigma-Aldrich (Milan, Italy). 

 

Single-cell electrophysiology. Intracellular recordings were performed by patch-clamp in 

the whole-cell configuration, at room temperature (20-22 °C). Glass micropipette 

electrodes were fabricated on a horizontal puller (P-10, Sutter, Novato, USA) and had a 

resistance of 5-8 MΩ when filled with an intracellular solution, containing (in mM) 120 

K gluconate, 20 KCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2 Na2ATP, pH adjusted to 7.3. All 

recordings were performed under continuous perfusion (2 mL/min) of an extracellular 

solution containing (in mM) 150 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose, 

pH adjusted to 7.4. As fNPC were GFP-tagged, discriminating between progenitors and 

hippocampal cells in mixed cultures was possible by meansof epifluorescence 

videomicroscopy. Raw membrane potential traces were recorded in current-clamp (after 

bridge balance compensation) using a Multiclamp 700A Amplifier (Molecular Devices, 

US), sampled (10 kHz) and digitized with pClamp 10 (Molecular Devices), analyzed by 

Clampfit 10.3 (Molecular Devices), and stored on disk for further analysis. The liquid 

junction potential was left uncorrected (estimated as 13.7 mV at 22°C). The membrane 

passive electrical properties (i.e. the apparent input resistance and the capacitance) were 

estimated using pClamp, analyzing the cell electrical response to short pulse stimuli, 
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delivered in voltage clamp and holding the cells at -56 mV. Action potentials were evoked 

in current clamp upon delivering repeated brief depolarizing current steps (4 nA, 5 ms, 

15 times, 1 Hz), holding the cells at -70 mV by injection of a very small negative current.  

 

Network electrophysiology. Multisite extracellular recordings were carried out by MEAs, 

featuring an 8 x 8 regular layout of 60 substrate-integrated TiN microelectrodes (30 m 

diameter, 200 m inter-electrode distance). Individual MEAs were alternatively 

connected to a multichannel amplifier (MEA1060-Inv-BC, MultiChannel Systems). The 

raw voltage signals, detected simultaneously from each of the 60 microelectrodes of a 

MEA, were amplified (1000x), sampled (10 kHz), digitized (16 bits) with an A/D 

acquisition card (MCCard, MultiChannel Systems), and stored on disk by using MCRack 

(MultiChannel Systems). Recordings were performed, at 37 °C, in the presence of cell 

culture medium, and consisted first of a 1) 30 min session, initially monitoring the 

spontaneous activity; then of a 2) 30 min session, monitoring the activity in the presence 

of bicuculline (10 μM), a GABAA synaptic receptors blocker; and finally of a 3) 5 min 

session, validating the biological signal detection upon the presence of tetrodotoxin (1 

μM), a Na-ion channels blocker (Latoxan, Portes les valence, France). 

 

Immunofluorescence. Cells were fixed by exposing them to 4% formaldehyde (obtained 

from fresh paraformaldehyde) in PBS, for 20 min. Neurons were visualized by the rabbit 

anti- β-tubulin III primary antibody (Sigma T2200, 1:500 dilution) and Alexa 594 goat 

anti rabbit (Life technologies A11037, 1:500 dilution) as secondary antibody, while DAPI 

(Invitrogen, 1:500 dilution) was employed to visualize the cell nuclei. All antibodies were 

dissolved in a blocking solution, composed by 5% FBS and 3% TritonX. Images were 

digitally acquired on an inverted Nikon eclipse Ti2 confocal microscope, equipped with 

lasers (405, 488, 560 nm), using 10x/0.45λ or 20x/0.75λ objectives, while collecting 

sections every 0.5 µm. Collapsed stacks were later imported into ImageJ® software 

(National Institutes of Health—NIH, Bethesda, MD) and merged together with an image 

of the plane containing the MEA microelectrodes, acquired under transmitted light. 

 

Data analysis. Unless otherwise specified, samples subjected to the same experimental 

conditions were pooled together and their data expressed as mean, standard error of the 

mean, median values (i.e. upon testing for normality - D'Agostino & Pearson omnibus 

normality test), and cell numerosity. Statistically significant differences (at p < 0.05) 
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between data sets were assessed by Kruskal-Wallis test followed by Dunn’s multiple 

comparison test. Raw MEA data were analyzed offline using QSpike Tools (Mahmud et 

al., 2014) and statistical analysis performed using GraphPad Prism 6 (GraphPad 

Software, San Diego, USA), using unpaired Mann-Whitney and Kruskal-Wallis tests. 

Results  

To investigate the functional integration of fNPC into postnatal hippocampal circuitry 

and explore their impact, we developed and compared three culturing conditions: 

hippocampal cultures (n = 8), fNPC cultures (n = 8), and mixed ones, constituted by both 

hippocampal and fNPC (n = 8). All cultures were seeded and grown on substrate-

integrated microelectrode arrays (MEAs), bathed by the standard culture medium (see the 

Methods). Hippocampal cells and fNPC, visualized by eGFP (see the Methods), 

reorganized ex vivo into interconnected networks (Fig. 1A). As for the hippocampal 

cultures, mixed networks cultured on MEAs showed prominent spontaneous extracellular 

electrical activity at 14-15 days in vitro (DIVs). The activity was organized in bursts of 

action potentials (i.e. spikes), occurring synchronously (see below) in cells across the 

network and detected by distinct MEA microelectrodes (Fig. 1B and plots in Fig. 2 A-E). 

These bursts are known to emerge and terminate by means of an interplay between 

excitatory and inhibitory synaptic transmission, as well as intrinsic cell electrical 

properties (Giugliano et al., 2004). In fact, as we pharmacologically blocked the 

inhibitory GABAA receptors by bicuculline (10 M, 20 min; Fig. 1C and plots in Fig. B-

F), the network activity patterns became altered. When fNPC were cultured alone, they 

displayed rare or no spiking activity, even under pharmacological disinhibition (Fig. 1 B-

C and plots in Fig. 2 A-F).  

The number of microelectrodes detecting repeated extracellular action potentials was then 

taken, for each MEA, as a measure of synaptic and neuronal activity, across the network 

or locally (Fig. 2A). When quantified systematically, we observed a much higher number 

of active electrodes in mixed cultures (45.0 ± 4.69; median = 41.5; n = 8) and hippocampal 

control cultures (38.5 ± 2.83; median = 44.5; n = 8) than in fNPC control cultures (5.00 

± 1.95; median = 3.5; n = 8). Similarly, upon exposure to bicuculline (Fig. 2B), we still 

found that the number of active electrodes was higher in mixed cultures (46.6 ± 3.26; 

median = 45; n = 8) and hippocampal control cultures (40.9 ± 5.27; median = 43; n = 8) 

than in fNPC control cultures (5.63 ± 1.82; median = 4.5; n = 8).  Next, we investigated 

and quantified the frequency of occurrence of spontaneous action potentials (i.e. spikes) 
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for every culture (Fig. 2C). We observed that the spontaneous spike frequency differed, 

although not significantly, comparing hippocampal cultures (76.7 ± 22.6 Hz; median = 

48.3 Hz; n = 8) and mixed cultures (151 ± 32.2 Hz; median = 114 Hz; n = 8). Instead the 

difference was significant both with hippocampal cultures (p < 0.05) and mixed cultures 

(p < 0.001), compared to fNPC control cultures (2.66 ± 1.44 Hz; median = 0.724 Hz; n = 

8). A similar scenario was observed under bicuculline application too, so that the spike 

frequency in mixed cultures (190 ± 40.8 Hz; median = 164 Hz; n = 7) was higher, although 

not significantly, than in hippocampal cultures (144 ± 44.4 Hz; 99.1; n = 8), and both 

were significantly different (Fig. 2D) than fNPC control cultures (1.38 ± 0.565 Hz; 

median = 0.723 Hz; n = 8) (respectively, p < 0.01 and p < 0.001). 

Finally, the emergence of episodic synchronization of action potentials, a well-known 

correlate of synaptogenesis (Kamioka et al., 1996; Marom and Shahaf, 2002), was 

studied. This was achieved upon analysing the frequency of co-occurrence of burst of 

action potential, across the microelectrodes of the same MEA (Fig. 2E). Interestingly, 

fNPC control cultures never displayed bursting behaviour. Burst frequency was 

significantly higher (p < 0.5) in mixed cultures (0.547 ± 0.131 Hz; median = 0.484 Hz; n 

= 8) than hippocampal control cultures (0.163 ± 0.063 Hz; median = 0.113; n = 8). 

Repeating the same analysis, in the presence of bicuculline, revealed that the 

pharmacological disinhibition did not ignite any bursting in fNPC control cultures (Fig. 

2F), while induced a very similar degree of episodic synchronization in mixed cultures 

(0.615 ± 0.094 Hz; median = 0.640; n = 7) and hippocampal control cultures (0.410 ± 

0.109 Hz; median = 0.378; n = 8). 

In order to dissect within each culture groups network from single-cell contributions in 

generating basal activity, we asked whether passive or active electrical properties of 

single neuronal membranes significantly differed. We thus complemented the above 

analysis with single-cell intracellular electrical recordings, comparing GFP-tagged and 

GFP-negative neurons (see the Methods) across our experimental conditions. The values 

of input resistance (318.6 ± 22.6 MΩ; n = 65) were significantly higher in fNPC when 

cultured alone and compared to hippocampal neurons (207.2 ± 14.8 MΩ; n = 56), under 

control conditions. Instead, fNPC in mixed cultured displayed no differences (298.9 ± 

25.9 MΩ; n = 44) when compared to hippocampal neurons (235.2 ± 23.7 MΩ; n = 37) in 

the same cultures, however a slight increase in input resistance when compared to control 

was detected in all mixed neurons recorded (Fig. 3B). The cell capacitance in fNPC (65.1 

± 2.5 pF; n = 65) displayed significative differences when compared to hippocampal 
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neurons (109 ± 4.7 pF; n = 56) in control condition, and significant differences when 

compared to fNPC grown in mixed cultures (101.2 ± 5.4 pF; n = 45), as shown in Fig. 

3A. Finally, we probed the active membrane properties upon the injection of a current 

pulse waveform, while monitoring the membrane electrical potential. Representative 

traces in Fig. 3D show that all cell types responded with an action potential upon current 

injection. However, despite similar peak amplitudes (average 100.8 ± 1.8 mV), the rise 

time was significantly faster in fNPC (2.1 ± 0.1 ms; n = 63) than among all the other 

experimental conditions (Fig. 3C). Comparing these values to those obtained in more 

mature hippocampal neurons (2.8 ± 0.1 ms; n = 53), a significative different degree of 

maturation could be observed, comparing these values to fNPC in mixed cultures (2.6 ± 

0.1 ms; n = 44). 

 

Discussion  

The deep understanding of fNPC’s development will have an enormous impact on future 

therapeutic approaches (Silver and Miller, 2004; Widera et al., 2007). As we evaluated 

whether these cells could integrate among and communicate with post-mitotic 

hippocampal neurons, we established a novel in vitro co-culture system and 

electrophysiological assay. Our MEAs recordings suggests that the formation of 

functional hybrid networks differs from control cultures, in terms of their 

electrophysiological characteristics, resulting in qualitatively and quantitatively different 

emerging spontaneous episodic synchronization.  

Recordings in voltage clamp indicated a significant alteration of their membrane 

electrical passive properties, when fNPC grown in mixed cultures compared to control 

cultures. We specifically observed an increase in capacitance and a decrease of input 

resistance, implying overall a maturation through a significant increase in cell size and in 

the number of ion channels of the cell membranes. Current-clamp experiments further 

suggests cellular maturation, as fNPC’s excitability was examined in response to a 

depolarizing stimulus.  

 

Conclusions  

Overall our data show that, when growing together, fNPC and hippocampal neurons form 

electrically active hybrid networks, where single-cell and network electrophysiological 

correlates ex vivo differ significantly than fNPC control cultures. Despite obvious 

limitations of any in vitro study, our results convincingly suggest that fNPC develop into 



56 
 

a more mature electrical phenotype when co-cultured with hippocampal neurons. This 

appears to be the first step towards a complete experimental manipulation of the 

electrophysiological properties of fNPC, for the perspectives of integrating these cells 

into neuronal microcircuits in vivo. 
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Figures and Figures Legends 

 

Figure 1: Extracellular electrical recordings reveal heterogeneity of the 

electrophysiological phenotype, across cell culture conditions. (A) Representative 

pictures of mixed cultures obtained by phase contrast and confocal microscopy 

(respectively left and right top images, scale bar = 200 µm); bottom images display 
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increasing details of β tubulin III+ neurons in red, eGFP+ neurons in green and cells nuclei 

in blue surrounding electrodes (scale bars = 100 and 50 µm). Sample recordings of the 

raw extracellular electrical voltages, detected at single sites of three distinct MEAs 

representative of our experimental conditions, under control conditions and upon 

pharmacological disinhibition (B).  

