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1. INTRODUCTION 
 

The main goal of this work was to obtain neurons derived from embryonic stem 

(ES) cells as an alternative source to primary cell cultures where neurons are obtained 

from newborn or adult animals. The most important issue that we wanted to investigate 

was if the ES-derived neurons can form functional neuronal networks, since at that point, 

in the literature there were no available data about ES-derived neuronal networks. 

 

1.1 STEM CELLS - SOME GENERAL INFORMATION 

 

Stem cell is the name given to cells with broad differentiation potential that retain 

the capacity for self-renewal indefinitely (Baizabal et al, 2003; Keller, 1995).  

Stem cells have varying differentiation potential. The fertilized oocyte (the 

zygote) and the descendants of the first two divisions are totipotent cells, that is able to 

form the embryo and the trophoblasts of the placenta. After about 4 days, these totipotent 

cells begin to specialize, forming a hollow ball of cells, the blastocyst, and a cluster of 

cells called the inner cell mass (ICM) from which the embryo develops. The ICM cells 

are considered to be pluripotent, able to differentiate into all cells that arise from the three 

germ layers, but not the embryo, because they are unable to give rise to the placenta and 

supporting tissues (Alison et al, 2002; Bishop et al, 2002; Gottlieb, 2002). 

Differentiation potential decreases during development: cells that will form 

different tissues and organs are able to differentiate into a limited range of cell lineages 

(appropriate to their location). These cells are multipotential stem cells. For example, the 
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central nervous system (CNS) stem cells have a tri-lineage potential capable of 

generating neurons, oligodendrocytes, and astrocytes.  

Finally we have unipotential stem cells, capable of self-renewal and generation of 

only one specific cell type. For example, epidermal stem cells in the basal layer produce 

only keratinized squames (Alison et al, 2002). 

Terminally differentiated cells cannot divide, so most of the adult tissues and 

organs have their specific stem cells responsible for growth and regeneration, i.e. after 

injury. Since the plasticity decreases with developmental age, fetal stem cells are 

significantly more plastic than their adult counterparts (Kennea and Mehmet, 2002). 

The cells used in this study, derived from ICM of mouse embryo, are called 

embryonic stem (ES) cells and can be grown in vitro, maintaining their self-renewal 

capacity and pluripotency. 

 

 

1.2 DISCOVERY OF ES CELLS 

 

ES cells were first isolated in 1981 by Gail Martin and Martin Evans, 

independently (Martin, 1981; Evans and Kaufman, 1981). Before that, the in vitro models 

for the study of the embryonic development were embryonic carcinoma cell (ECC) lines, 

derived from teratocarcinomas (tumors that arise with relatively high efficiency when 

mouse embryos are transplanted to an extra-uterine site in a histocompatible host). ES 

cells were derived from ICMs cultured in ECC-conditioned medium and retained all the 

essential features of teratocarcinoma stem cells: they were diploid, capable of tumor 
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formation when injected in athymic mice, pluripotent and capable of differentiation in 

vitro (Martin, 1981). 

 

 

1.3 PROPERTIES OF ES CELLS 

 

The most relevant features of ES cells are: 

- high proliferation and self-renewal capacity 

ES divide without limit: they can propagate indefinitely in an undifferentiated 

state. Even after 140 cycles of division, they remain genetically normal. Why ES cells 

have this natural immortality has not been understood in detail yet. This unlimited 

replication potential may be related to the extremely low level of genomic DNA 

methylation that has an important role in epigenetic gene silencing and maintenance of 

genome stability, and even triple knockout ES cells lacking all 3 enzymes involved in 

DNA methylation still retain high proliferation rate (Tsumura et al, 2006). ES cells also 

maintain a high level of telomerase activity (Armstrong et al, 2005; Bishop et al, 2002; 

Gottlieb, 2002; O’Shea, 1999). 

 

- stable diploid karyotype  

Mouse ES cells are genetically normal, non-transformed cells having a stable 

diploid karyotype (Baizabal et al, 2003; Bishop et al, 2002; Hancock et al, 2000; Martin, 

1981).  

 



 4 
 

- pluripotency 

Pluripotency is demonstrated by transplanting ES cells to the inner cell mass of a 

host embryo. If the embryo is then implanted into a foster mother, it develops into an 

outwardly normal mouse called chimera, in which all tissues have cells derived from both 

the transplanted ES cells and the host. Thus the transplanted ES cells respond to 

appropriate cues and differentiate into all cell types of the normal body. Chimeric male 

mice are fertile and have sperm derived from ES cells (Alison et al, 2002; Baizabal et al, 

2003; Gottlieb, 2002). 

 

- wide differentiation potential in vitro  

When provided with the appropriate signals, ES have the capacity to differentiate, 

presumably via formation of precursor cells, into almost all mature cell phenotypes 

(Bishop et al, 2002). The production of differentiated, functional progeny was obtained in 

many different systems: cardiomyocytes, haematopoietic cells, endothelial cells, skeletal 

muscle, chondrocytes, adipocytes, liver, pancreatic islets and neurons (for a review, see 

Keller, 2005). In vitro differentiation of ES cells recapitulates a number of normal 

developmental processes that occur in mammalian embryos (Hancock et al, 2000). 

 

- clonability 

ES cells are amenable to a wide variety of genetic manipulations. For example, a 

very powerful application of this culture system is to target marker genes such as lacZ, 

GFP, or luciferase into loci that are activated during the development of specific lineages 

(Baizabal et al, 2003; Friedrich and Soriano, 1991; Hancock et al, 2000; Keller, 2005; 
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Thomas and Capecchi, 1987; Ying et al, 2003). With the possibility to induce genetic 

modifications, wild-type and mutant ES cell lines can be compared (Keller, 2005; Bibel 

et al, 2004). 

Because of these characteristics, ES cells have many and very important 

applications both in basic and applied research. 

 

 

1.4 APPLICATION OF STEM CELL TECHNOLOGY 

 

1.4.1 Cell replacement therapy 

ES represent potential therapeutic reagents for various degenerative diseases and 

damaged organs. They can be transplanted in order to replace damaged/lost cells or 

engineered to express therapeutic genes. Type I diabetes, cardiovascular diseases, 

Parkinson’s disease, blood cell diseases, and certain types of liver diseases are considered 

candidates for cell replacement therapy. Transplantation of specific ES-cell-derived cells 

into pre-clinical models of human disease is already underway (Barberi et al, 2007; 

Brüstle et al, 1999; Keller, 2005; Kim et al, 2002; Lee et al, 2007; Morizane et al, 2006; 

Okano, 2002; O’Shea, 1999; Perrier and Studer, 2003). 

The possibility of theoretically generating an unlimited number of any kind of cell 

type is of particular interest to neurobiologists, as homogenous cell populations are not 

available in sufficient quantities for the characterization of brain neurons using 

biochemical approaches (Bibel et al, 2004). 
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Because ES are derived prior to implantation, certain immune-related cell-surface 

proteins (e.g., class I products of the major histocompatibility complex) are not yet 

expressed, which could solve the problem of donor/recipient compatibility and rejection 

of transplants (O’Shea, 1999). 

 

1.4.2 Developmental biology 

ES cells provided the basis for establishing an in vitro model of early mammalian 

development. They can both generate and respond in vitro to signals that normally 

regulate murine development (Fraichard et al, 1995). ES cells have been used to isolate 

unique genes involved in cell-type specific differentiation and to study the cascade of 

gene expression during the development of a particular lineage or tissue (O’Shea, 1999). 

Cell culture studies on non-human embryonic stem cell differentiation will help to 

guide the development of methods that can be applied to human ES cell studies. The wide 

range of powerful genetic manipulations that are possible in ES cells allow the 

performance of a series of experiments that would be difficult or impossible in primary 

cell cultures or in immortalized cell lines (Hancock et al, 2000). 

 

1.4.3 Drug discovery 

In addition to developmental biology and cell-based therapy, the ES cell model 

has widespread applications in the areas of drug discovery and drug development. With 

respect to drug development, cell types such as cardiomyocytes and hepatocytes 

generated from human ES cells could provide ideal populations for predictive toxicology. 
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These human cells could reveal the toxicity of certain drugs that might not be detected 

using conventional assays that rely on animal models (Keller, 2005). 

 

 

1.5 CULTURE OF ES CELLS 

 

ES cells are derived from mouse, primates and humans (Evans and Kaufman 

1981; Martin, 1981; Thompson et al, 1985 and 1988). 

ES cells were initially established and maintained by coculture with mouse 

embryonic feeder cells. Feeder cells such as murine embryonic fibroblasts (MEFs) serve 

as a basal layer for stem cells and provide secreted factors, extracellular matrix, and 

cellular contacts for the maintenance of stem cells in an undifferentiated state without 

losing pluripotency.  

Subsequent studies identified leukemia inhibitory factor (LIF) as one of the 

feeder-cell-derived molecules that plays a pivotal role in the maintenance of mouse ES 

cells. In the presence of appropriate batches of fetal calf serum (FCS), recombinant LIF 

can replace the feeder cell function and support the growth and survival of 

undifferentiated mouse ES cells. However, LIF does not have the same effect on human 

ES cells and appear to play no role in their self-renewal (Keller, 2005).  

Molecular analyses have revealed that LIF functions through the gp130 activation 

of signal transducer and activator of transcription STAT3. In addition to STAT3, two 

other transcription factors, Oct3/4 and nanog, have been shown to play pivotal roles in 

maintaining the undifferentiated state of ES cells (Keller, 2005). 
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When LIF or feeder cells are withdrawn and ES cells are cultured on a 

nonadhesive substrate, most types of ES cells form floating aggregates known as 

embryoid bodies (EBs) that grossly resemble early embryos: endoderm exterior, 

mesoderm and ectoderm interior, surrounding a large cystic yolk sac-like cavity. 

If plated on adhesive substrates in the absence of added factors, EBs give rise to a 

complex mixture of terminally differentiated cells including heart, muscle, blood, and 

neurons among others (Bishop et al, 2002; Gottlieb, 2002). 

Exposure to different agents (retinoic acid (RA), dimethyl sulfoxide (DMSO), 

hexamethylene bisacetamide (HMBA)), growth factors and cytokines (LIF, tumor 

necrosis factor-α (TNF-α), activin A, bone morphogenetic protein (BMP)-2,4, insulin, 

nerve growth factor (NGF), basic fibroblast growth factor (bFGF), ciliary neurotrophic 

factor (CNTF), T3) and panels of haematopoietic growth factors were used with the aim 

of inducing/modifying differentiation or of examining alterations in gene expression 

induced by these agents, with mixed results (O’Shea, 1999). 

In a defined medium, in the absence of signaling molecules, ES differentiate into 

neuroepithelium-like cells, as determined by expression of Pax 6. ES themselves express 

a number of growth factors and cytokines (including inhibin, follistatin, and fibroblast 

growth factors) and their receptors, which are altered with differentiation (O’Shea, 1999). 

Because of their origin from the inner cell mass/early epiblast, it has been stated 

that ES cells mostly resemble ectodermal tissue: in fact, ES cells do express many 

structural genes (intermediate filament proteins, extracellular matrix proteins, cell 

adhesion molecules) expressed by primitive ectoderm (O’Shea, 1999). 
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1.6 ES CELLS AND NEURONAL DIFFERENTIATION 

  

Neuronal differentiation is an early event in mammalian embryogenesis that 

occurs soon after germ layer differentiation and it is thought to be determined during 

gastrulation (E6.5~E8) (Kawasaki et al, 2000). 

The tissues of the CNS are derived from a clearly defined neuroectoderm, the 

neural plate, which lies along the dorsal midline of the embryo. It appears that the neural 

plate arises by the local suppression or avoidance of signals that induce non-neuronal 

differentiation. Both the intrinsic factors and the extrinsic soluble signals affect the 

regional patterning and specific neuronal differentiation. Neuronal fate is suppressed by 

bone morphogenetic proteins (BMPs) and, in vivo, several molecules that promote 

neuronal differentiation such as noggin, follistatin, chordin, and sonic hedgehog (SHH) 

are BMP antagonists (Kennea and Mehmet, 2002). 

An intrinsic characteristic of the nervous system is its enormous cellular diversity. 

In the adult brain, specific neurons produce specific neurotransmitters and receptors and 

make specific contacts with other cells. Neural stem cells (NSCs) are the source of all 

types of neurons: they appear during neural plate formation and possibly constitute the 

major cell type of early ectoderm (Baizabal et al, 2003). 

