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Introduction 
 

The P75 neurotrophin receptor (p75NTR) is one of the major receptors, along with the Trk receptors 

family, which mediates the physiological effects of neurotrophins in the developing and adult 

nervous system. While it is well established how Trk receptors constitute the switch to activate cell 

growth and survival and how these signals take place, on the other hand a deep comprehension of 

p75NTR mechanism of action has proven difficult. p75NTR is capable of binding all the neurotrophins 

with a nanomolar affinity (Kd = 10-9 M), similarly to the three main Trk receptors. However, the latter 

show stronger binding affinity for individual neurotrophins (Kd = 10-11 M) when p75NTR is 

coexpressed. Indeed, p75NTR acts as a coreceptor boosting the trophic action of the Trk receptors. 

These facts appeared to be a singular phenomenon, because p75NTR was discovered and studied as 

a member of the Tumor Necrosis Factor Receptor superfamily. Indeed, it displayed the typical 

features of TNFR (e.g. the intracellular interactors and the cysteine-rich extracellular motifs for 

ligand binding), fundamental to elicit apoptosis or inflammatory responses. This opened up a 

scenario where the actual effect mediated by neurotrophins receptors is strongly dependent on the 

type of interactions among them and on the bound ligand. Thus, p75NTR was ascribed to a double-

faced role. On one hand, it augmented the affinity for Trk receptors to their respective 

neurotrophins, resulting in a pro-survival effect; on the other hand, its capability of binding the same 

ligands alone (or with other receptor partners such as Sortilin) eventuated in the death pathway. 

The analysis of p75NTR functions has been also complicated by the fact that the predominant 

physiological role of p75NTR changes dramatically depending on cell context. Indeed, the equilibrium 

between life and death in a cell is strongly influenced by the neurotrophin receptors expression 

profile. 

Even though the final output of the signalling cascade activated by p75NTR is established, less is 

known about the events occurring on the membrane and in intracellular compartments. In 

particular, the plasma membrane represents the starting point for signal transduction, leading to a 

response to an exogenous factor that stimulates the cell via its surface proteins. Trk receptors 

behaviour in the plasma membrane is well understood: the presence of their ligands induces 

dimerization or clustering before they are endocyted. On the contrary, what happens to p75NTR in 



plasma membrane is still subject of a long-lasting debate in the scientific community. Many groups 

approached p75NTR with biochemical or structural methods over years and proposed various models 

of interaction with partners in the plasma membrane and/or with ligands (e.g. a ligand-passing 

model, from p75NTR to Trk receptors or a model where p75NTR acts in pre-formed dimeric forms which 

structurally rearrange their domains upon ligand binding), but did not converge to a universally 

accepted structure and scheme of action. 

This thesis work focuses its attention on the stoichiometry and dynamic events strictly related to 

p75NTR in a live-cell context. We employed a short-peptide tag technology in conjunction with Total 

Internal Reflection Fluorescence Microscopy in order to provide details of p75NTR at a nanoscale 

level. One of the advantages derived from this combination is the ability of investigating p75NTR 

properties in live cells and studying single receptor molecules in their native environment. This 

provides direct estimations about p75NTR behaviour in plasma membrane, especially in terms of 

stoichiometry, a question addressed by means of indirect assays so far. Here we demonstrate that 

p75NTR is far from acting like a dimer in the plasma membrane, but rather it behaves predominantly 

in a monomeric fashion; we reached this conclusion also by comparison with a mutant lacking a 

cysteine residue in the transmembrane domain, which is considered essential to allow dimerization. 

Moreover, our results show how cholesterol plays a key role in the regulation of cell death. Indeed, 

wild-type p75NTR and its cys-mutant display a different residency in raft regions rather than a 

different oligomeric state. This explains why only the wild-type p75NTR is able to trigger a pro-

apoptotic effect mediated by neurotrophins stimulation. Moreover, we prove that the involvement 

of p75NTR in the growth cone collapse of a developing neuron consists in a signalling that originates 

in the plasma membrane, where its accumulation to the surface is the only event needed to drive 

the collapse. 

Although p75NTR is a challenging receptor, a detailed comprehension of its mechanisms is mandatory 

when considering its roles in neurodegenerative disorders. Indeed, p75NTR is involved in several non-

neuronal and neuronal pathologies, such as Alzheimer’s or Huntington disease and Diabetic 

Retinopathy, but therapeutic approaches require a full knowledge of the receptor. The design of 

p75NTR pharmacological agonist or antagonist, which mimic the action of a neurotrophin, is strictly 

related not only to the structure or to the sequence of the protein, but also to its native context, 

stoichiometric state and interactors, in order to avoid undesired off-targets effects. Some 

compounds such as small ligands or antibodies, which aimed at preventing p75NTR binding with 

neurotrophins, were developed for different pathologies and tested in vitro. However, none of them 

reached the clinical trial step so far (a few of these are reviewed in 1). The results of this project 
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showed a better and deeper comprehension of p75NTR action, thus they might improve the 

development of drugs regulating p75NTR effects in a more specific way, both in terms of structural 

design and in selective signalling pathway modulation. 

 

After this brief introduction about the state-of-the-art on p75NTR knowledge and on motivations for 

further studies on this receptor, this thesis is organized in five chapters, plus a “Materials and 

Methods” section and a concluding one, as described below. 

 

 Chapter 1 describes the neurotrophins, their structure and their functions in the nervous 

system. Then it deals with neurotrophin receptors, how they act and which methods are 

commonly used to investigate their interactions. A particular emphasis is on p75NTR, the object 

of this thesis, also by depicting thoroughly its proteic structure. In the second part of the 

Chapter, I focus on single molecule imaging and single particle tracking: here I provide details 

about the principles, the related microscopy and the probes commonly employed, showing the 

high potential of this approach. Finally, a brief state-of-the-art paragraph shows the results 

previously obtained on the TrkA receptor with these techniques in the NEST laboratory, where 

I carried out my PhD researches. 