 

 

Figure 2: Extracellular electrical recordings reveal heterogeneity of the 

electrophysiological phenotype, across cell culture conditions. (A-F) Population 

summary over all our MEAs experiments: under both control conditions and 

disinhibition, hippocampal control cultures and hippocampal + fNPC mixed cultures, but 

not fNPC control cultures, detected spiking activity from the largest majority of MEA 

microelectrodes (A,B), with high rate of occurrence (C,D) and synchronization (E,F). 

**P<0.01, ***P<0.001, Mann-Whitney U test. 
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Figure 3: Passive and active electrical cells’ properties reveal a distinct 

electrophysiological phenotype of fNPC in mixed cultures. Representative recordings 

of induced action potentials in all conditions after injection of 4 nA (B), controls on the 

top and mixed cells on the bottom. Relative calculated action potentials rise times are 

displayed by the boxplot in A. Membrane passive properties in terms of input resistance 

and cell capacitance are summarized by the boxplots C and D. Note the inset explaining 

the legend. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, Kruskal-Wallis. 
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5 APPENDIX 

5.1 Exploit early activity to evaluate integration rate 

In order to determine when fetal neural progenitor cells (fNPCs) characteristics initiate to 

change when growing in mixed hippocampal-fNPC cultures, we investigated a premature 

(rather than 14-17 DIV) time point of in vitro growth, namely 9-11 DIV. Hence, cell 

membrane passive properties and network activity has been studied after one week of 

growth in vitro.  

Materials and Methods 

For cell cultures preparation see methods at pag. 3324. Electrophysiological recordings 

were performed as described at pag. 33, except that in vitro growth time was evaluated 

between 9-11 DIV. 

Results and discussions 

At 9-11 DIV the electrophysiological characteristics of fNPCs were significantly different 

from hippocampal neurons ones, both in terms of passive membrane properties and 

spontaneous PSCs frequency. In fact, data obtained from fNPCs in mixed cultures 

(fNPCsmixed, n = 33) remained very similar to their control cells (fNPCs plated alone, n = 

25) in terms of cell capacitance (54 pF and 45 pF rispectively) and input resistance (688 

MΩ and 539 MΩ rispectively) as shown in Figure 8A. The same plot dispalys that also 

hippocampal neurons in mixed cultures (Hmixed, n = 30) almost retained the same 

phenotipe (78 pF and 359 MΩ) of their control cells (hippocampal neurons plated alone, 

73 pF and 271 MΩ, n = 50). However, regarding spontaneous activity it is already present 

a considerable increase in spontanoues PSCs frequency for fNPCsmixed (from 0.3 Hz in 

control condition to 1.3 Hz in mixed cultures) as depicted form representative green traces 

in Figure 8C (control conditions on the top and mixed cells on the bottom) and the boxplot 

in Figure 8B. Therefore, as fNPCs display a spontaneous PSCs frequency significative 

higher if compared to their control, this may indicate that the co-presence of post mitotic 

neuons in the plate has a non negligible effect on the formation of the new hybrid network. 

These results may indicate the formation of a new network that shows already, at early 

stages, different characteristics from the ones observed in mono-cultures, despite no 

changes in terms of single cells passive properties were evident. 
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Figure 8. Exploit early activity to evaluate integration rate 

On the bottom right, a sketch representative of the symbol legend identifying hippocampal neurons 

and fNPCs, when cultured alone or when co-cultured. A) The plot indicates cells membrane passive 

properties. B) The box plots summarizes the frequencies values in all tested conditions. C) 

Representative traces of spontaneous PSCs recorded from all conditions: monocultures on the top 

and mixed cultures on the bottom. Note the inset with different scale to highlight fNPCs activity. 

*P<0.05, **P<0.01, ****P<0.0001, Kruskal-Wallis. 

A B 

C 
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5.2 The impact of conditioned media on fNPCs development 

In the study of co-cultures, there are several factors that could have a fundamental role 

on fNPCs development. Among them we investigated in details: (1) growth time, 

expressed as weeks of in vitro growth (pag. 60), (2) the neuronal activity, refferred as  

action potentials generation, (3) the role of astrocytes as feeding and supporting cells, (4) 

the level of contact between co-cultured cells. Concerning the last point, when neurons 

are forced to grow in narrow contact, they may develop functional synapses which of 

course play a fundamental role on network evolution. However, similarly, they could 

release paracrine factors which may be ultimately relevant. Cells producing paracrine 

factors secrete them right into the immediate extracellular environment, traveling to 

nearby cells in which the gradient of factor received determines the outcome. Different 

experiments were designed to gain insights about the boost of fNPCs develompment in 

co-cultures considering the hippocampal neurons and astrocytes soluble components as 

major player. Since the exact distance that paracrine factors can travel is not certain, the 

use of cell culture medium conditioned by hippocampal neurons and astrocytes, appears 

to be an ideal manner to approach this issue. By definition, conditioned medium is spent 

media harvested from cultured cells. It contains metabolites, growth factors, and 

extracellular matrix proteins secreted into the medium by the previously cultured cells. 

Examples of each might include: metabolites such as glucose, amino acids, and 

nucleosides; growth factors such as interleukins, EGF (epidermal growth factor), and 

PDGF (platelet-derived growth factor); and matrix proteins such as collagen, fibronectin, 

and various proteoglycans. Numerous studies demonstrates the advantages of diverse 

conditioned media on fNPCs maturation (Moon et al., 2019)(Matsui and Mori, 2018). 

Methods 

Cultures of dissociated hippocampal neurons and fNPCs were prepared as already 

explained (pag. 60). Primary brain glial cultures were obtained as described at pag x. 

Culture medium from hippocampal neurons and from astrocytes samples was collected 

after one week of conditioning and administrate to newly plated fNPCs samples in 1:1 

ratio with fresh medium. fNPCs conditioned and non-conditioned samples were grown, 

at 37 °C, in a humidified atmosphere with 5% CO2 for 2 weeks and then tested by 

electrophysiological experiments performed as previously descrived (pag. 3360). 

Immunofluorescence experiments were perfomed as described above (pag. 33). 
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Results and discussions 

Electrophysiological data showed significative difference between fNPCs grown in 

hippocampal neurons conditioned medium if compared to their control. Membrane 

passive properties of treated cells (n = 73) displayed a decrease in input resistance values 

from 379 MΩ  to 222 MΩ if compared to fNPCs grown in control conditions (n = 94); 

this was associated with a parallel increase in cell capacitance values from 61 pF to 69 pF 

respectively. Also resting membrane potential value of conditioned cells (-58 mV) was 

significativly different if compared to control (-48 mV). These results seem to indicate 

the presence, in the conditioned medium, of soluble factors released by post mitotic 

neurons which largely impacted single cells development. Concerning spontaneous 

activity, it is present a considerable increase in sontaneous PSCs frequency from 0.2 Hz 

to 0.8 Hz (Figure 9). 

Taken together this data show a different development of fNPC grown in conditioned 

medium both in terms of single cell properties and network activity, depicting a precise 

phenotype similar to the one obtained from fNPCs directly co-cultured with hippocampal 

neurons (pag. 60). However, differently from fNPCs totally integrated in muxed cultures, 

in this case single cells and network values tend to reseamble more fNPCs characteristics 

found in control conditions, rather than hippocampal neurons ones. Such fNPCs 

improvement in the maturation rate suggests that enriched culture media contained 

biologically active components, released from previously cultured hippocampal neurons, 

that have a fundamental role in affecting certain cell functions. Trying to assess if the 

soluble component was majorly produced by neurons or astrocytes, we also incubated 

fNPCs with conditioned medium purerly obtained by astrocytes. In this case no 

electrophysiological experiments were performed because, as shown by the 

immunofluorescence data in Figure 10, the totality of plated cells converted into 

astrocytes within hours after the conditioning. Aware of serum well-known effect on 

stem-like cells, FBS-free conditioned medium from astrocytes cultures was administrate 

to fNPCs, but the same phenomenon was observed (data not showed).  
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Figure 10. The impact of astrocytes 

Representative immunofluorescent images of astrocytes-conditioned fNPCs cultures (β-tubulin 

III in red, GFAP in green, DAPI in blue; scale bar 50 µm) 24 hours (left) and 7 (right) days after 

plating. 

Figure 9. The impact of conditioned media 

The plots on the top compare membrane passive properties of fNPCs grown in control conditions 

and treated with the hippocampal neurons conditioned medium in terms of cell capacitance, input 

resistance and resting potential (histograms). Top on the right is shown a representative 

immunofluorescent picture of the treated culture (β-tubulin III in red, GFAP in cyan, DAPI in 

blue; scale bar 50 µm). The box plot on the bottom displays a significative increase in frequency 

for the treated cultures. Representative traces recorded from control (green) and conditioned 

fNPCs (blue) are shown. *P<0.05, ****P<0.0001, Mann Whitney test.  
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5.3 Pair pulse ratio 

The study of synapses has been a fundamental point in the whole study. Recording from 

mix pairs in mixed cultures allowed evaluation of several synapses parameters at many 

levels. For instance, synapses exhibit several forms of short-term plasticity that play 

several computational roles. Short-term depression suppresses neurotransmitter release 

for hundreds of milliseconds to tens of seconds; facilitation and post-tetanic potentiation 

lead to synaptic enhancement lasting hundreds of milliseconds to minutes (Fioravante and 

Regehr, 2011). Hence, short-term synaptic plasticity has been an additional parameter 

evaluated by performing paired pulse experiments. Paired pulse ratio (PPR) reflects the 

release probability of the presynaptic cell: if the presynaptic cell has high release 

probability, then the first pulse will deplete the available transmitter, and the second pulse 

will cause less transmitter to be release, leading to paired pulse depression a (PPD). If the 

presynaptic cell has a low release probability, then the first spike will cause a small 

postsynaptic response, but the build-up of calcium in the presynaptic terminal will lead 

to an increased release probability on the second spike and as a result, greater transmitter 

release and a greater postsynaptic response, and a paired pulse facilitation (PPF).  

Methods 

Cultures of dissociated hippocampal neurons and fNPCs were prepared as already 

explained (pag. 33). Electrophysiological recordings were performed as described at pag 

33, as well as the pair recording studies. To evaluate PPR, the stimulation protocol was 

set at 20 Hz firing frequency into the pre-synaptic neurons while post-synaptic currents 

were evaluated in terms of ampliude. 

Results and discussions 

Pair pulse facilitation (or depression) is a form of short-term synaptic plasticity studied 

by evoking two presynaptic spikes in close succession and by measuring the responses of 

the postsynaptic cell in terms of PPR which measures the postsynaptic response to the 

second presynaptic spike over the response to the first one. In this study, by investigating 

synpasis we found, as first result already discussed above (pag. 25), higher number of 

mono-synaptically connected neurons recalled in the histograms in Figure 11. In 

hippocampal neurons, among 16 paired neuorons, PPD was mainly observed (69% as 

indicated by the black symbol in the plot in Figure 11) with an average ratio value of 0.79 

± 0.05 (also indicated as 21% of depression after the first PSC). The remaining 31% of 
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PPF show 14% of facilitation, also summarized by the black symbol in the plot in Figure 

11. To reveal any specific link between the kind of synapsis and the relavite plasticity, 

further analysis was performed by classifing the τPSC in relation to the consequent short 

term plasticity. In hippocampal neurons, slow τPSC were involved in the same way in 

PPF and PPD (31% and 38% rispectively), while all fast τPSC were involved in 

phonomena of short term depression. Concerning fNPCs, as none fast τPSC was ever 

recorded in the study of synapses as already descrived above (pag. X), all recorded values 

for short term plasticity originated from slow τPSC in a majority of PPD (74%). In mixed 

cultures, the highest rate of PPF has been found (40%) and, as in the case of hippocampal 

neurons, slow τPSC were involved in the same way in PPF and PPD (40% and 45% 

rispectively). Average value of short term plasticity were 22% of depression and 17% 

facilitation (summarized by the empy green symbol in the plot in Figure 11). It was 

needed to investigate this feature due to the fact that our system is completely new, even 

if no significative difference were found between the three groups in this case. 

