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Summary

The significance of NO2Tyr in vivo is highlighted by observations that nitrated proteins are

markedly elevated in a broad range of human diseases and clinical disorders. The

presence of nitrated tyrosine residues was detected in human fluids and pathological

tissues such as atherosclerotic plaques of coronary vessels, amyotrophic lateral sclerosis,

and Alzheimer’s lesions, among many others.

Although the accumulation of nitrated proteins correlates well with many disease states

and is considered a marker of oxidative stress under pathological conditions, substantial

evidence has accrued that protein tyrosine nitration is a post-translational modification

playing a role in physiological processes, including signal transduction, neuronal

differentiation, and embryonic development.

On this regard, the aim of the research presented in this PhD thesis is to better

understand the significance of protein nitration under normal physiological conditions

focusing on differentiation and developmental processes.

The PhD thesis is divided in four parts. The first introductory part is dedicated to

presenting the biological functions of nitric oxide and its cellular effects in biological

system. Particular attention has been devoted to protein tyrosine nitration and its

pathological and physiological significance. Two different experimental models (cells and

organism) have been used to investigate this issue: (a) a cellular model (PC12 cells) to

discuss the effects of micro- and nanoscale topography on neuronal proliferation and

differentiation and (b) an animal model (Ciona intestinalis) for studying the role of

oxidative stress and NO-derived reactive nitrogen species (RNS) during Ciona

development and metamorphosis-related events. In particular, as far as the first model is

concerned, my studies were directed to the characterization of PC12 cells behavior on

nanostructured TiO2 films in the presence and in the absence of the classical inducer of

differentiation NGF. In the second part of the thesis I present the experimental

procedures used. Proteomics techniques, including mono- and two-dimensional

electrophoresis, electroblotting and immunostaining, and mass spectrometry (MALDI-TOF

and LTQ-Orbitrap Velos) have been used to study both experimental models. In the third
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part the results obtained are reported. Our findings suggest that tyrosine nitration is a

physiological event not necessary related to pathological processes and that this NO-

mediated post-translational modification of proteins may be regarded as a direct way to

NO-signaling transduction. Finally, in the last part I resume the main conclusions and

present future perspectives.
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Part 1- Introduction
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1.1 NITRIC OXIDE IN BIOLOGICAL SYSTEMS

Nitric oxide (NO) is a versatile diffusible signaling molecule involved in numerous

physiological and pathophysiological processes such as neuronal communication, host

defense, regulation of vascular tone, platelet aggregation, and angiogenesis [1]. It is a

relatively stable radical that diffuses from the site of production and interacts with targets

without the need for special transporter or receptor. Unlike most other endogenous

chemical mediators, which are stored in vesicles or are secreted, NO is a diffusible gas

that readily permeates cell membranes. Because NO cannot be stored, its signaling

specificity must be controlled at the level of synthesis by nitric oxide synthase (NOS).

1.1.1 NO biosynthesis

NO is biosynthesised from the amino acid L-arginine [2] which is a semi-essential amino

acid since it can be synthesized from glutamate or produced by recycling citrulline in the

citrulline-NO cycle with arginosuccinate synthase and arginosuccinate lyase. The overall

reaction, catalysed by a family of enzymes called nitric oxide synthase (NOS), is the result

of a complete series of oxido/reductive events, involving a large number of cofactors

which bind to the enzyme (Figure 1).

Figure 1. The biosynthesis of nitric oxide from L-arginine.
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The co-factors for the reaction are not a side issue; their availability can be important for

the activity of this pathway and therefore for NO formation.

Although NOS is the main NO source, in some special situations this molecule can be

synthesized by other mechanisms. NO can be produced by the xanthine oxidase pathway

or by H2O2 and L-arginine in a non-enzymatic way [3], or by the reduction of nitrites in

acid and reducing conditions, as occurs in ischemic processes [4].

1.1.2 The nitric oxide synthases

Three isoforms were found: neuronal or nNOS, inducible or iNOS (macrophages) and

endothelial or eNOS. Although these names are currently used, cells often express more

than one isoforms. There is some evidence that another form of NOS may exist in the

inner mitochondrial membrane (mNOS), at least in some tissue but not in all [5].

The enzyme consists of one oxygenase and one reductase domain. The oxygenase domain

contains binding sites for haem, tetrahydrobiopterin (BH4) and L-arginine and, it is linked,

through a binding site for calmodulin (CaM), to the reductase domain which contains

binding sites for flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN) and

nicotine adenine dinucleotide phosphate (NADP). In order to produce NO from L-arginine,

the NOS isoforms require formation of dimers for full activity and the system needs to be

fully coupled through BH4. Any deficiency of BH4 will lead to the formation of other

products by reductase e.g. H2O, H2O2 and superoxide anion (O2
•∙), another free radical.

Indeed, NOS enzymes are very versatile and can be switched from NO formation to the

production of other reactive oxygen species, such as hydrogen peroxide, that have cell

signaling properties and can even have similar physiological effects as NO.

NO has different physiological functions and therefore the enzymes are tailored for the

location and stimuli where NO is required. The main areas are related to blood flow,

neurotransmission and to non-specific immunity. The different NOS isoforms present

similar activity in terms of NO production but they have different structural properties

related to the various roles played by NO in the body.
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eNOS is docked to the plasma membrane because it has hydrophobic anchors due to

myristoylation and palmitoylation. It is located in regions of the plasma membrane

associated with the accumulation of receptors for agents that regulate endothelial

activity [6]. The most important physiological activation of eNOS occurs as the result of

repeated stimulation by the pulsatile flow of the blood. With every heartbeat, small

amounts of NO are produced in the endothelium to accommodate the increased blood

flow by dilating the arteries.

nNOS is very similar to eNOS, but has no anchoring sites to hold the enzyme in the plasma

membrane. It is expressed in population of developing and mature neurons [7] and has

also been found in rat astrocytes [8]. nNOS and eNOS are Ca2+-calmodulin-dependant

enzymes constitutively expressed in mammalian cells [9] that produce NO at low levels in

response to a stimulus lasting a few minutes. In contrast, iNOS is Ca2+-calmodulin-

independent and it is expressed following immunological or inflammatory stimulation in

macrophages, astrocytes, microglia and other cells producing large amounts of NO.

1.2 CELLULAR EFFECTS OF NITRIC OXIDE

Because NO is involved in so many biological events, its synthesis, action and regulatory

pathways have been studied by numerous investigators in numerous systems.

Unfortunately, this has led to discrepancies in the literature and sometimes confusing

results.

Two mechanisms of action for NO can be described:

(1) 3’,5’-cyclic guanosine monophosphate (cGMP)-dependant, which involves the

production of the second messenger, cGMP, following NO activation of NO-

sensitive isoform of soluble guanylyl cyclase (sGC);

(2) cGMP-independent, which are mediated by reactive nitrogen species that are

produced as a result of the interaction of NO with oxygen (O2) or superoxide

radicals (O2
) and lead to the direct modification of proteins such as S-
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nitrosylation of reduced cysteine residues and the nitration of tryptophan and

tyrosine residues.

1.2.1 Soluble guanylate cyclase activation

The soluble enzyme guanylyl cyclase (sGC) is a heme-containing protein that plays a key

role within the NO/cGMP signaling cascade in vascular regulation and neurotransmission.

The enzyme contains a prosthetic heme group that acts as the acceptor site for NO. High

affinity binding of NO to the heme moiety produces a conformational change with the

catalysis of guanosine-5’-triphosphate (GTP) in cGMP [10, 11]. cGMP, like cAMP, is a

second messenger with important functions as intracellular signaling molecule in the

regulation of various cellular events. Its formation is only the first step of the cascade of

signaling mechanisms induced by NO. The cGMP produced can regulate a variety of

specific protein kinases G (PKG), phosphodiesterase, cyclic AMP dependent kinases (PKA),

and ion channels.

1.2.2 Nitric oxide and proteins modifications

Although the main NO cellular signaling pathway is the soluble guanylyl cyclase (sGC)

activation, NO can also exert other cellular effects independent of sGC like the direct

interaction with other reactive oxygen species. A particularly important result of these

interactions is the modification of proteins with the concomitant alteration of protein

function.

In particular, NO interacts with substances that have unpaired electrons in their

molecular orbitals like metal complexes and oxygen species, namely O2, O2
, which lead

to multiple different effects [12].

When NO interacts with O2 can produce NO, which in turn, interacts with thiols such as

cysteine residues within proteins [13]. This can lead to S-nitrosylation of the thiols.

Protein nitrosylation is a chemical reaction that has been demonstrated to affect the

function of numerous proteins, including transcription factors and signaling molecules.
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The DNA binding activities of both NF-kB and c-Jun, for instance, are inhibited when they

are nitrosylated, affecting gene expression [14, 15]. Concurrent with the thought that to

be an important regulatory event nitrosylation must be reversible, the laboratory of

Stamler described a conserved de-nitrosylating enzyme [16].

NO can also interact with O2
. When this occurs, the strong oxidant peroxynitrite

(ONOO) is formed [17] leading to nitration of tyrosine in proteins.

1.3 PROTEIN TYROSINE NITRATION

Tyrosine nitration is a covalent protein modification resulting from the addition of a nitro

(-NO2) group onto one of the two equivalent ortho carbons of the aromatic ring of

tyrosine residues to produce the stable adduct 3-nitrotyrosine. The addition of the nitro

group implies the formation of nitrating species, with nitric oxide providing the source of

nitrogen [18]. In vitro and in vivo studies have indicated that several nitrating species,

such as nitrogen dioxide, peroxynitrite, and nitrous acid can be formed in vivo either

simultaneously or at different times depending on the cell type and the stimulus. For

example, nitrite is a well-known substrate for hemeproteins [19-21] and its conversion to

nitrogen dioxide could account for the nitration of tyrosine residues. Moreover, the

formation of peroxynitrite by the reaction of nitric oxide and superoxide and, the

subsequent reaction of peroxynitrite with CO2 lead to the formation of an intermediate

capable of nitrating tyrosine residues in proteins [22]. Another pathway is the formation

of the nitrous acid by the acidification of nitrite [23]. Although this process requires a

significant drop in pH, HNO2 could nitrate protein slowly and indeed in some models the

slow accumulation of nitrotyrosine has been observed without an apparent need for

superoxide or hydrogen peroxide [24].

Overall, the data presented until now, do not confirm the existence of a single pathway

but rather reaffirm previous speculations [18] that a multitude of biological reactions

could be responsible for the nitration of tyrosine residues in proteins.
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1.3.1 The formation of peroxynitrite

Although oxygen is itself a free radical, the body also makes other oxygen free radicals

and reactive oxygen species such as hydrogen peroxide. In mitochondria about one

percent of the oxygen is incompletely reduced to water and so tissues constantly produce

a radical species called superoxide anion (O2
•∙). Furthermore, there are a number of

other enzymatic systems that generate superoxide and hydrogen peroxide. Since

superoxide is a potentially damaging species, there are good enzymatic defence

mechanisms to prevent its accumulation like the enzyme superoxide dismutase (SOD). It

breaks down the superoxide anion to hydrogen peroxide which is turned into water by

the action of catalase or glutathione peroxidase. However a non-enzymatic reaction

between NO and superoxide anion has a reaction constant which is about four times

greater and, potentially may yield a product known as peroxynitrite, a powerful oxidant

since it is both a reactive oxygen and a reactive nitrogen species.

The chemistry of the reaction is the following:

NO + O2
•  ONOO + H+ ONOOH

The protonated form of peroxynitrite readily decomposes at physiological pH to form

several products including the free radicals nitrogen dioxide and hydroxyl radicals which

are extremely reactive:

ONOOH OH + NO2
+

ONOOH OH• + NO2
•

Peroxynitrite is a powerful oxidant: it attacks proteins, nucleic acids and lipids [25]. In

particular, proteins can be modified in several ways by peroxynitrite, e.g. oxidation of

thiols, nitration of aromatic amino acids such as tyrosine and also some aliphatic ones.
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1.3.2 Selectivity of protein tyrosine nitration in vivo

Nitration of proteins has been detected under physiological conditions in most organ

systems and in a number of cellular models. The majority of the studies, however, have

been focused on pathological condition and nitrated proteins have been detected and

quantified in several major human diseases [26, 27]. Utilizing immunoprecipitation and

proteomic approaches many studies have identified specific proteins that are modified by

nitration in vivo such as low density lipoprotein in human atherosclerotic lesions [28],

prostacyclin synthase in bovine atherosclerotic lesions [29], actin in kidney and hepatic

tissue of mice with sickle cell disease [30], and -synuclein in 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) model of Parkinson’s disease [31].

Furthermore, electron microscopic (EM) examination of tissues has revealed intriguing

subcellular localization of nitrated proteins. In human Parkinson’s disease nitrated -

synuclein was found to decorate almost exclusively Lewys bodies, the hallmark protein

inclusions in Parkinson’s disease and dystrophic neuritis [32]. In the brain, under

physiological conditions, EM analysis of nitrated proteins revealed localization in the

outer mitochondrial membranes in dendrites, within asymmetric synapses in dendritic

spines, synaptic vesicles in axon terminals, and astrocytic processes [33].

Overall, these data have provided evidence that protein nitration is a rather selective

process that modifies specific proteins in vivo. Several factors could explain this apparent

selectivity:

 the proteins are in close proximity to the site of generation of nitrating agents;

 the proteins are the most abundant proteins and/or contain a large number of

tyrosine residues;

 the proteins contain tyrosine residues in a specific primary sequence or in a

specific environment that promotes nitration.
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1.3.3 Proximity to the site of generation of nitrating agents

Proteins located proximally to the site of generation of a nitrating agent encounter the

nitrating agents first and therefore have a higher probability of being nitrated. In a variety

of human and experimental models of the disease, nitrated proteins have been detected

only at the site of injury and only within specific cell types [26, 27], suggesting that

proximity to the sites of nitrating agent generation may determine the targets modified

by nitration. Recent data also indicated that hydrophobicity might also play a role in

directing the site of nitration in model peptides by different nitrating species [34].

However, these simple observations have not been confirmed in vivo.

Overall, the data suggest that proteins can be targeted for nitration if they are in close

proximity to the sites of nitrating species generation and within the diffusion distance of

these species.

1.3.4 Abundance of the protein

The intracellular concentration of proteins makes them reasonably good targets for

modification by reactive nitrogen species. Therefore, based simply on the abundance of

protein, it is expected that different proteins will be targeted for nitration in various cell

types. However, published data [35] indicate that the pattern of nitrated proteins

observed by Western blotting with anti-nitrotyrosine antibodies does not always

correspond to major bands on Coomassie-stained gels. There appear to be a limited

number of protein targets for nitration and the susceptibility to nitrative modification is

not solely a function of size or abundance of a particular protein.

1.3.5 Abundance of tyrosine residues

The frequency of tyrosine occurrence in proteins is approximately 3-4 mol% which is

similar to that of phenylalanine but substantially higher than that of tryptophan.

Compared to the other two aromatic amino acids, tyrosine also does not pack well in the
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interior of proteins. Thus, there is a relatively good probability that tyrosine residues in

some proteins will be exposed to the surface of the protein. The surface accessibility of

the two equivalent carbons CE1 and CE2 in the ortho position of tyrosine residues may be

critical for allowing these residues to be modified by nitration. However, surface exposure

of the CE1 and CE2 carbons of the aromatic ring does not appear to be the sole

requirement for nitration. Since not all surface exposed tyrosine residues were

susceptible to nitration [36], therefore it can be concluded that nitration occurs

predominantly on surface exposed tyrosine residues but, the degree of surface

accessibility of the two carbon atoms CE1 and CE2 of the aromatic ring did not always

predict the tyrosine residue that is modified by nitration [35].

1.3.6 Primary sequence and local environment

Analogous to other modifications of tyrosine residues in proteins such as phosphorylation

and sulfation, nitration may also follow similar sequence and structural requirements.

Specific amino acid sequences serve as mechanisms for specificity in these other tyrosine-

mediated signaling systems. It is possible that tyrosine could be a target of nitration if

located within an analogous specific peptide sequence. However, to date there is little

evidence supporting a unique sequence required for tyrosine residue nitration.

A more likely mechanism for specificity of tyrosine nitration appears to be a consequence

of local environment of tyrosine residues within the secondary and tertiary structure of

the protein. The secondary structure of the protein and the local environment of the

tyrosine residue may be important in determining the site of nitration. Nearly all tyrosine

residues that can be nitrated are found in loop structures. More importantly, the

presence of a neighbouring negative charge within a few angstroms from the tyrosine

residue may be critical in determining the site of nitration. Peptides with a glutamate at

position -1 relative to tyrosine showed the highest efficiency for nitration. An alternative

suggestion for the role of negative charge in directing nitration to a specific tyrosine

residue is the increase in the local concentration of the nitrating agent near the tyrosine

residue.
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Known sites of tyrosine nitration appear to contain turn inducing residues, but not

cysteine or methionine residues since cysteine and methionine residues represent

alternative targets for the reaction with nitrating agents that may limit the reactivity with

tyrosine residues [37]. The absence of cysteine residues also indicates that the tyrosine

residues are not located near disulfide bridge(s), which can prevent sulfation and

apparently nitration by sterically hindering access to the tyrosine.

In conclusion, a single factor does not satisfactory explain the selectivity of tyrosine

nitration.

1.3.7 The pathological and physiological significance of tyrosine nitration

The significance of NO2Tyr in vivo is highlighted by observations that protein-linked

NO2Tyr is markedly elevated in a broad range of human diseases and clinical disorders

[18, 38].

The presence of tyrosine residues in proteins nitrated was detected in human fluids and

pathological tissues such as atherosclerotic plaques of coronary vessels, amyotrophic

lateral sclerosis, and Alzheimer’s lesions, among many others [reviewed in 18]. Such

observations associated the presence of 3-nitrotyrosine to peroxynitrite-induced

oxidative stress in human pathological conditions.

Although the accumulation of nitrated proteins correlates well with many disease states

and is considered a marker of oxidative stress under pathological conditions [12, 39, 40],

substantial evidence has accrued that protein tyrosine nitration is a post-translational

modification playing a role in physiological processes, including signal transduction [26],

neuronal differentiation [41, 72], and embryonic development [40].

The biological implications of protein tyrosine nitration in the transduction of NO effects

in cells have been suggested by the identification of in vivo substrates for nitration in

neurones, astrocytes, brain spinal cord and in other cell types during apparently normal

physiological condition. The diverse biological effects of protein nitration, including

enzyme activation or inactivation and altered cell receptor function, differentiation and
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proliferation, raise the issue of whether protein nitration is a signaling mechanism or

simply a pathway of protein damage that indiscriminately induces downstream events.

An important challenge is to demonstrate a direct relationship between protein nitration

and functional changes, because conditions that favour protein nitration can readily

induce the concomitant oxidation of other amino acids that might play crucial roles in

modulating protein function. Site-directed mutagenesis of specific protein Tyr residues

might not always clarify this dilemma because nitration-sensitive Tyr residues could play

essential structural or functional roles in their own right.

In summary, nitration of proteins appears to be a selective post-translational modification

with potentially important biological functions, still not completely understood up to

now.

1.4 MODELS FOR EXPLORING TYROSINE NITRATION IN PHYSIOLOGICAL PROCESSES

As previously discussed, many evidences suggest that there is a significant increase in

tyrosine nitration in many neurological disorders such as Alzheimer or Parkinson. On the

other hand, basal levels of Tyr nitration have been observed in protein from various

species under physiological conditions [26]. On this regard, two different experimental

models (cells and organism) have been used in the present study to investigate the

biological significance of protein nitration in physiological processes:

a) a cellular model (PC12 cells) to discuss the effects of micro- and nanoscale

topography on neuronal proliferation and differentiation. Since it has been proved

that cells sense and react to nanotopography in vitro as well in vivo, we

characterized the behavior of PC12 cells on nanostructured TiO2 films of different

roughness (20 and 29 rms) in the presence and in the absence of the classical

inducer of differentiation NGF. In a previous study carried out in our lab, it has

been demonstrated that NGF induces NO production by nitric oxide synthases

(NOS) and that differentiation in PC12 cells grown on PLL-glass in the presence of

NGF is associated to an increase in protein nitration. Therefore we detected
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whether increased protein nitration is also observed during PC12 differentiation

triggered by nanostructured TiO2 films in the absence of NGF. The observed

neuritogenesis triggered by the topography of ns-TiO2 in the absence of NGF was

studied with particular focus on the expression of NOS and the pERK1/2-NOS

signaling pathway;

b) an animal model (Ciona intestinalis) useful for studying chordate evolution and

development. In line with several reports demonstrating the occurrence of

oxidative stress during developmental processes in some invertebrates, we

investigated the role of oxidative stress and NO-derived reactive nitrogen species

(RNS) during Ciona development and metamorphosis-related events.

In this study we aimed at demonstrating that tyrosine nitration occur under normal

physiological conditions associated with differentiation and developmental processes.