 Chapter 2 deals with the implementation of the short peptide tag technology to study p75NTR 

and with its biochemical validation, and introduces the three main p75NTR constructs used in 

this study. Also the choice of tag is motivated in the first part of the chapter. Here I present also 

the lentiviral system used for the controlled expression of recombinant proteins on the cell 

surface. Short tags were successfully cloned in frame with human p75NTR cDNA and the resulting 

protein was analyzed in several assays, in order to ensure that tags do not affect its translation 

and properties. Tagged p75NTR maintained correct localization in nuclear envelope and plasma 

membrane of cell models as well as a polarized distribution between somas and dendrites in 

developing neurons. I estimated also post-translational palmitoylation and finally observed two 

signaling pathways in response to ligand stimulation. 

 Chapter 3 shows the study of p75NTR dynamics and stoichiometry. I applied single molecule 

experiments in different stimulation conditions. Parameters such as diffusion coefficient, the 

number of merge and split events and the lifetime of dimerization are used to describe the 

different behavior of wild-type p75NTR vs its monomeric and dimeric counterpart, to provide 

details at the nanoscale level. Subsequently, I discuss an approach based on step-
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photobleaching of single spots in fixed cells, for investigating properly the oligomerization status 

of the receptor. 

 In Chapter 4, I introduce the key role of cholesterol in regulating p75NTR behavior. p75NTR moves 

differently in different cells: this is underlined by a clear anticorrelation between the diffusion 

coefficient and the cholesterol content of a cell. I show that cholesterol influences the partition 

of the receptor from non-raft to raft regions and vice versa due to neurotrophins effect. Indeed, 

NGF stimulation causes a different colocalization of p75NTR in GM1-rich microdomains. I 

demonstrate that modulating cholesterol content influences the capability of p75NTR to 

overcome diffusive barriers. 

 In Chapter 5, I describe the study of two signaling pathways involving p75NTR, namely apoptosis 

and growth cone collapse. In the first case, I show that p75NTR triggers apoptosis via 

proneurotrophins presumably from raft areas, as the alteration of cholesterol content is capable 

of influencing death output. In the latter case, I demonstrate that a different signaling, non-raft 

related, takes place at the surface of axonal growth cones in developing neurons in response to 

proneurotrophins, highlighting how the presence and accumulation of p75NTR itself is a sufficient 

factor to activate the collapse. 

 Since some experiments described in different chapters share some materials, protocols and/or 

setups, I collected all Materials and Methods in a single stand-alone chapter; the reader should 

refer to this chapter for some experimental details that could be missing in the main text. 

 In the Conclusion section, I summarize the findings of this work and present some of the related 

future perspectives. 

 At the end of chapters showing experimental results, I will describe my contributions. In a final 

appendix, I will briefly describe the publications where I was coauthor, highlighting my personal 

work. 
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Chapter 1 

Single molecule approaches to the 

neurotrophic paradigm 
 

The development of nervous system, especially in higher vertebrates, consists in an extremely 

complex, delicate and accurate series of processes, which spans from the earliest stages of 

embryogenesis until adulthood and is based on shaping and remodelling of neuronal cells. This 

phenomenon is multifaceted because it involves many spatial and temporal patterns in a 

milliseconds-to-years time-scale, such as the migration of neuroblasts from their embryo birthplaces 

to the final destinations, the differentiation of neural precursor cells to neurons, the protrusion of 

dendrites, the specification of the axons and the establishment of a neuronal circuit based on 

synaptic stimuli. While some of these mechanisms seem to happen during a defined time range, 

others, such as synaptic plasticity, last over the entire lifetime of an organism and represent the 

bases of elaborated faculties (i.e. learning and memory). Although neurons, which are the 

specialised and functional units of nervous system, are generated in surplus, the final amount is 

dramatically decreased during early stage of development: both cell-intrinsic and cell-extrinsic 

programmes finely regulate this number. Cell-intrinsic pathways are defined by key transcription 

factors that govern a more general genetic structure, needed to specify the belonging to a well-

defined brain region. Cell-extrinsic mechanisms play a prominent role; the extracellular secretion of 

diffusive molecules by innervated tissues has a strong effect on exceeding neurons number: acting 

via a specific set of plasma membrane receptors, these soluble factors regulate the survival/death 

balance by “choosing” which cells must live or die. Thus, the surviving neurons are able to grow and 

enlarge their size by generating dendrites, in order to create the neural signalling net. 
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1.1 Neurotrophins 

 

It is well established that the above mentioned regulation is carried out by interactions between 

neurotrophins (NTs) and neurotrophin receptors (NRs). Neurotrophins are a family of structurally 

related factors that regulate the generation and maintenance of different neuronal populations. 

Over 60 years ago, the Nerve Growth Factor (NGF) was the first NT discovered thanks to experiments 

of Levi-Montalcini and Hamburger, which established the critical importance of NGF for the survival 

and development of sympathetic neurons in the Peripheral Nervous System (PNS)2,3. Thereafter, 

NGF expression profile was also defined in specific restricted areas of the Central Nervous System 

(CNS). This small protein, once produced by target cells and after interaction with the neural cell, 

can act locally (for instance to stimulate axon growth), otherwise it is retrogradelly transported along 

the axon to the soma, where it exerts other functions (such as activation of nuclear transcription 

factor for neuronal survival)4. These findings suggested a generalizable model for a series of trophic 

messengers, which are synthesised in distinct target areas and act on precise neuronal types. Thus, 

in the past years, several studies led to the identification of neurotrophic factors, other than the 

NGF prototype, which display an increased activity in CNS with respect to PNS: Brain-derived 

Neurotrophic Factor (BDNF), Neurotrophin-3 (NT-3) and Neurotrophin-4 (NT-4). Philogenetically 

speaking, NTs form one of the most ancient growth factors families (about 500-600 million years 

old) and its paralogous/orthologous members can be found even in invertebrates such as sea 

urchins, molluscs, round worms etc. with very high sequence-similarity percentages (over 90%)5. 

Their genes include a single exon encoding for immature forms of NTs, named pro-Neurotrophins 

(proNTs), whose peculiar feature is the presence of a prodomain. It consists of a glycosylated 

aminoacidic chain that enables the proper folding and the correct sorting of mature NTs to 

constitutive or regulated secretory pathways6. The maturation of proNTs to NTs depends on specific 

cleaving enzymes, which may act either in intracellular compartments or in the extracellular (EC) 

environment by cutting the prodomains away. After intracellular (IC) cleavage by convertases (such 

as furin) in the endoplasmic reticulum or Golgi apparatus, the processed NTs are secreted. 