Figure 11. Pair pulse ratio 

Representative traces of evoked PPF and PPD on the right. The histograms on the top represent 

the percentage of the mono-synaptically connected neurons found in the three conditions. The 

plot on the bottom display the occurrence in percentage of PPF and PPD among the recorded 

paired neurons; on the Y axes the relative mean value of each ratio (symbol legend: black for 

hippocampal neurons, green for fNPCs and empty green for mixed pairs). 
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5.4 Dopaminergic neurons and fNPCs 

The idea to evaluate fNPCs’ capability to differentiate and integrate among post-natal 

cells was extended by using cultures obtained from different brain regions. Besides the 

hippocampus, also neurons derived from Substatia Nigra Compacta (SNc) and Ventral 

Tegmental Area (VTA) were studied as possible host cells as they offer unique features 

detectable as new variables in vitro. 

Methods 

Primary cultures of SNc and VTA neurons were obtained from neonatal rat pups (Wistar). 

Briefly, SNc-VTA area was dissected from midbrain slices and dissociated by following 

a threee steps enzimatic procedure: (1) coarse pieces of SNc-VTA region were first 

digested in presence of trypsin (Sigma-Aldrich T1005) and deoxyribonuclease (DNAse - 

Sigma-Aldrich D5025-150KU) for 5 minutes at 37°C; (2) coarse pieces of SNc-VTA 

region were then treated with trypsin inhibitor (Sigma-Aldrich T9003) for 10 minutes at 

4°C; (3) final mechanical dissociation was performed in presence of DNAse. Cells were 

then filtered (0.7 µm), centrifuged (100 g for 5 m) and resuspended in culture medium. 

Culture medium was composed of Neurobasal™-A Medium (Gibco™ 10888022), 2% B-

27™ Supplement (Gibco™ 17504044), 1% GlutaMAX™ Supplement (Gibco® 

35050061) and 0.05% gentamicin (50mg/mL) (Gibco® 15710-049). Samples were 

prepared by plating cells on poly-L-ornithine-coated (Sigma Aldrich P4957, 0.01% 

solution) round glass coverslips (12 mm Ø, 0.17 mm thickness) at a density of 330 

cells/mm2 and incubated at 37 °C, 5% CO2 for 15-17 DIV. 

fNPCs mono-cultures and mixed cultures were prepared as already described (pag. X) but 

by using higher cell density (330 cells/mm2) to help SNc-VTA neurons survive. 

Electrophysiological and immunofluorescence experiments were performed as already 

described (pag. 33) plus the application of anti-Tyrosine Hydroxylase (TH) antibody 

(Merk T2928, dilution 1:300) to reveal dopaminergic neurons. 

Results and discussions 

Using established protocols, we co-cultured proliferating fNPCs and cells from SNc-VTA 

regions in 1:1 ratio. After 15-17 DIV, immunofluorescence data were collected by 

identifying β-tubulin III-positive cells as neurons and TH-positive cells as dopaminergic 

ones (Figure 12). Cell density analysis showed significative higher number of neurons in 

mixed cultures (113.6 ± 10 cells/mm2) if compared with SNc-VTA cultures (58.3 ± 4 
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cells/mm2). This may be explained by considering that proliferation ability of fNPCs can 

be retained for 7 days after plating as confirmed by BrdU labeling experiments (data not 

showed). Immunofluorescence data analysis did not revealed a difference in the density 

of TH-positive neurons in the two conditions (histograms in Figure 12). In fact, samples 

from SNc-VTA cultures (n = 4 samples) showed almost the same neuronal density 

expressed as β-tubulin III- and TH-double positive cells (13 ± 3 cells/mm2) than mixed 

cultures (15 ± 2 cells/mm2). In these samples, also β-tubulin III- and eGFP-double 

positive cells have been analyzed, but none showed the dopaminergic phenotipe meaning 

that fNPCs did not express the capability to syntetize dopamine in these conditions.  

 

To investigate cells membrane passive properties and synaptic activity, we used whole-

cell patch-clamp technique. Neurons from SNc-VTA cultures and fNPCs plated on poly-

ornithine coated glass coverslips were compared in control conditions (grown alone) and 

in mixed cultures. fNPCs grown in mixed cultures (fNPCsmixed) displayed values of cell 

capacitance and input resistance (46.1 pF and 484 MΩ rispectively, n = 24; see plot in 

Figure 13) similar to their control (fNPCs) (51.4 pF and 483.1 MΩ respectively, n = 23). 

Surprisingly, neurons from SNC-VTA recorded in mixed cultures (SNc-VTAmixed) show 

a slight increase in terms of input resistance (458.7 MΩ, n = 23) if compared to their 

control ( 321.5 MΩ, n = 49) and a significative higher value of cell capacitance (59.8 pF) 

in relation to fNPCsmixed. Resting membrane potential values (Figure 13) confirm a 

considerable change in term of membrane passive properties for cells grown in mixed 

cultures if compared to their control. 

Figure 12. Dopaminergic neurons 

Representative immunofluorescence micrograph of SNc-VTA sample (left) and mixed culture 

(right) at two weeks in vitro: labeled for neurons (β-tubulin III in cyan), dopamine (TH in red) 

and eGFP expressing cells (only fNPCs). Histograms quantifying density of neurons and relative 

presence of TH-positive cells (dashed red). ****P<0.0001, Student T-test 
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To investigate fNPCs integration in the neural network, we monitored the occurrence of 

spontaneous postsynaptic currents (PSCs) as clear evidence of functional synapse 

formation and index of network efficacy. Spontaneous synaptic activity in our recording 

conditions was manifested by inward currents made up by a mixed population of 

inhibitory (GABAA-receptor mediated) and excitatory (glutamate AMPA-receptor 

mediated) PSCs, characterized by different kinetics properties (overlapped currents 

showed in Figure 14). 

The activity recorded from SNc-VTA neurons (n = 36) was represented by inward 

currents of variable amplitude (representative traces are shown in red in Figure 14) 

occurring at a frequency of 1.6 Hz (boxplot in Figure 14). fNPCs displayed a significant 

lower frequency (0.46 Hz) of sPSCs, compared to SNc-VTA neurons. On the other hand, 

no significant differences were detected in the average amplitude values of the recorded 

sPSCs between the two groups (34.8 pA evarage value, n = 48 ). To gain insights about 

the synaptic activity in the neural network, we performed offline differential analysis of 

sPSCs kinetic, in particular of their decay (Lovat et al., 2005). Based on their kinetic, we 

identified slow decaying PSCs (τ = 23.7 ± 1.5 ms) corresponding to GABAA-receptor 

mediated events from fast decaying (τ = 3.1 ± 0.3 ms) events usually corresponding to 

AMPA-receptor mediated currents. The frequency of both currents occurred with some 

differences in the two cultures types: SNC-VTA neurons displayed most of glutamatergic 

currents (~90%) while in fNPCs we find a majority of GABAergic ones (~84%). 

Figure 13. SNc-VTA neurons’ passive membrane properties 

Sketch representative of the symbol legend identifying SNC-VTA neurons (red) and fNPCs (in 

green), when cultured alone (filled circle) or when co-cultured (open circle). The plot summarizes 

the SNc-VTA neurons and fNPCs passive membrane properties. Histograms quantifying resting 

membrane potential values. ** P<0.001 Kruskal-Wallis test 
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Electrophysiological recordings in mixed cultures were performed on eGFP-positive 

(fNPCsmixed) and non-positive neurons. In this condition, both eGFP-non-positive cells (n 

= 20) and fNPCsmixed (n =20) showed a significative change in terms of sPSCs frequency 

that rise up to 2.6 and 2.3 Hz respectivly (Figure 14), in parallel with changes in 

occurrence of glutamatergic currents for fNPCsmixed that reach the 82% of the total sPSCs. 

Such a change may indicate, beside the integration and different maturation of fNPCsmixed 

among SNc-VTA neurons, the formation of a new neuronal network where both cell types 

interact in a synergic way. 

 

 

To better study the integration between fNPCs and SNc-VTA neurons in the mixed 

network we investigated the synapses by performing pair recordings. By using two 

different patch-clamp configurations we induced an action potential in the pre-synaptic 

neurons (hold in current clamp mode at -70 mV) and evaluated the response in the post-

synaptic one (hold in voltage clamp mode at -70 mV). The percentage of mono-

synaptically connected neurons found in fNPCs cultures (n = 8 pairs) was very high 

(⁓70%) if compared to SNc-VTA neurons ones (22%, n = 9 pairs); this is a characteristic 

retained in mixed cultures were the percentage of mono synaptically connected neurons 

was doubled if compared to SNc-VTA cultures (n = 32 mix pairs,  47%) as depicted by 

Figure 14. Spontaneous post synaptic activity in SNc-VTA cultures 

Representative traces of electrophysiological recordings for SNc-VTA neurons (in red) and 

fNPCs (in green) when cultured alone (top) and in mixed cultures (bottom). Boxplot summarizing 

median frequency value of recorded sPSCs in all condition (filled box for control conditions and 

empty box for mixed cultures). Representative overlapped traces of different current types 

distinguished by the decay time. 
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the plot in Figure 15. In all cases the post-synaptic response could be identified based on 

the decay time, as stated before (representative traces are showed in Figure 15 – slow 

τPSCs on the top and fast τPSCs on the bottom). fNPCs pairs displayed 100% of 

GABAergic synapses (τ = 30.1 ± 2.1 ms) while SNc-VTA pairs only 50% of founded 

synapses  were GABAergic with τ = 37.7 ms. Also in this aspect, mixed cultures revealed 

a completely different phenotype by presenting 80% of glutamatergic synapses (τ = 4 ± 

1.1 ms) in mix pairs. Percentage of mono-synaptically connected neurons and relative 

occurrence of slow τ responses is summarized in Figure 15 (plot top right).  

 

 

To have a deeper understanding about this phenomenon, we also performed specific 

immunostainings by labeling cells with anti-β-tubulin III and anti-GABA antibodies. We  

found a significative different phenotype among the two conditions (histograms in Figure 

15): in SNc-VTA samples (n = 8 samples), double β-tubulin III- and GABA-positive cells 

density is 24 ± 5 cells/mm2 and in mixed culture (n = 9 samples) the value is 45 ± 5 

Figure 15. Pair recordings in SNc-VTA cultures 

Representative traces of induced pre-synaptic action potentials (top) and evoked post-synaptic 

responses (bottom). Holding potential = -70 mV. Different colors identify SNc-VTA neurons 

(red) and fNPCs (green), when recorded alone or when recorded in mixed cultures. In SNc-VTA 

and mixed pairs, post-synaptic responses were represented by both slow and fast τPSCs (top and 

bottom respectively). Plot (top right) indicates the percentage of mono-synaptically connected 

couples found in the three condition and the relative percentage of slow τPSCs. Histograms 

(bottom right) quantify the % of double βtubIII (red) and GABA-positive (cyan internal pattern) 

neurons. Also, the % of triple positive βtubIII-GABA-eGFP neurons is highlighted in green in 

mixed cultures. **P<0.01, ****P<0.0001, Kruskal-Wallis. 
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cells/mm2. Also, the density of triple β-tubulin III-GABA-eGFP-positive cells in mixed 

culture is highlighted in green (20 ± 2 cells/mm2 on a total of 52 ± 4 cells/mm2 β-tubulin 

III-eGFP positive ones), indicating that the fNPCs changed the usual GABAergic 

phenotype described above (pag.25). To sum up, the hybrid network found in mixed 

cultures shows very different features if compared to its relative components grown in 

mono-cultures. In tems of single cells maturation, the mixed culture doesn’t represent an 

environment promoting membrane passive properties development while, looking at 

voltage-clamp recordings, we found significative difference in PCSs type and 

spontaneous frequency. At the level of the synapses, into the investigated ones higher 

presence of fast τPSCs is confirmed together with a higher (almost double) contacts 

formation. Despite an higher PCSs frequency, the aboundancy of fast τPSCs (not found 

in any of the controls) indicates a different network’s development. By immunolabeling, 

we detected a higher number of GABAergic neurons in mixed cultures if compared to 

SNc-VTA samples which is in contrast with the electrophysiological data. From previous 

studies it is known that fNPCs cultured alone display a very high level of GABA-positive 

cells, and this is reflected by the functional, electrophysiology, results (pag. 25). Collected 

data in this study suggest that fNPCs, when cultured with SNc-VTA are not entirely 

affected by SNc-VTA mature neurons and their influence on the emerging mixed network 

is not clear. Therefore, the hybrid network found in the mixed cultures deserve further 

investigation to understand how and where the new interactions create such changes and 

what is the role of such GABAergic neurons. 
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ABSTRACT 

Foxg1 is an ancient transcription factor gene orchestrating a number of neurodevelopmental 

processes taking place in the rostral brain. In this study we investigated its impact on activity of 

neocortical pyramids. We found that mice overexpressing Foxg1 in these neurons displayed an 

EEG with increased spike frequency and were more prone to KA-induced seizures. Consistently, 

primary cultures of neocortical neurons made gain-of-function for Foxg1 were hyperactive and 

hypersynchronized. That reflected an unbalanced expression of key genes encoding for ion 

channels, GABA and glutamate receptors. It was likely exacerbated by a pronounced interneuron 

depletion. We also detected a transient Foxg1 upregulation ignited by neuronal activity and 

mediated by immediate early genes. Based on this, we propose that even small changes of Foxg1 

levels may result in a profound impact on pyramids' activity, an issue relevant to neuronal 

physiology and neurological aberrancies associated to FOXG1 copy number variations. 