Our finding intends to reinforce the emerging notion of protein nitration as a direct way

to NO-signaling transduction.
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1° Experimental model (PC12 cells)
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1.5 NITRIC OXIDE PATHWAYS IN THE BRAIN

Nitric oxide (NO) is a signaling molecule that acts as an unconventional

neurotransmitter/neuromodulator in the brain.

The formation of NO in the brain follows similar pathways to its generation in other

tissues. The brain express all three identified nitric oxide synthase (NOS) isoforms and the

generated NO can act upon a number of both physiological and pathological targets [42].

It is significant that NOS activity in the brain is higher than in any other tissue.

The constitutive isoform nNOS in neurons requires calmodulin binding in order to

generate NO [43]. As the action potential travels down the axon, upon reaching the

terminal bouton the wave of depolarisation causes opening of voltage-dependant calcium

channels in the membrane. The rapid influx of Ca2+ allows calmodulin to binds nNOS,

facilitating the generation of NO. As free Ca2+ levels drop, calmodulin no longer binds

nNOS, thus allowing short, tightly controlled bursts to NO to be produced. The inducible

iNOS is a cytoplasmatic enzyme expressed following de novo enzyme synthesis [42, 44].

Many brain cells have the ability to express iNOS but do not express the enzyme in great

amounts under normal condition. Control of iNOS expression, and therefore NO

generation, is believed to be mainly at the level of transcription but post-transcriptional

regulation also occurs. Although the mechanism of induction is still not completely

understood, nuclear transcription factor kB (NF-kB) is implicated in iNOS induction [45].

NO also functions in the brain as a vasodilator for fine, local control of cerebral blood

flow. eNOS isoform is involved in the process. eNOS, targeted to small invaginations in the

cell membrane called “caveolae”, is believed to help preserving cerebral blood flow [43].

This third isoform is also dependent upon elevated intracellular levels of Ca2+ binding

calmodulin and increasing NO biosynthesis. NO synthesised by eNOS and acting on the

soluble guanylate cyclase in smooth muscle represents an endogenous factors regulating

local and global blood flow in the brain. As the high metabolic demand of the brain and

especially the neuron will not tolerate a reduced blood flow, the action of NO upon the

vasculature in the brain is of utmost importance in ensuring sufficient cerebral perfusion.
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Although metabolism of NO within the brain appears vital for normal cerebral functions,

an even larger number of studies have, on the other hand, evidenced that

neurodegenerative conditions such as Alzheimer’s disease Parkinson’s disease and

multiple sclerosis, involve NO in their pathogenesis [46, 47]. Its implication in several

types of neuronal damage occurs when its production and release escape the control

mechanisms and contribute to neurodegenerative processes. In fact, NO is a reactive free

radical that can give rise to both nitrosative and oxidative stress through nitrosation,

nitration or nitrosylation of various organic molecules, lipid peroxidation, DNA damage,

impairment of mitochondrial function and eventually neuronal death [48, 49].

Dysregulation of NO production and release has been therefore proposed as an important

primary or aggravating factor in several neurodegenerative pathologies, both acute and

chronic, as well as in aging [50-52].

During the last few years, however, a growing amount of data has experimentally

substantiated the early notion of a primary cell-protective and neuroprotective action

physiologically mediated by NO [53, 54, and 49]. The concept that a physiological amount

of NO is necessary to keep neurons alive and healthy and that, conversely, its absence or

inhibition may exacerbate neuropathology, has gained substantial support by several

recent researches.

In summary, nitric oxide is a signaling molecule mediating a variety of actions in the

nervous system as well as in the cardiovascular and the immune system. Besides playing a

role as a modulator of neuronal function in neurotransmitter release, synaptic plasticity,

excitability, and learning, NO is also implicated in different stages of neuronal

differentiation and development. NO is involved in the development of the visual system

of Drosophila [55], controls neurogenesis in the vertebrate brain and mediates transition

of a neural precursor cell from proliferation to differentiation.

1.5.1 Nitric oxide in neuronal differentiation

Several interesting new results have been accumulated during the last years on earlier

stages of neurogenesis, in particular on control of precursor proliferation and initial



24

differentiation. To study neuronal differentiation and specific growth factor signaling

mechanisms, the rat pheochromocytoma (PC12) cell line has been widely used as a

neuronal model system. When exposed to physiological levels of neurotrophin nerve

grow factor (NGF), these cells assume many of the features of sympathetic neurons

including cell cycle arrest, survival in serum-free medium, and elaboration of long neuritis

[56-61]. Besides NGF, which is the classical inducer of differentiation, cAMP-elevating

agents, such as PACAP (Pituitary Adenylate Cyclase Activating Polypeptide), dorsomorphin

and forskolin, promote growth arrest and neuritogenesis [62, 63]. In NGF-free media, it

has been reported that proteins in the extracellular matrix (ECM) [64, 65], electric

stimulation [66], and electroactive surfaces promote neuritis outgrowth [67].

In 1995, Peunova and Enikolopov demonstrated that the growth arrest and differentiative

effect of NGF on PC12 cells is mediated by NO [68]. They showed that NO acts as a

cytostatic agent, that NGF induces NOS expression in parallel with the proceeding of

differentiation and, that NOS inhibition leads to reversal of NGF-induced cytostatis and

thereby prevents full differentiation of cells towards neuronal phenotype.

However, in the absence of NGF, NO itself has the ability to produce neurite outgrowth by

ERK activation through NO-cGMP-PKG pathway [69].

They also demonstrated that the most visible consequence of NGF action on PC12 is

neurite outgrowth (Figure 2) and this is also affected by NOS inhibition. Under normal

conditions, almost every cell gradually extended neuritis in response to NGF but, when

PC12 are treated with a combination of NGF and NOS inhibitor, the number of cells with

neuritis decreases dramatically. Their results suggest a model for NGF in PC12 cells in

which at least three stages can be outlined. In the first proliferative stage, NGF activates a

cascade of genes, eventually leading to the induction of the NOS gene. In the second

stage, the accumulated NOS enzyme produces enough NO to inhibit DNA synthesis and,

probably, to alert further checkpoint, thereby blocking further progression of the cell

cycle, completing the proliferative phase of NGF action, and switching the cells to the

cytostatic phase; probably, NO also directly induces some of the later differentiation

markers by promoting gene activity. Finally, as soon as the cell perceives and processes
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the cytostatic signal, it starts to implement the remaining program of differentiation traits

(such as neurite outgrowth), which can only occur after cell division has ceased [68].

Overall, these data suggested that NO plays a role as a negative regulator of cells

proliferation and an inducer of their differentiative pathways.

Figure 2. Phenotype of PC12 cells treated with NGF. A) PC12 cells at 0 day of differentiation; B)

PC12 cells after 2 days of differentiation; C) PC12 cells after 5 days of differentiation.

1.5.1.1 Cytoskeletal proteins as target of nitration in PC12 cells

The neuronal cytoskeleton is composed of three interconnected filaments: microtubules,

the actin microfilaments and intermediate filaments (IFs).

Microtubules serve as structural components within cells and are involved in many

cellular processes including mitosis, cytokinesis, and vesicular transport. Microtubules are

polymers of α- and β-tubulin dimers. The tubulin dimers polymerize end to end in

protofilaments. Typically, the protofilaments arrange themselves in an imperfect helix

with one turn of the helix containing 13 tubulin dimers each from a different

protofilament.

Another important feature of microtubule structure is polarity. Tubulin polymerizes end

to end with the α subunit of one tubulin dimer contacting the β subunit of the next.

Therefore, in a protofilament, one end will have the α subunit exposed while the other

end will have the β subunit exposed. These ends are designated (-) and (+) respectively.

A                                                 B C
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Microtubule dynamics can also be altered by drugs: nocodazole and colchicines block the

polymerization of tubulin into microtubules.

Microfilaments are solid rods made of a globular protein called actin. It polymerizes in a

helical fashion to form an actin filament. Actin filaments provide mechanical support for

the cell, determine the cell shape, enable cell movements and participate in certain cell

junctions, in cytoplastic streaming and in contraction of the cell during cytokinesis. In

muscle cells they play an essential role, along with myosis, in muscle contraction. Actin is

one of the most abundant proteins and it is highly conserved.

The microfilaments are the thinnest component of the cytoskeleton. Much like the

microtubules, actin filaments are polar, with a fast growing plus (+) or barbed end and a

slow growing minus (-) or pointed end. These filaments have the appearance of a double-

stranded helix.

Whereas microtubules and actin filaments are dynamic structures known to play key roles

in neuronal development and function, such as establishment of neuronal cell shape,

migratory processes, axonal outgrowth, synaptic plasticity, and intracellular transport, the

functions of Intermediate filaments (IF) proteins in neurons have remained, until

recently, more elusive. They differ from actin microfilaments and tubulin microtubules in

their distribution in the cytoplasm and nucleus, their diverse primary structure, their

nonpolar architecture, and their relative insolubility. Intermediate filament proteins are

regulated by several post-translational modifications, including phosphorylation. These

modifications and protein associations contribute in key ways to the function and

dynamics of intermediate filaments.

IF proteins confer intracellular scaffold and mechanical stability to eukaryotic cells. Five

major types of IF proteins are expressed in adult neurons: the three neurofilament

proteins (NFTPs) (neurofilament light chain (NF-L), medium chain (NF-M) and heavy chain

(NF-H)), peripherin, and α-internexin.

The abnormal accumulations of IFs are a pathological hallmark of many human

neurodegenerative disorders including amyotrophic lateral sclerosis (ALS), dementia with

Lewis bodies, Parkinson disease, and neuropathies. Studies with transgenic mice over
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expressing IF proteins provide evidence that disorganization of the neuronal IF network

can sometimes provoke neurodegeneration.

All IF proteins share a homologous central rod domain of approximately 310 amino acid

residues that forms a highly conserved α-helical region. This rod domain is responsible for

the formation of coiled-coil structures. The central rod domains are flanked by amino-and

carboxy-terminal regions, also called the head and tail domains. The two end domains are

less conserved and they confer functional specificities to the different types of IF proteins.

The IF assembly involves the formation of two coiled-coil dimmers of protein subunits,

which line up in a half-staggered fashion to form an antiparallel tetramer. The lateral and

longitudinal association of tetramers makes up the final filament.

Neurofilament proteins constitute the major IF type in adult neurons. They are made up

by the copolymerization of NF-L (61 kDa), NF-M (90 kDa) and NF-H (115 kDa) proteins.

Neurofilaments are obligate heteropolymers requiring NF-L with either NF-M or NF-H for

proper polymer formation. In contrast, peripherin and α-internexin can self-assemble into

homopolymers and also co-assemble with neurofilament proteins.

Peripherin is a 57 kDa type III intermediate filament (IF) protein that was first identified in

neuroblastoma and pheochromocytoma cells [70]. Peripherin may play an important role

in neurite elongation during development [71]. In the adults, peripherin is almost

exclusively expressed in the neurons of peripheral nervous system (PNS), and in the CNS

only in neurons directly projecting to the periphery, and normally, it is undetectable in

most brain neurons. Like others IFs, peripherin is heavily phosphorylated.

At the present, the biological functions of peripherin, especially in the brain, are still

poorly understood.

Recently, there are evidences that some of the cytoskeletal proteins discussed above may

be target of nitration. In our laboratory, we have concentrated on the presence,

localization and subcellular distribution of nitrated proteins during NGF-induced neuronal

differentiation in PC12 cells. In particular, our experiments suggested that tyrosine

nitration of proteins is implicated in the pathway triggered by NO during NGF-induced

neuronal differentiation.
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Basal levels of nitrated proteins have been identified in neurones before [33], but no

direct and positive correlation was known, between the appearance of nitrated proteins

and the progression of neuronal differentiation.

By immunoblot analysis we identified basal levels of nitrated proteins in PC12 cells grown

in the absence of NGF. In the presence of the neurotrophin, we found a significant

increase starting from 2 days showing that nitrated proteins accumulate in PC12 cells in

response to NGF. The presence of moderate levels of nitrated proteins in unstimulated

PC12 cells is not surprising if we consider that these cells endogenously generate NO from

constitutive nNOS and that nitrated proteins have been found, at basal level, in certain

cell types suggesting a role of such post-translational modification in physiological

processes. We also demonstrated that this event is coupled to activation of nitric oxide

synthase (NOS) [72].

Looking for the molecular event triggered by NO in nerve growth factor (NGF)-induced

neuronal differentiation, we reported that the nitration of PC12 proteins is not uniform

across all proteins. Specific proteins appear to be targeted for nitration during neuronal

differentiation and we observed that this modification occurred mainly among the

cytoskeletal proteins. Many of them were identified by MALDI-TOF analysis: tau,

peripherin, -tubulin, neurofilaments triplet-L, -actin and -tubulin [41, 73]. We

confirmed the presence of nitrated peripherin, tau and -tubulin also in rat brain [73, 74].

This is consistent with a recent paper on endogenously nitrated proteins in mouse brain

showing that there is an approximate 2- and 3-fold preference for nitration of

mitochondrial and cytoskeletal proteins [75]. Our finding of α-tubulin being subjected to

tyrosine nitration during the progression of neuronal differentiation is of particular

interest since very little is known regarding the occurrence of this modification on α-

tubulin in vivo and its possible functions. It has been reported that cultured cells

incubated in the presence of free 3-nitrotyrosine selectively incorporated this modified

amino acid into the extreme carboxyl terminus of α-tubulin resulting in microtubule

dysfunction and alteration in cell morphology [38] or microtubule destabilization and

prevention of complete myogenic differentiation [76]. These studies suggest that

nitration of α-tubulin in the C-terminus could be deleterious for cell function. However,
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using a proteomic approach to identify proteins nitrated in vivo during inflammatory

challenge, a recent paper shows that α-tubulin is one of the few nitrated proteins in

unstimulated cells and that its levels do not increase following a proinflammatory

stimulus, suggesting that it is not a specific target during this pathological process [77].

Moreover, nitrated α-tubulin has been identified in a specific region of the nervous

system in invertebrates [78] and in chorioallantoic membrane during chick embryo

development [40]. Consistent with these papers, we found that nitration of α-tubulin may

indeed occur in cells under physiological conditions.

As reported for other known post-translational modifications of tubulin, it is therefore

possible that tubulin nitration could play a role in regulating microtubule behavior during

neuronal morphogenesis.

Interestingly, Palumbo et al. [78] proposed that α-tubulin nitration could be a natural

mechanism of cytoskeletal protein turnover. In accordance with this hypothesis, many

papers showed that certain proteins after nitration are targeted for degradation by the

proteasome [79, 80].

In our laboratory, we also demonstrated that, in differentiating PC12 cells, the change in

the subcellular distribution of tyrosine-nitrated proteins could depend or be related to

microtubule stabilization. In fact, nitrated tubulin may be incorporated in microtubules

that are labile and depolymerize during the extraction procedure in the first days, but

that become more stable in the progression of differentiation. Alternatively, nitration

could be itself a signal conferring stability to microtubules. A further interesting

hypothesis is that nitration of proteins in physiological processes might mimic or interfere

with other post-translational modifications occurring on tyrosine residues such as

phosphorylation [81]. α-tubulin is an in vivo tyrosine kinase substrate, which is

phosphorylated in the neuronal differentiation pathway of PC12 cells in response to NGF

[82], and the degree of tyrosine phosphorylation of α-tubulin has been suggested to be an

important factor in determining the state of assembly of microtubules [83, 84].

So, we can hypothesize that, during neuronal differentiation of PC12 cells, nitration of

tyrosine residues in α-tubulin could interfere with its phosphorylation state and,
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consequently, regulate microtubule dynamics during induction of neurite extention. A

second major result of our research regards the finding of nitrated TAU.

Tau is a member of the microtubule-associated protein that modulates microtubule

structure and dynamics. It is an abundant microtubule-associated protein in neuronal

cells and it has been implicated in axonal growth and development of neuronal polarity

[85]. A key role of Tau in neurite outgrowth has been reported in cultured cells including

PC12 cells induced to differentiate with NGF [86].

We found that nitration of TAU protein occurs in differentiating PC12 cells and that the

modified protein is associated with the cytoskeletal fraction. Until now, there was only a

single report that TAU protein could be nitrated and, it was linked to a pathological event

as the formation of filaments TAU inclusions in neurodegenerative pathologies [87]. Our

data suggested that nitration of TAU may be a physiological process, in agreement with

recent papers, suggesting the physiological nitration of cytoskeletal proteins in different

model systems from invertebrates to mammalian cultured cells [40, 72, 88].

Overall, our studies indicate that nitration could be a novel post-translational

modification that regulates TAU function in neuritogenesis and differentiation. In

addition, we also hypothesize that nitration of TAU in physiological conditions might

mimic or interfere with other post-translational modifications occurring on tyrosine

residues such as phosphorylation, as emerging for other cytosolic and cytoskeletal

proteins [81, 88]. Therefore, nitration of TAU might have a crucial role in the signal

transduction pathway triggered by NO during neuronal differentiation.

In conclusion, our findings indicate that tyrosine nitration of proteins could be a novel

molecular mechanism involved in the signaling pathway by which NO regulates NGF-

induced differentiation in PC12 cells. Tyrosine nitration affects mainly the cytoskeletal

fraction within cells and the major cytoskeletal protein that is targeted by nitration is α-

tubulin. Since the microtubule cytoskeleton plays an important role in controlling

different spatial organizations in differently differentiated cells, we also suggest that

tyrosine nitration might be an important event in the complex and dynamic organization

of the cytoskeleton underlying neuritogenesis and differentiation. However many other

experiments both in vivo and in vitro need to be carry out to sustain such hypothesis.
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1.6 NANOSTRUCTURED MATERIAL: EFFECT ON ns-TiO2 TOPOGRAPHY ON PC12

DIFFERENTIATION

1.6.1. The native extracellular matrix (ECM)

Culturing cells out of their natural niches requires a comprehensive insight into the

biochemical and biophysical rules that dictate cell biology.

All cells reside in a complex microenvironment that is tailored to guide their physiological

functions. As shown in Figure 3, the complex 3D cellular environment provides

mechanical and biochemical signals that are important in guiding cell growth and

function. Composition of the ECM dictates matrix stiffness, nutrient diffusion to tissues,

and cell-matrix interaction, including cell adhesion and migration. Nonstructural factors,

such as cell density, cell-cell interactions, and bound or secreted signaling proteins, are

also important in guiding cell differentiation and function.

Figure 3. The complex 3D cellular environment provides mechanical and biochemical signals that

guide cell function.

Structural elements of the ECM include a hydrated meshwork of polysaccharides, natural

polymers (collagens, elastin, and fibrinogen) and adhesion proteins, as well as growth
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factors, chemokines and cytokines. The more fibrous components (e.g., collagen and

elastin) provide architectural rigidity and tension for the cells, while the non-fibrous

components (predominantly glycosaminoglycans) regulate turgor pressure, form intimate

intracellular connections, and modulate the binding and activity of growth factors.

Additional events, such as alternative splicing, proteolytic processing and glycosylation,

increase the number of unique structures and expand the functions of these large,

multifunctional molecules [89]. The cellular environment is paramount: during

embryogenesis and differentiation into the three primary germ cell layers; in complex

tissue and organ formation; throughout adulthood in maintaining homeostasis; and in

response to insult. During early development highly organized chemical gradients in the

ECM guide cell migration to form the gastrula. Cell differentiation is further directed

through morphogenesis and organogenesis by both cell-matrix and cell-cell interactions

[90]. Most cells in the body are maintained in a quiescent state following embryogenesis;

however, proliferation and differentiation of some specialized cells (such as

hematopoietic progenitor cells) are continually regulated by ECM interactions. In

addition, the ECM has been shown to be instrumental in physiological response to

wounding and infection [91, 92]. The vital instructive cues in the cellular

microenvironment include cell binding interactions, mechanical and structural support,

and the presentation of regulatory molecules.

1.6.1.1 Cellular adhesion to the ECM

The matrix environment in which cells are grown influences the type and extent of

cellular adhesion, which in turn affects cell proliferation [93]. Integrins are the primary

cell surface receptors that are responsible for cell-matrix adhesion. They are composed of

two transmembrane units: a large α subunit and a smaller β subunit that form non-

covalent heterodimers in the presence of extracellular Ca2+ [94]. Various combinations of

α- and β-subunits allow for the formation of 24 different heterodimers, which determine

ligand specificity. Although some redundancy exists between integrin pairs and their

respective ligands, the loss of almost any integrin has deleterious effects. Most
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importantly, integrins not only act as anchors to the ECM but also transduce

mechanochemical signals to the cell via intracellular transduction. Initial binding of

integrins often leads to the clustering of additional specialized adhesive proteins and local

remodeling of cytoskeletal and cytoplasmic proteins. The resulting focal adhesions

sensitize cells to mechanical stimuli, including the rigidity and elasticity of the ECM.

Integrins bind a number of “insoluble” components of the ECM including laminin, elastin,

and hyaluronan, among others The types and concentrations of these insoluble factors

provide signals that are disseminated by the integrin family, promoting activation of

diverse cytoplasmic proteins to control a number of cellular processes: differentiation,

survival/apoptosis, cell polarity, gene regulation, actin organization, proliferation, and cell

migration [94-96]. For example, the polarity of epithelial cells is essential in tissue

organization for structural formation, and the directionality of product secretion. It has

been shown that epithelial cell integrins must interact with a laminin-rich basement

membrane to form the proper architecture and achieve normal cell function. Cells

cultured in a 2D environment lack basal and apical membrane differentiation, while cells

cultured in a 3D matrix may present appropriate integrins to maintain polarity.