Fetal NSCs have a typical radial morphology and are known in general as radial 

glia (Okano, 2002). As development progresses, the neural tube forms and NSCs become 

progressively less abundant and more restricted progenitor cells emerge (Baizabal et al, 

2003). 
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The common underlying concept is that NSCs are organ stem cells present in the 

CNS that can give rise to themselves in a self-replicating capacity, as well as to 

astrocytes, oligodendrocytes, and neurons. The multilineage potential of NSCs is at least 

partly mediated by the generation of cell lineage-restricted intermediate progenitor cells 

that produce only neurons (neuronal progenitor cells) and glial progenitor cells that 

produce only astrocytes or oligodendrocytes. Thus, the cellular diversity of the CNS is 

likely to be generated in a stepwise fashion (Okano, 2002). 

CNS stem cells have a tri-lineage potential capable of generating neurons, 

oligodendrocytes, and astrocytes. During CNS development, neurons are generated first, 

then glia (Kennea and Mehmet, 2002). 

When most nervous system structures are defined, complex migration and 

differentiation patterns initiate, followed by guided axonal growth that finally allows 

specific cell targeting, thus defining the stereotypical neuronal wiring of the nervous 

system (Baizabal et al, 2003). 

The mammalian brain was long believed to be an exceptional organ with very low 

turn-over and poor regenerative capacity of neuronal cells. It has been recently shown 

that adult brain cells exhibit the capacity to both self-renew and generate differentiated 

progeny in vitro and in vivo. Neurogenesis in the adult mammalian brain has been 

identified in two main areas of the adult brain: subventricular zone (SVZ) and the 

hippocampus (Baizabal et al, 2003; Kennea and Mehmet, 2002; Okano, 2002). 
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1.7 PROTOCOLS FOR NEURONAL DIFFERENTIATION OF ES 

CELLS 

 

During the last decade, many different protocols have been developed to promote 

neuronal differentiation from ES cells in vitro. Each of the three major neuronal cell 

types of the central nervous system — neurons, astrocytes, and oligodendrocytes — can 

be derived, and relatively pure populations of each type can be isolated when cultured 

under appropriate conditions (Okabe et al, 1996; Barberi et al, 2003). In addition to the 

generation of these different neuronal populations, some differentiation procedures allow 

the selective derivation of specific neuronal subtypes (Barberi et al, 2003; Bibel et al, 

2004; Lee et al, 2000; Li et al, 1998; Morizane et al, 2002; Westmoreland et al, 2001).  

The protocols for differentiation to specific types of neurons have included the 

sequential combination of regulators (cytokines and growth factors) that are known to 

play a role in the establishment of these lineages in the early embryo (Keller, 2005). For 

instance, midbrain dopaminergic neurons have been generated in the EBs system by 

overexpression in the cells of the transcription factor nuclear-receptor-related factor1 

(Nurr1), and the addition to the cultures of SHH and FGF8 (Kim et al, 2002). Nurr1, 

SHH, and FGF8 are required for the development of this class of neurons in the early 

embryo. More recent studies have demonstrated the development of cholinergic, 

serotonergic, and GABAergic neurons in addition to dopaminergic neurons, when 

differentiated on MS5 stromal cells in the presence of different combinations of cytokines 

(Barberi et al, 2003; Keller, 2005).  
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Despite the use of growth factors favoring differentiation of a particular cell type, 

the resulting ES-derived cultures were heterogeneous. None of the approaches used on 

murine ES cells has yet been shown to give 100% yield of cells with the required 

phenotype, so methods to purify the populations are required (Evans et al, 2006; O’Shea, 

1999).  

 

The protocols for neuronal differentiation of ES cells can be grouped into three 

different approaches: 

1. retinoic acid treatment (Bain et al, 1995; Fraichard et al, 1995) 

2. V stages protocol or selective method (Bibel et al, 2004; Hancock et al, 2000; Lee 

et al, 2000; Okabe et al, 1996; Westmoreland et al,  2001) 

3. stromal cell-derived inducing activity (SDIA) (Barberi et al, 2003; Kawasaki et al, 

2000; Morizane et al, 2002) 

 

1. retinoic acid treatment 

This protocol involves the formation of embryoid bodies (EBs) and the addition of 

retinoic acid (RA). When RA-induced EBs are dissociated and plated on an adhesive 

substrate, cells differentiate further into neurons, astrocytes, and oligodendrocytes (Bain 

et al, 1995; Finley et al, 1996; Strübing et al, 1995). Approximately 70% of the neurons 

are glutamatergic, 25% GABAergic, and 5% glycinergic. Other protocols utilizing RA 

but differing in detail (Fraichard et al, 1995) produce also cholinergic neurons (from 10 

to 20% of the total neuronal-like cell population). After 20 days, other differentiated cells 
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overgrow and neuron-like cells progressively disappear, in particular glial cells are no 

longer detectable. 

 

Advantages/disadvantages of the method 

The simplicity of the method and the strong induction of neuronal differentiation 

are the main advantages. Nevertheless, RA is a strong teratogen, is supposed to perturb 

neuronal patterning and neuronal identities in EBs as it does in vivo. For instance, RA 

treatment of early embryos causes suppression of forebrain development. It is therefore 

preferable to avoid RA treatment for therapeutic applications or basic neuroscience 

research unless RA induces the particular type of neurons of interest for a specific study 

(Kawasaki et al, 2000). 

 

 

2. V stages protocol  

This protocol involves several steps: the formation of EBs (stage 2), their  

subsequent plating on an adhesive substrate in serum-free medium to select for neuronal 

precursors (stage 3), the proliferation of precursors in the presence of mitogen, basic 

fibroblast growth factor (bFGF; stage 4), and the differentiation induction by removal of 

the mitogen (stage 5; Lee et al, 2000). Withdrawal of bFGF triggers differentiation into a 

mixture of neurons (>60% after 1 week of differentiation) and glial cells (10-15%). 

Glutamatergic and GABAergic neurons are obtained, but cholinergic neurons and 

oligodendrocytes are not observed (Okabe et al, 1996). Westmoreland et al (2001) 

obtained 51% neurons, 45% of which were GABAergic. It is also possible to expand 
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cryopreserved neuronal progenitor. After freezing, more than 50% of the cells retain 

viability and differentiate (Hancock et al, 2000).  

Bibel et al (2004) used this method in combination with RA treatment: after 1 

week of differentiation, 93% of the neurons are glutamatergic while less than 1% are 

GABAergic, dopaminergic and cholinergic. 

 

Advantages/disadvantages of the method 

The differentiation using EBs offers the advantage of providing a three-

dimensional structure that enhances cell–cell interactions that may be important for 

certain developmental programs. The complexity of the EBs can also be a disadvantage 

because they contain increased number of endodermal and mesodermal derivatives and 

this inherent heterogeneity makes identification and control of factors involved in 

specific NSC differentiation rather difficult (Kawasaki et al, 2000; O’Shea, 1999). 

 

 

3. SDIA 

This approach includes the culture of ES cells on stromal (or mesenchymal) cells 

that promote neuronal differentiation when used as feeders (without inducing 

mesodermal markers). This neuronal-inducing activity was named stromal cell-derived 

inducing activity (SDIA) (Kawasaki et al, 2000; Morizane et al, 2002). 

The SDIA method does not involve EBs formation or RA treatment, and each 

differentiating colony grows from a single ES cell in two dimensions under serum-free 

conditions. SDIA method mimics the time course of early development of the midbrain: 
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for instance, tyrosine hydroxilase (TH) positive dopaminergic neurons appear on 

induction days 6–8, while TH is first detected in the fetal mouse midbrain on E11.5. 

Given that ES cells behave like the inner cell mass (E4), and that the neuronal fate is 

determined during gastrulation (E6.5-E8) period, the expression required for TH 

induction in vitro correlates well to that seen in the embryo (Kawasaki et al, 2000; 

Morizane et al, 2002). 

The molecular nature of SDIA is still unknown (Kawasaki et al, 2000; Morizane 

et al, 2006) and is though to be due to membrane-bound factor(s) and/or soluble factor(s) 

secreted from stromal cells. 

On induction day 12, neurons represent 52% of total cells: 16% are dopaminergic, 

18% GABAergic, 9% cholinergic and 2% serotonergic (Kawasaki et al, 2000). Morizane 

et al (2002) obtained 20-30% of dopaminergic neurons, which represented 40-50% of 

SDIA-treated cells. The percentage of dopaminergic neurons is higher in respect to other 

methods.  

Barberi et al (2003) improved the protocol for the selective generation of 

dopaminergic, serotonergic, cholinergic, GABAergic and motor neurons, as well as 

neural stem cells (NSCs), astrocytes and oligodendrocytes. 

 

Advantages/disadvantages of the method 

The SDIA method is technically simple, and the induction is efficient and fast. 

Coculture with stromal cells provides the beneficial growth promoting effects of the 

particular cell line used. This method allows rapid and efficient derivation of most central 

nervous system phenotypes. The regional fate specification can be controlled by 
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manipulation of external medium conditions and by sequential patterning cues that seem 

to recapitulate in vivo development. Some difficulty can be encountered when attempting 

to separate the ES-cell-derived cells from the stromal cells (Keller, 2005). 

For our purposes, SDIA protocol offers the main advantage of selective 

generation of different neuronal subtypes and therefore it has been chosen for this work.    

 

Regardless of the protocol used, differentiation of ES cells into neurons has been 

followed by examining morphology (establishment of the neuronal polarity and 

separation into axonal and dendritic compartments) and the expression of neuron specific 

markers including neurofilament proteins, neuronal tubulin, microtubule-associated 

protein-2 (MAP-2, the dendrite specific marker), growth-associated protein-43 (GAP-43; 

specific axonal marker), Tau, neurocan, Wnt 1 and MASH1. Vesicular glutamate 

transporter 2 (VGLUT2) and Ca2+/calmodulin dependent protein kinase II (CaMKII) 

were used to mark glutamatergic neurons. To mark different subtypes of neurons, enzyme 

proteins involved in biosynthesis of neurotransmitters like glutamic acid decarboxylase 

(GAD) for GABAergic, acetylcholinesterase (AchET) and choline acetyltransferase 

(ChAT) for cholinergic, and tyrosine hydroxilase (TH) for dopaminergic neurons were 

used. Alternatively, dopaminergic neurons can be revealed by measuring the release of 

dopamine directly by RP-HPLC (Barberi et al, 2003; Lee et al, 2000). 

Glial differentiation has been monitored by the expression of the glial fibrillary 

acidic protein (GFAP), OP4 (for astrocytes), and Gal C and O4 (for oligodendrocytes). 

The intermediate filament protein nestin and Pax 6 have been employed to mark 

neuronal precursors. 
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The generation of synapses was investigated by examining the presence of 

synaptic vesicles and specific synaptic proteins like synapsin, synaptic vesicle protein 2 

(SV2), synaptophysin, and synaptotagmin. 

 

 

1.8 INTRACELLULAR RECORDINGS OF ES-DERIVED NEURONS 

 

Functional differentiation of ES-derived neurons obtained with different protocols 

was investigated with the aim to determine whether cells are electrically excitable when 

examined using whole-cell patch-clamp (Bain et al, 1995; Bibel et al, 2004; Finley et al, 

1996; Fraichard et al, 1995; Hancock et al, 2000; Jügling et al, 2003; Lee et al, 2000; 

Miles et al, 2004; Nakayama et al, 2004; Okabe et al, 1996; Strübing et al, 1995). 

Electrophysiological data from ES-derived neurons obtained with different 

protocols validate their functional differentiation as well as the formation of synapse 

between ES-derived neurons (Miles et al, 2004) or between an ES-derived neuron and a 

mature neuron in organotypic slices (Benninger et al, 2003) or in vivo (Lee et al, 2000; 

Rüschenschmidt et al, 2005; Wernig et al, 2004).  

 

 

1.9 MEA AND NEURONAL NETWORKS  

 

Systems neuroscience studies how neurons behave when connected together to 

form neuronal networks and how they process information (Bonifazi et al, 2005; 
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DeCharms and Merzenich, 1996; Georgopoulos et al, 1986; Gray et al, 1989; Hopfield, 

1982; Nicolelis et al, 1998; Rumelhart and McClelland, 1998; Thorpe et al, 2001). A 

fundamental pre-requisite to investigate how information is processed is to monitor 

simultaneously the electrical activity of a large population of neurons in the networks. 

In the last decade the application of new electrophysiological and optical 

techniques in vivo (Kerr et al, 2005; Nicolelis et al, 1997; Stosiek et al, 2003) allowed to 

characterize better the functional properties of neuronal networks giving the possibility to 

study neural coding mechanisms and distributed representations in different parts of the 

brain. In this way, it was shown how information can be encoded in the firing rate of an 

ensemble of neurons or in the synchrony of firing (Gray et al, 1989; Singer and Gray, 

1995), in the relative timing of action potentials (APs) (DeCharms and Merzenich, 1996; 

Hopfield, 1995; O’Keefe and Recce, 1993) or in the latency of first evoked APs 

(Johansson and Birznieks, 2004; Thorpe et al, 2001). However, due to the variability of 

the experimental conditions and the intrinsic complexity of the investigated system, it is 

very difficult to obtain a detailed analysis if performed in vivo. Many of these problems 

are bypassed by studying neuronal networks in in vitro cultures where experimental 

conditions and properties can be controlled in a more reliable way.  