Otherwise, secreted proNTs are cleaved from metalloproteinases or plasmin which locate outside 

the cells7. 

Both proneurotrophins and NTs are released as non-covalently linked homodimers, where each NT 

monomer contains highly conserved pairs of cysteine residues that form a so-called cystine knot, 

which stabilizes the conformation of the proteins in solution8. Although it was initially thought that 
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only the mature NTs displayed biological activities, the proNTs themselves are able to establish 

signaling events, which differ from the NTs ones9. 

The overall structure of the four mature NTs is very similar, with dimers having a molecular weight 

around 28 kDa. However, differences among them become apparent upon closer inspection: each 

molecule is uniquely characterised by a specific pattern of charged basic or acidic residues exposed 

on its surface. These are particularly evident within peptide loops protruding from the core of the 

molecules that is structured as beta sheets (Figure 1.1). These loops mediate the main contacts the 

NTs generate with their specific receptors on the surface of the responsive cells. 

 

 

Figure 1.1. X-ray crystal structures of the neurotrophins homodimers, based on PDB data. Adapted from 10. 

 

This blend of similarities and differences in the structure of the NTs reflects on the wide biological 

properties ascribed to them. These depends not only on the specific receptor interactions caused 

by the peculiar molecular differences amongst the NTs, but also on the tissues or subcellular 

distributions (and relative abundancies) of the different receptors and NTs. 

 

 

1.2  Neurotrophic Receptors 

 

In order to exert their biological functions, NTs interact with two classes of structurally unrelated 

specific receptors: the Tropomyosine Receptor Kinase (Trk) family and the p75NTR. 
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1.2.1 Trk receptors 

 

The Trk family of receptor tyrosine kinases derives its name from the related trk proto-oncogene 

discovered in colon carcinoma studies11. The wild-type cellular counterpart of this oncogene was 

found to be highly expressed in the developing and adult nervous system and then referred to as 

trkA (or ntrk1) gene. Thereafter two new members of this family were identified: The trkB (or ntrk2) 

and trkC (or ntrk3) genes were identified because of their high homology to trkA. Comparisons of 

their sequences to those of other transmembrane receptors indicated that this novel family was 

part of a superfamily of cell surface receptors with kinase activity. Their specific neural patterns of 

expression suggested an involvement in neuronal development, although Trk receptors were only a 

small percentage of the large number of orphan tyrosine kinases showing localization in nervous 

tissues. Subsequently, the discovery of a physical bound between NTs and NTRs confirmed the role 

of Trk receptors in neuronal development12,13. 

 TrkA, TrkB and TrkC receptors are single-pass transmembrane proteins that share a similar 

structure. After the N-terminal signal peptide, they display and extracellular domain characterized 

by an array of three leucine-rich motifs flanked by two cysteine clusters. Following these, there are 

two C2-type immunoglobulin-like domains, which represent the main docking sites (in particular the 

Ig2 domain) for neurotrophin binding. These sites are followed by a transmembrane domain and a 

cytoplasmic domain bearing a tyrosine kinase domain, plus several tyrosine-containing motifs 

similar to those present in other receptor tyrosine kinases. In addition, some Trk alternative variants 

were discovered as a consequence of differential splicing: these include both full-length isoforms 

and truncated proteins which lack the intracellular domain even though they are still able to bind 

NTs. Like for other receptor tyrosine kinases, ligand binding, after eventually promoting 

homodimerization, promotes transphosphorylation of cytoplasmic tyrosines, which is a 

fundamental step for the activation of Trk receptors in plasma membrane and provides recruitment 

sites for adaptor molecules and enzymes that mediate initiation of intracellular signaling cascades. 

Different outputs can be carried out by Trk receptors upon NTs stimulation, which leads to a very 

complex signaling cascade where several intracellular effectors act. Above all, the three main 

pathways are: i) PLC-γ1/PKC enzymes are responsible for a plethora of signaling ways, such as 

neurite outgrowth and release of Ca2+ from intracellular stores for synaptic plasticity; ii) Ras-

MAPK/Erk signaling cascade is essential for neurotrophin-promoted neuronal differentiation; iii) 

PI3K/Akt is a pathway that promotes the growth and the survival of many populations of neurons14. 
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All the Trk members are able to bind NTs but they have higher affinities for some of them (Figure 

1.2). The probability of activation by the different (pro)neurotrophins is linked not only to the 

structural affinity they have towards the ligands, but also by the neuronal type where they are 

expressed and the level of protein expression at cell surface. 

 

Figure 1.2. Ligands listed in italic type have lower affinity and/or are less commonly important for receptor activation in vivo. 

Adapted from 15. 

 

1.2.2 Sortilin receptor 

 

Sortilin was first identified in a biochemical screening for orphan endocytic receptors in human 

brain16. Thereafter, four more receptors, which shared similar structural features with Sortilin, were 

discovered (SorCS1, SorCS2, SorCS3, and SorLA) and together they are referred to as “Sortilins 

family”. Sortilin is a type I single-pass transmembrane receptor owning peculiar features. It is 

translated as a proprotein, which has a prodomain that binds the ligand-binding pocket with high 

affinity, thus preventing ligands interactions; this proprotein is cleaved in the trans-Golgi network 

by convertases. Its extracellular domain is entirely encompassed by a Vacuolar Protein Sorting 10 

Protein (VPS10P) domain, which forms a unique ten-bladed beta-propeller folding in a large tunnel, 

which constitutes most of the protein. This structure displays several sequences (in particular two 

homologous cysteine-rich motifs) that serve as docking sites for different ligands, such as 

neuropeptides (e.g. neurotensin) and proNTs. Structural analyses revealed that Sortilin, differently 

from the other members of its family, lacks leucine-rich motifs (which constitute an Ig-like domain) 

in the C-terminal portion of the extracellular domain. Following the extracellular and 

transmembrane segment, Sortilin carries a short cytoplasmic domain comprising typical motifs for 

interaction with cytosolic adaptor molecules17,18. 
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Although Sortilin predominates in the neurons of central and peripheral nervous system, it is also 

expressed in metabolic tissues such as liver, where it regulates lipoprotein release in the circulation, 

and in fat and skeletal muscle tissue where it contributes to the transport of GLUT4-containing 

vescicles18. In nervous tissues, Sortilin essentially regulates the sorting of proNTs and contributes, 

together with p75NTR, to transduce their signals. They form a ternary death receptor complex in 

which Sortilin specifically binds the pro-domain of proNTs with high affinity, whereas p75NTR 

simultaneously interacts with the mature domain. The formation of this ternary complex is crucial 

for the pro-apoptotic function both under physiological (i.e. during the normal development of the 

nervous system19,20) and pathological conditions (e.g. Alzheimer’s21,22 and Parkinson’s diseases23). 