 

 

INTRODUCTION 

Foxg1 is a pleiotropic effector mastering a variety of neurodevelopmental subroutines occurring 

within the rostral brain. It specifies the telencephalic field (Hanashima et al. 2007), promotes 

subpallial programs (Manuel et al. 2010), and activates paleo- and neocortical morphogenesis 

(Muzio and Mallamaci 2005). Besides, Foxg1 stimulates neural precursors self renewal 

(Martynoga et al. 2005) and orchestrates temporal articulation of neocorticogenesis. Stable Foxg1 

silencing paves the way to Cajal-Retzius cells generation (Hanashima et al. 2004). A short-term 

decline of it followed by reactivation is instrumental to birth, radial migration, proper laminar 

commitment and architectural maturation of later born pyramidal neurons (Martynoga et al. 2005; 

Miyoshi and Fishell 2012; Toma et al. 2014; Chiola et al. 2018) FOXG1 upregulation occurring 

in ASD patient-specific neuro-organoids has been reported to underlie an increase of neocortical 

interneurons, due to aberrant hyper-proliferation of their progenitors (Mariani et al. 2015).  On 

the other side, ablation of one Foxg1 allele decreases the number of these cells, due to their 

defective migration from basal forebrain (Shen et al. 2018). Moreover, a reduction of Foxg1 levels 

also perturbs interneuronal maturation. It evokes neurite hypertrophy (Shen et al. 2018), it 

deregulates Gad2 (Patriarchi et al. 2016) and reduces their electrical activity (Zhu et al. 2019). In 

this respect, a dampened interneuronal function has been suggested to contribute to seizures 

occurring in patients with structural FOXG1 mutations (Mitter et al. 2018; Vegas et al. 2018). 

Finally, a reduction of Foxg1 levels in neopallia stem cells is required for their progression to 

glial lineages (Brancaccio et al. 2010; Falcone et al. 2019). 

We speculated that, in addition to its impact on dendritogenesis and laminar identity, persistent 

expression of Foxg1 in pyramidal neurons might further modulate their functional regime. We 

tested this hypothesis in vivo and in vitro. We found that Foxg1 upregulation in neocortical 
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pyramids increased their electrical activity and made Foxg1-GOF mice more prone to KA-

induced seizures. Unbalanced expression of key genes implicated in GABAergic and 

glutamatergic transmission likely underlay these phenomena, possibly exacerbated by a 

concomitant reduction of interneurons and astrocytes. We also found that, in turn, a transient 

Foxg1 upregulation was triggered by electrical activity. The resulting, "Foxg1/activity" reciprocal 

loop may make pyramidal neurons sensitive to even small changes of Foxg1 expression products. 

That may be relevant to normal control of neocortical functional regime. It may account for 

neurological aberrancies stemming from FOXG1 copy number variations (Florian et al. 2011; 

Seltzer et al. 2014). 

 

MATERIALS AND METHODS  

They include: Generation of lentiviral vectors, Mouse handling, Generation and selection of 

transgenic mouse lines, Histology, Brain immunofluorescence, EEG recordings, Behavioral 

observation of kainic acid-induced seizures, In situ hybridization, Cortico-cerebral cultures, Arc-

SARE evaluation of neuronal activity, Ca2+ imaging evaluation of neuronal activity, RNASeq, 

Quantitative RT‐PCR, Western blot analysis, Image acquisition, Statistical evaluation of results. 

For each of them, full details are provided in SUPPLEMENTARY INFORMATION. 

 

RESULTS  

Generation of transgenic mice overexpressing Foxg1 in deep layer neocortical projection 

neurons. To investigate etiopathogenic mechanisms linking exaggerated FOXG1 allele dosage 

to pronounced neuronal hyperactivity peculiar to West syndrome patients, we generated mice 

gain of function for Foxg1, by zygotic lentiviral transgenesis and TetON/OFF technology (Fig. 

S1A). Three single-transgene-insertion, CD1-congenic male founders, “C”, “D” and “E” were 

obtained. They were scored for transgene expression, in vitro and in vivo. Two of them (C and D) 

performed very poorly and were discarded, the third one (E) was selected and employed for this 

study. 

We investigated the Tre-Foxg1-IRES-Egfp spatial-temporal expression pattern in Foxg1tTA/+; 

Tg:Tre-Foxg1-IRES-Egfp+/- compound mutants (Hanashima et al. 2002), and we compared it 

with the distribution of the Foxg1 protein, normally detectable throughout telencephalon since 

E9.5. We found that the transgene was activated at E14.5, when a weak Egfp signal, restricted to 

the neocortical field, could be found. (Fig. S2A and S3A). A stronger signal, again limited to 

neocortex, was detectable at E16.5 (Fig. 1A, B and S2B). This pattern remained substantially 

unchanged at later developmental ages (Fig. 1C and S2C), until P7 (Fig. 1D, F and S2D) and 

beyond (not shown). Within neocortex, transgene products showed a dynamic radial distribution. 

At E14.5, a faint signal was detectable in a few cells located in the uppermost cortical plate (Fig. 
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S3A, arrowheads). At E16.5 a large fraction of cortical plate cells were intensely immunoreactive 

for Egfp, which also stained large bundles of presumptive cortico-fugal fibers running within the 

subplate and below it (Fig. 1B and S3B). A similar pattern was retained at P0 and P7, when - 

however - the cortical plate signal was prevalently limited to deeper layers (Fig. S3C, upper row, 

and S3D) and the Egfp-positive fibers were clustered just above the subventricular zone (Fig. 

S3C, upper row, and S3D, arrows) and further detectable while crossing the striatal field (Fig. 

S3C, lower row, arrows)]. Remarkably, at no developmental age subject of analysis transgene 

activity was detectable within periventricular proliferative layers, where the endogenous Foxg1 

was conversely active, albeit at low levels (Fig. 1B and S3A-C, asterisks). 

Next, we addressed the identity of neural cells expressing the transgene. We found that almost 

the totality of them were postmitotic neurons, co-expressing Egfp and two established pan-

neuronal markers, Tubb3 and NeuN, at E16.5 through P7 (Fig. 1C, D and S4). Based on obvious 

morphological criteria (a thin apical dendrite emerging from a radially oriented soma (Fig. 1C 

and S4, arrows)), these cells turned out to be pyramidal neurons. Comparison of their P7 radial 

distribution with DAPI staining as well as with the profiles of three established layer-specific 

markers, FoxP2 (layer VI), Ctip2 (layer V) and Cux1 (layers IV-II) (Molyneaux et al. 2007), 

suggested a presumptive layer VI/V identity (Fig. S5). To corroborate specific glutamatergic 

identity of these cells, we coimmunoprofiled P7 and P15 brains for Egfp and three GABAergic 

interneurons' markers, parvalbumin (PV), somatostatin (SST) and calretinin (CR) (Wamsley and 

Fishell 2017). As expected, no Egfp colocalization with such markers was detected at all (Fig. 

1E). Finally, we co-immunoprofiled transgenic P7 brains for Egfp and the astrocyte marker S100β 

(Raponi et al. 2007). Again, no colocalization was observed, confirming that transgene-

expressing cells were deep layer projection neurons (Fig. 1F). 

Neural hyperactivity-hyperexcitability of Foxg1-GOF mice 

To assess the impact of neuronal Foxg1 overexpression in neocortical projection neurons on brain 

activity, P41 Foxg1-GOF (Foxg1tTA/+;Tg:Tre-Foxg1-IRES-Egfp+/-) mice and wt controls were 

profiled by electroencephalography (EEG) in basal awake conditions. Electrical activity was 

monitored within the hippocampus. Albeit not expressing the transgene, in fact, this structure 

receives extensive neocortical afferences and reverberates them, so acting as a useful proxy of 

neocortical activity. A bipolar electrode was placed between Cornu Ammonis field 1 (CA1) and 

dentate gyrus (DG)/hilus regions (Fig. 2A). It was secured to the skull and electrical activity was 

monitored for three days, two hours per day. The EEG was inspected paying special attention to 

frequency and temporal distribution of spikes (Fig. 2B). Interestingly, both total spike frequency 

and interictal cluster frequency were increased by about 50% in Foxg1-GOF mutants as compared 

to controls (with n=4,4, and p<0.01 and p<0.02, respectively). Ictal cluster frequency was 
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increased >3 times, however this did not result statistically significant. Isolated spike frequency 

was unaffected. (Fig. 2C). Altogether, these data point to an appreciable increase of coordinated 

neuronal activity occurring in Foxg1-GOF mutants compared to controls. 

Next, to corroborate these findings, we challenged Foxg1-GOF mutants (as well as Foxg1-LOF 

and wild type mice, as controls) with a proconvulsant glutamatergic agonist, kainic acid (KA). 

We administered P35 animals with 20 mg of KA per kg of body weight, by intraperitoneal 

injection, and monitored their behaviour over the following two hours. We specifically paid 

attention to signs of altered brain activity, such as immobility, rigid posture, head bobbing, 

forelimb clonus with rearing and falling, etc. Every 10 min, a score was given, according to 

Racine's staging criteria (Racine 1972) (Fig. 3A). The majority of animals did not go above 

Racine stage (RS) 3, repetitive movements & head bobbing (5/14, 12/17 and 7/9, in case of GOF, 

WT and LOF, respectively), a subset of them reached RS4, limbic motor seizure (4/14, 4/17 and 

2/9, as for GOF, WT and LOF, respectively). Only a few got up to RS5, continuous rearing and 

falling, and more (5/14, 1/17 and 0/9 in case of GOF, WT and LOF, respectively) (p<0.073, χ-

square test) (Fig. 3B). Longitudinal analysis of data showed that, for each genotype, RS increased 

progressively from the onset of the experiment to about 1 hour later, then smoothly declining. 

The RS(t) curve of the GOF group was on average 1.3 units above WT controls (the corresponding 

GOF/WT gap was only 0.3). In particular, the distance between the GOF and the WT curves 

peaked at 90 and 100 min, reaching 1.7 and 1.9, respectively, with p<0.01 (ANOVA) in both 

cases (Fig. 3C). Altogether, these data point to a remarkable increase of neuronal excitability, 

occurring in GOF models compared to controls, and rule out that such effect may stem from 

dominant negative effects.  

Finally, upon completion of Racine tests, mice were sacrificed and their brains snap-frozen for 

subsequent analysis. Brains from animals of different genotypes, reaching different Racine's 

stages, were sliced and profiled by not radioactive in situ hybridization, for expression of the Fos 

immediate early gene. Within Foxg1-GOF brains, Fos was strongly activated throughout the 

hippocampus, including the dentate gyrus (DG), as well as in scattered neocortical cells. In case 

of wt brains, a strong Fos signal was present in CA3 and a weaker one in CA1 and DG. Finally, 

Fos activation in Foxg1-LOF brains was very weak, or not detectable at all (Fig. 3D). This 

scenario is consistent with behavioural data reported above and strengthens the hypothesis that a 

specific increase of neuronal excitability occurred in Foxg1-GOF mutants. 

Histogenetic aberrancies of Foxg1-GOF mice 

We hypothesized that the neurological profile of our mutants might first reflect gross histogenetic 

aberrancies, triggered by Foxg1 overexpression in neocortical projection neurons. 
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To test this hypothesis, first, we scored Foxg1-GOF, P0 and P7 neocortices for their lamination 

pattern. At P0 (Fig. 4A), the layer VI marker FoxP2 was slightly down-regulated, the layer V 

marker Ctip2 spread into deeper grey matter and Cux1, normally expressed by layers IV-II, was 

dramatically downregulated. A consistent scenario was detectable at P7 (Fig. S5). Closely 

packaged in VI layer of WT neocortex, FoxP2+ cells were loosely distributed through layers VI 

and V of GOF mutants. Ctip2+ cells partially spread into layer VI (arrows). Cux1+ layer IV-II 

was halved in its radial extension. All that points to defective segregation of layer V and layer VI 

neurons as well as to inhibition of layer IV-II programs. 