When neurons are isolated and plated on an appropriate substrate, they readily 

grow forming axo-dendritic arborization extending up to some millimeters and covered 

by a large number of functional synapses (Marom and Shahaf, 2002; Potter, 2000; Van 

Pelt et al, 2005). Distribution and cell types present in cultures are similar to those found 

in vivo (Neale et al, 1983; Huettner and Baughman, 1986; Nakanishi and Kukita, 2000) 

and, although they have lost the original connectivity of the intact tissue, they represent a 



 19 
 

good system to study how neuronal networks operate as a whole under controlled 

conditions. Cultures with random connections, provide a more general view of neuronal 

networks and assemblies, not depending on the circuitry of a neuronal network in vivo, 

and allow a more detailed and careful experimental investigation (Bonifazi et al, 2005).  

Multielectrode arrays (MEAs) represent a unique tool to investigate network 

dynamics allowing the recording of the electrical activity of neuronal networks both in 

space and time (Morin et al, 2005). On MEAs cells can be cultured for several weeks or 

even months (long-term cultures). The interaction among several cells in culture can be 

studied by measuring extracellularly and simultaneously the electrical activity of these 

cells (multi-site recordings) and it is also possible to stimulate and record their evoked 

electrical activity. 

Moreover, the chronic monitoring and stimulation of in vitro preparations for 

long-term periods provides a unique way to investigate developmental and plasticity 

mechanisms in a variety of systems and have been widely used to characterize the 

spontaneous and the evoked activity of neuronal networks (Bonifazi et al, 2005; Jimbo et 

al, 1992 and 1999; Kamioka et al, 1996; Maeda et al, 1995; 1998; Potter, 2000; Robinson 

et al, 1993 a and b; Ruaro et al, 2005; Shahaf and Marom, 2001; Van Pelt et al, 2004 and 

2005; Welsh et al, 1995).   

 

  Even if it has been shown that ES cells or ES-derived neuronal precursors can 

incorporate into the nervous system where they can differentiate into neurons and glia 

(Brüstle et al, 1999; Hara et al, 2004; McDonald et al, 1999; Wernig et al, 2004), little is 

known on the capability of ES-derived neurons to form functional networks and on their 
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properties. Since the main function of neurons is communication, we decided to test the 

ability of ES-derived neurons to form functional networks and in particular to process 

information in a reliable way. 
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2. MATERIALS AND METHODS 
 

 

2.1 Reagents and Media 

Fetal Calf Serum (FCS) was from Euroclone, Leukemia inhibitory factor (ESGRO-LIF) 

from Chemicon, all the recombinant proteins (bFGF, FGF8, SHH, BDNF, NT4) were 

from R&D Systems, Mitomycin C, laminin, HBSS and HEPES were from Sigma and all 

other reagents and media were from Gibco-Invitrogen.  

 

 

2.2 ES-derived neuronal differentiation 

ES cells were induced to differentiate into neurons using the protocol for GABAergic 

neurons described in Barberi et al (2003), with some modifications. Undifferentiated 

BF1/lacZ ES cells were grown on murine embryonic fibroblast feeder in ES medium 

(Knockout Dulbecco’s modified eagle medium (D-MEM) supplemented with 15% FCS, 

0.1 mM non essential amino acids, 50µM β-mercaptoethanol, 2 mM L-alanyl-L-

glutamine (Glutamax), 100 U/ml penicillin, 100 µg/ml streptomycin and 2000 U/ml of 

LIF) and replated every tree or four days.�Stromal cells (MS5) were grown in α-MEM 

medium (α-minimal essential medium (α-MEM) containing 10% FCS, 2 mM L-alanyl-

L-glutamine (Glutamax), 100 U/ml penicillin and 100 µg/ml streptomycin) and replated 

every 2-3 days at 70% confluency. For the neuronal differentiation, MS5 were grown to 

100% confluency (contact inhibition induced growth arrest)� and treated with 1µg/ml�

Mitomycin C overnight. The next day, Mitomycin C was washed, ES trypsinized, and 
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plated on Mitomycin C treated-MS5 cells as single-cell suspension at a density of 250 

cells/cm2 in KSR medium (Knockout D-MEM supplemented with 15% knockout serum 

replacement, 0.1 mM non essential amino acids, 50µM β-mercaptoethanol, 2 mM L-

alanyl-L-glutamine (Glutamax), 100 U/ml penicillin and 100 µg/ml streptomycin)� and 

cultured for 6 days. The KSR medium was changed every day. The ES-derived epithelia 

structures were then mechanically separated from MS5 cells monolayer, by incubating 

the cells with�Hank’s balanced salt solution (HBSS) supplemented with 0.15 M Hepes 

for 5 minutes and flushing through the pipette tip near the colony without removing MS5 

feeder. The detached ES cells colonies were resuspended with KSR medium and plated 

on 15µg/ml polyornithine- 1µg/ml fibronectin-coated dishes. After 2-3 hours the medium 

was changed with N2 medium (DMEM-F12 supplemented with 1.55 g/l (8.6mM) 

glucose, 2 g/l (23.8mM) sodium hydrogen carbonate, 25 mg/l insulin, 100 mg/ml human 

apo-transferrin, 100µM putrescine, 30nM sodium selenite, 20nM progesterone, 100 U/ml 

penicillin and 100 µg/ml streptomycin) containing 10ng/ml basic fibroblast growth factor 

(bFGF) and 1µg/ml fibronectin (amplification medium) and cells were induced to 

proliferate in presence of bFGF for 4 days. During the last 2 days 200ng/ml of Sonic 

Hedgehog (SHH) and 100ng/ml fibroblast growth factor (FGF) 8 were added as 

patterning factors. Cells were then trypsinized and plated on 15µg/ml polyornithine-

1µg/ml laminin-10% FCS in N2 medium-coated MEA plates or glass coverslips in N2 

medium containing 10% FCS, 10ng/ml BDNF, 10ng/ml NT4, and 1µg/ml laminin 

(differentiation medium). Half of the differentiation medium was then changed twice a 

week. The post mitotic neurons were maintained in culture up to 10 weeks.  
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2.3 Hippocampal culture preparation 

 Hippocampal neurons from Wistar rats (P0-P2) were prepared as previously described 

(Ruaro et al, 2005). Cells were plated on polyorhitine-matrigel-coated MEA (Ruaro et al, 

2005) at a concentration of 8 x 105 cells/cm2 and maintained in Minimal Essential 

Medium with Earle’s salts (Gibco) supplemented with 5% FCS, 0.5% D-glucose, 14 mM 

Hepes, 0.1 mg/ml apo-transferrin, 30 µg/ml insulin, 0.1 µg/ml D-biotin, 1 mM vitamin 

B12, and 2µg/ml gentamycin. After 48 hours, 5 µM cytosine-β-D-arabinofuranoside 

(Ara-C) was added to the culture medium to block glial cell proliferation. Half of the 

medium was changed twice a week. Neuronal cultures were kept in an incubator 

providing a controlled level of CO2 (5%), temperature (37oC) and moisture (95%). In all 

experiments, hippocampal cells were used after 3 weeks in culture. 

 

 

2.4 Immunocytochemistry 

Cells were fixed in 4% paraformaldehyde containing 0.15% picric acid in phosphate-

buffered saline (PBS), saturated with 0.1 M glycine, permeabilized with 0.1% triton X-

100, saturated with 0.5% BSA in PBS and then incubated for 1h at room temperature (20-

22°C) with primary antibodies. The primary antibodies were: a) rabbit polyclonal 

antibodies- against GABA, serotonin, CaMKII  (all from Sigma), TH (Pel Freeze); b) 

mouse monoclonal antibodies- TUJ1 (Covance), MAP2 (Sigma), GFAP (Sigma), nestin 

(Chemicon), O4 (Chemicon), SMI-94 (anti-MBP, Covance); c) guinea pig polyclonal 

antibody against V-GLUT2 (Chemicon); D) goat polyclonal antibody against ChAT 

(Chemicon). The secondary anti-mouse-FITC and anti-rabbit-RITC antibodies were from 
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Sigma, goat anti-mouse IgG1-FITC and IgG2a-TRITC were from Southern Biotech, anti-

guinea pig-488 Alexa and anti-goat-594 Alexa were from Molecular Probes. Total nuclei 

were stained with 2µg/ml in PBS Hoechst 33342 (Sigma).  

Alexa Fluor 488 phalloidin was used to mark F-actin (Molecular Probes). The incubation 

time was 30 min at room temperature (20-22°C).  

The cells were examined using a fluorescence (Zeiss Axiovert 2) and confocal (Leica 

DMIRE2) microscope equipped with differential interference contrast (DIC) and phase-

contrast optics. Digital images were acquired with a CCD camera (Zeiss), cells were 

selected on the screen and counted with with Image J Cell Counter Software. Data values 

are presented as the means +/- SD. All results were derived from at least three 

independent experiments. 

 

 

2.5 Atomic force microscopy 

Atomic Force Microscopy (AFM) was performed using a commercial AFM (Nanowizard 

II, JPK Berlin) combined with an inverted optical microscope (Zeiss Axiovert 200), and a 

fluorescence set-up (Zeiss X-cite). AFM was operated in contact mode in liquid, 

adjusting the contact force during imaging to minimize the force exerted by the tip on the 

sample during scanning. Soft tips from VEECO with low force constant (OBL, 0.03N/m) 

were utilized and forces were kept between 100pN and 1nN during scanning. AFM and 

optical images were superimposed using commercial Software (DirectOverlay, JPK, 

Berlin) that corrects the optical aberrations using the AFM scanner position sensors with 

an accuracy better than 1nm.  
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To perform AFM analysis, ES cells were grown and on 24mm diameter glass coverslips, 

mounted into the AFM liquid cell, immersed in PBS buffer and mounted into the AFM 

microscope. After laser alignment and tip calibration, the system was left to settle for a 

couple of hours with laser and microscope condenser on, to minimize thermal drift and 

force drift during image acquisition. 

Image post processing (JPK Image processing, Berlin) was minimized in order to not add 

image processing artifacts. 

 

 

2.6 Electrophysiological recordings 

Dissociated hippocampal and ES-derived neuronal cultures were transferred in a 

recording chamber, perfused in Ringer’s solution (145mM NaCl, 3mM KCl, 1.5mM 

CaCl2, 1mM MgCl2, 5mM glucose, 10mM Hepes, adjusted to pH 7.3 with NaOH) and 

visualized with an upright microscope (Olympus) with DIC optics. Patch-clamp 

recordings were performed with an Axoclamp 2-B amplifier (Axon Instruments). 

Experiments were performed at room temperature (20-22°C). Electrodes were pulled 

(Narishige) and filled with an intracellular solution containing: 120mM potassium-

gluconate, 10mM sodium-gluconate, 10mM Hepes, 10mM sodium-phosphocreatine 10, 

4mM MgATP, 4mM NaCl, 2mM Na2ATP and 0.3mM Na3GTP (adjusted to pH 7.3 with 

KOH): in these conditions the electrode resistance was 15-20 M�. To enhance the 

driving force for chloride currents, some experiments were performed in symmetrical 

chloride conditions by substituting potassium-gluconate with KCl in the pipette solution; 

in these conditions the resistance of the electrodes was 5-10 M�. The data were digitized 
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at 20 kHz (Digidata 1200, Axon Instruments) and analyzed using pClamp9 software 

(Axon instruments). Values of membrane potentials were corrected for the effects of 

liquid junction potential during seal formation. 

Pharmacological identification of postsynaptic responses was performed by application of 

the following synaptic blockers: 30µM D-AP5, 20µM 6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX); 10µM SR-95531 (gabazine). All reagents were purchased from Tocris. 

 

 

2.7 MEA electrical recordings and electrode stimulation 

ES-derived neurons cultured on MEAs, were kept in an incubator with a controlled level 

of CO2 (5%), temperature (37°C) and moisture (95%). Before electrical recordings, dishes 

were sealed with a cap distributed by MultiChannel Systems (MCS) to reduce gas 

exchange and eliminate evaporation and contamination and transferred from the culture 

incubator to a different incubator with controlled CO2 (5%), and temperature (37°C) 

where the electrical recording system was placed. Before starting the recordings, the 

neuronal culture was allowed to settle for approximately 30 minutes. After termination of 

the experiment, usually after 2-3 hours, the medium was changed, and the dish was 

moved back to the incubator.  