 

1.2.3 p75NTR 

 

p75NTR was the first receptor belonging to the Tumor Necrosis Factor Receptor (TNFR) superfamily 

to be identified24. As a TNFR member, it was thought to be a trimeric receptor, although, during last 

years, it has been depicted as dimeric rather than trimeric or monomeric
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lacking exon IV (similar to the previous one) has also been described in literature30. Translation of 

the main isoform generates a 427 aminoacids chain, whose first 28 constitute the signal peptide (a 

sequence needed to correctly translocate the newly synthesised protein to plasma membrane; 

immediately after, it is cleaved) and the remaining 399 are the full-length wild type protein. p75NTR 

is a single-pass type I transmembrane receptor (i.e. the protein crosses the plasma membrane only 

once, having an extracellular N-terminus and an intracellular C-terminus), highly conserved in 

vertebrates31. Most species encode a single genic product, but some exceptions exists, such as X. 

laevis that has two related genes in its genome, named p75ntra and p75ntrb. Besides, in X. laevis, 

one more protein isoform is produced: a constitutively active metalloproteinase cleaves the full-

length receptor to generate a so called C-Terminal fragment (CTF, i.e. a fragment containing 

transmembrane and cytoplasmic domains only)32 and an extracellular product still able to bind NTs 

but whose biological meaning remains unknown33. Thereafter, it was found that p75NTR (like many 

other membrane receptors) undergoes a Regulated Intramembrane Proteolysis (RIP) process to 

begin signaling34. Moreover, both proNTs and mature NTs were found to increase receptor 

processing35–40. The CTF resulting from the α-secretase cleavage of the extracellular portion is in turn 

cleaved by a γ-secretase that acts in the membrane. A final intracellular fragment is generated and 

is capable of signaling. 

The p75NTR protein is structured as follows: 

 The extracellular domain (ECD) is composed (starting from N terminus) by four Cysteine-Rich 

Domains (CRD1, CRD2, CRD3, CRD4), a typical feature of TNFR members, which are linked 

together thanks to 12 intra-chain disulfide bridges (3 per CRD) and generate a peculiar 

elongated shape41. CRD1 seems not to be involved in ligand binding, while CRD2, CRD3 and 

CRD4 create a particular pocket, with which NTs can interact42,43. This pocket can be divided in 

three regions: 

1. Site I: a region that joins CRD1 and CRD2 and contains five Hydrogen bonds and a saline 

bridge 

2. Site II: composed of CRD3 and CRD4 and involves two hydrogen bonds and two saline 

bridges 

3. Site III: made by C-terminus with one saline bridge only 

Regarding post-translational modifications, several O-glycosylations and phosphorylations were 

found in the Ser- and Thr-rich juxtamembranal domain and heavy N-glycosylations are observed 

in the CRD1 domain31. Addition of sugar chains is very important as it “marks” the complete 
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protein (i.e. the one correctly translocated in plasma membrane) and shifts its molecular weight 

from 45 KDa (the synthesized protein from ribosomes) to 75 KDa. 

 The transmembrane domain (TMD) is essentially structured as a single α-helix in the lipid 

bilayer. One of the most important residues in the TMD sequence is the Cys256, which is highly 

conserved and thought to be responsible for the dimerization of p75NTR; moreover, the 

mutation of this residue is reported to prevent some of the activities of the receptor44. 

Nevertheless, a role for the interaction between p75NTR monomers was also ascribed to another 

TMD residue, the Gly265 in the A261xxxG265 motif. Indeed, the mutation of this residue to 

Isoleucine resulted in the abolishment of self-association of TMDs by non-covalent interactions 

and in a strong reduction of observed p75NTR homodimers45. According to 46 this motif seems to 

induce a different conformation of the p75NTR dimer, with respect to the one mediated by 

Cys256 in the wild-type receptor, probably due to a different orientation of the transmembrane 

α-helices. The A261xxxG265 motif is also necessary for the second step of Regulated 

Intramembrane Proteolysis. Indeed, the γ-secretase complex cleavage site has been mapped 

between Val263 and Val264 residues34: here, a p75NTR fragment containing the intracellular 

portion of the protein is released to signal in the cell. Beyond playing an important role in 

receptor activation, TMD seems also to be involved in the interaction with TrkA47. 

 The intracellular domain (ICD) is characterised by three functionally distinct domains: 

1. Death Domain (DD): its fifth helix is similar to GTPase activation domains identified in 

several other proteins and is known to trigger the pro-apoptotic pathway (upon binding 

specific interactors)48. Its globular structure is rearranged in two bundles, each containing 

3 α-helices49. 

2. Chopper Domain (CD): this domain has the same effect of DD (its activation and interaction 

with intracellular effectors results in a rapid cell death50), but it is able to trigger apoptotic 

mechanism only after palmitoylation of Cys27951. 

3. Interaction Domain (ID): here a series of Serines and Threonines phosphorylations seems 

to play a role in protein-protein interactions and proper protein folding and, intriguingly, to 

regulate a possible multimerization of the receptor52,53. 

Besides, many sub-domains were reported inside the ICD: a potential binding domain and a 

293QTPPPE298 sequence that seems to be able to interact with all of the of TNFR associated factors 

(TRAF) proteins, especially TRAF4/6 (as observed for other receptors such as CD4054) and the binding 

site tSPV (a carboxyl-terminal tripeptide) for interactors containing PDZ sequences55 (playing a role 

in the interaction of receptors with cytoskeleton structures as well as membrane singalling 
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platforms). Indeed, ICD is known to be responsible for binding several adaptor proteins: this partly 

explains the multifaceted functions of p75NTR. 

A schematic depiction of p75NTR structure is reported in Figure 1.3. 