Next, we inspected the neocortex of P35 GOF mutants for spatial frequency of GABAergic 

interneurons, expressing parvalbumin (PV), somatostatin (SST) and calretinin (CR). We detected 

a generalized reduction of PV+ cells, (-42.57±3.27%, p<0.0005, n=3,6) particularly pronounced 

throughout layers VI-II and rostral neocortex. It did not reflect a dominant negative effect, as 

Foxg1-LOF mutants did not replicate it (Fig. 4B and Table S1). SST+ and CR+ interneurons 

were mainly unaffected, except a local decline of the former in white matter (-31.09±5.50%, 

p<0.020, n=3,3) and of the latter in medial neocortex (-61.25±14.42%, p<0.009, n=3,3) (Fig. S6 

and Table S1). 

Last, we scored Foxg1-GOF cortices for S100β+ astrocytes. At P0, the neocortical spatial 

frequency of these cells was reduced by 21.0±3.6% compared to wt controls (p<0.05). At the 

same age Foxg1-LOF mutants showed an opposite trend (+28.6±9.3%, compared to wt) and the 

difference between Foxg1-GOF and -LOF brains was statistically significant (p<0.03) (Fig. 4C 

and Table S2). At P7, Foxg1-GOF mutants still showed an reduction of S100β+ astrocytes (-

15.6±2.4%, p<0.07, n=3,6), specifically pronounced in lateral neocortex (-15.9±4.1%, p<0.03) as 

well as in layer I and II-IV (-26.4±2.6%, p<0.05, and -19.6±4.9%, p<0.05, respectively). As 

suggested by the different distribution of S100β+ cells in Foxg1-LOF neocortices, this 

phenomenon hardly reflected a dominant-negative effect (Fig. 4D and Table S2). Intriguingly, 

Fgf9, a key promoter of astroblast proliferation (Seuntjens et al. 2009), was robustly 

downregulated in Foxg1-GOF mice (Fig. S7), suggesting that the decreased astroglial density 

peculiar to these mutants might originate from a non-cell autonomous, neocortical astrogenic 

deficit. 

Hyperactivity of Foxg1-GOF neocortical cultures 

To test the hypothesis that Foxg1 overexpression increases neocortical activity, we generated 

Foxg1-GOF neocortical cultures by somatic lentiviral transgenesis and probed them by a 

genetically encoded, delayed activity-reporter (Kawashima et al. 2009). Specifically, DIV7 

cultures originating from E16.5 neocortical precursors, harboring (1) a TetON-controlled Foxg1 
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transgene, (2) a d2EGFP reporter under the control of the "Arc-SARE-enhancer/minimal 

promoter (ArcSAREp)" neuronal-activity-responsive element, and (3) a constitutively expressed 

PGKp-RFP normalizer, were employed. Upon pre-terminal TTX silencing, they were stimulated 

by Bdnf and finally profiled by cytofluorometry (Fig. 5A). Signal specificity was assessed by 

dedicated, BdnfOFF controls (not shown). Interestingly, the median d2EGFP/RFP fluorescence 

ratio, providing a cumulative index of neuronal activity over the previous 6 hours, was 

upregulated by 1.60±0.10 folds in Foxg1-GOF samples compared to controls (p<0.003) (Fig, 5B), 

suggesting that Foxg1 overexpression promoted neuronal activity. 

To strengthen these findings and get insight into cellular mechanisms underlying them, we re-

investigated the impact of Foxg1 on basal synaptic activity of neocortical cultures by fluorescence 

calcium imaging (Bosi et al. 2015; Rauti et al. 2016). Here, Foxg1 was dampened by RNAi, or, 

alternatively, upregulated by TetON transgenesis. In the latter case, transgene overexpression was 

pan-neural (sustained by the Pgk1 promoter), or restricted to astrocytes or to neurons (driven by 

Gfap- and Syn-promoters, respectively) (Fig. 6A). Fluorescence fluctuations were recorded and 

analysed by dedicated softwares. Three indices, representative of network activity, were 

calculated: (a) prevalence of spontaneously active neurons among total neurons; (b) occurrence 

of spontaneous Ca2 episodes in active cells by cumulative distribution of inter-event intervals 

(IEIs, i.e. inter-calcium transients intervals); (c) neuronal activity synchronization by measuring 

cross-correlation factor (CCF) (Fig. 6B-E). Results were as follows. 

We found that Foxg1 knock-down reduced the prevalence of spontaneously active neurons (49% 

vs 83%, with p<0.001 and n=4,4) (Fig. 6B, panel 3), as well as their CCF (0.14±0.001vs 

0.79±0.002, with p<0.001 and n=4,4) (Fig. 6B, panel 5). Moreover, Foxg1-LOF cultures were 

characterised by transient high frequency bursts of activity interspersed by prolonged silent 

periods (Fig. 6B, panel 2), resulting in a different cumulative distribution of IEIs (p < 0.01) (Fig. 

6B, panel 4). In a few words, knocking down Foxg1 caused a complex alteration in network 

dynamics, characterized by unevenly distributed calcium transients, restricted to less numerous, 

hypo-synchronized neurons. 

As expected, generalized Foxg1 overexpression conversely increased the prevalence of 

spontaneously active neurons (94% vs 18%, with p<0.01, n=3,3) (Fig. 6C, panel 3), as well as 

their CCF (0.90±0.04 vs 0.19±0.02, with n=3,1) (Fig. 6C, panel 5), while prevalently shortening 

their IEIs (p<0.01) (Fig. 6C, panel 4). That points to a strong functional impact of pan-neural 

Foxg1 upregulation on synaptic networks, boosting neuronal activity. 

Next, when Foxg1 overexpression was limited to astrocytes, neither the prevalence of active 

neurons (29% vs 30%, with n=5,4) nor their CCF (0.9±0.02 vs 0.8±0.02, with n=5,4) were 

affected (Fig. 6D, panels 3,5). Instead, IEIs were significantly increased (p<0.01) (Fig. 6D, panel 

4). This means that neuronal Foxg1 upregulation is necessary to enhance network activity. It 
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further suggests that Foxg1-GOF astrocytes may somehow dampen neuronal activity better than 

control astrocytes.  

Finally, restriction of Foxg1 overexpression to the neuronal lineage increased the prevalence of 

active neurons (98% vs 31%, with p<0.001 and n=12,12) (Fig. 6E, panel 3), and their CCF 

(0.98±0.01 vs 0.40±0.01, with p<0.001 and n=12,12) (Fig. 6E, panel 5), while shifting cumulative 

distribution of IEIs significantly to the left (p<0.001) (Fig. 6E, panel 4). This means that neuronal 

Foxg1 upregulation is not only necessary, but also sufficient to elicit a powerful stimulating effect 

on network activity. 

 

Misregulation of Foxg1-GOF, neocortical neuron transcriptome. 

To cast light on molecular mechanisms underlying overactivity of Foxg1-GOF neurons, we 

profiled the transcriptome of neuronal cultures originating from E16.5 neocortical precursors, 

transduced by a broadly expressed Foxg1 transgene and allowed to age up to DIV8 in the presence 

of AraC. Four Foxg1-GOF and four control cultures were profiled. >20M paired reads/sample 

were collected and aligned against the reference genome, raw read counts were normalized as 

FPKM values, and results were finally filtered according to standard procedures. 11,500 out of 

53,000 genes passed filtering. Among them, 7582 resulted to be differentially expressed in Foxg1-

GOF vs control cultures (with p<0.05 and FDR<0.05). 3876 were upregulated (1816 of them >2-

folds) and 3706 downregulated (1631 of them >2-folds). As positive controls, total Foxg1-mRNA 

was increased by 4.4-folds, Arc and Hes1, expected to robustly arise upon Foxg1 overexpression  

(see Fig. 7 and (Chiola et al. 2018)), were upregulated as well, by 6.6-folds (p<5.31*10-54, 

FDR<2.53*10-52) and 34.9-folds (p<1.12*10-136, FDR<2.93*10-134), respectively, Emx2 and Tbr1, 

normally dampened by Foxg1 (Muzio and Mallamaci 2005; Toma et al. 2014), were 

downregulated by -50.1% (p<1.26*10-03, FDR<3.57*10-03) and -14.5% (p<8.31*10-03, 

FDR<1.93*10-02), respectively (Table S3). 

To get hints about molecular mechanisms underlying abnormal activity of Foxg1-GOF neurons, 

we focused our attention on specific sets of differentially expressed genes, linked to intracellular 

signal integration and synaptic transmission. Among them, genes encoding for: (1) plasma 

membrane, voltage-dependent Na+, K+ and Ca2+ channels, including those belonging to Scn, Kcn 

and Cacn families (Catterall 2005; Johnston et al. 2010; Zamponi et al. 2010; Shah and Aizenman 

2014), as well as pumps and channels mediating Ca2+ fluxes among cytoplasm, ER, mitochondria 

and extracellular spaces, i.e. PMCAs, NCXs, NCKXs, SERCAs, MCU-, SOCE-, CICR- and 

IICR-effectors (Kwon et al. 2016; Raffaello et al. 2016); (2) glutamatergic and GABAergic 

receptors (Grm, Gria, Grik, Grin, Gabr) (Traynelis et al. 2010; Jembrek and Vlainic 2015; Crupi 

et al. 2019); (3) neuromodulator receptors (Chrm, Chrn, Adr, Htr, Drd, P2rx, P2ry) (Gu 2002); 

and (4) selected structural components of synapses (Monteiro and Feng 2017). Results were 



81 
 

highly articulated and included a large subset of expression level variations likely contributing to 

enhanced neuronal activity and synchronization (Table S3). 

We found a widespread upregulation of Scn genes. Scn1a, mainly restricted to PV+ interneurons 

and required for their inhibitory activity (Sun et al. 2016), was conversely decreased by about 4-

folds. Quantification of Kcn genes did not show any simple shared trend. Kcc2, promoting the 

transition from GABA-driven depolarization to hyperpolarization (Clayton et al. 1998; Rivera et 

al. 1999), was upregulated >3-folds. Members of Cacna1, Cacnb and Cacng subfamilies were 

prevalently increased and the Cacna2d2/Cacna2d1 ratio was specifically upregulated by about 

28-folds, all pointing to a possible increase of Cacn-dependent Ca2+ currents (Dolphin 2016). A 

complex expression pattern was also displayed by other gene sets mastering Ca2+ exchanges 

among cytoplasm and other cell compartments. Implicated in Ca2+ extrusion to cell exterior, 

PMCA-encoding Atp2b2-4 and NCX-encoding Slc8a1-3 were upregulated, NCKX-encoding 

Slc24a2,4 down-regulated. SOCE effector-encoding genes Stim1 and Orai2, promoting Ca2+ 

influx from cell exterior, were upregulated. Involved in release of ER Ca2+, CICR- and IICR 

machinery genes Ryr1,2 and Itpr1,3, were down- and up-regulated, respectively. SERCA-

encoding Atp2a2, implicated in ER Ca2+ uptake, was downregulated. Finally, three repressors of 

the MCU machinery, mediating mitochondial Ca2+ uptake, Mcub, Micu2 and Micu3, were 

downregulated, and its stimulator Slc25a23 was upregulated, altogether prefiguring an increased 

activity of this machinery. 

Next, genes encoding for ionotropic glutamatergic receptors showed a pattern definitively 

consistent with increased neocortical activity. Grik1, restricted to interneurons (Paternain et al. 

2003), was downregulated, Grik3, active in pyramids and encoding for the principal GluK3 

subunit (Wisden and Seeburg 1993), was upregulated, Grik4 and Grik5, both essential for the 

normal ionotropic function (Fernandes et al. 2009), were increased as well. As for Gria family, 

both Gria2, decreasing Ca2+ permeability of AMPA receptors, (Sanchez et al. 2001) and Gria4, 

needed to prevent epileptic seizures (Beyer et al. 2008), were downregulated. Finally, concerning 

Grin genes, in addition to Grin1 decline, Grin2c/Grin2a and Grin2d/Grin2a ratios were 

dramatically upregulated, pointing to likely prolonged opening times of NMDA receptors 

(Paoletti et al. 2013). Grin3, normally limiting Ca2+ permeability of these receptors (Wada et al. 

2006), was downregulated. Moreover, a collapse of key genes implicated in GABAergic 

conduction and GABA-mediated homeostasis, Gad1, Gad2, Gabra1, Bdnf (Fig. S8 and (Hong et 

al. 2008)), was also detected.  

Dynamics of neuromodulator receptor genes (Gu 2002) was very complex. It included alterations 

with a potential pro-excitatory (Chrnb4, Adra1b, Htr3a, Htr6 and P2rx4 upregulation, as well as 

Grm2 and Grm8 decline) or pro-inhibitory outcome (Adra1a and P2rx2 downregulation as well 

as Grm4 and Drd2 upregulation). Similar considerations apply to modulation of structural 
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synaptic genes, some upregulated (e.g., Homer2, Nrxn2,3 and Shank1,2), some decreased (e.g. 