Progress in elucidating the role of each integrin and its downstream regulation of cell

behavior will aid in the design of more specialized ECM surrogates that are specific to a

desired cellular outcome. The use of defined ECM scaffolds will provide greater insight

into the impact of integrin-matrix interactions.

1.6.1.2 Density and stiffness of the ECM

Cells are not only sensitive to ECM adhesion but also to its density and stiffness. For

example, cultured fibroblasts exhibited significantly different migration patterns when

the density of the matrices was changed [97]. When ECM density was increased, by

increasing concentrations of collagen, the migration of fibroblasts was reduced. Thus, an

inverse correlation between matrix density and cell migration was observed while matrix

ligand and integrin receptor concentrations were held constant.
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An important work by Discher and colleagues demonstrated the importance of matrix

elasticity on stem cell fate [98]. Mesenchymal stem cells (MSCs) were cultured on

collagen-coated gels that mimicked the elasticity of various tissues. The MSCs responded

to gel elasticity by differentiating into lineages that corresponded to the stiffness of the

native environment (Figure 4 A). For example, MSCs cultured on soft gels, to mimic brain

elasticity, developed a neuronal morphology with filopodia branching and spreading.

Interestingly, medium stiffness gels, which mimic striated muscle elasticity promoted

differentiation to myogenic cells, and the gels with the highest stiffness to mimic bone

elasticity enhanced osteogenic differentiation.

Increasing matrix stiffness disrupts cell morphology, and leads to increased proliferation.

As shown in Figure 4 B, increasing ECM rigidity elevates the activity of the Ras homolog

gene family member A (RhoA), which subsequently induces cytoskeletal tension,

decreases cell-cell contact, disrupts cell polarity, and increases growth rate.

Figure 4. (A) Cells cultured on gels that mimic a soft tissue environment anchor less strongly to

the substrate than cells cultured on gels that mimic a stiff tissue environment; (B) Signals from

growth factors bound to the ECM affect cell function by mediating gene expression through

various kinases such as Rho and Rac.

A B
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1.6.1.3 Permeability of the ECM

In addition to rigidity and elasticity, other architectural features of the ECM are also

important in dictating cell behavior.

Metabolic activity requires access to nutrients and the removal of waste, both of which

are primarily a function of diffusion. The porosity and permeability of the ECM directly

affect the extent and nature of diffusion, and therefore influence cell processes.

To grow properly, cells require an ECM that permits the diffusion of nutrients and waste.

The diffusion of other nutrients (proteins or steroid hormones) is dependent on the

tortuosity and elimination pathways of the tissue. High cell density and dense ECM

composition reduces the supply of nutrients to the interior of multilayered tissues, and

prevents the removal of deleterious waste compounds. For instance, this phenomenon is

very common in solid tumors that develop necrotic cores as a result of poor diffusion. As

such, the overall permeability of the ECM affects the diffusion of nutrients and,

consequently, affects cell differentiation and function.

1.6.1.4 Degradation and remodeling of the matrix

Following binding to the ECM, cells respond to the environment by releasing different

proteases. The type of concentration of protease released depends on the composition of

the ECM and its sensitivity to enzymatic degradation. In this manner, cells are defined by

their environment, but also simultaneously remodel it. Most cells reside in a state of

homeostasis, reaching full development at the end of embryogenesis. Some cells,

however, go through significant physiologic changes at much later stages of development,

requiring remodeling of the cell environment. Among these are cells of the mammary

gland, which branch into ducts and terminal lobular units during puberty, and again

change during pregnancy, finally reaching a fully developed state only after parturition.

Epithelial mammary cells initially respond to hormone secretion and the elasticity of their

environment by growing small projections. This is followed by remodeling of their

environment through secretion of proteases, such as matrix metalloproteinase (MMP),
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and enzymes, such as hyaluronidases. Degradation of the ECM changes the local modulus,

decreases the number of cell-matrix adhesions, and also results in the release of ECM

fragments that may possess biological activity. The cues that result from degradation are

relayed back to the cell, guiding subsequent behavior and function. Thus, the ability of

cells to remodel their environment, in concert with hormonal cues and reciprocal

signaling, allows for proper functional development.

1.6.1.5 Cell-cell interactions

The cellular microenvironment includes cell-cell interactions where cell density alone can

influence cell function. Moreover, different cell types invariably influence cell function.

Cell-cell interactions are instrumental in recapitulating the native environment and

promoting the morphogenesis of functional tissue. For example, mammary epithelial cells

in situ maintain physical contact with neighboring myoepithelial cells via a combination of

connections, including adherens and gap junctions. Adherens junctions generate the

polarization of epithelial cells, leading to the development of basal and apical membranes

that are required for proper secretory function. Cell-cell interactions are also required for

appropriate phenotypic growth. Bhatia et al. have shown that hepatocytes co-cultured

with fibroblasts restore the appropriate hepatocellular phenotype [99].

Overall, the cellular environment is paramount in guiding cell growth and function. The

combination of the structural characteristics of the matrix, the types of cell-matrix

adhesions, as well as other factors such as cell-cell interactions, and bound or secreted

signaling proteins are all important aspects of the cellular environment that must be

regulated for proper cell function.

1.6.2 Model ECMs

In the last few years cell and matrix biologist have long realized that understanding cell

behavior within complex multicellular tissues requires systematically studying cells within

the context of specific model microenvironment. Considering the impact of the ECM on
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cellular behavior, tissue engineering has emerged as an excellent approach to create ECM

models that mimic the regulatory characteristics of natural extracellular matrices (ECMs)

and ECM-bound growth factors, both for therapeutic applications and basic biological

studies.

Many of the physiological processes that occur in vivo can be reconstructed and recreated

by simple 2D models which represent a versatile and accurate way to screen the effects

of isolated compounds of the ECM on cells. However, recent findings suggest that 3D

matrices provide better model systems for physiologic situations. Indeed, many

physiological (examples exist in morphogenesis and organogenesis) and pathological (e.g.,

in tumor growth) cellular processes have been demonstrated to occur exclusively when

cells are organized in a 3D fashion. Only to mention some examples, breast epithelial cells

exhibited a tumoral trend when assayed in 2D, while regressed to normal state upon

transferal to 3D models resembling their natural niche [100, 101]. Therefore, while 2D

models embody a preliminary screening assays, three-dimensional matrices permit us to

reconstruct the complexity that entails the native ECM and elucidate how physical and

chemical variables affect cellular function.

The differences in cell behavior observed between 2D and 3D cultures come from

perturbations in gene expression that stem from how the cell experiences its

microenvironment differently in two dimensions as compared to the natural 3D

surroundings (Figure 5).

For instance, cells plated onto 2D substrates are polarized, maintaining only part of their

surface anchored and exposing remaining parts to the culture media. Moreover, the

contact with neighboring cells is also limited to the flat edges that share each-others. This

leads to unnatural, polarized integrin binding and mechanotransduction, which both

affect intracellular signaling and phenotypic fate [102]. This is in sharp contrast with the

natural environment of the tissues, where each cell closely interacts with the nearby cells

and the ECM.

The inherent polarity also leads to unnatural interactions with soluble factors. In 2D

culture, cells experience the homogenous concentration of nutrients, growth factors, and

cytokines present in the bulk media with the section of the membrane that contacts the
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surrounding media. In contrast, the concentrations of soluble factors that influence cell

migration, cell-cell communication, and differentiation possess dynamic spatial gradients

in vivo [103].

Figure 5. Cells experience a drastically different environment between 2D and 3D culture. For

instance, neural cells cultured in monolayer (A) are constrained to extend processes in the plane.

Cell bodies are stained green and β-tubulin in axonal extensions is stained red. When cultured

within hydrolytically degradable poly (ethylene glycol) based hydrogels (B) the same cells form

neurospheres and extend processes isotropically in three dimensions [104].

Morphology alone has been shown to influence subtle cellular processes such as global

histone acetylation [105] as well as proliferation, apoptosis [106], differentiation, and

gene expression. 2D culture confines cells to a planar environment and restricts the more

complex morphologies observed in vivo. Furthermore, differences in migration exist

between a 2D surface and a 3D environment. Not only is a cell confined to a plane in 2D,

but also encounters little to no resistance to migration from a surrounding ECM. This

applies to other phenomena that occur over longer length scales, such as cancer

metastasis and tissue organization, where the behavior is regulated by mechanical

interactions with the surrounding cellular microenvironment. Thus, to properly study cell

physiology, mechanotransduction, and tissue morphogenesis in vitro, cells should be

A B
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cultured in 3D model microenvironments that recapitulate critical mechanical and

biochemical cues present in the native ECM while facilitating hierarchical processes such

as migration and tissue organization. Nonetheless, mimicking the ECM by our own means

is not simple, especially because there is much we do not know yet about the cell-ECM

cross-talk that occurs in vivo.

1.6.2.1 3D culture models

Tissue engineers and cell biologists have begun to develop material systems to culture

mammalian cells within 3D ECM mimics to circumvent the limitations posed by traditional

2D cell culture. To this end, cells have been encapsulated within microporous,

nanofibrous, and hydrogel scaffolds. However, in the last decade, nanostructured

materials have received enormous interest due to their ability to promote the correct

tissues growth in vitro and in vivo.

Microporous scaffolds allow for convenient encapsulation of cells but they contain

porosities (~100 μm) greater than the average cell diameter (~10 μm); thus, they

effectively serve as 2D scaffolds with curvature.

Nanofibrous scaffolds provide a 3D topology that better mimics the architecture formed

by fibrillar ECM proteins; however, many are too weak to handle the stress needed for

proper mechanotransduction. These limitations are not found in hydrogels, which capture

numerous characteristics of the architecture and mechanics of the native cellular

microenvironment [107].

Due to their ability to simulate the nature of most soft tissues, hydrogels are a highly

attractive material for developing synthetic ECM analogs. These reticulated structures of

cross linked polymer chains possess high water contents, facile transport of oxygen,

nutrients and waste, as well as realistic transport of soluble factors. Furthermore, many

hydrogels can be formed under mild, cytocompatible conditions and are easily modified

to possess cell adhesion ligands, desired viscoelasticity, and degradability.

Hydrogels used for cell culture can be formed from a vast array of natural and synthetic

materials, offering a broad spectrum of mechanical and chemical properties. The most
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frequently used natural models for cells culture are typically formed of proteins and ECM

components such as collagen, fibrin, hyaluronic acid, or matrigel, as well as materials

derived from other biological sources such as chitosan, alginate or silk fibrils. Since they

are derived from natural sources, these gels are inherently biocompatible and bioactive.

They also promote many cellular functions due to the myriad of endogenous factors

present, which can be advantageous for the viability, proliferation, and development of

many cell types. On the other hand, hydrogels can be formed of synthetic molecules such

as poly (ethylene glycol) (PEG), poly (vinyl alcohol) (PVA), and poly (2-hydroxy ethyl

methacrylate). PEG hydrogels have been shown to maintain the viability of encapsulated

cells and allow for ECM deposition as they degrade, demonstrating that synthetic gels can

function as 3D cell culture platforms even without integrin-binding ligands. Such inert gels

are highly reproducible, allow for facile tuning of mechanical properties, and are simply

processed and manufactured.

However, among the scaffold currently in use, the majority are either complex or often ill-

defined, making it difficult to determine exactly which signals are promoting cellular

function. Even if these biosystems have provided seminal understanding for cell biology

field in the past few decades, they are far from being ideal. Among the main limitations

we can find a reduced flexibility to modulate their biophysical and biochemical properties,

immunogenity, and batch-to-batch variability.

Assuming some of these limitations, in the last years nanostructured materials have

received much attention because of their ability to mimic the extracellular matrix (ECM)

nanotopography and physical, chemical and mechanical properties. The strong interest is

motivated by growing evidences that the modulation of topographical and chemical cues

at the nanoscale plays a relevant role in determining the cell interaction with the

environment.

Some nanomaterials occur naturally, but of particular interest are engineered

nanomaterials (EN), which are designed at the molecular (nanometre) level to take

advantage of their small size and novel properties that are generally not seen in their

conventional, bulk counterparts. The two main reasons why materials at the nano scale

can have different properties are: (1) increased relative surface area and (2) new
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quantum effects. Nanomaterials have a much greater surface area to volume ratio than

their conventional forms, which can lead to greater chemical reactivity and affect their

strength. Also at the nano scale, quantum effects can become much more important in

determining the materials properties and characteristics, leading to novel optical,

electrical and magnetic behaviors.

Common types of nanomaterials include nanoparticles, nanostructured surfaces, carbon

nanotubes and quantum dots which are already being used in many commercial products

and medical technologies for instance drug and gene delivery systems, cell therapies,

organ printing, cell patterning, diagnostic systems and tissue engineering scaffolds.

1.6.3 The effect of surface topography

Cellular behavior in vivo and in vitro is influenced by mechanical, biochemical and

topographical properties of the extracellular microenvironment where cells grow [89,

108, and 109].

The topography of the ECMs is characterized by features over different length scales

ranging from the nano to the mesoscale and it regulates the cellular behavior in a way

that it is still far from a complete understanding. The coexistence of ECM features at

different length scales is probably one of the key factors, however it is not clear if there is

a hierarchical organization of different structures and to what extent the various length

scales can influence cellular response.

According to the most recent studies on biomaterials, cells can actively ‘sense’ and adapt

to the surface of adhesion and activate specific intracellular signals that influence cell

survival and behavior. In vivo, as described above, cell attachment is the consequence of

the binding with specific cell adhesion proteins in the ECM, and it is intrinsically

influenced, besides by receptor-ligand specific interactions, by the physical and

mechanical signals arising from the topography of the external environment. In vitro, on

the other hand, cells set up a complex network of interactions both with the artificial

surface and with the secreted and serum ECM proteins.
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Currently, nanostructured surfaces have attracted attention motivated by the existence

of many functional nanoscale structures within tissue. For example, a study using the

atomic force microscope (AFM) has quantified the fine structure of the basement

membrane (basal lamina) underlying the corneal epithelium [110]. The results from that

study, among the others, justify the interest for nanostructured substrates by revealing a

very complex topographical structure composed of pores and networks of fibers with

diameters around 70 nm as well as larger structures.

In this sense, in order to elucidate the role of substrate topography, a large number of

studies have been devoted to the investigation of cell interactions with artificially

produced nanostructures such as pits, pillars, grooves, dots or random structures

obtained by chemically or physically etching metallic, semiconducting and polymeric

surfaces [111, 112, 63]. The fabrication strategies employed to create synthetic substrates

with tailored topography at the nano and microscale are essentially based on hard and

soft lithography for the fabrication of ordered structures. These approaches top-down,

despite the great improvements in miniaturization and accuracy, when not based on

natural matrix-related proteins are not able to reproduce the morphology and the

hierarchical organization typical of the ECMs [113]. Up to now, very few studies have

been devoted to the elucidation of the interaction of cells with nanostructured materials

obtained by the bottom-up approach of nanoparticle assembling. This is quite surprising

since nanoparticle-assembled materials have an increasing role in the fabrication of

biocompatible devices as well as diagnostic and therapeutic platforms; moreover, a

bottom- up approach can offer more possibilities to organize the structure on a multi-

length scale similar to that observed in ECM.

In the last years, several studies have been performed to investigate how topographical

features can influence neuronal growth, orientation, and differentiation. Particular

attention has been concentrated on the effect of micro- and nanoscale topography on

axonal guidance and neuronal regeneration [63, 114, and 115]. It was observed that, in

addition to serve as contact guidance, topography often works synergistically with the

appropriate biochemical cues to regulate differentiation as well as proliferation [112].

Experimental results suggest that a combination of spatial, chemical and mechanical
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inputs, together with the genetic properties and proteins expression in the cell, control

the shape and functions of neuronal cells during neuron growth and differentiation [116,

117]. Ferrari and colleagues [reviewed in 63, 114, and 115] also suggested that

nanotopographic guidance cues act cooperatively with NGF to regulate both the

generation and the orientation of neurite even under conditions of sub-optimal NGF

concentration in PC12 cells. Using nanostructured substrates, they showed that, in PC12

cells stimulated by various factors including NGF, neuronal polarization and contact

guidance are based on a geometrical constraint of focal adhesions and that the

maintenance of the established polarity is independent from NFG stimulation while

strictly dependent on the topography of the substrate. Their results suggested that

different neurotrophic molecules can modulate contact guidance and the underlying

establishment of cellular adhesions with the substrate by the selective activation of

specific molecular pathways. Therefore, the reading of the topographical guidance cues

can be considered a function of the molecular differentiation pathway active in the cell

[63].

Recently, Lamour et al. proposed that the physical properties of the substrates can be

considered as a new kind of stimulus by observing that surface free-energy gradients at

the nanoscale trigger neuritogenesis of PC12 cells in the absence of NGF or other inducers

[118, 119]. They hypothesized that PC12 cells would respond to surface properties by

secreting an unknown factor that may favor neuritogenesis, however they did not provide

elements to clarify the mechanisms and the proteins involved in the physical signaling.

To address how the nanoscale stimuli distribution on a substrate is transduced into a

signaling cascade, we studied the differentiation of PC12 cells on nanostructured titania

substrates fabricated by nanoparticle assembling. We used nanostructured titania (ns-

TiOx) as reference material since it is amongst the most studied and well-characterized

biomaterials in biomedicine applications.
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1.6.4 Nanostructured titanium

Nanostructured Titanium have been synthesized using Supersonic Cluster Beam

Deposition (SCBD) [120] which offers the possibility to organize the structure of a surface

on a multi-length scale similar to that observed in ECM. These films, resulting from a

random stacking of nanoparticles, possess, at the nanoscale, a granularity and porosity

mimicking those of typical extracellular matrix structures and adsorption properties that

could allow surface functionalization with different macromolecules such as DNA,

proteins, and peptides [121-125].

Recent works have characterized the biocompatibility of nanostructured TiOx films

produced by the deposition of a supersonic beam of TiOx clusters [121, 123].

Interestingly, Carbone et al. explored the biocompatibility of this novel nanostructured

surface with a wide range of cell lines (cancer and primary cells) in comparison with a

surface which is commonly employed for culturing cells [121]. They observed that, in

terms of morphological appearance and growth properties, cells adhere and grow on

cluster assembled TiO2 with similar modalities as on the reference biocompatible surface

(i.e. gelatin-coated coverslips). They found the same cytoskeletal parameters (tubulin,

actin and focal adhesion) both for cells grown on cluster assembled TiO2 and on gelatin.

So, their results strongly suggest that cluster-assembled TiO2 is a biocompatible support

that allows normal growth and adhesion of primary and cancer cells with no need for

coating with Extracellular Matrix (ECM) proteins.

Therefore ns-TiOx films are universally considered highly biocompatible materials usable

as optimal substrate for different applications in cell-based assays, biosensors, clinical

implants or microfabricated medical devices.

The size of the clusters composing the ns-TiOx film, as well the size of many ECM proteins,

are of the order of a few tenths of nanometers; as an immediate implication, on a

sufficiently small scale (i.e. few hundreds of nanometers) the surface morphology of

cluster-assembled ns-TiOx can mimic a generic ECM environment. Given that the

topographic features of the substrate play an essential role, the morphology of cluster

assembled ns-TiOx may favor the interaction of cells with its surface. So, it is of extreme
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interest to quantitatively characterize the interaction of this new material with proteins,

as this is the basis for controlling cell-surface interactions. Moreover, cluster-assembled

titania thin films are optically transparent and free of defects causing visible light

scattering. Hence they are also particularly suited for high-resolution and confocal

microscopy characterizations.

Overall, their excellent mechanical strength, chemical stability, biocompatibility and their

large nanoscale porosity, along with the abundance of adsorption sites and defects, make

Ns-TiOx films an ideal tool for investigating the role of nanoscale roughness in cell-

substrate interaction. By exploiting these properties, we used ns-TiO2 with tailored

nanoscale roughness to grow PC12 in the presence and in the absence of NGF in order to

characterize the role of nanotopography on cell differentiation. We believe that

understanding neuronal cell responses to nanostructured topographies is essential for the

design of biomaterials that interface with the neuronal tissue.
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2° Experimental model (Ciona intestinalis)
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1.7 NITRIC OXIDE IN MARINE INVERTEBRATES

Since the discovery of the biological effects of nitric oxide (NO) more than two decades

ago, NO has been identified as an important physiological modulator and a messenger

molecule in mammals. Parallel to these studies, evidence accumulated in recent years has

revealed that the NO signaling pathway is spread throughout the entire phylogenetic

scale, being increasingly found in lower organisms, ranging from Chordata to Mollusca.

It has been shown that in marine invertebrates NO is involved in multiple processes that

are related to feeding, defence, environmental stress, learning, metamorphosis,

swimming, symbiosis, haemocyte aggregation and regulation of blood pressure. Some of

the most interesting examples are reported below.