 

 

 

Figure 1.3. Scheme representing the subdivision of p75NTR in its domains from N-terminus (extracellular) to C-terminus 

(intracellular), with the relative legend on bottom. The main post-translational modifications are reported. 

 

         N’ C’ 

Asn33 N-linked glycosylation 
O-linked glycosylations and 

Phosphorylation 

Thr293 Phosphorylation 

Cys279 Palmitoylation 

 

Ser/Thr-rich juxtamembranal domain (197-248aa) 

Transmembrane domain (251-272aa) 

 Signal Peptide (1-28aa) 

 CRD1 (31-64aa) 

 CRD2 (66-107aa) 

 CRD3 (108-146aa) 

 CRD4 (148-188aa) 

 

 

 Interaction domain (326-341aa) 

 Death domain (344-421aa) 

 ECD 

 ICD 

 Chopper domain (274-303aa) 
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Although able to transduce NTs and proNTs signals, p75NTR owns intrinsic characteristics of a TNFR. 

This raised several questions about the nature of its complexes in plasma membrane, as discussed 

in §1.2.3.3. 

 

1.2.3.2 p75NTR functions 

 

Since its discovery, several functions have been ascribed to p75NTR. 

 Apoptosis: first evidence of apoptosis signalling came in 1993 from p75NTR overexpression 

experiments56. Since then, many conflicting results were obtained, leading to the conclusion 

that apoptotic pathway is a scenario where different characters act. First, proNTs play a 

fundamental role: they are complexed with p75NTR and may follow two ways. One way envisages 

a p75NTR lateral diffusion towards cholesterol-rich regions (lipid rafts) where it is cleaved by an 

α-secretase51. The residual Carboxy-Terminal Fragment (CTF), still anchored to the membrane, 

activates by means of its CD the Rac protein, which, in turn, activates G-protein-coupled 

inwardly rectifying potassium (GIRK) channels thanks to the production of Phosphoinositide 

phosphatidylinositol 4,5-bisphosphate (Ptdins(4,5)P2), resulting in stimulation of caspases38. A 

second way envisages the association of p75NTR IC juxtamembrane domain (JM) with 

intracellular interactors, such as Neurotrophin Receptor-interacting MAGE homolog (NRAGE), 

which activate c-Jun N-terminal kinase-3 (JNK3), an enzyme that causes an overexpression of 

the enzyme Tumor necrosis factor-Alpha Converting Enzyme (TACE)57. Thereafter, p75NTR is 

further processed by a γ-secretase and the resulting ICD binds, in its DD, with Neurotrophin 

Receptor Interacting Factor (NRIF) and TRAF6; at this point NRIF is ubiquitinated in order to 

translocate to the nucleus and acts as a transcription factor for apoptotic genes36. At the same 

time, TRAF6 stimulates again JNK3, and this strengthens the apoptotic stimulus. 

 Survival: this pathway seems to involve both p75NTR and Trk receptors as p75NTR is reported to 

increase the affinity of Trk receptors to their related ligands. Therefore, this interaction is 

required to enhance the pro-survival effect58. However it is still unknown if p75NTR binds and 

exhibits the NT to the specific Trk receptor or whether it generates a heterotrimeric complex. 

Recently, a work enlightened a two-step signaling39: first Trk receptors phosphorylate and 

activate the TACE enzyme, which cleaves p75NTR in endosomes, secondly the resulting p75NTR 

ICD promotes and strengthens the cascades ascribed to Ras, PhosphoInositide 3-Kinase(PI3-

K)/Akt and PhosphoLipaseCγ-1 (PLCγ-1). One of the main target of this pathway is Nuclear 
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Factor Kappa-light-chain-enhancer of activated B cells (NF-κB), a proteic complex whose task is 

regulating the transcription of a myriad of genes, such as those involved in cellular survival59. 

Even though this hypothesis underlines an indirect involvement of p75NTR in survival pathway, 

a direct interaction with Trk receptors is likewise important. 

 Cell cycle: it seems that p75NTR is strongly linked to the cell cycle and differentiation of several 

cell models60. In this pathway, p75NTR is cleaved upon NTs binding (but not synergically with 

other receptors) and its ICD tends to associate to factors like Schwann Cell Factor-1 (SC-1), Brain 

Expressed X-linked 1 (Bex1) and Melanoma Antigen Gene (MAGE), which regulate different 

aspects of specific cell cycle phases. Once cleavage and interactions happened, these complexes 

are translocated to the nucleus and transcription factors activity modulate all of the processes 

involved in cell cycle. 

 Other functions ascribed to p75NTR such as neurogenesis, neuritogenesis and cell migration 

envisage the mechanisms above described, often in conjunction with other receptor families 

(and other ligands) or nuclear transcription factors61. 

It is clear that p75NTR is an extremely multifaceted receptor and the cellular context, the molecules 

it interacts with and the levels of expression are all pieces of a fine balance that, if even slightly 

changed, might trigger paradoxically-different outputs. How p75NTR couples to different signaling 

pathways and how these contribute to p75NTR functions remain key challenges. For instance, it is still 

unclear how p75NTR signals to JNK and caspases in different cell types, and also how this pathway is 

balanced against the effects mediated by increased NF-kB activity, which, in turn, can mediate pro-

survival as well as pro-inflammatory responses (leading then to cell death). The stimulation with NTs 

or proNTs seems to play a role in this scenario, but how exactly the ligands activate or repress p75NTR 

is still debated and object of continuous research. Anyway, this duality of death/survival effect is not 

unique to p75NTR and can be found in other members of the TNFR superfamily62,63. 