Homer1, Nlgn1). Finally, a misregulation of layer-specific genes was also evident (Table S4). It 

included a widespread downregulation of layer 2-4, layer 6 and subplate markers and an 

upregulation of layer 5 ones, consistent with the laminar phenotype displayed by Foxg1-GOF 

mice (Fig. 4A and S5). 

To strengthen these results, we evaluated mRNA levels of a subset of differentially expressed 

genes, in sister preparations of Foxg1-GOF cultures employed for Ca2+ imaging assays, by 

qRTPCR. To note, here we restricted Foxg1 overexpression to neurons, under the control of pSyn 

promoter. Moreover, we omitted AraC, so allowing neurons to mature in more biologically 

plausible conditions, i.e. in the presence of a large astrocyte complement. Interestingly, qRTPCR 

analysis of these samples reproduced the variation pattern previously detected in RNASeq assays 

(Scn11a, Grik3, Grik4 and Grin2c upregulated, Scn1a, Grin2a, Gabra1, Gad1, Gad2 and Bdnf 

downregulated, Fig. 7), corroborating the scenario emerging from these assays. 

Interneuron depletion 

We further wondered if, similarly to our Foxg1-GOF mouse models, a misregulation of the 

GABAergic-to-glutamatergic neuron ratio could occur in Foxg1-GOF primary preparations, 

contributing to their abnormal behavior. For this purpose, we set up cultures of E16.5 neocortical 

precursors originating from Gad1EGFP/+ donors (Tamamaki et al. 2003), expressing EGFP in all 

GABAergic neurons, we engineered and processed them similarly to Fig. 6 assays, and we 

evaluated the resulting EGFP+NeuN+/NeuN+ cell ratio at DIV8 (Fig. 8 and S9). We found that 

generalized and neuron-restricted Foxg1 overexpression, driven by Pgk1 and Syn promoters, 

respectively, decreased this ratio from 16.8±0.6% to 10.5±1.1% (p<0.001, n=4,4) as well as from 

10.6±0.4% to 4.0±0.7% (p<0.0001, n=4,4), respectively (Fig. 8B, graphs 2 and 4 from left). 

Astrocyte-confined Foxg1 overexpression, under the control of the Gfap-promoter was 

ineffective (Fig. 8B, graph 3). Knock-down of endogenous Foxg1 reduced this ratio only to a 

very limited extent, from 13.8±0.4% to 12.7±0.4% (p<0.04, n=4,4) (Fig. 8B, graph 1). In other 

words, a pronounced interneuron depletion takes place upon neuronal Foxg1 upregulation, likely 

contributing to network hyperactivity evoked by manipulation. 

Activity-dependent Foxg1 upregulation in neocortical neurons and its molecular control. 

A reciprocal positive feedback between two network nodes may robustly enhance the output of 

either node, following an even moderate increase of (a) exogenous inputs feeding them or (b) 

internode connection weights. In this way, an even subtle alteration of these parameters may result 

in dramatic changes of the network state. In this respect, we wondered if, able to promote neuronal 

activity, Foxg1 would be in turn stimulated by such activity. 
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To address this issue, we transferred DIV6.5 neural cultures originating from E16.5 neocortical 

tissue under 25 mM extracellular K+, namely a robust depolarizing treatment (He et al. 2011) and 

monitored temporal progression of Foxg1-mRNA and -protein (Fig. 9A). Both gene products 

underwent a substantial, transient upregulation. The former arose as early as at 1 hour, peaked up 

at 3 hours (about 2.75-folds) and later declined, getting back to baseline values by 18-24 hours. 

(Fig. 9C). The latter showed an appreciable increase already at 6 hours, peaked up at around 12 

hours (about 1.75-folds) and later declined, rebounding to halved levels at about 24 hours (Fig. 

9D). Interestingly such positive correlation between Foxg1 expression and neuronal activity was 

mainly restricted to hyperactive cultures, as neuron silencing by TTX down-regulated Foxg1-

mRNA only to a limited extent (Fig. 9B). 

Looking for mechanisms underlying activity-dependent Foxg1 regulation, we noticed that the 

Foxg1 transcription unit and its surroundings are rich in binding sites for immediate early gene-

encoded transcription factors (ieg-TFs), validated by Chromatin-Immuno-Precipitation (ChIP) in 

non-neural cell lines or predicted in silico by Jaspar software (Mathelier et al. 2014) (Fig. 10A). 

Therefore, we hypothesized that these TFs, including pCreb1, nuclear-RelAp65, Fos, Egr1, Egr2 

and Cebpb, might be instrumental in such regulation. 

To test this prediction, first we checked if temporal progression of these TFs would be 

etiologically compatible with Foxg1-mRNA fluctuations, in primary neocortical cultures 

challenged by high potassium. Two of these effectors, pCreb1 and nuclear-Relp65, normally 

tuned by fast post-translational mechanisms (Flavell and Greenberg 2008; de la Torre-Ubieta and 

Bonni 2011; Sun et al. 2016), peaked up as early as at 20 min and remained above the baseline at 

least up to 90 min (Fig. 10C,E). Consistently, the d2EGFP-mRNA products of the pCreb1- and 

NFkB-activity reporters cAMP.RE3-p(min)-d2EGFP and NFkB.BS4-p(min)-d2EGFP, pre-

delivered to neural cells by lentiviral transgenesis (Fig. 10B) displayed also an early-onset, 

transient upregulation (Fig. 10D, F). Conversely, Fos-, Egr1-, Egr2- and Cebpb-mRNAs, largely 

modulated by transcription-dependent mechanisms (Calella et al. 2007; Flavell and Greenberg 

2008), peaked up at 1 hour and then declined (Fig. 10G). In synthesis, activity-dependent 

elevation of all six effectors preceded Foxg1-mRNA arousal. As such, the former could be 

instrumental in achieving the latter. 

To corroborate this inference, we systematically knocked-down all six ieg-TFs, by delivering the 

corresponding dominant-negative (DN) effectors (Table S5) (Schwarz et al. 1996; Van Antwerp 

et al. 1996; Olive et al. 1997; Ahn et al. 1998; Park et al. 1999; Mayer et al. 2008) to primary 

neuronal cultures. We evaluated the impact of these manipulations, in basal conditions as well as 

upon culture exposure to 25 mM K+ for 3 hours. In particular, Egr1 and Egr2 were functionally 

co-silenced with a unique DN construct, CREB-DN expression had to be set to very low levels to 
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prevent neuronal damage (Fig. 11A). Most of the DN-devices employed down-regulated Foxg1-

mRNA by about 15-40%, both in baseline conditions and in the presence of 25 mM K+. NFkB-

DN was specifically ineffective under high K+. CREB-DN conversely reduced Foxg1-mRNA by 

about 50% and 90%, in baseline condition and under high K+, respectively. (Fig. 11B, 1st and 

3rd graph). Altogether, these results suggest that all six ieg-TFs under analysis contribute to 

sustain neuronal Foxg1 transcription, synergically and to various extents, in resting conditions as 

well as following intense electrical activity. In particular, they point to pCreb1 as a key player in 

this context. 

Finally, inspired by the presence of a number of known Foxg1-binding sites within the Foxg1 

locus (Fig. 10A and data not shown), we further speculated that late decrease of Foxg1 gene 

products upon prolonged K+ stimulation (Fig. 9C, D) did not simply reflect the delayed decline 

of its transactivators, but it could be enhanced by Foxg1 self-inhibition. As expected, the delivery 

of a neuron restricted Foxg1 transgene (Fig. 11A) downregulated endogenous Foxg1 by >80%, 

both in baseline conditions and under high K+ (Fig. 11B, 2nd and 4th graphs). Consistently, the 

same transgene robustly shifted the Foxg1(t) expression curve downwards in aging neocortical 

cultures (Fig. S10A, B). 

Hyperactivation of iegs in K+-stimulated, Foxg1-GOF neocortical cultures 

We have shown that a reciprocal positive feedback may take place between Foxg1 overexpression 

and neocortical activity. This feedback might robustly influence neocortical activity regime, 

strengthening the electro-clinical phenotype of Foxg1-GOF mice and exacerbating EEG 

abnormalities of human patients with a supranumerary FOXG1 allele. To get an insight into these 

phenomena, we investigated the impact of increased Foxg1 expression on K+-stimulated 

neocortical cultures. To this aim, Foxg1 was upregulated by gentle RNAa (Fig. 12A), eliciting a 

1.5x - 2.0x expression gain, presumably close to that caused by FOXG1 duplications, and 

complying with activity-dependent gene tuning (Fimiani et al. 2016). Then, neural cultures were 

profiled for activity and expression of selected iegs (Fig. 12A), as proxies of ongoing neuronal 

activity (Flavell and Greenberg 2008) and - meanwhile - promoters of it (Jones et al. 2001; Lopez 

de Armentia et al. 2007; Jancic et al. 2009; Viosca et al. 2009; Gruart et al. 2012; Penke et al. 

2013; Koldamova et al. 2014). 

Interestingly, following K+ stimulation, the d2EGFP-mRNA product of the pCreb1-activity 

reporter was rapidly upregulated in Foxg1-GOF samples compared to controls (ctrt=0-normalized 

levels at 1 hour were 1.74±0.11 vs 1.36±0.13, respectively, with p<0.032) (Fig. 12B, left graph). 

The corresponding NFkB-activity reporter, upregulated at 50 min in both Foxg1-GOF samples 

and controls (1.15±0.03 and 1.19±0.12, respectively, with p=0.296), retained its overexpression 
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at 2 hours in the former, while declining in the latter (1.22±0.14 vs 0.94±0.08, with p<0.003) (Fig. 

12B, right graph). 

A consistent scenario emerged from quantitation of endogenous Fos, Egr1 and Cebpb-mRNAs. 

Peaking at 1 hour in Foxg1-GOF samples like in controls, both Fos- and Egr1-mRNAs showed a 

delayed rebound towards baseline in Foxg1-GOF samples compared to controls (ctrt=0-

normalized levels at 2 hours were 62.3±2.68 vs 48.87±3.91, with p<0.015, and 24.88±4.40 vs 

16.65±1.78, with p<0.049, respectively) (Fig. 12C). Cebpb-mRNA was conversely upregulated 

in Foxg1-GOF samples for at least 6 hours after high K+ exposure (for example, ctrt=0-

normalized levels at 2 hours were 4.96±0.39 and 3.64±0.24, in GOF and ctr samples, respectively, 

with p<0.016) (Fig. 12C). 

DISCUSSION 

To cast light on the impact of Foxg1 on neocortical neuronal activity, we took advantage of a 

novel transgenic mouse model, overexpressing this gene within deep neocortical pyramids 

(Fig.1). These animals showed an abnormal EEG (Fig. 2) and resulted more prone to KA-evoked 

limbic motor seizures (Fig. 3). Among phenomena possibly accounting for these symptoms, we 

detected a prominent interneurons reduction throughout their grey matter, as well as an astroglial 

deficit mainly confined to lateral superficial neocortex (Fig. 4). An involvement of hyperactive 

neocortical neurons was also predicted. As expected, we found that lentivirus driven Foxg1 

overexpression in dissociated neocortical neurons increased their discharge frequency and 

synchronization (Fig. 5,6). Looking for underlying molecular mechanisms, we profiled the 

transcriptome of these cells. Results of this analysis included an  upregulation of large Scn and 

Cacn gene sets, encoding for Na+ and Ca2+ channels, complex anomalies in other key genes 

governing Ca2+ fluxes, aberrancies in Grin, Gria and Grik, NMDA-, AMPA- and KA-receptor 

genes, as well as a collapse of the GABAergic axis, including Gad1, Gad2, Gabra1 and Bdnf 

(Fig. 7 and Table S3). Finally, we scored the impact of neuronal hyperactivity on Foxg1 

expression. We found a transient upregulation of this gene (Fig. 9), mediated by the products of 

immediate-early genes (Fig. 10,11), pointing to a positive feedback between Foxg1 and neuronal 

activity (Fig. 12). 

Originally conceived to achieve pan-telencephalic Foxg1 overexpression, the transgene employed 

in in vivo assays resulted to be unexpectedly confined to post-mitotic, deep neocortical pyramids. 

That offered us the serendipitous opportunity to explore the role exerted by our gene of interest 

in these cells in living mice. As the hippocampus of these animals did not express the transgene, 

its spontaneous electroclinical signs and KA-evoked hyperactivity were hardly autochthonous. 
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Rather, they likely reflected abnormal neocortical inputs to this structure, which could be so 

exploited as a proxy of the neocortical phenotype. 