MCS commercially supplied the multi electrode array (MEA) system used for 

electrophysiology. MEA dishes had 10x6 TiN electrodes with an interelectrode spacing 

of 500 µm and each metal electrode had a diameter of 30 µm. The MEA is connected to a 

60-channel, 10 Hz – 3 kHz bandwidth pre-amplifier/filter-amplifier (MEA 1060-AMP) 

which redirects the signals toward a further electronic processing (i.e. amplification and 
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analog to digital (AD) conversion), operated by a high performance computer. Signal 

acquisitions are managed under software control, and each channel was sampled at a 

frequency of 20 kHz. One electrode was used as ground. Sample data were transferred in 

real time to the hard disk for off-line analysis. Each metal electrode could be used either 

for recording or for stimulation. The voltage stimulation used consisted of bipolar pulses 

lasting 100 µs at each polarity, of amplitude varying from 200mV to 900mV, injected 

through a single channel of the STG1004 Stimulus Generator (Wagenaar et al, 2004). The 

voltage pulse generated by the STG1004 was applied in parallel with the set of electrodes 

manually selected for stimulation (simultaneous multisite stimulation). An artifact lasting 

5–20 ms, caused by the electrical stimulation, was induced on the recording electrodes 

but was removed from the electrical recordings during data analysis (Ruaro et al, 2005; 

Wagenaar and Potter, 2002). For each stimulus the culture was stimulated for 100 trials 

every 4 seconds. 

 

 

2.8 Data analysis 

Acquired data were analyzed using MATLAB (The Mathworks, Inc.). For each 

individual electrode, we computed the SD (σ) of the noise, which ranged from 3 to 6 µV, 

and only signals crossing the threshold of -5σ were counted as APs and used for data 

analysis. AP sorting was obtained by using principal component analysis and open source 

toolboxes for the analysis of multielectrode data (Egert et al, 2002) with MATLAB. To 

quantify the amount of small amplitude spikes, a fixed threshold of -50 µV was used, and 

the number of APs recorded was then compared with that obtained with a threshold of -
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5σ. The firing rate (FR(t)) of Fig. 14B and the probability distribution of the number of 

spikes per bin of Fig. 15A and B were computed by counting the number of spikes 

recorded by the whole MEA in time bins of 250 ms. To compute the average firing rate 

(AFR) of the neurons, peristimulus time histograms (PSTHs) were calculated for the 

sorted neurons (Fig. 18A and C) using a 10 ms time bin, where time 0 ms corresponds to 

the delivery of the stimulation. Similarly, when APs recorded by the whole array of 

electrodes were pooled, the array PSTH (APSTH) was calculated (Fig. 18B and D). The 

coefficient of variation (CV) of any variable analyzed is the SD over the mean of the 

variable. To test the difference of firing between the spontaneous activity and the activity 

after the extracellular stimulation, we considered the number of APs, respectively, in the 

50 ms preceding and in the 50 ms after the stimulus. To test the significant difference in 

the variation between the two quantities we used one-way analysis of variance 

(ANOVA).  

 

 

2.9 Calculation of the mutual information 

With the aim of decoding the stimulus intensity, we considered the array response (ARt). 

We used information theory (Shannon and Weaver, 1949) and, in particular, mutual 

information to estimate the amount of information that can be decoded in different time 

bins (i.e., varying t) and for different extents of pooling (i.e., different number of 

electrodes). In particular, the mutual information was calculated as follows: 
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It quantifies in bits the amount of information that a single response, r, (i.e., ARt,) 

provides about the intensity of the stimulus, s. pt(r) is the total probability of observing 

the response r considering the time bin 0 to t ms after the stimulus, averaged over all 

stimuli. In our case, all stimuli occurred with equal probability, p(s). In order to minimize 

the effects of finite sample size on our estimates of information, the real response r has 

been binned into different intervals, following the methods of Panzeri and Treves (1996). 

 

 

2.10 Calculation of correlation 

The degree of correlation of firing in the network was measured comparing the multiunit 

recordings of pairs of electrodes. The spontaneous activity was recorded for 

approximately 30 minutes and, to convert it into a time series (SA1, …, SAn), it was 

binned into firing rate with a bin width ∆t. For each pair of electrodes (i, j), the cross-

correlation ρ i,j between the time series (SAi1, …, SAin; SAj1, …, SAjn) was calculated 

according to the equation: 

 

ρ�i,j   = 
� �

�

= =

=

><−><−

><−><−

N

n

N

n
jjniin

N

n
jjniin

SASASASA

SASASASA

1 1

22

1

))()()((

))((
    

    



 30 
 

 

and the average cross correlation < ρ > over all the possible pairs of electrodes was 

calculated. The cross-correlation analysis for the spontaneous activity shown in Figure 

15 was obtained varying the size of the bin width ∆t. 
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3. RESULTS 

 

The goal of this work was to find the appropriate protocol for ES differentiation 

into neurons in order to analyze their capability to form functional network. To study the 

properties of these networks, we used extracellular recordings on multielectrode arrays 

(MEAs), so it was essential to develop the optimal conditions to grow and differentiate 

neurons on the MEA dishes. We selected a starting protocol for differentiation 

considering also the possibility to modify the network properties by changing the 

composition of the culture like, for example, changing the proportions of excitatory and 

inhibitory neurons. We opted for the protocol originally developed by Barberi et al 

(2003) that allows enrichment for different neuronal subtypes. In this work we used the 

protocol that enriched in GABAergic neurons and demonstrated that ES-derived neurons 

can form functional networks and have properties similar to those of primary adult 

neurons. 

 

3.1 GROWTH AND NEURONAL DIFFERENTIATION OF ES 

CELLS 

The protocol for neuronal differentiation used in this study involves stromal cell 

inducing activity (SDIA) and is a modification of that described in Barberi et al (2003).  

The ES cell line used was BF1/lacZ (kind gift from Dr. Studer). Undifferentiated ES cells 

were amplified by growth on Mitomycin C-inactivated murine embryonic fibroblasts 

(MEFs) feeder and in the presence of leukemia inhibitory factor (LIF) (Fig. 1). 
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Figure 1. The undifferentiated ES cells grow of on MEFs and form colonies containing between 500-1000 
undifferentiated stem cells. Scale bar = 50µm. 

 

LIF is essential for maintaining the ES cells undifferentiated and it was recently 

reported (Keller, 2005) that in the presence of appropriate batches of fetal calf serum 

(FCS) recombinant LIF can replace the feeder cell function. However, in our hands, ES 

cells cultured on gelatin-coated dishes without feeder cells tended to differentiate by 

forming flat colonies containing epithelial-like cells. Since MEFs provide not only 

secreted factors (LIF included), but also extracellular matrix and cellular contacts 

important for the maintenance of undifferentiated stem cells state, we cultured ES cells 

both on MEFs and with the addition of recombinant LIF in the culture medium.  

To prevent the undesired proliferation of feeder cells, we inactivated them with 

Mitomycin C, that inhibits DNA synthesis and replication by forming cross-links 
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between the complementary strands of DNA, thus preventing the separation of the 

complementary DNA strand.  

 

The protocol for neuronal differentiation consists of tree steps: 

1. Induction of the neuronal differentiation 

2. Amplification of the neuronal precursors 

3. Differentiation of ES-derived neuronal precursors 

 

 

3.1.1. Induction of the neuronal differentiation�

In order to induce neuronal differentiation of ES cells, stromal feeder cell line 

MS5 was used (kind gift of Dr. Studer). MS5 are preadipocytic mesenchymal cells that 

were originally developed to support in vitro growth and long-term expansion of highly 

purified haematopoietic stem cells and were subsequently described to induce neuronal 

differentiation of embryonic stem cells (Barberi et al, 2003).�

Neural induction was initiated by plating undifferentiated ES cells on Mitomycin 

C-treated MS5 feeder as single-cell suspension at low density (250 cells/cm2). ES cells 

seeded on this feeder layer and exposed to serum replacement medium, formed small 

epithelial structures (Fig. 2A) and after a few days, many cells in the structure were 

immunoreactive to neural precursor markers such as nestin. By day 6 (Fig. 2B), virtually 

all ES cell-derived colonies were positive for nestin (Fig. 2C).  
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Figure 2. The growth of ES cells on MS5 feeder in serum replacement medium. DIC image of ES cells at 4 
days (A) and 6 days (B) after plating. (C): Nestin-positive (green) colony of ES cells on day 6. The cell 
nuclei were stained with Hoechst 33342 (blue). Scale bar = 50µm. 
 

The positive staining for nestin was mainly detected on the borders of the colonies 

(Fig. 2C) where the cells were in better contact with stromal cells. Therefore, a further 

step of selection and amplification of precursors was necessary.  
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3.1.2. Amplification of the neuronal precursors 

 The second step of the protocol involves the selection and amplification of the 

ES-derived neuronal precursors in the presence of mitogen, basic fibroblast growth factor 

(bFGF). In the original protocol, this step was performed by changing the medium 

composition and the neuronal precursors were amplified directly on the stromal feeder 

cells. The presence of the feeder layer could interfere with the extracellular recordings on 

the MEAs where a good contact of the neurons with the electrode is required to obtain a 

good electrical signal. Therefore, we had to modify the original protocol to eliminate the 

feeder layer.  

To separate the ES colonies from the MS5 feeder layer we could not use chemical 

digestion with trypsin because this would produce the detachment of the whole feeder 

layer together with the ES colonies. We chose to mechanically separate ES colonies from 

feeder cells by using Hank’s balanced salt solution (HBSS; see Methods). HBSS is a 

calcium-free solution that interferes with cell-adhesion proteins, i.e. cadherins, that are 

calcium-dependent.  

After brief incubation with HBSS, by flushing the solution through the pipette tip 

near the colonies, the ES colonies detached leaving the MS5 cells attached to the culture 

dish. The detached colonies were then transferred on polyornithine-fibronectin-coated 

dishes and KSR medium was added. After 2-3 hours, to allow the deposition of the cells, 

half of the medium was changed with N2 medium containing 10ng/ml bFGF and 1µg/ml 

fibronectin (amplification medium) to start the amplification/purification step.  
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During this step, the cells expanded from the colonies and in 2-3 days formed a 

monolayer of cells, almost all of which were positive for nestin (96.66% ± 0.88%; (n=3); 

690 total cells analyzed) (Fig. 3).  

 

 

Figure 3. ES-derived neuronal precursors after 2 days of amplification. (A): DIC image of precursors. (B): 
The precursors spread forming monolayer and almost all are positive for nestin (green). The cell nuclei are 
stained with Hoechst 33342 (blue). Scale bar = 25µm.  �
 

The precursors were amplified in the presence of bFGF for 4 days. During the last 

2 days 200ng/ml of Sonic Hedgehog (SHH) and 100ng/ml fibroblast growth factor (FGF) 

8 were added as patterning factors. The addition of FGF8 resulted in an increased cell 

number and SHH was added in combination with FGF8 to enrich in the final yield of 

neurons (Barberi et al, 2003; Lee et al, 2000). 
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3.1.3. Differentiation of ES-derived precursors 

The differentiation is induced by removal of bFGF and addition of specific 

neurotrophins: brain derived neurotrophic factor (BDNF) and neurotrophin (NT) 4. 

We observed that the amplification step was not possible on MEAs because the 

colonies that detached from MS5 did not adhere properly on the dish and cells eventually 

died. To bypass this problem, we introduced further modification in the protocol. 

Precursors were first amplified on tissue culture dishes, detached with trypsin 

treatment and then plated on polyornithine-FCS-laminin-coated MEAs. Trypsin was 

neutralized by the addition of fetal calf serum (FCS) to the N2 medium containing 

10ng/ml BDNF, 10ng/ml NT4 and 1µg/ml laminin (differentiation medium). In this way, 

the cells attached well on the MEA dish. 

The next day the medium was replaced with differentiation medium without 

serum and the ES-derived neurons were maintained in culture up to 10 weeks by 

changing half of the differentiation medium twice a week. 

 

 

3.2 MATURATION OF ES-DERIVED NEURONS AND CULTURE 

CHARACTERIZATION 

 

Within 1-2 days after the differentiation induction, the ES-derived precursors 

(Fig. 3A) started to elongate and to extend neurites. After 1 week of differentiation, cells 

assumed a typical neuronal morphology and generated extensive network of processes 

(Fig. 4A). 



 38 
 

ES-derived neurons expressed the post-mitotic neuronal marker β−tubulin III 

starting from 3 days after differentiation induction (Fig. 4B). A microtubule associated 

protein (MAP) 2 was also used to mark ES-derived neurons, in particular the cell bodies 

and dendrites (Fig. 4C). These markers were present throughout the observation period. 