 

1.2.3.3 p75NTR stoichiometry in membrane: state of the art 

 

The double nature of p75NTR as a NR and a TNFR generated doubts about the stoichiometry of its 

receptor-receptor or receptor-ligand interactions. Some crystallographic analyses of p75NTR ECD 

complexed with ligand proposed that it is able to bind NGF with receptor:ligand 1:2 stoichiometry 

ratio in asymmetric orientation64, while more recent studies with NT-365 and proNGF66 co-crystals 

showed that p75NTR can homodimerise in order to generate a 2:2 complex. A putative role for ECD 
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N-linked glycosylation to explain these differences arose, but in 66 this was questioned due to the 

fact that both glycosylated and deglycosylated p75NTR crystals were able to generate a 2:2 complex 

with proNGF. However, size exclusion chromatography demonstrated for both wild-type and 

deglycosylated p75NTR that the binding of proNGF to p75NTR generated a mixture of receptor:ligand 

complexes (both 1:2 and 2:2), having very similar elution profile66. The discrepancies in crystal 

structures suggested that a 1:2 receptor:ligand complex is possible, but  that this capability is a 

peculiar feature of p75NTR, at least as a transient step towards a 2:2 complex67. It is still unclear if 

asymmetric or symmetric NT-p75 complexes are the most abundant species at the cell surface and 

which of them may begin signal transduction. 

On the other hand, also the stoichiometry of unliganded native p75NTR has been widely debated so 

far. As discussed in §1.2.3.1, Cys256 in the TMD was reported to be involved in a disulfide bridge in 

putative p75NTR disulfide-linked homo-dimers. The presence of Cys256-mediated dimers was mostly 

detected by the shift of higher molecular weights bands on a gel for the wild-type protein, but not 

for the p75NTR bearing the Cys256Ala mutation45,68,69. However, the role of the transmembrane 

Cys256 in the generation of oligomers is still not well defined. Indeed, some groups reported p75NTR 

to live and work in the plasma membrane of different cell models as dimer, trimer, or a mix of the 

two45,69–71, which led to a confusing scenario, with conflicting proposed p75NTR stoichiometries. A 

possible role for Cys256 is proposed in 45. According to this work, p75NTR should be acting according 

to a “snail-tong” model, which envisages the receptor as a preformed dimer in plasma membrane, 

at least in regimes of high expression, which propagates a conformational rearrangement from the 

extracellular domain to the intracellular one when bound with NGF, with transmembrane Cys256 

serving as hinge. Indeed, anisotropy changes in homo-FRET observed for fluorescent proteins fused 

to the ICDs of the monomers hinted that NGF caused these domains to drift apart. However, the 

Authors did not discuss a possible role of intracellular effectors, which could elicit these 

conformational changes. 

Of note, while the crystal studies have not provided a definitive answer on the stoichiometry of 

binding for p75 NTR, the alternative techniques used to investigate it (both in presence and in absence 

of ligands) so far are mainly based on indirect observations, such as gel shifts, changes in anisotropy 

and rely on differences between the wild-type p75NTR and its Cys256Ala mutant.  
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1.3  Methods for investigating NRs interactions in plasma membranes 

 

Upon NT-NR binding, cells are able to sense, and react to, the external stimulus. The classic, 

stereotypical reaction model envisages a signaling cascade across plasma membrane and cytoplasm, 

thus entailing genes translations (or repressions) to trigger an appropriate cellular response. While 

the signaling mechanisms and pathways of many membrane receptors are studied in great detail, 

little is known on the initial steps at the plasma membrane, such as receptor pre-assembly at the 

molecular level and potential reorganization after ligand activation. It is generally accepted that 

signal initiation is highly dependent on receptor conformation, oligomerization and possibly 

surrounding factors, including membrane composition. Usually, the scenario regarding NRs 

envisages the receptor to act as a dimer (which may be pre-formed in plasma membrane or not) 

undergoing structural rearrangements and post-translational modifications in order to start 

signaling45,72–74. Nevertheless, this model has been recently challenged by new findings showing how 

dimerization is not a requirement for NRs to signal75,76. To date, crystallography is the main method 

for investigating receptor multimerization and NT:NR complexes with high-resolution spatial 

information (as discussed in §1.2.3.3 for p75NTR), with the aim of providing details about receptors 

behaviour in the plasma membrane64,65,77–79. However, this method requires harsh preparation 

conditions and, above all, a non-cellular environment. Due to their static nature, crystal structures 

can only offer a very limited insight into the receptors dynamics and signaling; NRs crystals often 

consist of the binding domains only, thus possibly excluding some features (such as post-

translational modifications or flexible loops in other domains) that can contribute to physiological 

structural rearrangements both in presence and in absence of ligands. 

Another indirect way of observing the formation of possible homo- or hetero-complexes between 

NRs is the detection after separation on a gel of cell lysates or co-immunoprecipitates (see §1.2.3.3). 

However, this is not a quantitative method and is strictly dependent on several experimental 

conditions, possibly leading to discordant data, as I am discussing through this thesis for p75NTR (e.g. 

Figure 2.5, upper panel; Figure 3.6, Figure 3.7 and related discussion; Table 1). 

All of these considerations point to a need for developing alternative methodologies. Progress in 

fluorescence techniques and implementation of fluorescent probes (e.g. fluorescent proteins, 

organic dyes and quantum dots) offered a chance to gain detailed information about molecular 

interactions by coupling the fluorophores properties with the stoichiometry and the dynamic 

behavior. Indeed, lateral mobility can influence the location and the way the membrane proteins 
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associations occur, therefore it is essential to better understand NRs function and organization. This 

led to the development of several imaging methods that offer a resolution close to or beyond the 

light diffraction limit and provide a nanoscale analysis of dynamics. 

One of the most used approaches for studying NRs interactions is Förster resonance energy transfer 

(FRET) imaging74,80,81. It is based on the non-radiative energy transfer (due to the dipole-dipole 

coupling) from the donor (i.e. the excited fluorophore) to the acceptor, a phenomenon yielding a 

detectable signal only when the two fluorophores are few nanometers distant. Therefore, FRET can 

provide information about proximity of two molecules, which are then assumed to interact with 

each other. Both fluorescent proteins and organic/inorganic fluorophores are suitable for FRET 

experiments, depending on their photophysical properties. Indeed, the emission spectrum of the 

donor and the absorption spectrum of the acceptor need to overlap for reaching a satisfying energy 

transfer; however, donor and acceptor absorption spectra have to be sufficiently separated to avoid 

cross-excitation. Finally, the separation in emission spectra between donor and acceptor is required 

to allow independent measurement of each fluorophore signal. 