In this respect, two major histological abnormalities characterizing the neocortex of Foxg1-GOF 

mutants, a widespread decrease of interneurons and a more localized astroglial deficit (Fig. 4B-

D), might contribute to cortex hyperactivity. To notice, both phenomena originated non cell-

autonomously, as neither interneurons nor astrocytes expressed the transgene (Fig. 1E, F), and a 

prominent reduction of GABAergic interneuron prevalence also occurred in Foxg1-GOF cultures 

(Fig. 8 and S8). As expected, an increase of neocortical projection neurons activity was detectable 

in vitro, upon Foxg1 overexpression in dissociated cultures. This increase was primarily inferred 

by an activity-responsive transgene reporter (Kawashima et al. 2009) (Fig. 5) and then confirmed 

by optical profiling of Ca2+ indicators (Fig. 6). Remarkably, a positive correlation between Foxg1 

expression levels and neuron network synchronization emerged following generalized, both GOF 

and LOF Foxg1 manipulations. Furthermore, neuronal hyperactivity was still prominent when 

Foxg1 overexpression was restricted to neurons, pointing to mechanisms mostly taking place in 

these cells. 

Moreover, RNA profiling of Foxg1-GOF cultures highlighted pronounced alterations of different 

specific gene sets, likely contributing to it (Fig. 7 and Table S3).  General dynamics of Scn and 

Cacn genes, and changes in NCKX, SOCE, IICR and SERCA genes prefigure neuron 

hyperexcitability. Misregulation of MCU genes, likely enhancing mitochondrial Ca2+ uptake, 

might stimulate respiration and sustain enduring electrical activity (Sanganahalli et al. 2013).  

Unbalanced expression of Gria, Grik and Grin genes might result into strengthened glutamatergic 

conduction. Last but not least, the collapse of Gad and Scn1a genes (largely exceeding the 

shrinkage of the interneuronal complement) as well as the decline of Gabra1 and Bdnf might 

jeopardize GABAergic control of neocortical circuits. An ad hoc work will be required to test 

these predictions. 

Remarkably, we also found that Foxg1-mRNA was transiently upregulated under high [K+]O and 

slightly downregulated upon TTX administration, suggesting that its levels are physiologically 

sensitive to changes of electric activity (Fig. 9C). An upregulation of Foxg1 protein followed the 

mRNA peak, corroborating its potential relevance (Fig. 9D). Intriguingly, bioinformatic 

inspection of the Foxg1 locus revealed a number of binding sites for immediate early factors. As 

expected, (Calella et al. 2007; Flavell and Greenberg 2008; Snow and Albensi 2016), some of 

them (or their mRNAs) showed a pronounced upregulation, which preceded the Foxg1-mRNA 

maximum at three hours. Specifically, pCreb1 and nuclear-Nfkb peaked at 20 min, Fos-, Egr1-, 

Egr2- and Cebpb-mRNAs at about 1 hour (Fig. 10). Their functional knock-down, by dominant 

negative devices, generally reduced Foxg1-mRNA both in basal conditions and under high [K+]O 
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(Fig. 11). All that points to an involvement of these effectors in mediating the impact of electric 

activity on Foxg1 levels. Last, the introduction of an exogenous Foxg1 transgene dampened the 

expression of its endogenous counterpart, suggesting that an autologous negative feedback may 

restrict activity dependent Foxg1 arousal (Fig. 11). 

In summary, Foxg1 expression promotes neocortical electrical activity which, in turn, may 

stimulate Foxg1 expression. This feedback suggests a crucial Foxg1 role in fine tuning of 

neocortical excitability. In this respect, progressive post-natal decline of Foxg1 levels (Fig. S10) 

might contribute to reduced excitability of more aged brains, mis-regulation of Foxg1-mRNA in 

patients with Foxg1 copy number variations might deeply affect neuronal activity, resulting in 

their Rett-like- and West-like EEG aberrancies (Florian et al. 2011; Seltzer et al. 2014). 

Consistently, gentle stimulation of Foxg1 by saRNAs led to a complex upward distortion of 

fluctuations of pCreb1- and Nfkb-activity, as well as of Fos-, Egr1- and Cebp-mRNAs, evoked 

by high [K+]O (Fig. 12). Non mere indices of neuronal hyperactivity, upregulation of pCreb1, 

Egr1 and Fos may promote neuronal hyper-activity and -excitability (Jones et al. 2001; Lopez de 

Armentia et al. 2007; Jancic et al. 2009; Viosca et al. 2009; Zhou et al. 2009; Yassin et al. 2010; 

Descalzi et al. 2012; Gruart et al. 2012; Penke et al. 2013; Koldamova et al. 2014; Ryan et al. 

2015). Functional relevance of these phenomena to Foxg1-associated phenotypes will be subject 

of a dedicated follow-up study. 
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LEGENDS TO MAIN FIGURES  

Figure 1. Expression pattern of the Foxg1-promoter-tTA-driven, Foxg1-IRES-EGFP 

transgene. (A, B) Restriction of transgene products to the cortical plate of the E16.5 neocortical 

primordium. In (B), a high-power magnification of the a' boxed region of (A) is shown. The 

asterisk highlights the vz Foxg1 expression domain. (C, D) Confinement of transgene products 

to Tubb3+ and NeuN+ pyramidal neurons within deep layers of neonatal grey matter. In both 

rows, high power magnifications in columns 2-4 correspond to boxed insets in column 1 (c' and 

d', respectively). Arrows in (C, 3rd panel) point to Tubb3+ apical dendrites, connecting neuronal 

somata to the marginal edge of the cortical wall. (E, F) Absence of transgene products in 

neocortical parvalbumin+ (PV+), somatostatin+ (SST+) and calretinin+ (CR+) interneurons as 

well as in neocortical S100β+ astrocytes. In (E), high-power pictures refer to dark grey areas 

within the associated silhouettes, and solid and empty arrowheads point to EGFP+ and 

interneuron marker+ cells, respectively. In (F), high power magnifications in columns 2-4 

correspond to the boxed region in column 1 (f'). Abbreviations: mz, marginal zone; cp, cortical 

plate; sp, subplate; svz, subventricular zone; vz, ventricular zone; Foxg1EGFP, TREt-Foxg1-

IRES-EGFP transgene-driven EGFP. 

Figure 2. EEG recordings of P41 Foxg1-GOF (Foxg1tTA/+;Tg:Tre-Foxg1-IRES-Egfp+/-) 

and wt (Foxg1+/+;Tg:TREt-Foxg1-IRES-Egfp-/-) mice. (A) Schematics of bipolar electrodes 

placement into the hippocampal field. (B) Definition of spikes (as voltage fluctuations exceding 
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4 standard deviations); classification of spikes (as isolated or clustered, if 1 or ≥2 within 0.5 sec, 

respectively) and spike clusters (as interictal and ictal, if lasting <4 sec and ≥4 sec, respectively) 

(C) Graphical summary of control-normalized, (1) total spike frequency, (2) isolated spike 

frequency, (3) interictal spike cluster frequency and (4) ictal spike cluster frequency, in Foxg1-

GOF and control mice. Absolute, control average values were 500, 150, 95 and 0.25 events/10 

min, respectively. Electrical activity monitored over three days, two hours per day, in awake 

conditions. n, number of biological replicates (i.e. individual mice); *, p<0.05; **, p<0.01. 

Figure 3. Comparative behavioral-molecular profiling of Foxg1-GOF, Foxg1-LOF and wt, 

P35 mice upon proconvulsant stimulation. (A) Details of proconvulsant mice stimulation and 

subsequent Racine Staging (RS). (B) Distribution of individuals of distinct genotypes in groups 

reaching different maximal RS values and (C) temporal RS (average ± sem) progression in 

individuals of different genotypes. Statistical significance of results assessed by χ-square (B) and 

ANOVA (C) assays, respectively. *, p<0.05; **, p<0.01. (D) Acute c-fos in situ hybridization of 

KA-treated mice, upon completion of Racine profiling, mid-frontal brain sections. Throughout 

Figure 3, "Foxg1-GOF" refers to Foxg1tTA/+;TREt-Foxg1-IRES-Egfp+/- mutants, "wt" refers to 

data from pooled Foxg1+/+;TREt-Foxg1-IRES-Egfp-/- and Foxg1+/+;TREt-Foxg1-IRES-

Egfp+/- animals (3+3), among which no statistically significant differences were previously 

found, and "Foxg1-LOF" to Foxg1tTA/+;TREt-Foxg1-IRES-Egfp-/- mutants. Abbreviations: KA, 

kainic acid; maxRSi, Racine stage, maximal animal-specific value; ctx, cortex; DG, dentate gyrus; 

CA1-3, Cornu Ammonis 1-3 fields. 

Figure 4. Histogenetic anomalies of Foxg1-GOF mutants. (A) P0 neocortical layering. Shown 

are neuronal packaging, as assessed by DAPI staining, expression profiles of FoxP2, Ctip2 and 

Cux1, layer VI, V and II-IV markers, and presumptive laminar architecture of Foxg1-GOF 

mutants (Foxg1tTA/+;TREt-Foxg1-IRES-Egfp+/-) vs wt controls (Foxg1+/+;TREt-Foxg1-IRES-

Egfp-/-). (B) Comparative quantification of neocortical PV+ interneurons in neocortices of P35 

Foxg1 mutants and controls. Graphs show normalized densities of PV+ cells in Foxg1-GOF, wt 

(defined as in (A)) and Foxg1-LOF (Foxg1tTA/+;TREt-Foxg1-IRES-Egfp-/-) mice. Data refer to 

the dark-grey region of the associated silhouettes. They are presented in a cumulative fashion (T, 

total), or are categorized along the medial-lateral axis (L, lateral; M, medial), the rostro-caudal 

axis (R, rostral; I, intermediate; C, caudal), the radial axis (MZ, marginal zone; GM, grey matter; 

WM, white matter). [Absolute PV+ cell densities in wt animals are reported in Table S1]. 

Examples of anti-PV immunofluorescences refer to the boxed area within the intermediate frontal 

silhouette. Scale bars: 100µm. (C, D) Comparative quantification of S100β+ astrocytes in P0 (C) 

and P7 (D) Foxg1 mutants and controls. For both ages, graphs show wt-normalized densities of 
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S100β+ cells in neocortices of Foxg1-GOF, wt and Foxg1-LOF mice (genotypes defined as in 

(A)). Data refer to the dark-grey region of the associated silhouettes. In case of P7 analysis, they 

are presented in a cumulative fashion (T, total), or are categorized along the medial-lateral axis 

(L, lateral; M, medial), the rostro-caudal axis (R, rostral; I, intermediate; C, caudal), the radial 

axis (I, II-IV, V, VI, layers 1, 2-4, 5, 6; WM/SVZ, white matter/subventricular zone). [Absolute 

S100β+ cell densities in wt animals are reported in Table S2]. Examples of P0 and P7 anti-S100β 

and anti-EGFP immunofluorescences refer to the boxed areas within the corresponding 

silhouettes. Abbreviations: mz, marginal zone; cp, cortical plate; i-vi, layers I-VI; sp, subplate; iz, 

intermediate zone; wm, white matter; svz, subventricular zone; e, ependyma; Foxg1EGFP, TREt-

Foxg1-IRES-EGFP transgene-driven EGFP. Scale bars: 100µm. Statistical significance evaluated 

by t-test (one-tailed, unpaired). *, p<0.05; **p<0.01. n is the number of mice analyzed  

Fig. 5. Evaluation of neocortical culture activity upon Foxg1 overexpression, by delayed arc-

promoter-driven-reporter fluorometry. Cytofluorimetric profiling of Foxg1-GOF, DIV7 

cultures of dissociated E16.5 neocortical cells, harboring a d2EGFP activity reporter under the 

control of the "Arc-SARE-enhancer/minimal promoter (ArcSAREp)" neuronal-activity-

responsive element: (A) protocol and (B) results. The fluorescence ratio between the d2EGFP 

reporter and the constitutively expressed product of the cis-associated PGKp-RFP normalizer was 

determined per each cell and the median ratio of every biological replicate was plotted against its 

genotype. Horizontal bars, genotype averages. Data normalized against ctr values. Results 

evaluated by t-test (unpaired, one-tailed). ** p<0.01. n = number of biological replicates, i.e. 

independently transduced samples, each containing 50,000 cells. 

Fig. 6. Evaluation of neocortical culture activity upon Foxg1 expression level modulation, 

by real time Ca2+ imaging. Ca2+-sensor-based, fluorimetric activity profiling of DIV8-10 

cultures of dissociated E16.5 neocortical cells, loss- or gain of function (LOF or GOF) for Foxg1, 

and controls. (A) Experimental strategy. (B-E) Results, referring to LOF (B), as well as to 

generalized (C), astroglia-restricted (D), and neuron-restricted (E) GOF assays. In each (B-E) 

row, data presented as follows. In first panel (from left), snapshot of a representative field of 

manipulated Foxg1 cultures, stained with Fluo4-AM (B) or Oregon-Green BAPTA 1-AM (C-F) 

Ca2+ indicators; scale bar: 50 μm. In second panel, examples of repetitive Ca2+ events 

spontaneously recorded from control (top) or Foxg1LOF/GOF (bottom) neurons. In third panel, the 

histogram represents percentages of spontaneously active cells in the two experimental contexts. 