In the sponges A. polypoides and P. ficiformis NO is a cellular signal of environmental

stress [126]. Exposure of sponges to heat stress increased NO production. Considering

that sponges are the most primitive metazoan group whose evolution dates back 600

million years, the presence of NOS in particular dendritic cells coordinated in a sort of

network in the sponge parenchyma may represent the most primitive NO-based sensorial

network in the animal kingdom.

In Octopus vulgaris NO is reported to be involved in visual and tactile learning [127, 128].

Intramuscular injections of the NOS inhibitor NG-nitro-l-arginine methyl ester (l-NAME)

block both types of learning.

In Sepia officinalis NO was found to be involved in the ink defence system, a characteristic

behavior adopted by the animal to confuse predators and alert conspecifics to danger

while retreating [129]. Ink defence depends on the activity of a highly specialized organ,

the ink gland, which is responsible for the continuous production of the black insoluble

melanin pigment that the animal accumulates in the ink sac and ejects on demand [130].

It has been reported that NO plays a role in the ink defence system both at ink gland and

nervous system level.

Considerable attention has been also focused to the study of the possible role of NO in

fertilization using marine invertebrates which represents good systems for developmental

studies. The first evidence that NO could be a universal trigger for egg activation [131]
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was disproved by subsequent studies. Simultaneous measurements of intracellular NO

and free calcium levels at fertilization of the sea urchins L. pictus and Psammechinus

miliaris [132] indicate that NO is not the primary egg activator but its levels rise after, not

before, the calcium wave is initiated and is calcium dependent. So NO acts late during the

fertilization response in the eggs and its function is to enhance and sustain calcium signal.

In the chordate Ascidiella aspersa NO has no role at fertilization [133] suggesting that

chordates may have evolved a separate method of egg activation different from sea

urchins.

In the chordate C. intestinalis NO activates ion channels in the oocytes. Treatment of

Ciona unfertilized oocytes with a nitric oxide donor results in the generation of an inward

current similar to the current induced by the fertilizing spermatozoon [134].

NO acts also at later stages of development: it is an endogenous inhibitor of

metamorphosis in the marine snail Ilyanassa obsoleta [135], in the ascidians Boltenia

villosa and Cnemidocarpa finmarkiensis [136] and in the sea urchin L. pictus [137].

The relative simplicity of the marine invertebrate systems with respect to mammals

provides a valuable basis for further insights into the role of NO signaling pathways

especially for what concerns those peculiar situations that may nonetheless reveal

hitherto overlooked aspects of the physiology of this messenger molecule.

1.8 AN EMERGING MODEL ORGANISM: CIONA INTESTINALIS

Ciona intestinalis is currently recognized as the major model chordate in developmental

and evolutionary biology. The tunicate (or urochordate) C. intestinalis is a solitary ascidian

species that lives in shallow waters in the inter- to subtidal zones of most temperate

coasts around the world. These sessile animals are usually found in groups attached to a

variety of natural and artificial immersed material in harbours or in association with

aquaculture equipment. The body is cylindrical with two siphons and a gelatinous

translucent outer tunic, containing cellulose, which varies in colour from pale

greenish/yellow to orange (Figure 6). In older individuals, the outer tunic becomes

progressively more leathery and often takes on a brownish hue as a result of algal or
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bacterial fouling. Inside the tough outer tunic is a thin sac-like membrane composed of an

external epithelium, connective tissue, muscles and blood vessels which encloses the

internal organs. Contraction of the longitudinal muscle bands and circular muscle fibres

embedded in this membrane allow the organism to retract rapidly when disturbed. The

body is divided into a large atrial cavity which contains the branchial sac and a smaller

visceral cavity containing the digestive and reproductive organs [138].

Figure 6. Photograph of live Ciona intestinalis.

C. intestinalis is classified as a hermaphrodite in which the production of eggs and sperm

is concurrent. However, in the very early stages of maturity, it shows a tendency towards

protandric hermaphroditism: sperm production precedes egg production. Once

individuals reach maturity gametes are produced continually as long as temperatures are

suitable. Eggs and sperm are expelled through the exhalent siphon and fertilization occurs

externally. After 18 hr of the embryonic development (Figure 7) a tadpole-larva is formed.

The ascidian tadpole is composed of only 2600 cells, which constitute a small set of larval

organs including the epidermis, central nervous system, notochord and tail muscle along

with the rudiments of the adult gut, mesodermal organs and gonads. This configuration of
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the tadpole, with the dorsal nervous system overlying a notochord, represents the basic

chordate body plan.

Figure 7. The sea squirt Ciona intestinalis. (a) Adults are filter feeders with in-current and out-

current siphons. The white duct is the sperm duct, while the adjacent orange duct contains eggs.

(b–l) Embryogenesis. (b) Fertilized egg, (c) two-cell embryo, (d) four-cell embryo, (e) 16-cell

embryo, (f) 32-cell embryo, (g) gastrula (,150 cells), (h) neurula, (i to k) tailbud embryos, and (l)

tadpole larva. Embryos were dechorionated to show their outer morphology clearly. (m) A

juvenile a few days after metamorphosis showing the internal structure. ds, digestive system; en,

endostyle; ht, heart; OS, neural complex; and pg, pharyngeal gill. Scale bars: 1 cm (a), 50 mm (b, l)

and 0.5mm (m).

Once fully formed, Ciona larva develops passing through different larval stages: early,

middle and late according to Chiba et al. [139].

The first stage is of just hatched larvae, which have a rounded trunk and do not have a

well-developed adhesive papilla. The second stage starts at about 2-4 hr after hatching.
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These larvae have three adhesive papillae and a preoral lobe in the elongated trunk.

Then, the last stage starts at about 4-9 hr after hatching. These larvae become competent

acquiring the ability to sense, discriminate and respond to environmental cues that

induces settlement and/or metamorphosis (Figure 8). Metamorphosis begins when larva

sticks to a suitable substrate by the adhesive papillae, next the tail is retracted and

resorbed. Then the larva rotates the body axis and begins tissue remodelling. The process

involves numerous coordinated morphogenetic movements and physiological changes by

which the larval tissues are destroyed or remodelled and eventually replaced by adult

tissues and organs. A detailed description of the development of tissues and organs in

larvae and juveniles has been recently carried out [139]. A wide variety of environmental

stimuli and endogenous signals have been reported to induce metamorphosis.

Figure 8. Early developmental stages of Ciona intestinalis larvae. (A) The early-swimming larva

stage (0–2 hr after hatching). (B) The mid-swimming larva stage (2–4 hr after hatching). (C) The

late-swimming larva stage (4–9 hr after hatching). Ap, adhesive papillae; Pl, preoral lobe; End,

endostyle disc; Ind, intestine disc. Scale bars, 100 μm.

Recently, considerable interest has been focused to the isolation and characterization of

the genes that are expressed during ascidian metamorphosis. In H. curvata a novel

epidermal growth factor-like protein, Hemps, has been found to play a key role in the

regulation of metamorphosis [140, 141]. Interestingly, no Hemps homologues can be

found in Ciona genome [142], thus suggesting significant differences in the genetic

networks operating at metamorphosis in different ascidians. In Ciona some genes have
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been shown to be involved in the initiation of metamorphosis. Among these, six genes Ci-

meta1-Cimeta6 have been reported, but none of these is expressed in the tail before and

during its resorption [143, 144]. Moreover, two other genes have been recently

identified, Ci-Sccpb and Ci-sushi, which are expressed at the tip of the tail and in tail

epithelia, respectively [145].

Apoptotic processes play an important role during the sequential events leading from

hatching to metamorphosis of Ciona larvae [146, 147]. In particular, two apoptotic waves

occur, at first in the central nervous system and soon after in the tail. The second wave

originates at the tail extremity, propagates through cell to cell up to the tail base,

promoting caspase-3-dependent apoptosis of tunic, epidermis, striated muscle and

notochord cells [146]. It has been recently reported that the MAP kinases ERK and JNK are

both required for the wave of apoptosis and metamorphosis in Ciona [145]. ERK is

activated in the initial stages of larval development, in the papillae of swimming larvae,

and later at metamorphosis in tail cells before the wave of apoptosis occurs. The JNK

cascade is activated at the time of competence in the tadpole central nervous system, in

the pharyngeal rudiment, sensory vesicle, neck, visceral ganglion and nerve cord. A model

of metamorphosis has been proposed in which JNK activity in the CNS induces apoptosis

in several adjacent tail tissues by expression of genes such as Ci-sushi [145].

1.8.1 Regulatory roles of NO during larval development and metamorphosis in C.

intestinalis

The current interest in the physiological functions of NO in invertebrates has prompted

many authors to examine the spatial and temporal expression of NOS as well as the

localization and the possible role of NO during larval development and metamorphosis-

related events.

Notably, the NO/cGMP signaling pathway, together with the stress-inducible protein

HSP90, have been shown to be involved in the metamorphosis of the ascidians Boltenia

villosa and Cnemidocarpa finmarkiensis [137]. Treatment of ascidian hatched larvae with

NOS and guanylyl cyclase inhibitors, as well as with drugs that inhibit the function of
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HSP90, increased the frequency of tail resorption [137]. NOS is expressed in the tail

muscle cells of the ascidian larvae and it has been suggested that the NO/cGMP signaling

regulates metamorphosis possibly in combination with HSP90 acting on NOS activity [148,

149].

Recently, it has been reported that NO is involved in larval development and

metamorphosis of Ciona intestinalis [150]. This study provides evidence that nitric oxide

(NO) regulates tail regression in a dose-dependent manner, acting on caspase-dependent

apoptosis. An increase or decrease of NO levels resulted in a delay or acceleration of tail

resorption, without affecting subsequent juvenile development. A similar hastening effect

was induced by suppression of cGMP-dependent NO signaling. Inhibition of NO

production resulted in an increase in caspase-3-like activity with respect to untreated

larvae. Detection of endogenously activated caspase-3 and NO revealed the existence of a

spatial correlation between the diminution of the NO signal and caspase-3 activation

during the last phases of tail regression. Real-time PCR during development, from early

larva to early juveniles, showed also that during all stages examined, NO synthase (NOS) is

always more expressed than arginase and it reaches the maximum value at late larva, the

stage immediately preceding tail resorption. The spatial expression pattern of NOS is very

dynamic, moving rapidly along the body in very few hours, from the anterior part of the

trunk to central nervous system (CNS), tail and new forming juvenile digestive organs. NO

detection revealed free diffusion from the production sites to other cellular districts.

Overall, the results of this study suggest a new important link between NO signaling and

apoptosis during metamorphosis in C. intestinalis and hint at novel roles for the NO

signaling system in other developmental and metamorphosis-related events preceding

and following tail resorption.

In continuing the investigation of NO signaling during Ciona metamorphosis and

molecular targets, we have chosen to investigate the role of oxidative stress and NO-

derived reactive nitrogen species (RNS) in the process. We disclose an alternate signaling

pathway of NO in Ciona metamorphosis which is mediated by protein tyrosine nitration

targeted to ERK and snail.
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Part 2- Materials and Methods
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1° Model (PC12 cells)

Experimental procedures
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2.1 SUBSTRATES

The substrates were prepared in the laboratory of Prof. Milani at The Interdisciplinary

Centre for Nanostructured Materials and Interfaces (CIMaINa), University of Milan.

Poly-L-Lysine-coated glass cover slips (Colaver, 64MU4113) and microcrystalline TiO2 films

were used as reference samples for cell culture. Flat TiO2 films were grown on glass slides

by electron beam evaporation of a titanium target. The evaporated metal was partially

oxidized during the deposition and almost fully oxidized in subsequent air exposure. To

complete the oxidation and remove contaminants, these substrates were subjected to

the same annealing process applied to nanostructured films, as described below.

Cluster-assembled ns-TiO2 substrates were grown on clean glass slides by Supersonic

Cluster Beam Deposition (SCBD) using a Pulsed Microplasma Cluster Source (PMCS), as

described in detail in [120]. Figure 9 shows a schematic representation of the deposition

apparatus. The source (PMCS) is composed by a ceramic hollow body inside of which is

obtained a cylindrical cavity at whose end there is a solenoid valve which regulates the

inlet of a high pressure gas. The opposite end is connected to the expansion chamber

through a low conductance nozzle and it represents the cluster beam exit nozzle. The

cavity of the source is crossed by a cylindrical rod that works as a cathode. The system

anode consists in an earthing copper drilled disc located in front of the valve.

Briefly, the PMCS operation principle is based on the ablation of a titanium rod by argon

plasma, ignited by a pulsed electric discharge [151]. The ablated species thermalize with

the argon and condense to form clusters. The mixture of clusters and inert gas is then

extracted in vacuum through an aerodynamical focusing assembly to form a seeded

supersonic beam [152], the clusters are then collected on a substrate located in the beam

trajectory. Since the clusters kinetic energy is low enough to avoid fragmentation, the

nanoparticles impinging on the substrates maintain their original structure and, via

random stacking, a nanostructured film is grown [153]. The deposition process takes

place under high vacuum thus allowing the partial oxidation of the Ti clusters, further

oxidation is obtained upon air exposure to atmospheric conditions and it is completed

with a mild annealing for 2 hr at the temperature of 250 °C under a continuous flux of dry
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air. The annealing procedure has the further purpose of removing adsorbed species on

the sample surfaces.

Figure 9. Schematic representation of the deposition apparatus. The deposition chamber (1)

hosts the sample holder (2). The PMCS is placed in an expansion chamber (3). The source consists

of a ceramic cavity (4) closed by a pulsed valve (5) and a nozzle (6) (in this case an aerodynamic

lens assembly). The cathode (7) is a rod of the material to be sputtered; it provides atoms for

cluster growth. The anode is embedded into the ceramic body. The supersonic beam produced

enters the deposition chamber passing through a skimmer (8).

Film roughness was measured by Contact Stylus Profilometry (Dektak Veeco), the surface

morphology was characterized by atomic force microscopy (AFM-Digital Instruments

Nanoscope multimode IV). The AFM is equipped with rigid cantilevers with single-crystal

silicon tips (nominal radius 5-10 nm) and operated in Tapping Mode. Typically, several (4-

6) 2 μm × 1 μm images (2048 × 1024 points) were acquired on each sample, and flattened

by line-by-line subtraction of first and second-order polynomials in order to get rid of the

tilt of the sample and of the scanner bow. From flattened AFM images, the average

nanoscale root-mean-square roughness and specific area parameters were calculated.
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The electronic structure of as-deposited and annealed ns-TiO2 was characterized in a UHV

(1·10-9 mbar) apparatus Leybold LHS 10/12 equipped with a hemispherical electron

analyzer and conventional X-ray source (Al K = 1486.7 eV). The high-resolution spectra

were acquired in constant pass-energy mode Epass= 30 eV with an overall energy

resolution of 1.0 eV. All spectra are referenced to the Fermi level and the binding energy

scale is calibrated via the Au 4f5/2 core level line (located at 88.5 eV) of a clean

polycrystalline Au sample. No charging effects on the samples under investigation were

observed during all the measurements. The line shapes were fitted with mixed singlets

obtained by a linear combination of a Gaussian and a Lorentzian profiles sited on a Shirley

background.

2.2 CELL CULTURE AND ANALYSIS

2.2.1 Cell culture

Rat PC12 cells (PC-12 Adh ATCC Catalog no.CRL-1721.1TM) were used as a model to test

nanostructured surface effect on cell differentiation because of their faculty to assume

neuronal phenotype (i.e. extension of neurites) responding to some stimuli, as the Nerve

Growth Factor (NGF).

After annealing the glass cover slips coated with ns-TiO2 or flat TiO2 were sterilized by

exposure to UV light (15 W UV lamp) for 30 min. Sterilized glass pre-coated with Poly-L-

Lysine 0.01% solutions (Sigma-Aldrich) were used as positive controls.

PC12 were maintained in RPMI-1640 Medium (Sigma-Aldrich) supplemented with 10%

horse serum (HS; Sigma-Aldrich), 5% fetal bovine serum (FBS; Sigma-Aldrich), 2 mM l-

glutamine, 100 units/ml penicillin, 100 μg/mL streptomycin, 1 mM pyruvic acid (sodium

salt) and 10 mM Hepes in 5% CO2, 98% air-humidified incubator (Galaxy S, RS Biotech,

Irvine, California, USA) at 37 °C. Cells were detached from culture dishes using a solution 1

mM EDTA in HBSS (Sigma-Aldrich), centrifuged at 1000 x g for 5 min, and resuspended in

culture medium. Subcultures or culture medium exchanges were routinely established

every 2nd to 3rd day into Petri dishes (Ø 10 cm). During the experiment the PC12 were
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suspended in low serum medium (1% HS) added with 50 ng/mL NGF, 2 mM SMT

(selective inducible NOS inhibitor) (Sigma-Aldrich) and control solvent where specified,

and seeded at a cell density of 5-20 x 104/cm2 for nitration, proliferation, neurite and NOS

inhibitor analysis. Following seeding, cells were maintained in 5% CO2, 98% air-humidified

incubator at 37 °C, and the medium was exchanged every 24 and 48 hr after PBS wash.

For nitration analysis, cells were seeded on rectangular glass slides (25 x 75 mm, Thermo

Fisher Scientific, Milano, Italy) and cultured into 4-wells rectangular dishes (Thermo Fisher

Scientific). For all other analyses, cells were seeded on round cover glass (13 mm

diameter, TAAB) and cultured into 24 multiwells testplates (TPP).

2.2.2 Measurements and analysis

Cells were imaged using an inverted phase contrast microscope (Axiovert 40 CFL; Zeiss),

digital images were acquired with an AxioCam ICm1 (Zeiss) at different magnifications

(Objective: LD A-Plan 20x/0.30 Ph1 and LD A-Plan 40x/0.50 Ph2) and measurements were

made by ImageJ 1.44p software.

The neurite length and differentiation rate were evaluated according to the following

definition: the length was the straight-line distance from the tip of the neurite to the

junction between the cell body and neurite base. In the case of branched neurites, the

length of the longest branch was measured. For each cover glass, 20 and 40X images were

acquired randomly by scanning the wells, measuring in each image: N, as total number of

cells; n, as number of cells with the neurite longer than 20 µm (cells considered positive

for neurite extension); l, as neurite length in µm; R, as differentiation rate determined by

the equation R = 100 * n / N. The actual distributions of neurite lengths were presented

for each condition, along with the population median, as frequency over all cells

considered (at least 100). Cell spreading assay: for each cover glass, 10 and 20X images

were acquired randomly by scanning the wells and the cell density for cm2 was measured.

Each substrate type was tested 3 times. All data are expressed as sample arithmetic mean

± S.E.M. Significance of differences was determined using Student’s t-test (* p<=0.05; **

p<=0.01; *** p<=0.001).
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2.3 LYSATE PREPARATION

2.3.1 Whole-cell extracts

For preparation of whole-cell extracts, cells from cultures exposed to NGF from zero to 2

days were washed with phosphate-buffered saline (PBS) and extracted for 10 min at room

temperature with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

sample buffer (2% w/v SDS, 10% v/v glycerol, 5% v/v β-mercaptoethanol, 0.001% w/v

bromophenol blue, and 62.5 mM Tris, pH 6.8), then the fraction was collected.

2.3.2 Soluble and insoluble fractions

To separate cytosolic and cytoskeletal-associated proteins, cells were washed with

phosphate-buffered saline (PBS) and extracted for 10 min at room temperature with PEM

buffer (85 mM Pipes, pH 6.94, 10 mM EGTA, 1 mM MgCl2, 2 M glycerol, 1 mM PMSF, 0.1

mM leupeptin, 1 µM pepstatin, 2 µg/mL aprotinin) containing 0.1% v/v Triton X-100. After

extraction, the obtained Triton X-100-soluble fractions were diluted 3:1 with 4X SDS-PAGE

sample buffer. The insoluble material remaining attached to the dish was scraped into

SDS-PAGE sample buffer. Equal proportions of each fraction, representing proteins from

the same number of cells, was measured by the Bradford method and separated by SDS-

PAGE as described below.

2.4 PROTEIN ASSAY

The concentration of cell extracts was determined using the Bradford method. The

Bradford assay is based on Coomassie Brilliant Blue G-250 (CBBG) that specifically binds to

protein at arginine, tryptophan, tyrosine, histidine and phenylalanine residues. CBBG

binds to these residues in the anionic form, which has an absorbance maximum at 595

nm. The assay is monitored at 595 nm in a Hewlett Packard 8452 spectrophotometer, and
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determines the CBBG-protein complex. Bovine plasma immunoglobulin was used as

standard protein.

2.5 SDS-PAGE

Cell lysates were prepared, for SDS-PAGE, adding a solution of acetone:methanol (8:1)

and maintained overnight at -20 °C to ensure complete protein precipitation. The solution

was centrifuged at 13000 rpm for 15 min at 4 °C and the supernatant was discarded. The

pellet obtained from the centrifugation was dissolved in the sample buffer and the

protein samples were boiled at 100 °C for 5 min and centrifuged at 10000 rpm for 3 min

allowing protein denaturation.