Another method used to investigate NRs membrane organization and movement is Fluorescence 

Correlation Spectroscopy (FCS), which bases its assumption on the fact that diffusion of fluorescent 

molecules in and out a volume of observation leads to fluctuations in the fluorescence intensity over 

time. By calculating the autocorrelation function of the fluorescence intensity fluctuations over time, 

it is possible to extract information about the diffusion coefficient. One of the techniques based on 

FCS is the Number and Brightness (N&B) analysis. Because the autocorrelation function intensity 

depends on the number of particles in the observed volume, it is possible to separate the brightness 

of a moving particle from the number of particles present in the observation volume and therefore 

to determine the degree of aggregation of proteins. This method is useful to investigate protein 

clustering, both inside cells and in their plasma membrane82. 

Fluorescence Recovery After Photobleaching (FRAP) was exploited, over the years, to study diffusion 

properties of fluorophore-labelled molecules (proteins and lipids) in plasma membrane 83 and was 

also applied to study of NRs, in particular p75NTR 84–86. This technique envisages the photobleaching 

of a region of interest in a cell by increasing the laser intensity; recovery of fluorescence intensity in 

the bleached area is then followed as a function of time. The speed at which labelled molecules 

travel from a non–bleached to a bleached area and the mobile fraction of labelled molecules are 

used to gain information about its diffusive behavior and the degree of interactions with other 

elements of the plasma membrane. 
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These briefly described methods often require a high concentration of proteins in order to detect 

fluorescence and extrapolate descriptive parameters of the species, thus possibly resulting in 

artifacts due to overexpression. Indeed, non-physiological levels of proteins may trigger ligand-

independent activation of signaling pathways (as also seen by us, see later Figure 5.6). Such 

techniques rely on ensemble measurements and average over a large quantity of receptors thus 

providing information about the trend behavior of the receptor; anyway, most of the time these 

ensembles of biomolecules are heterogeneous. Hence, the need to exploit different approaches 

which permit to distinguish the behavior of single subpopulations, which otherwise would remain 

hidden. This is crucial when trying to understand receptor oligomerization and interaction kinetics 

with its ligand or other proteins at the molecular level, as this may offer opportunities of controlling 

or manipulating specific signaling pathways. To this aim, “bulky” methods were gradually replaced 

by newly-developed single molecule ones.  

 

1.4  Single molecule imaging (SMI) and Single particle tracking (SPT) 

 

As discussed in previous paragraphs, p75NTR is likely to begin its signal transduction in the plasma 

membrane; thus, we focused on the events happening at this level with the help of a single molecule 

imaging (SMI) method. A single molecule (SM) experiment is an approach that permits to investigate 

the properties of individual molecules. Differently from averaging methods where only bunches of 

molecules can be observed, SMI exploits optical techniques able to distinguish, visualize and localize 

SMs. The coordinates (and possibly other parameters, like the intensity) of each localized SM may 

be followed over time to generate a trajectory (single particle tracking, SPT). SM studies can be easily 

applied to many contexts, from the simplest (e.g. a simple medium) to more challenging ones such 

as the membrane of a living cell. The latter shows a definitely higher complexity, based on an 

extremely tangled network of interacting proteins and lipids present on or near the cell surface. 

Important information about their interactions may be obtained via their dynamic behavior over 

time and space. Interestingly, the lateral mobility is an index of what happens to membrane 

molecules under physiological conditions or upon a certain stimulus/event occurring in a cell. 

Analysis of changes in the movement of SMs can provide details about the composition of a 

membrane population and how association/dissociation with interactors takes place. An example of 

this SM study is the dissection of TrkA behavior in plasma membrane seen in 87. Therefore, studying 

mobility is essential for the comprehension of membrane function and organization, for in plasma 
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membrane individual proteins can behave very differently from a simple model in which a bunch of 

molecules freely diffuses in solution. The fluorescence microscopy-based techniques described in 

the previous paragraph provide only ensemble evaluations and do not well suit investigations where 

single proteins need to be described; on the other hand SMI and SPT represent a more powerful 

approach to this goal. 

One of the advantages of SMI is that the localization of molecules is intrinsically super-resolved, i.e. 

the effective spatial precision is better than the few-hundred-nanometer resolution reachable in 

microscopes based on visible light, because of the diffraction limit. A possible way to overcome this 

limit came in the 1950s, thanks to the recent advances in electron microscopy field88. With 

improvement in optical setups and improvements in fluorescente probes, many groups reached 

superesolved localization of SMs both in physiological and in non-physiological samples89–91. This 

level of precision/accuracy was difficult to obtain through traditional confocal microscopy, but was 

then achieved in wide-field microscopy during the 90s with the improvement of experimental 

instrumentations, such as detectors, needed to increase sensitivity and signal-to-noise ratio. Indeed, 

coupling of wide-field microscopy to fast electron-multiplying charged coupled devices (EMCCDs) 

cameras led to the achievement of higher resolutions, both in terms of space (tens of nanometers) 

and time (tens of milliseconds). All these advances allowed to image, for the first time, single lipids 

and proteins moving in live cells92,93. One of the imaging methods that best suits the study of 

nanoscale interactions and dynamics exploits the total internal reflection fluorescence microscopy 

(TIRFM), which allows to excite fluorescence only in a range around 100 nm close to a glass/water 

interface. This wide-field technique envisages a collimated laser beam illuminating the whole field 

of view at a specific angle, above the so-called critical angle, such that when it is completely 

internally reflected at the glass-water interface. This can happen only when the light travels from a 

medium with a higher refractive index (e.g. glass dish) to a medium with a lower refractive index 

(e.g. water or an aqueous medium). With this configuration, the incident light generates an 

evanescent field in the lower-refraction medium, whose intensity decreases exponentially with 

depth of penetration, usually reaching a depth spanning from 60nm to 150nm approximately; thus, 

only a thin portion of the specimen is excited. This technique dramatically reduces the spurious 

background signal because fluorescence coming from molecules that are too far from the interface 

is almost not excited (Figure 1.4). 
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Figure 1.4. Schematic depiction of total internal reflection principle in a microscope in a standard live-cell experiment and its 

consequences on the sample fluorophores excitation. Adapted from 94. 

 

It follows that this physical phenomenon offers great advantages when studying cell surfaces, as it 

provides higher contrast in the bottom plasma membrane of a cell with respect to traditional optical 

microscopy methods. This enables the application of SMI and SPT to the molecules of interest in a 

live cell model, where the details of dynamics behaviors can be retrieved. 