In fourth panel, plot of cumulative inter-event interval (IEI) distributions in active cells of control 

(ctr) and Foxg1LOF/GOF cultures. In fifth panel, the histogram summarizes the cross-correlations 

factors (CCF) measured under the two experimental conditions. Results evaluated by χ-squared 

test (spontaneously active neuron frequency), Kolmogorov-Smirnov assay (cumulative IEI 
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distribution) and Mann-Whitney test (CCF). ** p<10-2, *** p<10-3. n represents:  (i) the number 

of visual fields (each taken from an independently lentivirus-transduced cell sample) scored for 

assessment of "frequency of spontaneously active neurons" (third panel) and "CCF" (fifth panel); 

(ii) the number of active neurons inspected for evaluation of "cumulative IEI distribution" (fourth 

panel). 

Fig. 7. qRTPCR profiling of neocortical cultures overexpressing Foxg1 in their neuronal 

compartment. (A) Protocol, (B) results. Data evaluated by t-test (unpaired, one-tailed). ** p<10-

2, *** p<10-3, **** p<10-4, ***** p<10-5, ****** p<10-6. n = number of biological replicates, i.e. 

independently transduced cell samples. 

Fig. 8. Interneuron quantification in Foxg1-GOF neocortical cultures. (A) Protocol and 

lentiviruses employed, (B) results. Data evaluated by t-test (unpaired, one-tailed). * p<0.05, ** 

p<10-2, **** p<10-4. n = number of biological replicates, i.e. independently transduced cell 

samples. 

Fig. 9 Activity-dependent modulation of neocortical Foxg1 expression. Evaluation of Foxg1 

expression levels in dissociated DIV7 cultures originating from E16.5 neocortical tissue: protocol 

(A) and results (B-D). In (B, C) qRTPCR quantification of Foxg1-mRNA in cultures silenced by 

1 M TTX for 0-48 hours (B) or stimulated by 25 mM K+ for 0-24 hours (C). In (D) WB 

quantification of Foxg1-protein in cultures stimulated by 25 mM K+ for 1-24 hours. Data double 

normalized, against Gapdh (B, C) or beta-actin (D), and t=0 baseline values (B-D). Results 

evaluated by t-test (unpaired, one-tailed), run against t=0 values. * p<0.05, ** p<0.01, *** 

p<0.001. n = number of biological replicates, i.e. independently grown cell samples. 

Fig. 10. Selecting putative mediators of Foxg1 response to high K+. (A) Localization of iegF- 

(immediate early gene factor) and Foxg1-BSs (binding sites) within the Foxg1 locus, as detected 

by ChIP on selected cell lines (UCSC) or predicted by Jaspar software. (B-G) Fluctuations of 

select iegFs levels and activities evoked by timed exposure of dissociated DIV7 cultures 

originating from E16.5 neocortex to 25 mM K+: (B) protocol and (C-G) results. As for Creb1, 

shown are: (C) qIF (quantitative immuno-fluorescence) evaluation of phospho-protein level and 

(D) qRTPCR evaluation of its pro-transcriptional activity, in cultures stimulated by 25mM K+ 

for up to 180 min (activity reporter: d2EGFP-mRNA product of the cAMP.RE3-p(min)-d2EGFP 

transgene). Concerning RelAp65, shown are: (E) qIF evaluation of nuclear protein level and (F) 

qRTPCR evaluation of its pro-transcriptional activity, in cultures stimulated by 25mM K+ for up 

to 120 min (activity reporter: d2EGFP-RNA product of the NFkB.BS4-p(min)-d2EGFP 

transgene). As for Fos, Egr1, Egr2 and Cebpb, shown is: (G) qRTPCR evaluation of endogenous 



96 
 

mRNA levels in cultures stimulated by 25 mM K+ for up to 24 hours. Data normalized against: 

(C,E) iegFt=0; (D,F) RFP-mRNAt=ti and (d2EGFP-mRNA/RFP-mRNA)t=0 [RFP-mRNA as 

the product of the p(Pgk1)-RFP transgene];  (G) Gapdh-mRNAt=ti and (iegF-mRNA/Gapdh-

mRNA)t=0. Results evaluated by t-test (unpaired, one-tailed), run against t=0 values. *p<0.05, 

**p<0.01, ***p<0.001. n = number of biological replicates, i.e. (D, F, G) independently in vitro 

grown cell samples, or (C, E) individual neural cells, evenly and randomly taken from the reported 

number of independently transduced samples. 

Fig. 11. Validating putative mediators of Foxg1 response to high K+. Foxg1 regulation in 

primary neocortical cultures engineered by immediate early gene-dominant negative (ieg-DN) or 

Foxg1 transgenes: (A) protocol and (B) results. In (B), shown are endogenous-Foxg1-mRNA 

levels upon expression of ieg-DNs or exogenous Foxg1, in the presence of physiological [K+]o 

("no K+") or under 25mM [K+]o. Foxg1-cds and Foxg1-3'UTR amplicons were used as proxies 

of endogenous Foxg1 transcripts in graphs 1,3 and 2,4, respectively. ctr is Plap. Data double 

normalized, against Gapdh-mRNA and ctr samples. Results evaluated by t-test (unpaired, one-

tailed). *p<0.05, **p<0.01, ***p<0.001. n = number of biological replicates, i.e. independently 

transduced cultures. 

Fig. 12. Foxg1-driven modulation of ieg response to high K+. Activities and expression levels 

displayed by select immediate early genes (ieg) proteins and mRNAs, respectively, in dissociated, 

lentivector-engineered E16.5+DIV7 neocortical cultures, upon chronic Foxg1 upregulation via 

RNA activation (RNAa) and timed culture exposure to 25 mM K+: protocol (A) and results (B,C). 

In (B), qRTPCR evaluation of pCreb1 and NFkb transcriptional activities; proxies: d2EGFP-

mRNA products of lentiviral cAMP.RE3-p(min)-d2EGFP and NFkB.BS4-p(min)-d2EGFP 

transgenes, respectively. In (C), qRTPCR evaluation of Fos, Egr1, Egr2 and Cebpb mRNA levels. 

Data normalized against: (B) RFP-mRNAt=ti and (d2EGFP-mRNA/RFP-mRNA) t=0 [RFP-

mRNA product of the lentiviral p(Pgk1)-RFP transgene]; and (C) Gapdh-mRNAt=ti and (iegF-

mRNA/Gapdh-mRNA) t=0. Results evaluated by t-test (unpaired, one-tailed), run against ctrt=ti 

values. *p<0.05, **p<0.01, ***p<0.001. n = number of biological replicates, i.e. independently 

transduced cell samples.  
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6 FINAL REMARKS 

During the development of the vertebrate CNS, all neuronal cell types including neurons, 

astrocytes and oligodendrocytes directly originate form NS-NPCs (Gao et al., 2014), 

while during CNS degeneration, the damage leads to irreversible neuronal loss, resulting 

in functional deficits and debilitating pathologies. Anyway, it has been shown that CNS 

injury can, to some extent, “awake” mechanisms of plasticity usually present during CNS 

development (Caleo, 2015).  

These plasticity events indentify NS-NPCs as essential player even during brain insults 

which perturb the homeostasis of adult neurogenic niches and the migratory routes of 

their progeny. In fact, still a spontaneous recruitment of neuroblasts towards pathological 

sites is observed in a multitude of animal’s brain models. For instance, mobilization of 

neuroblasts from neurogenic niches occurs in response to stroke (Arvidsson et al., 2002), 

trauma (Kreuzberg et al., 2010) and HD (Kandasamy et al., 2015) in animal models. Since 

many studies provide evidence for the competence of grafted NS-NPCs to survive, 

migrate, and differentiate both in vitro and in vivo systems (Widera, 2004; Wu et al., 

2012), the full understanding of NS-NPC’s development promises to have a huge impact 

on future therapeutic approaches (Silver and Miller, 2004; Widera et al., 2007). 

Nevertheless, many questions emerge if we think to cells transplantation as the most 

resolutive way to overcome brain damage. For instance, to which extent can the remaining 

brain parenchyma accommodate neurons in networks that suffered from neuronal loss 

due to injury or neurological disease? Would the microenvironment be permissive for 

neuronal replacement and synaptic integration? Which cells can perform best? Can the 

loss of function be restored? And finally, how adequate is the new cells participation in 

the pre-existing circuitry?  

In order to answer some of these open questions, with the final goal of evaluating whether 

these cells could integrate among and communicate with post-mitotic neurons, we 

established an in vitro system of co-culture with different kind of cells, to study single 

cells and neuronal network properties.  

We demonstrated that, when grown in contact with hippocampal neurons, NS-NPCs 

display a great change in terms of cell maturation, plus the ability to respond and recreate 

the same kind of synapsis received by hippocampal neurons. These last ones, by the way, 

confirmed to be an essential in vitro control for membrane passive properties and post 
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synaptic current kinetics as, being so well characterized, they gave the possibility to 

confirm every improvement in NS-NPCs. In fact in mixed cultures, besides the changes 

in single cells membrane properties for NS-NPCs, which indicate an increase in cell’s 

size and number of expressed channels, we also observed the formation of a hybrid 

network with new features different from the ones observed in control cultures (i.e. 

monocultures of NS-NPCs and hippocampal neurons). Results about the network’s 

behavior are confirmed also by MEAs recordings which suggest that the formation of 

functional hybrid networks differs from control cultures in terms of their 

electrophysiological characteristics, resulting in qualitatively and quantitatively different 

emerging spontaneous episodic synchronization. Many of the differences observed in 

terms of network activity and cell communication are due to the different balance between 

excitation and inhibition. In fact, one of the best characterized phenotypes change for NS-

NPCs is the switch towards the use of glutamate as excitatory neurotransmitter, a typical 

hippocampal feature. Such a change led to a different balance of 

glutamatergic/GABAergic synapses in NS-NPCs, which, together with a higher number 

of monosynaptically connected neurons, contribute to the whole network activity with a 

stronger synchronization rate, both in spontaneous conditions and in specifically induced 

pharmacological ones. The same trend, i.e. the hypothesized decrease of progenitors 

differentiating into GABAergic neurons, was observed also when NS-NPCs were grown 

among neuros from SNc/VTA; in this case we also investigated if NS-NPCs result to 

express the dopaminergic phenotype, but in our preliminary data we never actually found 

this feature. This may be explained with the evidence that the NS-NPCs - hippocampal 

neurons mixed cultures had a strong glutamatergic component (about 60% of total 

number of neurons), while NS-NPCs - SNc/VTA mixed cultures kept only a weaker 

component of dopaminergic neurons (25% of total neurons). We, in fact, demonstrate that 

the action potential firing ability held by hippocampal neurons plays a fundamental role 

in NS-NPCs maturation as well as the astrocytes released factors. 

On the other hand, SNc/VTA dissociated neurons culture are not so commonly used as 

well as the hippocampal dissociated cultures and therefore, the role of dopamine in 

synapses formation and/or maturation is not well characterized, neither it was evident 

from our results. Further studies investigating the integration of NPCs among 

dopaminergic neurons are needed as their potential use in vivo would be of great interest 

for PD.  
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In conclusion, during the last decade neuronal replacement therapy has become 

incresingly promising for neurodegenerative diseases therapies because it directly 

addresses neurodegeneration by replacing lost cells with healthy new ones towards the 

goal of restoring compromised brain functions (Grade and Götz, 2017). Among the 

candidates, multipotent neural stem cells (i.e. NS-NPCs derived from embryonic tissue) 

are the most promising as their protective effects against the host’s dysfunctional neurons 

has been already demonstrated in rodents (Ourednik et al., 2002). However, the 

mechanisms underlying the functional improvements, have not yet been completely 

understood, hence it is still questionable how appropriate and to what extent can these 

new neurons connect in the target zone. The available treatments tend to rescue the 

remaining neurons, to compensate the lack of synaptic function or to promote functional 

plasticity or simply to alleviate symptoms. Therefore, despite obvious limitations of in 

vitro studies, our results convincingly suggest that NS-NPCs develop into a more mature 

electrical phenotype when co-cultured with post-mitotic neurons. This appears to be the 

first step towards a complete experimental understanding of the electrophysiological 

properties of NS-NPCs, in the perspective of integrating these cells into neuronal circuits 

in vivo. 
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