Electrophoresis was performed in a Mini Protean II apparatus (Bio-Rad) at 20mA/gel

constant current until the dye front reached the end of the running gel. After the running,

the protein samples were transferred from gels to nitrocellulose or Immobilon™-P

membranes and immunostained with specific antibodies as detailed below.

2.6 WESTERN BLOT ANALYSIS

2.6.1 Blotting proteins from gel to nitrocellulose or Immobilon™-P membrane

Western blotting was performed using a mini trans-blot apparatus (Biorad) according to

standard procedures. The transfer membrane (nitrocellulose or Immobilon™-P filter) was

cut to the dimensions of the gel and labelled to identify the gel and the orientation of the

membrane. The Immobilon™-P Polyvinylidene Difluoride filter (Sigma-Aldrich) was

activated in 100% methanol for 15 seconds, placed in distilled water for 2 min and then

soaked in CAPS buffer (10 mM CAPS pH 11 + 10% methanol) under shaking for at least 15

min. The nitrocellulose membrane (GE Healthcare) was wet in distilled water for 2 min

and then soaked in TRIS-GLYCINE buffer (25 mM Tris/192 mM Glycine + 10% methanol)

for 15 min. The gel was soaked in transfer buffer and allowed to equilibrate for 15 min.

Then, the membranes were laid onto the gel, taking care to remove any bubble between
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them. Gel and filter were placed between sheets pre-soaked in CAPS or TRIS-GLYCINE

buffer, and two rigid plastic supports (“sandwichs”) that were then placed into the

electrophoretic chamber with the filter facing the anode. The proteins, negatively

charged because of the high pH, migrate towards the anode, and are absorbed by the

filter. Proteins on the gel were electrophoretically transferred onto Immobilon™-P filter

or nitrocellulose membrane, for 1 h at 180mA and for 2 hr at 100mA respectively.

2.6.2 Immunostaining

Insoluble fraction of PC12 cells were probed with specific antibodies followed by

horseradish peroxidise-conjugated secondary antibodies and detected by

Chemiluminescence method, as described below in detail.

Anti-nitro Tyr

i. Blocking: Immobilon™-P membrane was incubated in 6% w/v nonfat dry milk in 50

mM Tris, pH 7, 150 mM NaCl (TBS2) with 0.05% v/v Tween 20 for 1 h at room

temperature.

ii. Washing: membrane was washed 1 X 15 min and 2 X 5 min in TBS2 0.05% Tween.

iii. Primary antibody- Anti-Nitrotyrosine (Invitrogen, Camarillo, California, USA): the

primary antibody was incubated diluted 1:750 in a solution of 1% Bovine serum

albumin in TBS2 0.05% Tween overnight at 4 °C.

iv. Washing: membrane was washed 1 X 15 min and 2 X 5 min in TBS2 0.05% Tween.

v. Secondary antibody-Anti-IgG mouse conjugated with peroxidase (Calbiochem

Darmstadt Germany): the secondary antibody was incubated diluted 1:20000 in a

solution of 1% Bovine serum albumin in TBS2 0.05% Tween for 1 h at room

temperature.

vi. Washing: membrane was washed 1 X 15 min and 2 X 5 min in TBS2 0.05% Tween.
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Anti-Actin

i. Blocking: Immobilon™-P membrane was incubated in 10% w/v nonfat dry milk in

50 mM Tris, pH 7.6, 150 mM NaCl (TBS) with 0.1% v/v Tween 20 overnight at 4 °C.

ii. Washing: membrane was washed 3 X 7 min in TBS 0.1% Tween.

iii. Primary antibody- Anti-Actin (Sigma-Aldrich, Saint Louis, Missouri, USA): the

primary antibody was incubated diluted 1:4000 in 5% w/v nonfat dry milk in TBS

0.1% Tween for 2 hr at room temperature.

iv. Washing: membrane was washed 3 X 7 min in TBS 0.1% Tween.

v. Secondary antibody-Anti-IgG mouse conjugated with peroxidase (Calbiochem

Darmstadt Germany): the secondary antibody was incubated diluted 1:2000 in 5%

w/v nonfat dry milk in TBS 0.1% Tween for 1 h at room temperature.

vi. Washing: membrane was washed 3 X 7 min in TBS 0.1% Tween.

Anti-MaP1b

i. Blocking: nitrocellulose membrane was incubated in 10% w/v nonfat dry milk in 50

mM Tris, pH 7.6, 150 mM NaCl (TBS) with 0.05% v/v Tween 20 for 1 h at room

temperature.

ii. Washing: membrane was washed 1 X 15 min and 4 X 5 min in TBS 0.05% Tween.

iii. Primary antibody- Anti-MAP1b (Sigma-Aldrich, Saint Louis, Missouri, USA): the

primary antibody was incubated diluted 1:500 in a solution of 1% Bovine serum

albumin in TBS 0.05% Tween overnight at 4 °C.

iv. Washing: membrane was washed 1 X 15 min and 4 X 5 min in TBS 0.05% Tween.

v. Secondary antibody-Anti-IgG mouse conjugated with peroxidase: the secondary

antibody was incubated diluted 1:15000 in a solution of 1% Bovine serum albumin

in TBS 0.05% Tween for 1 h at room temperature.

vi. Washing: membrane was washed 1 X 15 min and 4 X 5 min in TBS 0.05% Tween.
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Anti-Human Tau

i. Blocking: Immobilon™-P membrane was incubated in 10% w/v nonfat dry milk in

50 mM Tris, pH 7.6, 150 mM NaCl (TBS) with 0.05% v/v Tween 20 for 1 h at room

temperature.

ii. Washing: membrane was washed 1 X 15 min and 4 X 5 min in TBS 0.05% Tween.

iii. Primary antibody- Anti-Human Tau (Upsate, New York, USA): the primary antibody

was incubated diluted 1:500 in a solution of 1% Bovine serum albumin in TBS

0.05% Tween overnight at 4 °C.

iv. Washing: membrane was washed 1 X 15 min and 4 X 5 min in TBS 0.05% Tween.

v. Secondary antibody-Anti-IgG mouse conjugated with peroxidase: the secondary

antibody was incubated diluted 1:20000 in a solution of 1% Bovine serum albumin

in TBS 0.05% Tween for 1 h at room temperature.

vi. Washing: membrane was washed 1 X 15 min and 4 X 5 min in TBS 0.05% Tween.

Anti-NOS

i. Blocking: Immobilon™-P membrane was incubated in 5% w/v nonfat dry milk in

PBS (Phosphate-buffered saline) for 2 hr at room temperature.

ii. Primary antibody- Anti-NOS (Abcam, Cambridge, UK): the primary antibody was

incubated diluted 1:500 in 5% w/v nonfat dry milk in PBS overnight at 4 °C.

iii. Washing: membrane was washed 3 X 10 min in PBS 0.3% Tween.

iv. Secondary antibody-Anti-IgG rabbit conjugated with peroxidase: the secondary

antibody was incubated diluted 1:5000 in 5% w/v nonfat dry milk in PBS for 1 h at

room temperature.

v. Washing: membrane was washed 3 X 10 min in PBS 0.3% Tween.
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Anti-iNOS

i. Blocking: Immobilon™-P membrane was incubated in 5% w/v nonfat dry milk in

PBS (Phosphate-buffered saline) for 2 hr at room temperature.

ii. Primary antibody- Anti-iNOS (Abcam, Cambridge, UK): the primary antibody was

incubated diluted 1:500 in 5% w/v nonfat dry milk in PBS overnight at 4 °C.

iii. Washing: membrane was washed 3 X 10 min in PBS 0.3% Tween.

iv. Secondary antibody-Anti-IgG rabbit conjugated with peroxidase: the secondary

antibody was incubated diluted 1:5000 in 5% w/v nonfat dry milk in PBS for 1 h at

room temperature.

v. Washing: membrane was washed 3 X 10 min in PBS 0.3% Tween.

Anti-Tubulin

i. Blocking: Immobilon™-P membrane was incubated in 5% w/v nonfat dry milk in

TBS 0.05% Tween for 1 h at room temperature.

ii. Washing: membrane was washed 1 X 15 min and 2 X 5 in TBS 0.05% Tween.

iii. Primary antibody- Anti-Tubulin (Abcam, Cambridge, UK): the primary antibody was

incubated diluted 1:1000 in a solution of 1% Bovine serum albumin in TBS 0.05%

Tween overnight at 4 °C.

iv. Washing: membrane was washed 1 X 15 min and 2 X 5 in TBS 0.05% Tween.

v. Secondary antibody-Anti-IgG mouse conjugated with peroxidase: the secondary

antibody was incubated diluted 1:20000 in a solution of 1% Bovine serum albumin

in TBS 0.05% Tween for 1 h at room temperature.

vi. Washing: membrane was washed 1 X 15 min and 2 X 5 in TBS 0.05% Tween.

Anti-ERK

i. Blocking: nitrocellulose membrane was incubated in 5% w/v nonfat dry milk in PBS

0.1% Tween for 1 h at room temperature.
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ii. Primary antibody- Anti-ERK (Cell Signaling, Danvers, Massachusetts): the primary

antibody was incubated diluted 1:2500 in 5% w/v nonfat dry milk in PBS 0.1%

Tween overnight at 4 °C.

iii. Washing: membrane was washed 3 X 10 min in PBS 0.1% Tween.

iv. Secondary antibody-Anti-IgG rabbit conjugated with peroxidase: the secondary

antibody was incubated diluted 1:5000 in 5% w/v nonfat dry milk in PBS 0.1%

Tween for 1 h at room temperature.

v. Washing: membrane was washed 3 X 10 min in PBS 0.1% Tween.

Anti-pERK

i. Blocking: nitrocellulose membrane was incubated in 5% w/v nonfat dry milk in PBS

0.1% Tween for 1 h at room temperature.

ii. Primary antibody- Anti-pERK (Cell Signaling, Danvers, Massachusetts): the primary

antibody was incubated diluted 1:250 in 5% w/v nonfat dry milk in PBS 0.1%

Tween overnight at 4 °C.

iii. Washing: membrane was washed 3 X 10 min in PBS 0.1% Tween.

iv. Secondary antibody-Anti-IgG mouse conjugated with peroxidase: the secondary

antibody was incubated diluted 1:5000 in 5% w/v nonfat dry milk in PBS 0.1%

Tween for 1 h at room temperature.

v. Washing: membrane was washed 3 X 10 min in PBS 0.1% Tween.

2.6.3 Stripping and Reprobing

Tyr nitration of the proteins (actin, MAP1b, tubulin, NOS, iNOS, tau, ERK and p-ERK) was

checked by stripping the western blot membrane and reprobing it with anti-nitroTyr

antibodies as previously described. The membrane was submerged in stripping buffer

(100 mM 2-Mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7) and incubated at 50 °C

for 30 min, with occasional agitation, to remove primary and secondary antibodies. Later,
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the membrane was washed in PBS-T or TBS-T at room temperature using large volumes of

wash buffer and immunostained with Anti-Nitrotyrosine antibodies.

2.6.4 Immunodetection system (ECL)

Immunolabeled proteins were detected, according to the GE Healthcare Life Sciences

protocol, using ECL Plus™ Western Blotting Detection Reagents (Buckinghamshire, UK)

which provide an improved non-radioactive method for the detection of immobilized

specific antigens conjugated to Horseradish Peroxidase (HRP) labelled antibodies.

The membranes were incubated in a mixed detection reagent (A and B solutions in a ratio

of 40:1) for 5 min in a dark room and then placed in an x-ray film cassette with a sheet of

autoradiography film on top of them. This step was repeated several times at different

exposure times. Once, it was established the correct exposure time, the films were

immersed in a developer and then in fixative solutions.

Solution A and Solution B: ECL Plus substrate solution containing Tris buffer, Stock Acridan

solution in Dioxane and Ethanol.

The density of each band was estimated using a documentation system (GS-800) and an

analysis program (Quantity-OneTM) from BioRad Laboratories (Hercules, California, USA).

2.7 PROTEIN IDENTIFICATION BY MASS SPECTROMETRY

2.7.1 In situ digestion

For mass spectrometry analysis, PC12 cells homogenates were separated by SDS-PAGE

and digested in situ by trypsin as described by Cappelletti G. et al. [72]. Upon SDS-PAGE,

the gel was stained with colloidal CBB G-250 (Sigma) and each lane was excised, cut in 2

mm bands and destained in 0.1% trifluoroacetic acid:acetonitrile 1:1 before drying in a

Speed Vac. Dried gels were rehydratated in 10 mM dithiothreitol in ammonium

bicarbonate 0.1 M and incubated at 56 °C for 1 h. Following cysteine derivatization by

iodoacetamide at 25 °C, the gels pieces were dried, rehydratated with trypsin (sequence
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grade, Sigma-Aldrich) solution (0.2 μg trypsin/band in 100 μl 50 mM ammonium

bicarbonate, 9% acetonitrile), and incubated overnight at 37 °C.

2.7.2 Peptide extraction

Digestion was stopped by adding 1 µl of 50% trifluoroacetic acid. The in-gel tryptic digest

solution was collected in a new test tube and the peptides were extracted from the gel

using 0.1% trifluoroacetic acid:acetonitrile 1:1. The material was centrifuged at 9000 rpm

for 3 min, sonicated for 3-5 min and the supernatant was added to the peptide mixture

collected previously. The extract was dried, resuspended in 10 μl 0.3% v/v formic acid and

desalted using Zip-Tip C18 (Millipore) before mass spectrometric (MS) analysis.

2.7.3 Zip-Tip C18

The following protocol was applied:

 Equilibrate the ZipTip for Sample Binding: 1) pre-wet the tips with 100% CH3CN 3

times (3 x 10 µl); 2) wash the tips with TFA 0.1% 3 times (3 x 10 µl).

 Bind and Wash the Peptides: 1) bind the sample to ZipTip pipette tip. Aspirate and

dispense the material 7-10 cycles for maximum binding of complex mixtures; 2)

wash the tips with TFA 0.1% at least once.

 Elute the Peptides: elute the sample with 50% CH3CN in TFA 0.1%, 3 times (3 x 10

µl), into a clean vial, for mass spectrometry analysis.

2.8 MASS SPECTROMETRY

Mass spectrometry is an analytical tool useful for measuring the mass-to-charge ratio

(m/z) of one or more molecules present in a sample. These measurements can often be

used to calculate the exact molecular weight of the sample components. Typically, mass

spectrometers can be exploited to identify unknown compounds via molecular weight
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determination, to quantify known compounds, and to determine structure and chemical

properties of molecules. Basically, a mass spectrometer is composed of an ion source, of a

system to separate the ions according to their m/z, and of an ion detector. The sample

has to be introduced into the ionization source of the instrument. Once inside the

ionization source, the sample molecules are ionized, because ions are easier to

manipulate than neutral molecules. These ions are extracted into the analyzer region of

the mass spectrometer where they are separated according to their mass (m) to-charge

(z) ratios (m/z). The separated ions are detected and this signal sent to a data system

where the m/z ratios are stored together with their relative abundance for presentation

in the format of a m/z spectrum. The analyzer and detector of the mass spectrometer,

and often the ionization source too, are maintained under high vacuum to give the ions a

reasonable chance of travelling from one end of the instrument to the other without any

hindrance from air molecules. The entire operation of the mass spectrometer, and often

the sample introduction process also, is under complete data system control on modern

mass spectrometers.

2.8.1 Ionization techniques

Ionization techniques are also known as interfaces because they allow the passage of the

analytes from samples to the mass analyzer. These techniques are crucial to determine

what types of samples can be analyzed by MS (liquid, solid, etc.) and to know which kind

of ionizing charged will have the molecules measured. Two techniques often used with

liquid and solid biological samples: matrix-assisted laser desorption/ionization (MALDI)

[154, 155] and electrospray ionization (ESI) [156].

2.8.1.1 Electrospray ionization

Electrospray ionization (ESI) produces gaseous ionized molecules directly from a liquid

solution creating a fine spray of highly charged droplets in the presence of an electric

field.
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The sample solution is sprayed from a region of the strong electric field at the tip of a

metal nozzle maintained at a potential of anywhere from 700 V to 5000 V. The needle to

which the potential is applied serves to disperse the solution into a fine spray of charged

droplets. Either dry gas, heat, or both are applied to the droplets at atmospheric pressure

thus causing the solvent to evaporate from each droplet. As the size of the charged

droplet decreases, the charge density on its surface increases. The mutual Coulombic

repulsion between like charges on this surface becomes so great that it exceeds the

forces of surface tension, and ions are ejected from the droplet through a “Taylor cone”.

Another possibility is that the droplet explodes releasing the ions. In either case the

emerging ions are directed into an orifice through electrostatic lenses leading to the

vacuum of the mass analyzer. These charged analyte molecules can be singly or multiply

charged. This is a very soft method of ionization as very little residual energy is retained

by the analyte upon ionization.

Several variations on the electrospray process have been developed such as nanospray

ionization. Nanospray is a form of ESI that employs low flow rate from 10 to 1000 nL/min.

As the flow rate is lowered, a lower volume of mobile phase passes through the emitter

producing smaller aerosol droplets. This makes nanospray ionization more effective than

conventional ESI at concentrating the analyte at the emitter tip, producing significant

increases in sensitivity demonstrated by the signal response of the mass spectrometer.

2.8.2 LC-ESI-MS/MS

An important enhancement to the mass resolving and mass determining capabilities of

MS is obtained by coupling it with chromatographic separation techniques. Common

combinations are gas chromatography-mass spectrometry (GC/MS) or liquid

chromatography-mass spectrometry (LC/MS).

In this work, digested samples were separated by liquid chromatography using an

UltiMate 3000 HPLC (Dionex, now Thermo Fisher Scientific).

Buffer A was 0.1% v/v formic acid, 2% acetonitrile; buffer B was 0.1% formic acid in

acetonitrile.
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Chromatography was performed using a PepMap C18 column (15 cm, 180 μm ID, 3 μm

resin, Dionex). The gradient was as follows: 5% buffer B (10 min), 5%-40% B (60 min),

40%-50% B (10 min) and 95% B (5 min) at a flow rate of 1.2 μL/min.

Mass spectrometry was performed using a LTQ-Orbitrap Velos (Thermo Fisher Scientific)

equipped with a nanospray source (Proxeon Biosystems, now Thermo Fisher Scientific).

Eluted peptides were directly electrosprayed into the mass spectrometer through a

standard non-coated silica tip (New Objective, Woburn, MA, USA) using a spray voltage of

2.8 kV.

2.8.2.1 LTQ ORBITRAP

LTQ Orbitrap Velos is a hybrid mass spectrometer incorporating the LTQ Velos™ dual cell

linear trap and the Orbitrap™ analyzer [157, 158]. The ion storage and the injection into

the Orbitrap allows high resolving power, mass accuracy, and transmission over a wide

dynamic range and forms the basis for a hybrid mass spectrometer combining these

analytical parameters with the MSn capability of the linear ion trap mass spectrometer.

Briefly, the LTQ Orbitrap Velos (Figure 10) consists of four main components: 1) a dual cell

linear ion trap for sample ionization, selection, fragmentation, and AGC™; 2) an

intermediate storage device (curved linear trap) that is required for short pulse injection;

3) an Orbitrap analyzer for Fourier transformation based analysis and 4) a collision cell for

performing higher energy CID experiments.

The LTQ Orbitrap Velos ETD has also an additional reagent ion source for enabling post-

translational modification analyses of peptides by Electron Transfer Dissociation (ETD).

As its name suggests, Orbitrap is a device that is able to store and trap ions [159]. It is not

conventional ion trap as a linear ion trap [160], because there is neither RF nor a magnet

to hold ions inside, but an electrostatic field that trap ions [161]. The electrostatic

attraction towards the central electrode is compensated by a centrifugal force that arises

from the initial velocity of ions, which makes ion moving like a satellite on orbit. The

electrostatic field forces the ions to move in complex spiral patterns. The axial component

of these oscillations can be detected as an image current on the two halves of an
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electrode encapsulating the Orbitrap. A Fourier transform is employed to obtain

oscillation frequencies for ions with different m/z values, which can be determined from

these values. Since ions can be trapped for long times, the frequency of their image

current can be registered with high accuracy, allowing to obtain high resolution mass

spectrum.

The combination of this mass analyzer with linear ion traps is perfect, because the first

allows high resolution measurements, whilst the second allows to perform MSn

experiments. Thus, also product ions of these experiments can be registered with high

resolution and high mass accuracy, opening new perspectives in a wide range of

applications.

Figure 10. Schematic view of the LTQ Orbitrap Velos ETD.

2.8.2.2 Tandem mass spectrometry

An important application of mass spectrometry is the possibility to fragment molecules to

study the different fragments and to better understand the structure and possible

mutations of the molecules.

These fragmentation studies can be done by Tandem Mass Spectrometry technique or

MS/MS analysis. This technique involves the activation of a known precursor ion, formed
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in the ion source, and the mass analysis of its fragmentation products. MS/MS analysis

can be done using different ion activation techniques: CID (Collision-induced dissociation),

HCD (Higher energy collision dissociation), and ETD (Electron-transfer dissociation).