 

 

Figure 4. (A): DIC image of neurons at 7 days of differentiation. Immunofluorescence labeling of neurons 
at 3 days of differentiation with TUJ1 (B) and MAP2 (C) antibody. Scale bar = 25µm. 
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In general, the neuronal markers TUJ1 and MAP2 were coexpressed during the 

time course of differentiation. However, MAP2 expression was not present in all neurons 

during the first week of differentiation since we observed MAP2-negative/GABA-

positive cells (Fig. 5) while TUJ1-negative/GABA-positive cells were never found. 

 

 

Figure 5. ES-derived neurons at 7 days of differentiation stained with anti-MAP2 (A) and anti-GABA (B) 
antibody. (C): Merged image for MAP2 (green), GABA (red) and cell nuclei stained with Hoechst 33342 
(blue). White arrows indicate MAP2-negative/GABA-positive neuron. Scale bar = 25µm. 
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TUJ1 and MAP2 showed different intensity of expression: during the first week 

of differentiation, TUJ1 staining in most neurons was stronger with respect to MAP2 

(Fig. 6A). At two weeks of differentiation, there was almost equal intensity of staining 

(Fig. 6B). At three weeks of differentiation most neurons showed stronger MAP2 staining 

in respect to TUJ1 (Fig. 6C). These observations are in agreement with previous findings 

that MAP2 is expressed in more mature neurons and that in vivo, the level of expression 

of β−tubulin III decreases during postnatal development (Jiang and Oblinger, 1992). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Merged images of TUJ1 (red) and MAP2 (green) staining of ES-derived neurons during the first 
(A), second (B) and third (C) week of differentiation. Neurons stained strongly for TUJ1 during the early 
phase of differentiation whereas after 3 weeks of differentiation, the staining for MAP2 was stronger. Scale 
bar = 25 µm. 
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Of these post-mitotic neurons, at one week of differentiation almost 40% were 

GABAergic (Tab. 1 and Fig. 7A), less than 5% were dopaminergic (positive for tyrosine 

hydroxilase (TH); Tab. 1 and Fig. 7B) and less than 2% were serotonergic (positive for 5-

HT; Tab. 1 and Fig. 7C). By using ChAT antibody, no cholinergic neurons were found. 

We suppose that all the remaining neurons were glutamatergic. However, we were not 

able to find the appropriate marker for glutamatergic neurons. We tested both the 

antibodies against glutamate and vesicular glutamate transporter 2 (VGLUT2) but we did 

not obtain the specific staining. CaMKII antibody stained properly the glutamatergic 

neurons (Fig. 7D). However, the double staining of CaMKII with TUJ did not allow an 

easy identification of those cells that are positive for both antibodies.   

 

 

 

Table 1. Percentage of different neuronal subtypes at one week of differentiation. 

Neuronal 
subtype 

TUJ1-
positive cells 

analyzed 

% subtype-
specific 

neurons* 

number of 
experiments 
performed 

GABAergic 2391 39.28 ± 1.86 4 

Dopaminergic 578 4.89 ± 0.26 3 

Serotonergic 920 1.73 ± 0.89 3 

*Data values are presented as the means +/- SD. 
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Figure 7. Neuronal subtype characterization of the culture. (A): GABAergic, (B): TH-positive 
dopaminergic, (C): 5-HT-positive serotonergic and (D): CaMKII-positive glutamatergic neurons. Scale bar 
= 15µm. 
 

 

 

 To monitor the survival of ES-derived neurons, the yield of TUJ1-positive cells 

was counted at 7, 10, 14 and 21 days of differentiation. Table 2 summarizes the results of 

at least three independent experiments for each time interval. 
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The percentage of neurons slightly decreased during the differentiation: from 

about 38% at first week of differentiation to 28% of the total cells present in the culture at 

three weeks of differentiation. The decrease in neuronal viability with time is in 

agreement with other observations (Fraichard et al, 1995). 

 

  

Table 2. Percentage of neurons during the differentiation. 

Days of 
differentiation 

Total cells 
analyzed 

% TUJ1/total 
cells* 

number of 
experiments 
performed 

7 925 37.42 ± 2.74 3 

10 3214 34.12 ± 3.63 4 

14 2891 30.99 ± 3.55 4 

21 1516 28.37 ± 4.55 3 

* Data values are presented as the means +/- SD. 

 

 

 Since in vitro differentiation can give rise to neurons, astrocytes and 

oligodendrocytes, we analyzed also the induction of glial cells during a period of time. 

ES-derived astrocytes were marked with glial acidic fibrillary protein (GFAP; Fig. 8). 

Very few astrocytes were observed during the first week (Tab. 3). However, already after 

10 days of differentiation, more than 30% of the cells were positive to GFAP and their 

percentage progressively increased reaching about 50% of the population at 3 weeks of 

differentiation (Tab. 3 and Fig. 8). Increased numbers of GFAP-positive cells over the 
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observation period is in agreement with in vivo developmental progression and with adult 

neuronal stem cell differentiation studies in vitro (Sauvageot and Stiles, 2002; Sun et al, 

2003).  

 

 

 

 

Figure 8. ES-derived  GFAP-positive astrocytes at three weeks of differentiation. Scale bar = 25 µm. 
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Table 3. The percentage of astrocytes during the differentiation. 

Days of 
differentiation 

Total cells 
analyzed 

% GFAP/total 
cells* 

number of 
experiments 
performed 

7 615 8.74 ± 3.57 3 

10 1786 32.54 ± 4.00 3 

14 644 33.62 ± 12.49 3 

21 845 46.48 ± 1.46 3 

* Data values are presented as the means +/- SD. 

 

 

By using either O4 or SMI-94 antibodies, we did not detect any oligodendrocytes 

in our culture. 

 

As the differentiation proceeded, the ES-derived neurons assumed a mature 

morphology (Fig. 9), connected to each other and grew in close contact with glial cells. 

At 3 weeks of differentiation, neurons and glial cells represented almost 80% of the total 

cell number (Tab. 2 and 3). The presence of non-neuronal cells (about 20% of total cells) 

was in part a consequence of the use of FCS during the first few days of differentiation. 

 To block the overgrowth of non-neuronal cells, we treated our culture with 

proliferation blockers Mitomycin C or cytosine-β-D-arabinofuranoside (Ara-C) but these 

agents resulted toxic for ES-derived cultures causing increased cell death and detachment 

from the MEA dishes. To avoid the use of serum, we also tried the mechanical 

dissociation in HBSS solution that does not require neutralization with FCS before 
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plating on MEA. This modification of the protocol resulted in a decreased maturation of 

glial cells which affected negatively adhesion and long-term survival of the neurons. This 

was not surprising since it is known that glial cells secrete survival factors for the 

neurons, and also form an adhesive substratum for the neuronal cells in vitro (O’Shea, 

1999). 

 

 

 

Figure 9. ES-derived TUJ-positive neurons (red) at 3 weeks of differentiation. The cell nuclei are stained 
with Hoechst 33342 (blue). Scale bar = 25µm. 
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3.3 INTRACELLULAR RECORDINGS  

 

To confirm that differentiation of ES cells produced functional neurons, 

intracellular recordings with patch pipettes were performed at 7, 14, 21 and 28 days after 

differentiation induction (41 cells). The resting membrane potential was – 43 ± 4 mV 

after one week (n=8) and increased to – 68 ± 7.8 mV after 3 weeks (n=13). The input 

resistance was 2 ± 1.3 G� during the first week and decreased subsequently to 1.4 ± 0.6 

G� in the ES-derived neurons.  

After one week, a depolarizing current pulse evoked at most one AP with mean 

amplitude of 12.9 ± 5 mV s.d. (n=8). After 2 weeks of differentiation ES-derived neurons 

produced APs with amplitude of about 50mV, but a tonic discharge of APs was evoked 

only in 1 out of 8 cells analyzed. After 3 weeks, 4 out of 12 cells fired trains of APs and 

after 4 weeks, 9 out of 13 cells discharged APs in a sustained way, but neurons with a 

transient firing were still observed.  

Examples of current-clamp recordings of ES derived neurons at 7, 14, 21 and 28 

days of differentiation are shown in Figure 10. After 4 weeks of differentiation, in some 

cells a depolarizing current pulse did not evoke APs and voltage clamp recordings from 

these cells indicated the presence of voltage gated K+ currents but not of Na+ current (not 

shown). As the percentage of glial cells in the culture increased with time, these 

recordings were presumably obtained from glial cells.  

These results demonstrated that at single-cell level, functional ES-derived neurons 

were obtained. 
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Figure 10. Electrophysiological characterization of APs firing of ES-derived neurons. ES-derived 
neurons at different days of differentiation (7, 14, 21, 28) were recorded in whole cell current clamp mode 
at rest, i.e. with no bias current injected. 7 days: step of 20 pA of 1 s duration. 14 days: (first trace) step of 
10 pA of 1 s duration; (second trace): step of 12 pA of 1.5 s duration. 21 days: (first trace): step of 15 pA of 
1.5 s duration; (second trace): step of 35 pA of 1.5 s duration. 28 days: (first trace) step of 20 pA of 9 s 
duration. (second trace): step of 30 pA of 1 s duration. 

 

 

 

3.4 ELECTRICAL RECORDINGS ON MEAs 

 
Multi-electrode array (MEA) is a non-invasive technique that allows to record 

extracellular electrical activity from 60 electrodes, spaced only a few hundred microns 

apart, and all incorporated into a single chip.  
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In order to test the appearance of spontaneous activity in ES-derived neuronal 

cultures, neuronal precursors were plated and induced to differentiate directly on the 

MEA. 

After one week of differentiation of ES-derived neurons on the MEA, it was 

possible to record the extracellular voltage signals that corresponded to action potentials 

(APs) having a shape very similar to that observed in cultures obtained from neonatal 

hippocampal rat neurons (Fig. 11). However, in general, ES-derived neurons had a 

greater proportion of small spike amplitudes than hippocampal neurons. In fact, less than 

5% had amplitude higher than 50µV although amplitudes large as 100µV could be 

observed. In the hippocampus,�the percentage of spikes with amplitude higher that 50µV�

was more than double and spikes could reach 200µV. 

 

 

 

 

Figure 11. Example APs spontaneously recorded from the single electrode of the MEA from ES-derived 
and hippocampal neurons respectively. 
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Extracellularly recorded APs varied in number of active sites and amplitude of 

spikes for different electrodes and in different cultures because they depend on the quality 

of the contact of the cells with the electrodes. Despite these differences, we observed an 

increase in the number of active sites (electrodes recording spontaneous activity) with the 

progression of ES-derived neurons differentiation. In fact, during the first week of 

differentiation on MEAs, we recorded APs from few (less than 5) electrodes of the MEA. 

During the second week new active sites were observed (from 5-10) and on the third 

week of differentiation we were able to record the APs from up to 20 electrodes and the 

spike amplitudes were higher.  

These results demonstrated that ES-derived cells differentiate into functional 

neurons. Since the protocol modifications allowed us to maintain these cells in culture for 

long periods (up to 10 weeks) the formation of neuronal networks could be foreseen. To 

investigate whether these cells are able to form a network and to study some of the 

network properties of the ES-derived culture, we used a primary culture of dissociated 

hippocampal neurons previously investigated in our lab (Bonifazi et al, 2005; Ruaro et al, 

2005) for comparison. 

A hippocampal culture was prepared from three-day-old Wistar rats. Briefly, 

dissociated hippocampal neurons were plated on polyornithine-matrigel-coated MEAs 

and maintained in a medium containing 5% FCS and Ara C to block glial proliferation 

(for the exact composition see methods). The hippocampal culture was mainly composed 

of neurons (positive to TUJ1; Fig. 11A), while the percentage of glial cells was around 

10% (Fig. 11B). Approximately 10% of the neurons were GABAergic (Fig. 11C) and 
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about 90% were glutamatergic (positive to vesicular glutamate transporter 2 (VGLUT2); 

Fig. 11D); no serotonin or dopaminergic neurons were detected (Bonifazi et al, 2005).  

 

 

 

Figure 12. Cellular composition of hippocampal cultures at 3 weeks of differentiation. 
Immunofluorescence staining of: (A): neurons (TUJ1–positive), (B): glial cells (GFAP positive), (C): 
GABAergic neurons (GABA positive), (D): glutamatergic neurons (VGLUT2 positive). Scale bar = 50 µm. 
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 By performing a double immunofluorescence staining of neurons (TUJ1-positive) 

and glia (GFAP-positive) for both cultures, we observed that the morphological 

appearance of ES-derived and of hippocampal cultures was very similar (Fig. 13). 

 

Figure 13. Immunofluorescence staining of ES-derived (A) and hippocampal (B) culture at 3 weeks of 
differentiation. Scale bar = 25µm. 
 