In this work, the LTQ-Orbitrap was operated in positive mode in data-dependent

acquisition mode to automatically alternate between a full scan (m/z 350-2000) in the

Orbitrap and subsequent CID MS/MS in the linear ion trap of the 20 most intense peaks

from full scan. Two replicate analysis of each sample were performed. Data acquisition

was controlled by Xcalibur 2.0 and Tune 2.4 software (Thermo Fisher Scientific).

2.8.3 Database analysis

Searching for nitrated proteins against the rat NCBInr database (release February 15,

2012) was performed using the Sequest search engine contained in the Proteome

Discoverer 1.1 software (Thermo Fisher Scientific). The following parameters were used:

10 ppm for MS and 0.5 Da for MS/MS tolerance, carbamidomethylation of Cys as fixed

modification, Met oxidation, Tyr nitration, Trp nitration and Ser/Thr/Tyr phosphorylation

as variable modifications, trypsin (2 misses) as protease, False Discovery Rate for peptides

1% (against decoy).
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2° Model (Ciona intestinalis)

Experimental procedures
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2.9 ANIMALS, EMBRYOS AND INCUBATION EXPERIMENTS

This study was conducted in collaboration with Dr. Anna Palumbo at the “Stazione

Zoologica Anton Dohrn” in Naples who collected all the samples and carried out the

experiment in vivo. Specimens of C. intestinalis were collected in the Bay of Naples and

maintained in tanks with circulating sea water until use. Eggs and sperms were collected

separately from the gonoducts. Eggs from a single animal were fertilized with a mixture of

sperms obtained from different individuals. Embryos were cultured at 18 °C in 0.2 µm

filtered sea water. Under these conditions, just hatched larvae (early larvae) were

obtained about 18-20 hr after fertilization. Development was followed with an Olympus

stereomicroscope. Samples at appropriate stages were identified using the morphological

criteria reported by Chiba et al. [139] and were selected on the basis of at least 95%

homogeneity. The samples were collected by low speed centrifugation and the pellets

were frozen for protein extraction. When necessary, early larvae were treated in sea

water at 18 °C with the following modifiers of NO signaling, at the final concentrations

indicated in the text: [1-(2-trifluoromethylphenyl) imidazole] (TRIM), (Z)-1-{N-[3-

Aminopropyl]-N-[4-(3-aminopropylammonio)butyl]-amino}-diazen-1-ium-1,2-diolate]

(spermine NONOate, SPER/NO), peroxynitrite, spermine, [manganese (III) tetrakis (4-

benzoic acid) porphyrin chloride] (MnTBAP), urate. TRIM, SPER/NO and MnTBAP were

purchased from Alexis Biochemicals (Vinci-Biochem, Vinci, Italy). Spermine and urate

were from Sigma, Milan, Italy.

Peroxynitrite was synthesized by the reaction of nitrite with acidified H2O2, as previously

described [162].

2.10 PROTEIN EXTRACTION

Larva and embryo pellets were homogenized in two volumes of RIPA lysis buffer (150 mM

NaCl, 50 mM Tris-HCl pH 7.6, 5 Mm EDTA, 0.5% NP-40, 0.5% sodium deoxycholate, 0.1%

SDS) supplemented with protease inhibitors (1 mM PMSF and Complete Protease

Inhibitor Cocktail Tablets, Roche, Monza, Italy) and phosphatase inhibitors (PhosSTOP
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Cocktail Tables, Roche). Lysates were clarified by centrifugation and total protein

concentration was determined using the Bio-Rad Protein Assay Reagent (Bio-Rad, Milan,

Italy) as described in the above section 2.4.

2.11 ELECTROPHORESIS

Before electrophoresis, protein samples used for anti-ERK, anti- p-ERK, anti-snail and anti-

actin immunoblotting were incubated at 85 °C for 5 min whereas samples examined for

nitrated proteins were not.

2.11.1 SDS-PAGE

Ten percent SDS-PAGE was carried out as previously reported in Tedeschi G. et al. [163].

Following mono-D electrophoresis, gels were stained with Blue Coomassie or blotted onto

nitrocellulose (Hybond, GE Healthcare) or polyvinylidenfluoride (PVDF, Immobilon-P,

Millipore, commercialized by Sigma) membranes.

2.11.2 Two dimensional electrophoresis

Analytical or preparative two dimensional electrophoresis (2-DE) was carried out on

protein extract by performing the reduction and the alkylation prior the first dimension.

Briefly, the sample was diluted in 7 M urea, 2 M thiourea, 2% NP-40, 40 mM Tris-HCl and

incubated at room temperature for 90 min with 5 mM tributylphosphine (TBP). After this

step, the sample was incubated with 20 mM iodoacetamide (IAA) at room temperature

for 90 min in the dark. Following precipitation with in an anhydrous solution of acetone

and methanol (8:1, v/v) at -20 °C, the precipitate was suspended in the 2-D PAGE sample

buffer (7 M urea, 2 M thiourea, 2% NP-40, 0,5% Resolyte 3.5-10 NL, bromophenol blue)

and sonicated for 1 min. For the first dimension, 800 µg (preparative 2-DE) or 30 µg

(analytical 2-DE) of protein were applied to rehydrated IPG strip (immobiline dry strip pH

3-10 NL, 70 mm; Amersham Pharmacia, Cologno Monzese, Italy). The dry IPG strips were
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rehydratated overnight in 350 µl of rehydratation buffer containing 7 M urea, 2 M

thiourea, 2% NP-40, 0,5% Resolyte 3.5-10 NL, bromophenol blue. Samples were loaded by

sample cups. IEF was carried out at 14 °C, 19,600 V total voltage, for 6 hr. The first

dimension IEF was performed with the Multiphor II system (Amersham Pharmacia,

Milano, Italy). Before the second dimension, the strips were rinsed with buffer (6 M urea

in 0.375 M Tris-HCl pH 8.8, 2% SDS, 20% glycerol, bromophenol blue). The second

dimension was performed on 10% polyacrylamide gels (Mini-Protean, Biorad), at

40mA/gel constant current until the bromophenol band had reached the end of the gel.

Following SDS-PAGE, 2-DE gels were either stained with ammoniacal silver (analytical 2-

DE), or with colloidal blue CBB G (Sigma) (preparative 2-DE to be used for mass

spectrometry based protein identification) or blotted onto nitrocellulose or PVDF

membranes.

2.12 WESTERN BLOT AND IMMUNOSTAINING

Western blotting was performed according the protocol described in the above section

2.6. Blotted membranes were immunodetected as follows:

Snail detection: the PVDF membrane was dehydrated with methanol and equilibrated in

Phosphate buffered saline (PBS) pH 7.5. A monoclonal antibody generated against the

purified human snail protein was kindly provided by Dr. Becker of the Institut für

Pathologie, Technical University of München. Incubation was performed for 1 h at room

temperature in a solution of 1% BSA in PBS at the dilution 1:100. After washing with PBS

the membrane was incubated with horseradish peroxidase-linked anti mouse IgG (whole

molecule) (Sigma) diluted 1:10000 in 1% BSA in PBS. After 1 h the membrane was washed

with PBS.

ERK, pERK, actin and nitrotyrosine detection was performed as described previously

(section 2.6.2).
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As a control to rule out false immunopositive spots the nitrotyrosine groups were

converted to aminotyrosine by treating the membrane with freshly made 10 mM sodium

dithionite in 50 mM pyridine acetate buffer, pH 5.0 for 1 h at room temperature, under

stirring, in the dark [163].

Labelled proteins were detected using enhanced chemiluminescence system (ECL PLUS,

GE Healthcare o) or Supersignal West Pico Chemiluminescent Substrate (Pierce,

EuroClone). Proteins were visualized on an autoradiography film (BiomaxKodak).

2.13 IMMUNOPRECIPITATION

Samples of extracted proteins from treated and untreated larvae were preincubated with

a 1:1 suspension of Protein A-Sepharose in PBS for 1 h at 4 °C with vigorous shaking.

Then, the samples were centrifuged at 14000 rpm for 10 min at 4 °C and the supernatants

were incubated with anti-p-ERK (1:25) with gentle shaking. After overnight incubation at 4

°C, a 1:1 suspension of Protein A-Sepharose in PBS was added and the mixture was

further incubated for 3 hr at 4 °C with vigorous shaking. The samples were centrifuged

and the immunoprecipitates, washed twice with PBS, were dissolved in Laemmli’s buffer

without β-mercaptoethanol, boiled at 90 °C for 10 min and analyzed by electrophoresis.

The p-ERK-free supernatant was then incubated with anti-ERK (1:50) and treated as

reported above.

2.14 GEL STAINING

Two different procedures were used:

COOMASSIE BLUE G250 (used with preparative gels). The gels were placed first in a fixing

solution containing 40% methanol, 7% acetic acid for 1 h, then in a stain solution

containing 16% Coomassie Brilliant Blue G250, 20% methanol, for at least 2 hr up to 2

days. The gels were destained in a solution containing 25% methanol, 10% acetic acid to

remove background.
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AMMONIACAL SILVER STAIN (used with analytical gels). Ammoniacal silver staining was

performed according to [164]. The gels were placed first in a strong fixing solution

containing 40% ethanol, 10% acetic acid for 1 h, then in a bland fixing solution containing

5% ethanol, 5% acetic acid for at least 3 hr up to 3 days. Then gels were incubated in a

sensitizing solution containing 1% glutaraldehyde, 0.5 M sodium acetate for 30 min. The

gels were washed 3 X 10 min in double distilled water and then incubated 2 X 30 min in

0.5% 2,7 naftalendisulfonic acid. The gels were washed 4 X 15 min in double distilled

water and incubated in the silver solution containing 0.8 g/l NaOH, 15 ml ammonium

hydroxide and 5 g/l silver nitrate for 30 min. After 3 X 5 min washes in double distilled

water, the development was obtained with a solution containing 0.1 g/l citric acid and 1

ml/l formaldehyde. Staining was stopped by rinsing the gels with 5% acetic acid.

2.15 GEL IMAGING

Stained gel and film images were digitized using an EPSON 1660 densitometer (Bruker

Daltonics, Milano, Italy). Computer aided 2-DE image analysis to match signals from

immunoblots and protein spots were carried out using Melanie 5 software (Bruker

Daltonics, Milano, Italy).

2.16 PROTEIN IDENTIFICATION

2.16.1 N-Terminal sequence analysis

Proteins were separated by SDS-PAGE, electrotransferred to PVDF membranes

(Immobilon-P, Sigma) and stained with Coomassie Blue. The amino acid sequence was

determined by automated Edman degradation using a pulsed-liquid sequencer (Procise

model 491 Applied Biosystems, Foster City, CA, USA). Similarities with the entries in the

SwissProt, TrEMBL, and NCBI sequence databases were searched using the BLAST

program.
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2.16.2 MALDI-TOF analysis

Peptide mass finger printing and automated protein database searching are commonly

used for the high-throughput identification and characterization of proteins excised from

2-DE gels.

In this work we used matrix-assisted laser desorption ionization (MALDI) [154] which has

become a widespread analytical tool to analyze peptides, proteins and most other

biomolecules.

In MALDI analysis, a large excess of matrix material is coprecipitated with analyte

molecules (that is, the molecules to be analyzed) by pipetting a submicroliter volume of

the mixture onto a metal substrate and allowing it to dry. The resulting solid is then

irradiated by nanosecond laser pulses, usually from small nitrogen laser with a

wavelength of 337 nm (Figure 11).

Figure 11. Schematic of MALDI process. A sample cocrystallized with the matrix is irradiated by a

laser beam, leading to sublimation and ionization of peptides.

The matrix is typically a small organic molecule which adsorbs at the wavelength of the

laser employed. The most common matrices used for peptide analysis are α-cyano-4-
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hydroxycinnamic acid and dihydrobenzoic acid (DHB). Matrices differ in the amount of

energy they impart to the biomolecules during desorption and ionization and hence the

degree of fragmentation (unimolecular decay) that they cause. The mass range below 500

Daltons (Da) is often obscured by matrix-related ions in MALDI. Proteins generally

undergo fragmentation to some extent during MALDI, resulting in broad peaks and loss in

sensitivity; therefore MALDI is mostly applied to the analysis of peptides.

There are three types of mass analyzers typically used with the MALDI ionization source: a

linear time-of-flight (TOF), a TOF reflectron, and a Fourier transform mass analyzer (Figure

12).

In a TOF mass spectrometer the mass determination in the high vacuum area is

performed by a very precise measurement of the period of time after acceleration

process of the ions in the source and impact on the detector.

Figure 12. Schematic of MALDI TOF instrument. About 100-500 ns after the laser pulse, a strong

acceleration field is switched on (delayed extraction), which imparts a fixed kinetic energy to the

ions produced by the MALDI process. These ions travel down a flight tube and are turned around

in an ion mirror, or reflector, to correct for initial energy differences. The mass-to-charge ratio is

related to the time it takes an ion to reach the detector; the lighter ions arrive first. The ions are

detected by a channeltron electron multiplier.
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An electro-static field accelerates ions formed during a short laser pulse inside the source

to a kinetic energy of some keV. After leaving the source the ions passes a field-free drift

region in which they are separated due to their m/z ratio. This takes place because at a

fixed kinetic energy ions with a different m/z values are accelerated in the ion source to

different velocities. Knowing the acceleration voltage and the length of the drift region

the m/z ratio can be determined by measuring the flight time.

Figure 13 illustrates the principle how a TOF mass spectrometer works in linear and

reflector mode. Ions formed by the laser pulse being of the same charge, but different

m/z values are accelerated to different velocities. Large ions with high m/z values strike

the detector at a later moment than small ions. Ions of the same mass start with a certain

energy spread. This affects the achievable peak width to a certain amount. Applying a

reflector, the influence of the energy distribution upon the flight time can be

compensated at the location of the reflector detector.

After acceleration by means of a certain voltage U the kinetic energy of the ions is defined

as:

Ekin = ½ mv2 = z e U

Where: m= ion mass; v= velocity of the ion after acceleration; z= charge number; e=

elementary charge.

The velocity v results from the ion flight time t through the field-free region L of the flight

tube:

v = L/t

Replacing v by the formula given above results in:

½ m (L/t)2 = z e U
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Arranging to m/z delivers:

m/z = (2eU/L2)t2

Associated with a TOF instrument the relation of molecule mass and charge number (m/z)

is proportional to the square of the flight time t. Thus the related mass can be determined

from the measured flight time. Calibration is performed with well-known reference

masses. The range of typical MALDI flight times is between few s and some 100 s. The

drift regions are typically 1m-4m long.

An important feature of a mass analyzer is the resolving power, i.e. to distinguish

between ions of only little mass differences. Therefore, the resolution is defined as the

ratio of the mass m and mass difference m (full with at half maximum, i.e. at 50%

height):

R = m/m

The resolution of the in the instrument used for this study (Reflex IV, Bruker Daltonik) is >

25000 for m/z  3000, when operated in reflectron mode.

Figure 13. MALDI with TOF and TOF reflectron.
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In MALDI-TOF each spectrum has to be calibrated by external calibrants. The external

calibration is based on a different (external) spectrum. This calibration spectrum comes

from the same plate which is used for the measurement of the spectra to be analysed.

Since inhomogenieties in the geometry of the plate surface have a huge impact on the

reproducibility it is advisable to prepare the calibrant as close to the sample to be

analysed as possible. If the spot of the calibration spectrum is next to the spectrum of

interest it is called a “nearest neighbourhood calibration”. If the maximal possible mass

accuracy is desired, a nearest neighbourhood calibration is mandatory. Even if a nearest

neighbourhood calibration is performed, there may still be a mass error occurring due to

small changes in the target geometry and also due to different geometries of the sample

preparation itself. The mass error that can be attributed to the plate geometry from one

sample position to an adjacent sample position is below 50 ppm for Bruker MALDI-Ion

sources. An additional error may come from variations in the sample preparation.

In this work, matrix assisted laser desorption ionization-time of flight (MALDI-TOF)

analysis was carried out on the spot to be identified following 2-DE, in gel digestion and

peptide extraction as described in the above section 2.7.

Following a desalting/concentration step on a ZipTipC18 using 40% acetonitrile in 0.1%

trifluoroacetic acid as eluent, the peptide mixtures were loaded on an Anchor chip target

(Bruker Daltonics, Bremen, Germany) using the thin layer technique and α-cyano-4-

hydroxy-cinnamic acid as matrix and analyzed with a nitrogen laser (337nm) operated in

reflector mode. External standards were used for calibration (Bruker peptide calibration

standard). Each spectrum was accumulated for at least 600 laser shots. Measured peptide

masses were used to search the Swiss-Prot, MSDB, TrEMBL, and NCBI sequence databases

for protein identification by the Mascot program.

Putative nitrated peaks were identified by an increase in mass of 45 units, due to the nitro

group, and/or an increase of 16 and 32 units lower than the one representing nitration

[165, 166], which correspond to products from prompt fragmentation caused by the

immediate loss of an oxygen molecule to form a nitroso species, followed by loss of a

second oxygen molecule possibly to form nitrene or dehydroazepine species, as outlined

by Sarver et al. [165]. These authors report that such characteristic addition to the
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molecular ion of the modified peptide containing the nitro-substituted tyrosine group

provides the unequivocal evidence for the presence of this modification.
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Part 3- Results and Discussion
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1° Experimental model (PC12 cells)
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3.1 SUBSTRATE CHARACTERIZATION

The surface morphology of Supersonic Cluster Beam Deposition (SCBD) deposited TiOx

films produced at different nanoscale roughness was investigated by Atomic Force

Microscopy (AFM) and Scanning Electron Microscope (SEM).

Figure 14 display the AFM characterization of the control substrates and nanostructured

samples: figs. (a) and (b) show the morphology of the glass cover slips before and after

the coating with of Poly-L-Lysine with a calculated rms roughness of 0.343 ± 0.004 nm and

0.271 ± 0.020 nm, respectively; fig. (c) presents the AFM map (2 x 1 µm2) of flat TiO2 film

with rms roughness of 0.229 ± 0.004 nm and figs. (d)-(g) report SEM and AFM images of

cluster-assembled ns-TiO2 films with roughness of 20.2 ± 0.5 nm and 29.1 ± 1 nm

respectively (corresponding to 50 nm and 200 nm film thickness).

As previously described, the random stacking of nanoparticles on substrates resulting

from SCBD, produces films with a homogeneous nanoscale porosity and roughness: the

nanoparticles landing on the substrate stick on the surface of the growing film without

any relevant diffusion or re-arrangement as it is typical of a ballistic deposition regime

[123, 167]. AFM images of all ns-TiOx samples clearly appear to have a fine raster of

nanometer-sized grains with porosity at the subnanometer scale and with the thicker film

showing larger height fluctuations.

Recently, ns-TiO2 substrates have been also evaluated in terms of the reproducibility and

control of their structural (morphology) and physico-chemical properties by accurate

statistical intraslide/interslide data, showing an extremely good reproducibility among

different production batches [124].

In Figure 15, it is shown the core level photoelectron spectra at O 1s and Ti 2p edges

before and after the moderate annealing. The spectra acquired after thermal treatment

appear more noised, attesting a slightly increment of the insulation, however in both

cases the peak positions of Ti 2p1/2 and Ti 2p3/2 fall at 464.9 eV and 459.1 eV respectively,

corresponding to Ti (IV) bound to oxygen. Both peaks are symmetric, and the FWHM of

Ti2p3/2 is 1.6 eV, that is slightly larger than “defect-free” titanium dioxide single crystal

(FWHM =1.25) as expected for ns-TiO2 samples having a not negligible amorphous
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fraction. In the O 1s binding energy region, the peak at 530.7 eV (FWHM = 1.6 eV)

corresponds to O 1s core-level of oxygen atoms bound to Ti(IV), whereas the small broad

shoulder at higher binding energies, 532.6 eV, is mainly due to the usual oxygen sources

of contaminants such as physisorbed water and carbon bounded to oxygen. The

stoichiometry evaluation assesses the fully oxidation of the nanostructure film which

changes from TiO2-x with x=0.16 (as deposited sample) to TiO2 (after annealing).

On the basis of results obtained, we believe that nanostructured TiOx is an optimal

substrate suitable for different applications in cell culture.

Figure 14. AFM images of reference samples: a) coverslip (1x1 µm2); b) Poly-L-Lysine coated

coverslip (1x1 µm2); c) flat TiO2 (2x1 µm2). The vertical color scales range between 0 and 10 nm.

Nanostructured samples: d) and e) high resolution SEM images and f) and g) AFM topographies

(2x1 µm2) of 50 nm and 200 nm thick nanostructured TiO2, respectively.
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Figure 15. O 1s and Ti 2p photoemission spectra before and after thermal annealing at 200 °C of

ns-TiO2 films. Ti 2p1/2 and Ti 2p3/2 peaks fall at 464.9 eV and 459.1 eV respectively and O 1s peak

shows two components one at 530.7 eV and the other at 532.6 eV.

3.2 TIO2 NANOTOPOGRAPHY TRIGGERS NEURITOGENESIS IN THE ABSENCE OF NGF

To test the role of the nanoscale morphology of ns-TiO2 in promoting neurite formation,

PC12 cells were cultured on flat TiO2 and cluster-assembled ns-TiO2 substrates (20 nm and

29 nm rms roughness) either in NGF-free medium or in the presence of 50 ng/ml NGF and

neurite formation was scored after 2 days. PLL-glass and flat microcrystalline TiO2 were

used as control. Figure 16 shows phase contrast optical images of PC12 cells cultured for

48 hr on PLL-Glass (A) and (B), flat TiO2 (C) and (D), ns-TiO2 20 rms (E) and (F) and ns-TiO2

29 rms (G) and (H) with the following conditions: low serum medium (1% horse serum)

only (A, C, E and G) or with 50 ng/ml NGF (B, D, F and H). As shown in Figure 16 (E) and

(G), PC12 cells cultured on ns-TiO2 undergo neurite expansion in NGF-free medium. After

2 days of culture neurites extend up to 103.74 µm or 154.68 µm on 20 rms and 29 rms

roughness, respectively. The presence of NGF in the culture medium does not alter

significantly the cell behavior: the length and number of the neurite observed are

comparable as shown in Figure 17 (A) and (B) where the neurite length distributions and

the cell differentiation rate are reported.
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Figure 16. Effect of nanostructured TiO2 surface on neurite formation in PC12 cells. Phase

contrast photographs 40X magnification, Bar = 50 µm. PC12 cells were cultured for 48 hr in low

serum medium (1% horse serum) only (A, C, E and G) or with 50 ng/mL NGF (B, D, F and H) on four

kinds of substrates: PLL-Glass (A, B), flat TiO2 (C, D), ns-TiO2 20 nm rms (E, F) and ns-TiO2 29 nm

rms (G, H).

No significant differences in cells behavior were observed between 20 or 29 rms

roughness ns-TiO2 surfaces. At odd with nanostructured Titania substrates, PC12 cells
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extended neurites on a PLL substrate only when medium was supplemented with NGF.

Interestingly, neurite formation on PLL-glass upon NGF was equivalent to that detected

on ns-TiO2 films in terms of number and length. As far as cell division is concerned, Figure

17 shows that the nanostructure hampers cell growth as does NGF, when PC12 cells are

seeded on PLL-glass in the presence of NFG. On the other hand, the behavior of PC12 cells

on flat microcrystalline TiO2 was very similar to the one observed for cells grown on PLL-

glass and neuritogenesis was induced only by NGF addition (Figure 17).

Figure 17. Histograms of the neurite length mean (a) and differentiation percentage (b) for each

condition shown in Figure 16. ** p<0.01, *** p<0.001, unpaired Student t Test. G-PLL+NGF

elongation length mean and differentiation values are not statistically significantly different from

ns-TiO2 20 nm rms and ns-TiO2 29 nm rms.

Beside neurite extension, we checked also the expression of the neuronal marker MAP1B,

a cytoskeletal protein involved in microtubule assembly whose expression increases upon

PC12 cell differentiation induced by NGF. As expected, Western blot analysis carried out

by specific antibodies shows that nanotopography leads to an increase in MAP1B

expression regardless the roughness of the surface or the presence/absence of NGF (data

not shown).

PC12 cells have been reported to require continuous NGF treatment for differentiation,

survival and the phenotypic maintenance of the differentiated state; following cell growth
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longer that 2 days on ns-TiO2 substrates we observed that cells can survive up to 7 days

on these surfaces as on glass in the presence of NGF.

Overall, these results strongly suggest that: a) nanostructure can impede cell proliferation

and triggers neuritogenesis in the absence of other inducers; b) the phenomenon is

related to the nanoscale topography of the surface; c) once triggered by surface

roughness, neuritogenesis was unaffected by the addition of NGF. This implies that, in our

model, topography may vicariate NGF but does not act cooperatively with the chemical

stimulus to promote neuritogenesis upon differentiation. Our results are in remarkably

good agreement with the observations reported by Lamour et al. using chemically

modified glass surfaces as substrate for cell growth in the absence of NGF and with

previous reports showing that NGF is not absolutely necessary to initiate PC12 cells

differentiation [118, 119].

3.3 TIO2 NANOTOPOGRAPHY PROMOTES THE EXPRESSION OF NITRIC OXIDE SYNTHASE

(NOS) AND CYTOSKELETAL PROTEINS NITRATION

As described previously, nitric oxide (NO) is a signaling molecule involved in NGF-induced

differentiation of PC12 cells [168]. NO triggers a switch to growth arrest and neuronal

differentiation [68] and it modulates neuritogenesis by regulating signaling pathways

through several mechanisms [169] such as binding to heme or iron sulphur sites in

regulatory proteins [170] or by modifying tyrosines in cytoskeletal proteins [124, 41, 73,

74]. This biological messenger is produced by a group of enzymes called nitric oxide

synthases (NOS) through the catalytic conversion of L-arginine to L-citrulline. In PC12 cells

there are two forms constitutively expressed, the endothelial (eNOS) and the neuronal

(nNOS), which are regulated by the cytosolic concentration of Ca2+ [171], and an inducible

isoform (iNOS) which is predominantly involved in the production of NO preceding the

development of the differentiated phenotype induced by NGF [68]. The three isoforms

co-localize directly or indirectly with the cytoskeleton, including actin microfilaments,

microtubules and intermediate filaments [172].
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To uncover the molecular mechanism through which nanotopography leads

neuritogenesis in PC12 cells grown on n-TiO2, we tested the hypothesis that NO may be

involved in the process through the increase of NOS expression. This was checked by

Western blot analysis using either general NOS antibodies as well as iNOS specific

antibodies. The results, summarized in Figure 18 (A) and (B), respectively, clearly show

that the expression of the enzyme is increased in cells grown on nanostructured TiO2

similarly to the level observed on PLL-glass following NGF addition.

On the contrary, cells grown on a flat TiO2 surface show a behavior almost overlapping

the one of cells grown on PLL-glass and do not present any increase in NOS expression in

the absence of NGF (Figure 18 A). These finding suggest that the morphology of the

substrate modulates NOS expression which is induced by nanoscale roughness and that

iNOS is involved in cell differentiation as previously reported in PC12 cells grown on PLL-

glass [68].
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Figure 18. Topography of TiO2 promotes the expression of nitric oxide synthase (NOS). NOS (A)

and iNOS (B) expression were evaluated by Western blot analysis using anti-NOS and anti-iNOS

antibodies in PC12 cells grown on PLL-coated glass (PLL-Glass), flat Titania (TiO2-flat) and

nanostructured Titania of different roughness (20 nm and 29 nm rms) in the presence and in the

absence of 50 ng/mL NGF. Equal amounts of lysates (70 g) were loaded on SDS-PAGE and probed

with antibodies as indicated in the “Materials and Methods” section.

To further confirm the involvement of NOS in the differentiation process induced by

nanotopography, we checked the nitration of proteins on PC12 cells grown on n-TiO2

A

B
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since, in previous studies on cells grown on PLL-glass, we reported that NGF triggers

protein nitration during neuronal differentiation and that cytoskeleton becomes the main

cellular fraction containing nitrated proteins [72]. The protein nitration was evaluated by

means of anti-nitroTyr antibodies (Figure 19) as well as by tandem mass spectrometry

(Table 1) on the Triton insoluble fraction of PC12 cells that is enriched in cytoskeletal

components.

Figure 19. Topography of TiO2 promotes cytoskeletal proteins nitration. Western blot analysis

using anti-nitroTyr antibodies allows to detect nitrated proteins in the Triton insoluble fraction of

PC12 cells grown on PLL-coated glass (PLL-Glass), flat Titania (TiO2-flat) and nanostructured Titania

of different roughness (20 nm and 29 nm rms) in the presence and in the absence of 50 ng/mL

NGF.

Figure 19 shows that, in keeping with the results previously reported, PC12 cells grown on

PLL-glass present a basal level of protein nitration which increases upon NGF induced

differentiation at a level similar to the one evaluated for PC12 cells grown on ns-TiO2

independently from the presence of the inducer NGF. The behavior of PC12 cells grown

on flat TiO2, on the contrary, is identical to the behavior of cells grown on PLL-glass where
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the increase in protein nitration is induced by NGF, thus suggesting that the nano-

roughness is involved in the nitration process.

The identification of the proteins found nitrated in PC12 cells grown on different TiO2

substrates in NGF free media was carried out by tandem mass spectrometry looking for

peptides containing at least one nitration at Tyr and/or Trp residues. In keeping with the

previous findings [72], many of them are components of the cytoskeleton as shown in

Table 1, which reports the list of the cytoskeletal proteins found nitrated in such

conditions.

Table 1. List of nitrated cytoskeletal-related proteins in PC12 cells grown on the TiO2 surface (20

nm rms).

As reported in [73, 74, and 163] alpha-tubulin, actin and tau are among the major target

of this post-translational modification which may confer increase stability to cytoskeleton

Accession Uniprot
MW

[kDa]
calc. pI Description

Accession
gi4501885 P60711 41,7 5,48 actin, cytoplasmic 1
gi4501889 P63267 41,8 5,48 actin, gamma-enteric smooth muscle isoform 1

precursor
gi157823033 D3ZRN3 41,9 5,49 beta-actin-like protein 2 [Rattus norvegicus]
gi67078528 Q4V884 71,3 5,71 cell division cycle protein 16 homolog
gi114145461 Q0V8T4 145,6 6,24 contactin-associated protein like 5-3 precursor
gi256773236 Q63164 485,8 5,63 dynein heavy chain 1, axonemal
gi2642598 P16884 115,3 5,95 high molecular-weight neurofilament
gi57012436 Q6IFW6 56,5 5,15 keratin, type I cytoskeletal 10
gi6981182 Q64715 198,4 4,84 microtubule-associated protein 2
gi57164139 Q5M844 36,5 5,76 nesprin-4
gi293348155 D3ZGY7 149,2 5,40 PREDICTED: pleckstrin homology domain

containing, family G, member 3-like isoform 1
gi293355776 F1LSL8 285,8 5,95 PREDICTED: spectrin, beta, non-erythrocytic 4

gi149025027 B1WBU8
58,8 6,20 similar to pleckstrin homology domain protein

(5V327) (predicted)
gi54400730 Q5XIM9 57,4 6,46 T-complex protein 1 subunit beta
gi12963615 Q9ERD7 50,4 4,93 tubulin beta-3 chain
gi61557414 Q6PEC1 12,7 5,47 tubulin-specific chaperone A
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during neuronal differentiation [173]. Therefore, the expression of tubulin, actin and tau

isoforms 50 and 70 kDa, were specifically evaluated using the corresponding antibodies

while their Tyr nitration was checked following stripping of the membrane and reprobing

with anti-nitroTyr antibodies. The results are summarized in Figure 20 where the ratio

between nitration and expression is reported for each protein tested.

Figure 20. Nitration of tubulin, actin and tau isoforms. The expression of tubulin (A), actin (B)

and tau isoforms 50 (C) and 70 kDa (D) were evaluated using the corresponding specific

antibodies in the Triton insoluble fraction of PC12 cells grown on PLL-coated glass (PLL-Glass) and

nanostructured Titania of different roughness (20 nm and 29 nm rms) in the presence and in the

absence of 50 ng/mL NGF. Tyr nitration of the same proteins was checked following stripping of

the membrane and reprobing with anti-nitroTyr antibodies. The results are means of 2 different

experiments.

A. TUBULIN B. ACTIN

C. TAU (50kDA) D. TAU (70Kda)
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The pattern of their nitration follows the same pattern reported above for protein

nitration in general (Figure 19) confirming that the nanoscale roughness induces nitration

in the absence of NGF.

3.4 EFFECT OF iNOS INHIBITOR ON PC12 CELLS GROWN ON NANOSTRUCTURED TIO2

To ascertain that NOS is critical in PC12 cell differentiation triggered by the substrate

nanostructure, cells were grown in the presence of iNOS inhibitor (S-methylisothiourea,

SMT).

Figure 21. Effect of iNOS inhibitors on neurite formation in PC12 cells induced by

nanostructured TiO2 surface. Phase contrast photographs 40X magnification, Bar = 50 µm. PC12

cells were cultured on PLL-coated coverslips for 48 hr in low serum medium (1% horse serum)

only (A), with 50 ng/mL NGF (B) or with 50 ng/mL NGF and 2 mM SMT (C). PC12 cells were

cultured on ns-TiO2 (20 nm rms) for 48 hr in low serum medium (1% horse serum) only (D) or with

2 mM SMT (E).
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As shown in Figure 21 (A)-(C) and Figure 22, PC12 cells cultured under control conditions

on PLL-glass undergo neurites expansion and differentiation only in the presence of NGF

and both processes are hampered by incubation with SMT.

The same effect was observed when PC12 cells were cultured on ns-TiO2 of 20 rms

roughness in NGF-free medium: Figure 21 (D) and (E) and Figure 22 clearly show that

prevention of neurite growth and differentiation is induced by SMT also under this

growing condition at an extent similar to the one observed on PLL-glass.

Figure 22. Histograms of the neurite length mean (a) and differentiation percentage (b) in the

presence of selective inducible NOS inhibitor (2 mM SMT) for each condition shown in Figure 21.

*** p<0.001, unpaired Student t Test.

Altogether, these results clearly suggest that iNOS is involved in cell differentiation

observed in PC12 cell grown on ns-TiO2 without NGF. Based on these finding we confirm

our hypothesis that nanotopography mimics the effect of NGF, promoting NOS expression

and cytoskeletal protein nitration.



101

3.5. EFFECT OF NANOSTRUCTURED TIO2 ON THE HUMAN NEUROBLASTOMA SH-SY5Y

CELL LINE

We aimed at defining whether the effects produced by nanostructured TiO2 on neurite

growth was specific for PC12 cells or was a generalized effect produced by the substrate

on different neuronal cell types. To this aim, we maintained the human neuroblastoma

SH-SY5Y cell line either on glass or ns-TiO2 20 nm and 29 nm rms roughness. As shown in

the case of PC12 cells, neuroblastoma cells grown on ns-TiO2 displayed longer neurites, as

revealed by bright field examination, as well as by the staining for the protein SNAP-25.

The neurite length distributions analysis showed an evident shift of the normal

distribution toward higher length values. No difference between different ns-TiO2

roughness was observed. Western blot analysis by anti nitrotyrosine antibodies, shows

that there is an increase in protein nitration triggered by the nanostructure TiO2 as

described above in PC12 cells suggesting that this behavior is common to different

neuronal cell types (data not shown).

3.6. INVOLVEMENT OF ERK SIGNALING CASCADE IN NANOSTRUCTURED-INDUCED

NEURITOGENESIS

The addition of NGF to PC12 cells causes neurite elongation through a sustained

activation of ERK, a mitogen-activated protein kinase whose phosphorylation is essential

to neuronal differentiation [174]. As reported by Yamazaki et al. [69], this activation

occurs upon activation of NOS and can be obtained also by NO itself, in the absence of

NGF, during NO-induced neuritogenesis. These observations prompted us to check if the

ERK-signaling cascade may be also involved in the differentiation process triggered by

nanotopography. We checked the phosphorylation of ERK, by Western blot analysis, using

anti p-ERK antibodies (Figure 23).

The results clearly show that when cells are grown on ns-TiO2 in NGF-free media ERK is

phosphorylated to the same extent as in cell grown on glass or on flat TiO2 upon

stimulation by NGF. In the latter two substrates the activation of ERK is almost
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undetectable in the absence of NGF. The data strongly suggest that the activation of ERK

is indeed induced by either NGF or the nanotopography, when the chemical inducer is

absent.

Our data are in extremely good agreement with previous findings by Foley et al. [115]

who described the involvement of ERK in the differentiation of PC12 cells cultured on

synthetic substrates whose topographical features act to modulate neuritogenesis under

sub-optimal concentration of NGF.

Figure 23. Involvement of ERK signaling cascade in nanostructured-induced neuritogenesis. The

phosphorylation of ERK was evaluated by Western blot analysis, using anti p-ERK antibodies, on

PC12 cells grown on PLL-coated glass (PLL-Glass), flat Titania (TiO2-flat) and nanostructured Titania

(TiO2 20 nm rms) in the presence and in the absence of 50 ng/mL NGF. Equal amounts of lysates

(70 g) were loaded on SDS-PAGE and probed with anti p-ERK antibodies. The results are means

of 3 different experiments.

Since NGF treatment has been shown to up-regulate 11 integrin molecules in PC12 cells

[175, 176] and integrin-mediated FAK activation augments EGF/ERK signaling [177], they

suggested that the formation and organization of focal adhesions on nanoscale features

may cooperate with NGF to promote neuritogenesis when the concentration of the
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chemical inducer is low while it is ineffective at 50 ng/ml NGF when the signaling cascade

is already at its maximum. This is in accordance with our finding that nanotopography

mimics the effect of NGF but it does not act cooperatively with NGF to promote

neuritogenesis. However how the topography may affect the ability of a cell to initiate the

signaling pathway was not addressed by their research.

Based on our finding, we propose that the perturbation of the actin cytoskeleton caused

by the surface nanoroughness increases NOS expression and the NO-signaling cascade

activation therefore explaining the cell behavior observed on nanostructured TiO2

(Scheme 1).

Scheme 1. Proposed mechanism for the differentiation of PC12 cells triggered by nano

roughness. The perturbation of the actin cytoskeleton caused by the nano-roughness of the

surface increases iNOS expression and the NO-signaling cascade activation through ERK

phosphorylation.

One question arises from this picture: how nanotopography may increase NOS expression

in order to produce NO. Many data suggest that NOS activity may be regulated by
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cytoskeleton at transcriptional, post-transcriptional and post-translational level [172] and

that the cytoskeletal reorganization induced by extracellular stimuli such a shear stress,

hypoxia and drugs play an important role in regulating NOS expression and activity [172,

178]. On this regards, recent findings clearly demonstrated that -actin association with

eNOS modulates NO production shifting the enzymatic activity from superoxide

formation toward NO production [179]. iNOS gene transcription is regulated by changes

in the actin cytoskeleton in alveolar epithelial cells [180], glomerular mesangial cells [181]

and vascular smooth muscle cells [182, 183]. In macrophages it is proposed that

microtubule depolymerisation activates stress fibers formation through regulation of

iNOS gene expression by actin microfilaments [184-186]. Moreover, in these cells the

interaction of iNOS with actin binding protein -actinin has been demonstrated [172].

Colocalization of nNOS with cytoskeleton in skeletal muscle cells optimizes NO

production, improving metabolism, elasticity and mechanical properties of the cells [187,

188]. Recently, Gupta et al. [189] demonstrated a clear interaction between integrins and

iNOS in modulation of cell migration. Their results clearly show that integrin 91

enhances cell migration through production of NO by iNOS regulated by SRC tyrosine

kinase. Moreover, the iNOS/Src/Fak axis was found to be critical in cell mobility processes

in macrophages [190].

Based on these observations, we confirm the previous hypothesis that ns-TiO2 surfaces

nanotopography perturbs the actin cytoskeleton resulting in the increase in NOS

expression and the activation of the NO-signaling cascade through ERK phosphorylation.

Therefore, the results presented in this work suggest for the first time that NO signal

cascade is involved in the differentiation process induced by nanotopography, adding

new information on the mechanism and proteins involved in the neuritogenesis triggered

by the surface properties. We suppose that NO could be the “secret factor” produced by

PC12 cells in response to surface properties that Lamour very recently proposed in order

to explain the influence of surface energy distribution on neuritogenesis [118].
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2° Experimental model (Ciona intestinalis)



106

3.7 EFFECTS OF MODULATION OF NO LEVELS ON METAMORPHOSIS

The involvement of NO in metamorphosis in Ciona intestinalis was previously

demonstrated by Dr. Anna Palumbo using two main approaches aimed at increasing or

decreasing NO levels [150]. In the first case, bioavailability of arginine necessary for NO

production was increased using the arginase inhibitor nor-NOHA and a delay of the

process was observed. Conversely, endogenous NO was reduced by the NOS inhibitor (L-

nitro-arginine L-NA) resulting in an acceleration of metamorphosis. In the present study,

we report a re-examination of the effects of NO using alternative NOS inhibitors and

donors and in particular the NOS inhibitor TRIM and the slow NO-releaser SPER/NO. TRIM

is an imidazole derivative which inhibits NOS interfering with the binding of both L-

arginine and the cofactor BH4 [191]. Although a less potent inhibitor of NOS in vitro than

L-nitro-arginine methyl ester, TRIM exhibits however a more potent antinociceptive

activity, suggesting that other factors in vivo contribute to potentiate its action [192].

In the present work, we treated just hatched larvae (early larvae) with the NOS inhibitor

TRIM to decrease NO levels (Figure 24 A). After 24 hr, TRIM at 250 µM concentration

induced a significant slow down of metamorphosis, as revealed by the increase of late

larvae or larvae during tail resorption and a concomitant decrease of juveniles at early

rotation stage with respect to the control. Examination of the treated larvae at 48 hr did

not show any difference from the control. At 500 µM concentration, TRIM proved to be

toxic.