 

3.5 SPONTANEOUS ACTIVITY OF MATURING ES-DERIVED 

NETWORKS 

 

Spontaneous activity is a common characteristic of developing neuronal networks 

both in vivo and in vitro, which is believed to play an important role in network 

development  (Demas et al, 2003; Lahtinen et al, 2002; Leinekugel et al, 2002; Lestienne  

2001; Limpert et al, 2001; Van Pelt et al, 2004 and 2005). In order to evaluate the 

distribution and propagation of the spontaneous activity in ES-derived neuronal cultures, 

ES-derived neuronal precursors were plated on MEA and induced to differentiate. After 3 

weeks, spontaneous activity was recorded and compared with that of dissociated 

hippocampal neuronal cultures.  



 54 
 

Figure 14 illustrates the spontaneous activity of ES-derived networks (panels A 

and B) and of hippocampal networks (panels C and D). Simultaneous extracellular 

recordings are shown in A and C for ES-derived and hippocampal networks respectively.   

APs were detected on different electrodes, and bursts of APs recorded 

simultaneously from several electrodes invading the entire network were often observed. 

The global electrical activity of the network was described by computing the firing rate of 

the entire network FR (t) (see Methods) counting the total number of recorded APs in a 

given bin width. As shown in the upper panels of Figure 14B and D, the FR (t) of both 

ES-derived and hippocampal networks had large peaks corresponding to the simultaneous 

firing of several neurons, separated by periods where only occasional APs were observed. 

The global electrical activity of the network can also be visualized by considering raster 

plots – where a dot represents the occurrence of an AP - of several electrodes. Raster 

plots from ES-derived and hippocampal networks are shown on the bottom panel of 

Figure 14B and D respectively. In raster plots a vertical black line indicates that APs 

were recorded simultaneous from all – or most of – extracellular electrodes of the MEA.  

 

 

 

Figure 14. Multielectrode recording of spontaneous activity of ES-derived network at 25 days of 
differentiation. (A): Snapshot of 1 second of spontaneous activity at selected electrodes of the 
multielectrode array (MEA) during a burst. (B): Temporal analysis of 2 minutes of spontaneous activity. 
Upper panel: 2 minutes of global activity of the network; firing rate (number of action potentials (APs) in a 
bin width of 250 ms) recorded by all electrodes of the MEA. Lower panel: spontaneous activity recorded by 
each single electrode in time bins of 250 ms; the intensity of the activity at the electrode in a particular time 
bin is represented in greyscale (see Materials and Methods). (C) and (D) represent the same analyses as in 
(A) and (B) for a hippocampal network after 3 weeks in culture. 
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A comparison between the FR (t) and raster plots from ES-derived and 

hippocampal networks shows that in both networks large bursts of simultaneous activity 

were observed. The size of these bursts was random and did not have any regular 

structure. These bursts did not have any obvious periodicity and their occurrence could 

not be predicted. We observed spontaneous activity in these cultures (n=5) for more than 

two months and, in one case, up to three months. Although the firing pattern of both types 

of networks was quite similar, the spontaneous activity baseline was slightly higher in 

ES-derived networks than in hippocampal networks (compare upper panels of Fig. 14B 

and D). This was likely due to the presence of a tonic firing of small amplitude, resulting 

in rare periods of quiescent activity (compare bottom panels of Fig. 14B and D). This 

tonic firing of small amplitudes spikes (see Fig. 14A) was reminiscent to that of immature 

hippocampal networks (data not shown).   

 

To further investigate the firing pattern of both networks, the firing rate was 

binned and the probability distribution of the number of spikes and active electrodes 

present in each bin was computed (see Methods). Both networks had a probability 

distribution of the number of spikes per bin fitted by lognormal distributions (Fig. 15A 

and B), indicating the presence of multiplicative effects (Limpert et al, 2001) among the 

firing pattern of individual electrodes, broadening the range over which large amount of 

spikes per bin can be observed.   
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Figure 15. Correlated firing. (A, B): Probability distribution of the number of spikes per bin (250 ms) in 
the hippocampal- and ES-derived networks, respectively. Both networks are fitted by a lognormal 
distribution (solid line) and not by a Poissonian distribution (dashed line), as expected in the case of 
random firing among neurons. The skewed lognormal distribution and its long right tail account for the 
presence of few large bursts, containing several hundreds of spikes, and occurring in both networks. Insets: 
probability distribution of the number of active electrodes per bin. The dashed line represents a Poissonian 
fit, indicating that the pattern of active electrodes in each time bin occurs at random. (C): Examples of 
cross correlation between couple of electrodes 1 mm apart, in the hippocampal- (top panel) and ES-derived 
networks (bottom panel). (D): Dependency of the network cross correlation on the bin size used for both 
ES-derived networks (filled circle) and hippocampal networks (open diamond). 
 

 

The lognormal fit, characterized by a long right tail, also excluded a random firing 

pattern typically described by poissonian distributions (Dayan and Abbott, 2001). 

Moreover, the presence of tonic firing in ES-derived networks was further revealed by 

the presence of a peak in the lognormal distribution, centered on the number of active 
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electrodes. This means that at least one spike was present in each bin most of the time in 

contrast to hippocampal networks, where small numbers of spikes fired in each time bin 

have the highest probability.  

Although the network firing pattern was not random and was dependent of 

multiplicative interactions among neurons, the number of active electrode in each bin 

followed a poissonian distribution (Fig.  15A and B insets), suggesting that the pattern of 

active electrode in during each time bin occurred at random.  

In both networks types, cooperative effects between neurons recorded at distant 

electrodes were also indicated by their high cross-correlation coefficient (Fig. 15C). 

The degree of connectivity within the network was quantified by computing the 

network correlation, defined as the average cross-correlation < ρ > among electrical 

recordings from active electrodes, i.e. exhibiting evident APs (see Methods). As shown in 

Figure 15D, < ρ > increased with the size of the bin width, i.e. the size of the time 

window over which correlations were considered. For small values of the bin width, i.e. 

less than 20 ms, the value of < ρ > was lower than 0.1 indicating that spontaneously 

occurring APs were almost completely uncorrelated on a short time scale.  At larger bin 

width (around 200 ms), as there is an increasing number of observations per bin there is 

an increasing probability of observing correlations and the value of < ρ > increased to 

about 0.5 in both networks. This observation indicates a larger correlation of 

spontaneously occurring APs on a longer time scale. The dependence of < ρ > on the 

used bin width is a consequence of the biophysical mechanisms underlying synaptic 

transmission and the generation of APs (Bonifazi et al, 2005): synaptic release and AP 
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initiation in different neurons is statistically independent at the ms level, but becomes 

correlated in the presence of a common input lasting some hundreds of ms.   

 

 

 

3.6 SPREAD OF THE EVOKED ELECTRICAL ACTIVITY IN THE 

NETWORK 

 

The propagation of electrical excitation in a network is a proof of the presence of 

chemical and electrical synaptic pathways and of functional network formation as has 

been previously shown in different studies on hippocampal (Ruaro et al, 2005) and 

cortical networks (Corner, 1994; Canepari et al, 1997; Marom and Shahaf, 2002).  

Therefore the spread of the evoked activity was studied in ES-derived networks 

cells cultured on MEA. Electrical activity was evoked by delivering brief voltage pulses 

to the extracellular electrodes of the MEA (see Methods). These voltage pulses induced a 

transient depolarization of neurons in good electrical contact with the stimulating 

electrode possibly triggering the initiation of an AP. When a bar of electrodes was 

stimulated (black squares in the grid of Fig. 16), APs were evoked in neurons on nearby 

electrodes with a latency of some ms. These evoked APs propagated over almost the 

entire network with a progressively longer delay (Fig. 16A).  
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Figure 16. Evoked electrical activity in embryonic stem cell (ES)-derived networks. (A): Examples of 
extracellular voltage recordings after the stimulation of a bar of electrodes (black line in the scheme on the 
right) with a bipolar voltage pulse of 900 mV. (B): Peristimulus time histogram (PSTH) of the evoked 
activity from 16 electrodes of the multielectrode array (MEA). The thin vertical line indicates the 
stimulation artifact. Data averaged over 100 repetitions of the same stimulation. 
 

 

The latency of the first evoked AP at electrodes near the stimulating bar, as the 

one indicated by the # 1 was less than 10 ms. Clear burst of evoked APs at electrodes 

distant more than 3 mm from the stimulating electrodes, as electrodes # 14,15 and 16 

were observed. The latency of the first evoked APs at these more distant electrodes was 
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around 40 ms. The results shown here are very similar to those previously described for 

hippocampal cultures (Bonifazi et al, 2005; Ruaro et al, 2005) and for cortical cultures 

(Jimbo et al, 1999 and 2000; Potter, 2000). 

The variability of the evoked electrical response was characterized by computing 

the peristimulus time histograms (PSTHs), obtained by averaging evoked response over 

100 repetitions of the same stimulus (Fig. 16B). The peak of the PSTH of the activity 

recorded on more distant electrodes occurred at progressively longer times: at a distance 

of about 2000 µm from the stimulating electrodes, the peak amplitude of the PSTH 

occurred with a delay of about 40 ms from the stimulus. The evoked response was 

usually composed of a first reproducible AP, occurring with a similar timing in every 

trial, followed by less reproducible APs (Fig. 16B) as previously described for cortical 

networks (Jimbo et al, 2000). The standard deviation of the latency of the first evoked 

AP, usually referred to as its “jitter”, was used to measure the reproducibility of the 

evoked AP. A significant correlation between jitter and latency of the first evoked AP 

was observed in ES-derived networks (ρ = 0.63, n = 4; Fig. 17A) similarly to what 

observed in hippocampal networks ( ρ = 0.8, n = 5; Fig. 17B and Bonifazi et al, 2005).  

The average latency increased with the physical distance between the recording electrode 

and the stimulating electrodes both in ES-derived and in hippocampal networks. The 

maximal speed of APs propagation was approximately 400mm/s both in ES-derived and 

in hippocampal networks (Fig. 17C and D and Bonifazi et al, 2005).   
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Figure 17. (A),(B): relation between jitter and latency of first evoked AP in ES-derived culture and 
hippocampal culture respectively. The line slope indicates the maximum speed of propagation of APs in the 
cultures approximately 400mm/s for both ES-derived neurons (C) and hippocampus (D). Different colors 
represent different cultures. 
 

 

 

The results shown in Figure 16 and 17 indicate that the evoked electrical activity 

in ES-derived networks spread with properties that are very similar to those observed in 

hippocampal networks. 

 



 63 
 

3.7 REPRODUCIBILITY OF THE RESPONSE AND INFORMATION 

PROCESSING 

 

Neurons under certain network conditions fire APs in a poorly reproducible way 

and in particular neurons receiving the same stimulation in different trials, fire a variable 

number of APs or the same number of APs but  with a different timing (Arisi et al, 2001; 

Bonifazi et al, 2005; Zoccolan et al, 2002). In most trials the first evoked AP occurred 

with approximately the same latency and it is considered reliable (Bonifazi et al, 2005; 

Jimbo et al, 2000). Variability is characterized by repeatedly applying the same 

stimulation and analyzing the evoked average firing rate (AFR) and the corresponding 

coefficient of variation (CV = σAFR/AFR) defined as the ratio between the standard 

deviation of the AFR  (σAFR) and the AFR itself. As shown in Figure 18A, for selected 

individual ES-derived neurons, the CV (black dots) of the AFR (white bars) was rarely 

lower than 0.5 indicating that the evoked electrical activity was not reproducible. 

The variability of the evoked electrical activity can be significantly reduced when 

several neurons are considered and evoked APs are averaged or pooled together (Bonifazi 

et al, 2005; Johansson and Birznieks, 2004; Pinato et al, 2000; Zoccolan et al, 2002). 

When APs recorded from all the active electrodes (i.e. therefore from an ensemble of 

more than 30 ES-derived neurons) were pooled, the CV of the evoked activity was lower 

than 0.5 for 60 ms (Fig. 18B). A similar behavior was observed when the firing of 

individual hippocampal neurons were analyzed (Fig. 18C) and when their evoked 

electrical activity was pooled together, as shown in Figure 18D. 
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Figure 18. Reproducibility and coding. Average firing rate (AFR; open bars) and coefficient of variation 
(CV; black dots) of the firing from three selected embryonic stem cell (ES)-derived neurons (A) and from 
the entire network (B). (C) and (D) as in (A) and (B), but for neurons from hippocampal culture. 
 

Functional neuronal networks, can process information by encoding important 

features of the stimulus such as its intensity (Bonifazi et al, 2005). Therefore, coding of 

stimulus intensity in ES-derived networks was investigated at the level of a single neuron 
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or when APs from a population of cells were pooled. The same analysis was carried out 

in hippocampal networks (Fig. 19).  