To investigate the effects of a slow-releasing NO donor, early larvae were treated with

250 µM SPER/NO. An acceleration of the metamorphosis process was observed (Figure 24

B), as apparent from the decrease of the percentage of late larvae or larvae during tail

resorption to 27% with respect to 65% of the control performed in the presence of

spermine, the product produced by exhausted SPER/NO. Lower concentration of

SPER/NO (100 µM) had no effect, whereas higher concentrations e.g. 500 µM proved to

be toxic.

As shown in Figure 24, the effects of TRIM and SPER/NO on metamorphosis seem to be in

contrast with those previously reported following administration of L-NA and nor-NOHA
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[150]. This apparent discrepancy may be related to our incomplete knowledge of how

these substances act in vivo in Ciona larvae. It is possible that the selective NOS inhibitor

TRIM affects metamorphosis in a different manner with respect to the non selective

inhibitor L-NA. Moreover, the complexity of the metamorphosis process which includes

apoptosis, ERK activation and NO production, makes it difficult to identify the specific

pathway (s) affected.

Figure 24. Modulation of NO levels affects metamorphosis. Early larvae were treated with NOS

inhibitor 250 µM TRIM (A) and the NO donor 250 µM SPER/NO (B). In the case of SPER/NO the

control was performed in the presence of 250 µM spermine. After 24 hr the number of late

larvae, larvae during tail regression and juveniles at early rotation stage were counted and

reported as percent of the total. Data, expressed as means ± SEM, were assessed by variance

analysis (one-way ANOVA after arcsine transformation). Asterisk represents the significance

respect to the control (***P < 0.0001; **P < 0.001). Number of experiments = 10 (A) and 7 (B).

3.8 EFFECTS OF RNS MODULATION ON METAMORPHOSIS

Generation of reactive oxygen species (ROS), such as hydrogen peroxide (H202) and

superoxide is a common phenomenon resulting from diverse metabolic activity of the

cells. ROS elicit oxidative stress and affect a wide variety of physiological and pathological

processes including embryonic development, maturation and aging [193]. A define role of
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the ROS and antioxidants is also well established in various cellular processes such as

development, differentiation, regeneration and apoptosis. Recently, it has become

evident that when tightly controlled, ROS such as oxygen and H202 act as intracellular

signaling molecules and perform critical function in the cell. These effects may be

mediated by interaction with the NO signaling pathway and the resulting generation of

peroxynitrite and NO2, which can lead to protein tyrosine nitration.

On this regard, we investigated the role of nitrating agents, such as peroxynitrite, and free

radical scavengers on the process of metamorphosis. Figure 25 A clearly shows that

addition of the tyrosine nitrating agent peroxynitrite at 250 µM concentration resulted in

an acceleration of the process, as revealed by the decrease of late larvae or larvae during

tail resorption and a concomitant increase of juveniles at early rotation stage respect to

the control.

Figure 25. Modulation of RNS levels affects metamorphosis. Early larvae were treated with 250

µM peroxynitrite (A), 50 µM peroxynitrite scavenger MnTBAP (B) and the antioxidant 600 µM

urate (C). After 24 hr the number of late larvae, larvae during tail regression and juveniles at early

rotation stage were counted and reported as percent of the total. Data, expressed as means ±

SEM, were assessed by variance analysis (one-way ANOVA after arcsine transformation). Asterisk

represents the significance respect to the control (***P < 0.0001; **P < 0.001). Number of

experiments = 7 (A), 9 (B), 5 (C).
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The same acceleration of the process was apparent with 500 µM peroxynitrite whereas

no effect was observed at 100 µM concentration.

Consistently, treatment of early larvae with the peroxynitrite scavenger MnTBAP led to a

marked decrease in the rate of metamorphosis resulting in a lower proportion of

juveniles compared to the control (Figure 25 B). Likewise, urate, an endogenous

antioxidant that converts the nitrating radical NO2 to NO2
_, was found to inhibit the rate

of the process (Figure 25 C).

In line with several reports demonstrating the occurrence of oxidative stress during

developmental processes in some invertebrates [194-196], the present findings indicate

that ROS production is associated with Ciona larval development, when the animals

became in contact with oxidative environment and are no longer protected by corion

membrane. Therefore NO-derived protein nitrating agents may be involved as promoters

of metamorphosis in Ciona.

3.9 PROTEIN NITRATION DURING LARVAL DEVELOPMENT: PROTEOMIC AND

IMMUNOCHEMICAL IDENTIFICATION OF MAIN TARGETS

Originally regarded as a post-translational protein modification serving as an indicator of

NO-mediated oxidative inflammatory reactions, this pathway is increasingly appreciated

as an authentic signaling pathway.

In this context, we examined protein nitration patterns during development by Western

blot analysis of protein extracts at different stages using an antibody against nitrotyrosine

(Figure 26).

In the embryonic stages, gastrula and late tailbud, few nitrated bands could be detected.

However, a series of distinct immunopositive bands became visible after hatching in early

and in late larvae. This observation suggested that protein nitration becomes more

consistent with, and is implicated in, larval development. MnTBAP-treated larvae showed

a suppression of immunopositivity. No effect was observed on nitrated bands in the

presence of the NOS inhibitor TRIM (data not shown). All of the immunopositive bands

disappeared after treatment with dithionite, which reduces nitrated tyrosines to amine
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derivatives (data not shown) [197]. At late larva stage the band corresponding to the

nitrated protein at 65 kDa was identified as snail homolog (Genbank accession number

AF002987) by N-terminal sequence analysis carried out by automatic Edman degradation

upon electroblotting on PVDF of the protein extract.

Figure 26. Protein nitration during C. intestinalis development. Protein extracts of stages were

examined for anti-nitrotyrosine (A) and anti-actin immunopositivities (B). Early larvae were

treated with 50 µM MnTBAP and protein extract was examined after 8 hr. Arrow indicates 65 kDa.

In order to improve the protein separation and identify nitrated proteins by mass

spectrometry the extract was separated by 2-DE (Figure 27) and nitrated proteins were

detected by Western blot with anti-nitrotyrosine antibodies.

In accordance with the N-terminal sequence analysis, three nitrated spots were identified

as snail homolog by anti-snail antibodies (Figure 27) and fingerprint mass analysis (Figure

28) suggesting the presence of three different snail isoforms.
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Figure 27. Identification of nitrated snail. The protein extract from late larvae was separated by

2-DE and stained by silver. Snail was detected by anti-snail antibodies. The same spots were also

detected by anti-nitrotyrosine antibodies.

Figure 28. MALDI-TOF analysis of the nitrated spot. Molecular masses are reported as

monoisotopic mass.
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A very good sequence coverage (39%) (Figure 29) was obtained combining the results

from mass spectrometry and N-terminal sequence analysis. 4 Tyrosines out of 10, namely

Y139, Y370, Y445, Y549, were found nitrated searching for peaks that show an increase in

mass corresponding to the addition of nitro (NO2) (+45), nitroso (NO) (+29) and nitrene

(N) (+13) species [13] (Table 2).

10 20 30 40 50 60
MTSVEPMLYQ GKHAVQKNEG ESTRPCTLSG DDSFYCSGES TNSTSSPTSS ITSSRSCGPD

70 80 90 100 110 120
SDEGFPRQDD LDLRDKASKN LQRSVELFCP IKSKSVDHDN DLMPMDLSCK KRTSPKQNCK

130 140 150 160 170 180
TASMPKTSPT IKSEPIDDYP ASLTRNAPPS SMPSVSPPSS NITREFPPSM FPSWPYFSTP

190 200 210 220 230 240
ITSSVGGFPS FPSSYIAGKY LHPALFLPPP ATSCQTVPTN SPLGLSVGNS MLPGLHQLAA

250 260 270 280 290 300
SHFQPSMIKP VAQPQGVPQE QNSPNHDDQK FAQGSPQPRF SPTNLVQDPS LLAEFARVFS

310 320 330 340 350 360
RQVEQFRPKP SFEENNMKNQ NSERRRKNAK PLKISADVSP PHPQLNDMRS ISFKDLPTMV

370 380 390 400 410 420
SQTHDHTAFY GAQKNRQELK RKSSSEDNSE SPTGKKVCLD SKTTWRQIDA PTFQISDAIE

430 440 450 460 470 480
EQNKAPQPVS FKPCRIPCTE CGRTYATIGA LAKHAKTHED PESGSKFNCK ICKKECSSLG

490 500 510 520 530 540
ALRMHIRTHT LPCECHICGK AFSRTWLLQG HIRTHTGEKP YQCTVCSRAF ADRSNLRAHM

550 560 570 580
QTHETVKRYS CVTCEKTFSR ISLLKRHQVH CETASQVAQR KTAS

Figure 29. Snail homolog (AF002987) sequence. The yellow highlighted aa was been recognized

by MALDI-TOF analysis. The sequence coverage percentage is 39%. The portion highlighted in red

was been determined by N-terminal sequence carried out by automatic Edman degradation.



113

Table 2. Tyr nitration of snail. MS analysis of the tryptic peptide mixtures of nitrated snail

Homolog in C. Intestinalis. The tryptic peptide mixture was analyzed by MS searching for tyrosine-

containing peptides. Putative nitrated peaks were identified by an increase in mass corresponding

to the addition of nitro (NO2) (+45), nitroso (NO) (+29) and nitrene (N) (+13) species. Only

peptides containing nitrated tyrosine residues are reported. The analysis of spectra, related to

tryptic digestion, allowed to find peaks originated from the nitration of Tyr 139, Tyr 445, Tyr 370

and Tyr 549.

The identification of snail as one of the target for nitration during larva metamorphosis

prompted us to identify other proteins found nitrated at larva stage. The attention was

focused on ERK/p-ERK on the basis of the strong immunopositivity to anti-nitrotyrosine

antibodies in the expected molecular weight region and their reported signaling during

Ciona metamorphosis [145]. ERK and p-ERK were detected by Western blot analysis on

the late larva extract after immunoprecipitation (Figure 30 A). The extract was

immunoprecipitated with anti-p-ERK antibodies and the immunocomplex p-ERK positive

(Figure 30 A, 1) was found to be nitrated (Figure 30 A, 2). The p-ERK-free supernatant was

treated with anti-ERK antibodies and the ERK-positive immunocomplex (Figure 30 A, 3)

exhibited anti-nitrotyrosine reactivity (Figure 30 A, 4). The nitration of ERK and p-ERK was

confirmed by 2-DE experiments which also revealed the presence of multiple

immunopositive spots with analogous molecular weight and different pI, probably

attributable to ERK in different nitration/phosphorylation patterns (Figure 30 B).
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Figure 30. Identification of nitrated ERK and p-ERK. The protein extract from late larvae was

examined after immunoprecipitation (A) and 2-DE (B). (A) Western blots of p-ERK

immunoprecipitate from late larvae performed with anti-p-ERK (1) and anti-nitrotyrosine (2)

antibodies. Western blots of ERK immunoprecipitate from the p-ERK-free supernatant developed

with anti-ERK (3) and anti-nitrotyrosine (4) antibodies. (B) The protein extract from late larvae

was separated by 2-DE and stained by silver. ERK and p-ERK were detected by anti-ERK and anti-p-

ERK antibodies, respectively (2, 3). The same spots were also detected by anti-nitrotyrosine

antibodies (1).

Identification of nitrated snail and ERK represent an important outcome to yield

interesting insights into the mechanisms regulating Ciona metamorphosis. Snail

represents a superfamily of zinc-finger transcription factors involved in processes

requiring pronounced cell movements during embryonic development and tumor

progression [198, 199]. In Ciona, snail is linked to mesoderm subdivision in different

territories, it establishes boundaries between the adjoining tissues of notochord and tail

muscle lineages during embryonic development [200, 201]. No information is available

about snail function and expression during larval development. The Ciona snail protein is
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composed of 584 aminoacid residues and shares substantial homology with other

members of the snail family [200]. In particular, the C-terminal 153 amino acid residues

include five putative zinc fingers that are homologous to the corresponding zinc fingers of

the Drosophila protein. Like other members of the family, Ciona snail contains particularly

extensive homology in the second, third and fourth fingers involved in DNA binding. It is

interesting to note that two out of the four tyrosine residues found nitrated in the

present study (Tyr 445 and Tyr 549) belong to this C-terminal domain and are very well

conserved in all the snail homolog proteins present in the data banks. It is tempting to

speculate that nitration in this region may modulate the interaction with nucleic acids.

The other two nitrated residues (Tyr 139 and Tyr 370) are located in the N-terminal region

that is much more divergent and it is known to be phosphorylated in mammalian cells

where phosphorylation regulates snail activity. In particular phosphorylation is relevant to

the structure of snail: introduction of negative charges hinders the interaction of this

region with the C-terminal zinc finger domain and induces a conformational change

allowing, presumably, nuclear export of the protein. Phosphorylation just shifts the

protein out of the nucleus, blocking its transcriptional activity. In this way phosphorylated

snail is accumulated in the cytoplasm [202]. The possibility that nitration in the N-terminal

region could affect snail phosphorylation is an issue which requires further investigation.

In this context, the three spots with analogous molecular weight and different pI

identified in late larvae of C. intestinalis as nitrated snail could probably correspond to

isoforms of the protein in different nitration/phosphorylation patterns.

In addition to snail, also ERK and p-ERK appear to be nitrated in late larvae. This result is

of biological interest in relation to the key role of ERK signaling in metamorphosis [145]

and the reported relationship between ERK nitration and phosphorylation. In vascular

smooth muscle cells nitration of ERK1/2 induces its phosphorylation [203], whereas in

portal hypertensive gastric mucosa and murine peritoneal macrophages extensive ERK

nitration leads to an impaired ERK signaling [204, 205]. It is relevant that aberrant

activation of the ERK pathway has been correlated to many types of human tumors and

the components of this signaling are becoming attractive targets for cancer

chemotherapy [206].
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Part 4- Conclusion
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Investigation of protein tyrosine nitration has intensified over the last two decades

leading to a better understanding of the role of this post-translational modification in

cellular signaling.

Although initially considered to be a marker of oxidative stress, there is a growing body of

experimental data suggesting that nitration of tyrosine fulfills the criteria of a

physiological process. For example, tyrosine nitration has been detected under

physiological conditions in most organ systems and in a number of cellular models.

On this regard, in the present work, two different experimental models have been used to

explore the biological significance of protein tyrosine nitration in physiological processes

associated with cells differentiation and ascidian development.

First, the discovery that NO signaling pathway is involved in larval development and

metamorphosis of Ciona intestinalis prompted us to investigate the role of oxidative

stress and NO-derived reactive nitrogen species (RNS) during ascidian metamorphosis.

We provide evidence that NO regulates Ciona metamorphosis via a complex balance of

signaling pathways that are critically dependent on local redox control and temporal

changes of reactive oxygen species production. Our results demonstrate that NOS

inhibitors along with scavengers of peroxynitrite and NO2, two key NO-derived nitrative

agents involved in protein nitration, markedly decrease the rate of Ciona metamorphosis.

On the contrary, a NO donor as well peroxynitrite results in acceleration of the process.

Increased protein nitration was observed at the late larvae stage, when larvae are

competent, and proteomic methodologies identified nitrated tyrosine residues in ERK and

snail proteins. Exposure of larvae to NO resulted in a marked decrease in ERK

phosphorylation. Overall, the results strongly suggest the occurrence of two distinct

pathways of NO signaling in Ciona development, one leading to apoptosis through

caspase 3 and the other leading to extensive protein nitration in late larvae. Our finding

that protein nitration occurred under normal physiological conditions associated with

developmental processes, together with the identification of snail, ERK and p-ERK as

nitration targets, reinforce the emerging notion of protein nitration as a signaling

mechanism sui generis mediated by oxidative stress-like conditions and acting both

directly and indirectly on other signaling pathways.
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To reinforce the contention of NO signaling as a general mechanism of physiological

significance, we characterized the effects of nanotopography on neuronal growth and

differentiation using PC12 cell line as cellular model.

In studying neuronal proliferation and differentiation processes, it has been recently

proposed that the physical properties of the substrates can be considered as a new kind

of stimulus based on the finding that surface energy distribution and surface free-energy

gradients trigger neuritogenesis of PC12 cells in the absence of nerve growth factor

(NGF). However, the molecular mechanism of the triggered signaling cascade has not

been identified yet. To characterize the process, at the molecular level, we studied the

behavior of PC12 cells on nanostructured TiO2 films of different roughness (20 and 29

rms) in the presence and in the absence of NGF. Since it has been demonstrated that NGF

induces NO production by nitric oxide synthases (NOS) and that differentiation in PC12

cells grown on PLL-glass in the presence of NGF is associated to an increase in protein

nitration, we detected whether increased protein nitration is also observed during PC12

differentiation triggered by nanostructured TiO2 films in the absence of NGF. Our findings

suggested that in PC12 cells grown in the absence of NGF, the topography of ns-TiO2

triggers neuritogenesis by activating the expression of nitric oxide synthase (NOS) and the

pERK1/2-NOS signaling. Differentiation is associated to an increase in protein nitration as

described in PC12 cells grown on PLL-glass in the presence of NGF [72]. Beside adding

new information on the mechanism through which PC12 cells respond to nano-

roughness, our data further attest the biocompatibility of the nTiO2 surface as cultures

substrate since the behavior of cells grown on this material mimic the one described on

PLL-coated glass without the need of a chemical stimulus such as NGF. This allow to

address a major issue concerning the physiological role played by NO through nitration of

cytoskeletal proteins in many cytoskeleton-mediated processes such as cell growth and

division.

As compared to plant cells, where there are many evidences suggesting that protein

nitration in plants is implicated in root formation and differentiation as well as seed

germination [207], the NO mediated effect on mammalian cytoskeleton was found to be

ambiguous. Although an increase in protein nitration has been found in many
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neurological disorders such as Alzheimer or Parkinson, basal levels of Tyr nitration have

been observed in proteins from various species under physiological conditions. An

evident link between NO level and eukaryotic cytoskeleton organization has been

described in different cells and organisms. Some of the most interesting examples are

reported below.

The organization of mammalian actin was shown to be regulated by NO which causes F-

actin disassembly and alteration of mesanglial cells shape [208]. The putative model for

physiological axonal retraction was proposed based on NO-induced reconfiguration of

microfilaments and microtubules during axonal retraction in chick sensory neurons [209].

Microtubule-associated protein-2 (MAP2) of rodents neurons is suggested to undergo Tyr

nitration that may modulate MAP2 phosphorylation level. α-tubulin is defined as the main

target of nitration in the nervous system of Sepia officinalis [78]. Besides that, differential

nitration of cytoskeletal proteins such as decrease of actin and increase α-tubulin

nitration during normal development of chicken embryo chorioallontoic membrane was

observed [40].

In keeping with the previous observations, we demonstrated by western blot analysis and

tandem mass spectrometry that nanotopography, in the absence of other inducers,

triggers an increase in protein nitration during neuronal differentiation and that

cytoskeleton becomes the main cellular fraction containing nitrated proteins.

Altogether, these findings suggest that tyrosine nitration is a physiological event not

necessary related to pathological processes and that this NO-mediated post-translational

modification of proteins may be regarded as a direct way to NO-signaling transduction.

Our data showed for the first time that the NO signal cascade is involved in the

differentiation process induced by nanotopography, adding new information on the

mechanism and proteins involved in the neuritogenesis triggered by the surface

properties.

Recently, in our laboratory, we aimed at defining whether protein nitration triggered by

nanotopography was a general phenomenon no matter which kind of substrate utilized.

To this aim, we checked by western blot analysis, the nitration of proteins on PC12 cells

grown on ZrOx films. Lately, this material has received considerable attention for cell
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culture due its well assessed biocompatibility and high adhesiveness for biomolecules. It

has been proposed that zirconium dioxide might support normal growth and adhesion of

mammalian cells without any surface modification using ECM proteins. In our preliminary

results, we found that the pattern of nitration on ZrOx surfaces is equivalent to that

detected on TiOx films. These results suggest that the surface nanoroughness represents

the main driving force that actively influences neuronal differentiation of PC12 cells

confirming our hypothesis that this phenomenon is independently of the physical and

chemical properties of the substrates.

One of the main objectives of future works will be to continue the characterization of

nitroproteome in neuron like-PC12 cells grown on ns-TiO2 surfaces. This will be a

fundamental step to fully understand the role of focal adhesions in PC12 cells

differentiation triggered by nanostructured TiO2 films. An additional goal will be to use a

new cell model such as stem cell line in order to study how roughness of the substrate

guides stem cell differentiation. These finding will be highly significant for many

applications, for the understanding of cell-nanostructured surface interaction and for the

general understanding of the nano-bio interface.

Part of the work reported in this PhD thesis has been published in a manuscript entitled

“Protein nitration as footprint of oxidative stress-related nitric oxide signaling pathways in

developing Ciona intestinalis. Nitric oxide (2012), 27: 18-24”. As far as the data concerning

to tyrosine nitration and neuronal cells differentiation induced by the surface topography

of nanostructured TiO2, they are partially described in a submitted manuscript entitled

“Nitric oxide synthase mediates PC12 differentiation induced by surface topography of

nanostructured TiO2”.
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