Since pooling APs in ES-derived neurons exhibited a reproducible response 

(CV<0.5), we investigated whether ES-derived networks distinguish the stimulus 

intensity as observed in hippocampal networks (Bonifazi et al, 2005). Voltage pulses of 

different intensities were applied to the same row of electrodes. Raster plots of the 

evoked electrical activity from four distinct electrodes are shown in the four columns of 

Figure 19A. Similar data obtained from hippocampal networks are shown for comparison 

in Figure 19D. In both networks, by increasing the intensity of the voltage pulse from 300 

to 600 and to 900 mV, the number of APs recorded on each electrode increased and the 

evoked APs became more frequent and more reliable.  

When the evoked electrical activity among several dozens of ES-derived neurons 

was pooled, it was possible to reliably distinguish the three stimulus intensities. As shown 

in Figure 19B, the histograms of the evoked electrical activity from about three dozens of 

neurons for the three voltage stimuli were well separated. Therefore, ES-derived 

networks were able to distinguish the stimulus intensity as hippocampal networks do 

(Fig. 19E).  

In order to quantify the ability of ES-derived networks to process information, we 

computed the mutual information IM, calculating the amount of information that could be 

decoded. As shown in Figure 19C, IM depended on the considered bin width and the size 

of neuronal pooling. With a bin width of 35 ms and by pooling the electrical activity from 

20 electrodes about 1.3 bits of information were extracted from a theoretical maximum of 

1.52 bits. 
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Figure 19. Information processing in embryonic stem cell (ES)-derived and hippocampal networks. (A): 
Raster plots of evoked action potentials (APs) recorded from four different electrodes (each column) by 
voltage pulses of 300, 600, and 900 mV (each row). (B): frequency histograms of all APs recorded in a 
time window from 0 to 51 ms from the stimulus evoked by the three different voltage stimulations. (C): 
Dependence of the mutual information on bin width and number of pooled electrodes. (D, E, F): As in (A), 
(B), and (C), but from hippocampal cultures. In (B) and (E), red corresponds to 300 mV, blue to 600 mV, 
and green to 900 mV. 
 

 

Similar results were obtained in hippocampal networks where a maximum of 1.4 

bits could be extracted by using a bin width of 25 ms and pooling the activity over 20 

electrodes. These results show that ES-derived networks possess some basic 

computational properties as we previously demonstrated for hippocampal networks 

(Bonifazi et al, 2005). 
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3.8 NETWORK PROPERTIES WITH INTRACELLULAR 

RECORDINGS  

 

The basis of network connectivity is the formation of functional synapses among 

different components. We therefore analyzed pharmacologically the different transmitters 

contribution to spontaneous postsynaptic events. 

Starting from 14 days of differentiation, in most cultures intracellular recordings 

showed both excitatory and inhibitory spontaneous synaptic activity (Fig. 20). The 

identification of inhibitory synaptic contributions was performed by current clamp whole 

cell patch clamp recordings. In order to enhance the contribution of chloride currents, 

some experiments were performed in symmetrical chloride conditions where chloride 

mediated synaptic events result as depolarizing potentials. Addition of glutamate receptor 

blockers D-AP5 (30 µM) and CNQX (20 µM) allowed isolating inhibitory contributions. 

At resting potential the cells showed strong spontaneous depolarizing events that could 

trigger action potential initiation (Fig. 20, left trace). Further addition of the GABA-A 

antagonist SR-95531 (gabazine, 10 µM) completely canceled this spontaneous activity 

(Fig. 19A, right trace, n=3). These results demonstrate the contribution of GABAergic 

transmission in the spontaneous activity of ES-derived neurons. The averaged membrane 

potential before application of gabazine (Fig. 20A, left trace) calculated in a time window 

without occurrence of APs was -56 ± 5.4 mV, while after the application of gabazine, the 

averaged value in a time window of the same duration was -70 ± 1.1 mV. The decrease in 

the standard deviation reflected the block of chloride-mediated depolarization after 

gabazine treatment. 
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Figure 20. Electrophysiological and pharmacological identification of spontaneous synaptic inputs. (A): 
Whole-cell current-clamp patch-clamp recording at 0 bias current of an embryonic stem cell (ES)-derived 
neuron in presence of D-AP5 (30 µM) and CNQX (20 µM). The recording was performed in symmetrical 
chloride conditions in order to enhance the contribution of chloride currents (first trace). Addition of 
gabazine (10 µM) abolished the spontaneous activity, with a hyperpolarizing effect on the membrane 
potential (second trace). (B): Spontaneous outward (arrows) and inward currents were observed in voltage 
clamp recordings at −50 mV with potassium-gluconate-based pipette solution. Traces in left column are 
representative of control conditions, showing both outward and inward currents. Addition of gabazine 
completely prevented outward currents, but did not influence inward currents occurrence (representative 
traces in right column). (C): Spontaneous activity of ES-derived neuron recorded in current clamp at 0 bias 
with potassium-gluconate-based pipette solution (first trace). Application of gabazine synchronized 
excitatory synaptic inputs with consequent onset of bursts of action potentials (second trace). Further 
application of D-AP5 and CNQX completely abolished the occurrence of bursts (third trace). After wash 
out, bursting activity regenerated (last trace). (D): Hippocampal neuron spontaneous activity recorded in 
current clamp at 0 bias with potassium-gluconate-based pipette solution (first trace); effect of gabazine 
(second trace); effect of further addition of D-AP5 and CNQX (third) trace; and wash out (last trace). 
Traces scale as in C. 
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Further evidence for inhibitory contributions in the spontaneous synaptic activity 

could be found by recording the cells in voltage clamp conditions with K-gluconate based 

intracellular pipette solution (see methods) (Fig. 20B). By clamping the cell at -50 mV 

spontaneous occurring outward currents were recorded at a frequency of about 1Hz (see 

arrows in Fig. 20B). Subsequent application of gabazine completely prevented the 

occurrence of such events.  

Excitatory synaptic input was also present in the spontaneous activity (Fig. 20C, 

control). Application of gabazine in K-gluconate based intracellular pipette solution to 

block inhibition both isolated excitatory contributions in whole cell patch clamp 

recordings and increased the synaptic coupling among the neurons participating to the 

network. This resulted in synchronous excitatory synaptic inputs in the recorded cells, 

often triggering bursts of APs (Fig. 20C, gabazine). In these conditions addition of 

glutamate receptor blockers D-AP5 and CNQX completely abolished the occurrence of 

such events (Fig. 20C, AP5; CNQX) that reappeared after wash out (Fig. 20C, wash out) 

(n=3).  

The same experiment was also performed in hippocampal cells and data are 

shown in Fig. 20D (n=3). These results show the presence of inhibitory and excitatory 

synaptic contributions both for ES-derived and hippocampal neurons. However, 

difference in the firing pattern between the 2 networks was observed. In particular, the 

duration of the burst in the ES-derived neurons was significantly longer (13.4 ± 5.2s) than 

the hippocampal bursts (3.5 ± 1.3; Student’s t-test p<0.0005).  
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3.9 WORK IN PROGRESS AND FUTURE PERSPECTIVES 

 

The neuronal growth cone is the motile sensory structure at the end of the axon 

that detects extracellular guidance cues and integrates this information into directional 

movement towards the target cell. F-actin is the primary cytoskeletal element that 

maintains the growth cone shape and is essential for proper axon guidance, whereas 

microtubules are essential for giving the axon structure and serve an important function in 

axon elongation (Dent and Gertler, 2003). 

While the role of guidance molecules (Dickson, 2002), underlying signaling and 

of both the F-actin and microtubule cytoskeletons are well established for growth cone 

movements (Dent and Gertler, 2003; Schaefer et al, 2002), relatively little is known about 

the three-dimensional structures and mechanical properties of these dynamic neuronal 

structures and how signaling pathways control the cytoskeleton (Grzywa et al, 2006). 

Surface topology of the extracellular matrix (ECM) to which the cell adheres via 

integrins not only offers structural support but also activates transduction signals that 

have a fundamental role in cell survival, differentiation and overall tissue organization 

and function. It is well established that micrometer-size features on a culture surface can 

affect migration, adhesion and morphology (Norman and Desai, 2006). Since ECM has 

topographic detail down to the nanometer-scale (e.g., the 66nm repeat banding of 

collagen fibers), by mimicking the nanoscale topographic features presented to cells, 

biomaterials are used in tissue engineering to induce the same effects (Evans et al, 2006; 

Norman and Desai, 2006).  
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Atomic force microscopy (AFM) offers the possibility to examine the ultra-

structure of biological samples from single proteins to cells at the nanometer (nm) scale. 

Shortly after AFM invention (Binnig et al, 1986), researchers started to use it to probe a 

variety of cell types, including neurons and glial cells, both alive and fixed. A small 

number of AFM studies investigated neurons focusing on the cell body, axon, and 

synaptic vesicle structure; however, only a limited attempt was made to study neuronal 

growth cones in detail (Grzywa et al, 2006). 

We are interested in investigating the morphology of ES-derived growth cones 

and whether the extracellular surface can influence the growth cone formation and 

extension. Moreover, we want to investigate the influence on elongation and morphology 

of growth cone induced by addition of different combination of cytokines that are able to 

selectively enrich for different neuronal subtypes. 

To study this we will combine atomic force microscopy with fluorescence 

labeling of cytoskeleton elements (actin, neuron-specific tubulin) on fixed neuronal 

precursors after differentiation induction.   

When neuronal precursors start to differentiate, they form growth cones that can 

exhibit a wide variety of shapes and sizes. They explore their environment looking for 

other neurons to connect. The extension and formation of neurites is a fast process and in 

less than 24 hours they already reach other cells and make contacts with them. First of all, 

we tested different times of differentiation to select the sample that better suited the AFM 

analysis. We chose 12 hrs of differentiation because after 6 hours of differentiation 

induction neuronal precursors were weakly attached to the surface and they did not show 

the elongated shape, typical of neurons. On the other hand, after 24 or 48 hours of 
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differentiation, the cells had processes that were too long with few free growth cones, and 

they were difficult to examine. We started our observation by using the standard protocol 

described in this thesis without the use of specific neurotrophins.  

 

Our preliminary results indicate that, while most of the ES-derived differentiating 

neurons show growth cones with a typical morphology (Fig. 21A), some “novel” 

structures were observed (Fig. 21B). These structures stain negatively for F-actin (Fig. 

21C and D) and have halls that could be composed of residual cell membrane parts. We 

hypothesize that these structures are what is left during the retraction of the growth cones. 

In other words, before (or during) the retraction of growth cones, actin filaments are 

depolymerized while the cell membrane is, at least in part, lost. 

 

 

Future experiments:  

1) comparison of untreated glass coverslips with glass coverslips treated with 

reactive-ion etching (RIE) to obtain different degree of roughness, 

2) comparison of shape and elongation rate of growth cones in the presence of 

different cytokines, 

3) use of a gold surface with a nanophase surface roughness on micro-metric 

surface topology.  
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Figure 21. Atomic force microscope (AFM) image of growth cone with typical morphology (A) and 
“novel” structure (B) of ES-derived neurons at 12 hours of differentiation. (C): Immunofluorescence 
staining for F-actin and (D): the same as (C) but merged for the position of 2 structures showed in (A) and 
(B) analyzed by AFM. Scale bar = 2µm. 

 

 

Before testing the different substrates with AFM we will perform a pre-screening 

of cell adhesion and growth by using a conventional immunofluorescence analysis. 

Preliminary tests by plating ES-derived neuronal precursors on glass or gold substrates 
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showed that for all glass samples the precoating with polyornithine and serum was 

required for adhesion and differentiation to occur, whereas on gold substrates neurons 

attached without any coating and seemed to differentiate even better than in standard 

culture conditions.  

 

Understanding the influence of the substrate structure on both cell adhesion and 

differentiation will be of great interest, in particular for its future use in tissue engineering 

and regenerative medicine. 
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4. DISCUSSION 
 
 

In the present work, we provide the first investigation to our knowledge of the 

formation of functional ES-derived neuronal networks and parallel processing of ES-

derived networks.  

 

4.1 ES CELLS AS SOURCE OF NEURONS AND PROTOCOLS FOR 

NEURONAL DIFFERENTIATION OF ES CELLS 

We decided to use ES cells to obtain neurons and neuronal networks since they 

offer many advantages. First, ES cells represent virtually an unlimited source of cells 

compared to primary cell cultures where homogenous cell populations are difficult to 

obtain in sufficient quantities. The use of ES cells also reduces the number of animals 

that have to be sacrificed to obtain desired cell quantity.  

Second, every ES-derived cell preparations derive from the same ES cell line thus 

avoiding the individual variability (from animal to animal) of the primary cell culture 

preparations. 

Third, with in vitro protocol for neuronal differentiation, pluripotent ES cells pass 

from a totally uncommitted phenotype to one that strongly resembles mature neurons 

without ever having experienced a normal in vivo environment. Acquisition of the 

neuronal phenotype does not require exposure to the intact embryo, but can occur entirely 

in vitro (Finley et al, 1996) and can be controlled by modifying the external medium 

conditions (Barberi et al, 2003). Nonetheless, the wide range of powerful genetic 
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manipulations that are possible in ES cells allow a number of experiments to be 

performed that are difficult or impossible in primary cell cultures or in immortalized cell 

lines (Hancock et al, 2000).  

Fourth, given the extensive efforts in this field over the past decade, several 

different protocols have evolved to promote neuronal differentiation of ES cells (Bibel et 

al, 2004; Lee et al, 2000; Li et al, 1998; Morizane et al, 2002; Okabe et al, 1996; Barberi 

et al, 2003; Westmoreland et al, 2001).  

 One of the earliest protocols employed the retinoic acid (RA) to induce neuronal 

differentiation, in the absence of any added cytokines or specific growth factors (Bain et 

al, 1995; Fraichard et al, 1995), and in agreement with some lines of researches that 

described neural induction as the derepression of a default state (Green, 1994). However, 

since RA is a strong teratogen and RA treatment of early embryos causes suppression of 

the forebrain development, it is supposed to perturb neuronal patterning and neuronal 

identities in vitro as it does in vivo. It is therefore preferable to avoid RA treatment for 

therapeutic applications or basic neuroscience research (Kawasaki et al, 2000).  

 Other researchers developed a selective method (also called V stages protocol) to 

obtain neurons and produce a good proportion of neuronal cells (Bibel et al, 2004; 

Hancock et al, 2000; Lee et al, 2000; Okabe et al, 1996; Westmoreland et al, 2001). The 

differentiation protocol involves several steps and one needs to select and amplify nestin-

positive cells for a long time (14 days) before inducing differentiation (>24 days in total). 

In addition, EBs contain increased numbers of endodermal and mesodermal derivatives 

and this inherent heterogeneity makes identification and control of factors involved in 

specific NSC differentiation very difficult (Kawasaki et al, 2000; O’Shea, 1999). 
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 The third approach involves the coculture of ES cells with stromal feeder cells 

that promote neuronal differentiation of ES cells without inducing mesodermal markers. 

This neuron-inducing effect was named stromal cell-derived inducing activity (SDIA) 

(Barberi et al, 2003; Kawasaki et al, 2000; Morizane et al, 2002). This method is fast, 

efficient and compared to earlier techniques, the induction of neuronal differentiation is 

more robust and exhibits minimal variability in obtaining neuronal cells (Barberi et al, 

2003). This method also mimics the time course of early development (Kawasaki et al, 

2000; Morizane et al, 2002). 

The main advantage of this method is the possibility to selectively enrich neuronal 

culture with different neuronal subtypes (Barberi et al, 2003) and, mainly for this reason, 

we decided to use this protocol to obtain neurons. 

Interestingly, the molecular nature of SDIA still remains to be identified. Two 

possibilities have been proposed (Kawasaki et al, 2000): one is that SDIA consists of two 

different neural-inducing factors, one that is anchored to the cell surface and one that is 

secreted. Another scenario is that secreted factors that are secondarily tethered to the cell 

surface are responsible for the activity (Morizane et al, 2006). 

As a result of these findings, the determination of the molecular mechanism of 

SDIA will be indispensable because undefined factors produced by stromal cells may 

influence the differentiation of the ES cells to undesired cell types. An additional problem 

with this method is the difficulty that can be encountered when attempting to separate the 

ES-cell-derived cells from the stromal cells (Keller, 2005; Morizane et al, 2006). 

The modification to the original protocol that we introduced (on day 6 of 

coculture and before the amplification step; see Methods) resulted in the efficient 
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separation of ES-derived cells from the stromal feeder after SDIA induction but before 

the network formation. The amplification of ES-derived neuronal precursors allowed us 

to induce their differentiation directly on the MEA and to establish good contact with the 

electrodes.  

 

 

4.2 MATURATION AND SURVIVAL OF ES-DERIVED NEURONS 

AND CELLULAR HETEROGENEITY  

 

Our data demonstrate that purely ES-derived neurons undergo functional 

maturation at a rate comparable to that observed after coculturing ES cells on top of a 

hippocampal slice (Benninger et al, 2003). The appearance of neuronal postmitotic 

markers occurred much earlier than the electrophysiological maturation of neurons.  

The composition of our culture changed in terms of increased number of glial 

cells, slightly decreased number of neurons and the presence of non-neuronal cells during 

the observation period. An increase in glial cells reflected the prolonged period of in vitro 

differentiation required for network formation. Increased numbers of GFAP-positive cells 

over time is in agreement with in vivo developmental progression and with neural stem 

cell differentiation studies in vitro (Sauvageot and Stiles, 2002; Sun et al, 2003). This also 

indicated that a prolonged follow-up of the culture for therapeutic purposes is required. 

The decrease in neuronal viability with time was also observed with RA protocol 

(Fraichard et al, 1995) while in many other cases it was not reported probably because the 

cells were analyzed during the first two or three weeks of differentiation (Bain et al, 
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1995; Barberi et al, 2003; Bibel et al, 2004; Hancock et al, 2000; Kawasaki et al, 2000; 

Nakayama et al, 2004; Okabe et al, 1996; Westmoreland et al, 2001; Ying et al, 2003). 

We were able to culture ES-derived neurons and record extracellular signals on 

MEAs up to 10 weeks which is comparable to the viability of hippocampal culture. We 

found no available data of prolonged (>4weeks) in vitro survival of ES-derived neurons 

as we obtained with our cultures. 

A major problem that remains to be solved in using ES cells to generate neurons 

is cellular heterogeneity within the cultures. None of the approaches used on murine ES 

cells has yet been shown to give 100% yield of cells with the required phenotype despite 

the use of growth factors and cytokines favoring differentiation of a particular neuronal 

cell type (Bibel et al, 2004; Evans et al, 2006; Keller, 2005; Lee et al, 2000; O’Shea, 

1999).  

Therefore, the presence of non-neuronal cells in our cultures (approximately 20% 

at three weeks of differentiation) was not surprising considering the wide differentiation 

potential of ES cells. In addition, the use of FCS at the beginning of differentiation 

(required for coating and inactivation of the trypsin), enhanced the formation and 

proliferation of non-neuronal cells.  

Despite the fact that the use of FCS has several serious drawbacks including 

batch-to-batch variability and the lack of identity of the inducing factors contained in it 

(Keller, 2005), FCS is widely used at low concentrations (usually from 2-5%) in cultures 

of dissociated rat hippocampal and cortical cells (Benninger et al, 2003; Ruaro et al, 

2005; Jimbo et al, 1999 and 2000).  
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To avoid the use of FCS in the differentiation step we tried to use the mechanical 

dissociation with HBSS solution (that does not require neutralization with FCS) before 

plating on MEA but this resulted in a decreased maturation of glial cells. Since glial cells 

secrete survival factors for the neurons, and also form an adhesive substratum for the 

neuronal cells in vitro (O’Shea, 1999), the decrease in glial formation affected negatively 

the adhesion and survival of neurons. 

 Since we could not avoid the use of FCS, to block non-neuronal cell proliferation, 

we tried to treat cells with Mitomycin C or Ara-C at different time points after the 

differentiation induction but this resulted in cell death and detachment from MEA plates. 

These observations suggest that ES-derived neurons are more sensitive than other cell 

types to proliferation blockers since the equal concentration of these agents 

conventionally used in primary cell cultures resulted toxic.  

Recently we succeeded in treating the culture with Mitomycin C (at 10 days of 

differentiation when glial cells differentiate intensively) without causing enhanced 

neuronal cell death by lowering the incubation time and concentration used (the treatment 

consisted in 2 hours instead of overnight treatment at 1µg/ml of Mitomycin C which is 

10-times less) but we now need to test the functional aspect of Mitomycin C-treated ES-

derived neurons since morphological appearance is not predictive of electrophysiological 

properties. 

To solve the problem of culture heterogeneity, methods to purify the populations 

and selection strategies are developing, especially if the cells are used for transplants 

(Evans et al, 2006; Ying et al, 2003). The neuronal precursors can be purified to 

homogeneity by fluorescence activated cell sorting (FACS) or drug selection (Ying et al, 
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2003). Alternatively, Jügling et al (2003) developed an immunoisolation procedure to 

purify neurons from in vitro differentiated mouse ES cells using an antibody against the 

neuronal cell adhesion molecule L1.  

 

 

4.3 MEA AND NETWORK PROPERTIES OF ES-DERIVED 

NEURONS  

The study of neuronal networks in vitro is conceivable because it has been shown 

that functional characteristics of ex vivo neuronal networks are similar to those observed 

in vivo in terms of connectivity, inhibition/excitation ratio, electrophysiological and 

electrical stimuli (for a review, see Van Pelt et al, 2004). Moreover, in vitro networks 

possess information-processing ability with basic computational properties similar to 

those found in in vivo networks (Fraichard et al, 1995). Recent work in our laboratory 

using dissociated hippocampal networks has also shown that different decoding strategies 

can be used to extract relevant features (Bonifazi et al, 2005), giving the appropriate 

parameters to investigate ES-derived networks. By culturing ES-derived neurons over a 

MEA, we show that these networks are functional and exert some computational 

properties similar to those of hippocampal networks in culture. When an extracellular 

voltage pulse was applied to the MEA electrodes, electrical activity was evoked and 

propagated for several millimeters in the culture with a velocity of approximately 400 

mm/second, similar to that observed in hippocampal cultures. The firing pattern of 

neurons in response to the stimulus was mainly composed by a first, reliable AP followed 

by less reliable APs, again comparable to hippocampal (Bonifazi et al, 2005) and cortical 
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(Jimbo et al, 2000; Tateno et al, 2005) neuronal networks in vitro. The variability of 

firing in ES-derived neurons was reduced when the APs were pooled over a population of 

neurons, and the high reproducibility of the pooled response allowed distinguishing, at 

the level of a single trial, stimuli varying in intensity. The ability of ES-derived neurons 

to process information was illustrated by measuring the mutual information between the 

evoked response and the stimulus intensity. This analysis indicates that a population of 

ES-derived neurons can reliably discriminate three stimulus intensities (corresponding to 

1.52 bits of information) as observed in naturally matured neurons (Bonifazi et al, 2005) 

and that ES-derived neurons can process information as mature neurons do. Despite the 

striking similarity observed in the evoked activity, we observed some differences in the 

spontaneous activity. Although bursts of synchronous firing were present in both 

networks, interburst activity was more prominent in the ES-derived networks (Fig. 14), 

reminiscent of immature hippocampal networks (data not shown). This could reflect a 

difference in the ongoing maturational process characterized by different numbers of gap 

junctions, differential voltage-gated channel and ligand receptor expression and/or 

composition, difference in the rectifying function of the chloride ions (Antonucci et al, 

2001; Ben-Ari, 2002; Cherubini et al, 1991; Connors et al, 1983; Clayton et al, 1998; 

Smith et al, 1995), or percentage of glia in the cultures. One or more of these factors 

could also explain the difference in the duration of firing observed in the patch-clamp 

experiments between the two networks (Fig. 20C and D). 
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4.4 FUTURE PERSPECTIVES WITH ES-DERIVED NEURONAL 

NETWORKS 

The finding that ES-derived neurons form functional networks in vitro leads the 

way to a variety of new perspectives for future applications. ES cells are a potent source 

for the generation of various neuronal cell types, and by changing the composition of the 

culture, it is possible to promote the differentiation in specific neuronal types (Barberi et 

al, 2003; Morizane et al, 2002; Lee et al, 2000; Westmoreland et al, 2001). Therefore, in 

the near future, it will be feasible to engineer neuronal networks with different neuronal 

types and to investigate the properties of the resulting networks. Similarly, because ES 

cells are amenable to genetic modification (Friedrich and Soriano, 1991; Ying et al, 2003; 

Thomas and Capecchi, 1987), it will be possible to obtain neuronal types with modified 

properties in which selected ion channels or synaptic receptors are over- or 

underexpressed. This technology will allow the construction of neuronal networks with 

entirely new computational properties. The same technology can provide valid models of 

neuronal networks linked to a variety of neurodegenerative diseases and can verify the 

action of new ES-derived neurons on these model networks, providing a new perspective 

for therapeutic recovery. 

The availability of unlimited number of ES-derived neurons paired with an 

intrinsic ability of these cells to form neuronal networks suggests the potential of this 

system to establishing large-scale, self-assembling networks. Such complex networks 

could provide a first key step towards ES cell-based neurocomputing (Bonifazi et al, 

2005; Ruaro et al, 2005). 
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