Before performing a single molecule experiment one of the first critical steps to deal with is the 

choice of the probe and the labelling strategy. Sundry strategies exist for conjugating fluorescent 

reporters in a highly specific manner. Green Fluorescent Protein (GFP), the forefather of fluorescent 

proteins, was one of the first reporters employed in classical imaging experiments by genetic fusion 

with the protein of interest. Even though it is currently widely used in a lot of protocols and 

techniques, its photophysical properties do not well suit a single molecule analysis95. According to 

the terminology of Clausen & Lagerholm96 a SPT probe consists of two parts: a “specificity” module 

which renders specificity to the biomolecule; and a “label” module which gives indirect visualization 

of the target biomolecule, being the one to be followed optically. Examples of these probes are 

depicted in Figure 1.5. 
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Figure 1.5. Common reporters used in SPT. Labeling modules include organic dyes, fluorescent proteins, Quantum Dots  and 

gold colloidal nanoparticles (last ones, usually detected via the scattered light). The approximate sizes of these different labels 

are given in the picture. Specificity modules allow the attachment of the label probe to the biomolecule of interest. They 

include specific antibodies, Fab fragments, streptavidin and nanobodies (antibody fragment consisting of a single monomeric 

variable antibody domain). Their approximate size is given in the picture. Adapted from 97. 

 

The use of full antibodies (which often envisages the employment of conjugated secondary 

antibodies to amplify the fluorescence signal) or large golden particles (especially when their surface 

is functionalized) sometimes may not be the best choice in single molecules studies, especially when 

the target is highly concentrated, is localized in a particularly dense cell area/compartment or it is 

small-sized: this would increase the risk of steric hindrance, preventing the analysis of possible 

formation of complexes96,98,99. If the molecule of interest are proteic membrane receptors, a possible 

alternative to antibodies is using their specific ligands conjugated to the same kind of probes100,101. 

Another method of protein labelling for imaging purposes is the employment of chemical tags. They 

require a defined polypeptide sequence genetically fused to a protein of interest and subsequently 

modified with a chemical reaction, which usually is able to conjugate several kinds of dyes/probes. 

The first chemical tag, FlAsH, was invented in 1998 by the Tsien lab102; since then, several commonly 

used chemical tags have been developed, including self-labeling FlAsH/ReAsH, SNAP/CLIP tag, TMP-

tag, HaloTag, ACP-tag and its derivatives. This range of opportunities reflects the extreme versatility 

of chemical tags and their adaptability to advanced imaging methods. The use of chemical tags has 

the great advantage of ensuring a 1:1 stoichiometry between the protein of interest and the probe; 

this is highly desirable when imaging and counting of single molecules is needed. However, like for 

fluorescent protein constructs, there is the need of ectopic expression of genetically modified 

proteins, and traditional delivery methods into host cells generate an overexpression of the 
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construct; to overcome this drawback, a controlled expression can be adopted103. Moreover, organic 

dyes are usually brighter (i.e., have a higher product of extinction coefficient and quantum yield) 

than a typical fluorescent protein, and less prone to photobleaching: typical fluorescent proteins can 

emit roughly 4 X 105 photons before photobleaching104, while the best organic dyes have typical 

photon outputs on the order of 106 to 108 105. This ensures longer observation times, along with a 

higher signal-to-noise ratio (due to a greater number of detected photons), which then favors a 

better localization. Indeed, chemical tags functionalized with organic dyes have emerged as the 

next-generation tools to unravel complex biological processes in space and time, constituting a 

strong alternative to the classical genetically encoded fluorescent reporters and resulting in an 

extremely powerful tool for single molecules studies.  

A typical single molecule experiment is depicted in Figure 1.6. 

 

Figure 1.6. Schematic workflow and applications of single-molecule imaging and tracking in living cells. Biomolecules in living 

cells are first labeled using fluorescent probes with specific labeling strategies. Individual labeled molecules are then imaged 

with optical fluorescent microscopy with single-molecule sensitivity at high spatial-temporal resolution. Detection, 

localization and tracking  of labeled single biomolecules can be performed by specific algorithms. The live-cell single-molecule 

imaging and tracking technique has been successfully applied in various aspects of biological research, leading to a better 

understanding of the dynamic cellular systems. Adapted from 106. 

 

When performing a single molecule experiment typically a time series of fluorescent spots moving 

in the imaged area is recorded with a frame time of the order of ms or µs. The first step in the time-

lapse analysis is to detect, and locate the precise positions of, every single fluorescent spot in each 

image. This is achieved by identifying the center of the diffraction-limited spot generated by the 

fluorescent probe, e. g. by calculating its intensity-based centroid or by fitting the diffraction-limited 
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Airy disk with an appropriated peaked function (as a Gaussian one), thus reaching a sub-pixel, 

nanometric localization precision107 (Figure 1.7). 

 

 

Figure 1.7. (a) Estimation of spot centroid position and calculation of localization precision. (a), (b) Simulated diffraction-

limited image of an isotropic fluorescent emitter, and (b) corresponding photon counts histogram. The red symbol in (a) 

represents the actual position of the emitter. (c), (d) Results of a weighted least-square fit to the data in (a), (b) by means of 

a 2D Gaussian function. The estimated spot position is shown as a blue dot in (c). Adapted from 97. 

 

Secondly, the fluorescent spots detected frame by frame are linked together (i.e. the x, y position of 

each spot is followed during the whole movie, or until photobleaching happens) to build up the 

trajectories, by means of ad hoc tracking software tools (Figure 1.8). 
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Figure 1.8. Localizations linking and trajectory reconstruction. (a) Estimations of the position of a diffusing particle (blue dots) 

obtained from consecutive frames are reconnected to build up a single-particle trajectory. The actual particle positions are 

shown as red crosses. The gray shaded circles correspond to the localization precision. (b) Representative frames of an SPT 

movie including fluorescent particles and schematic representation of the principles of a localization linking algorithm. While 

relatively sparse particles are easily reconnected (cyan cones), the algorithms must contemplate the possibility of dealing 

with ambiguities arising from closely spaced fluorophores (yellow/orange cones), blinking emitters (gray cones) and missed 

localizations (gray lines). Adapted from 97. 

 

Nowadays, many tracking softwares are available108. Due to the motion heterogeneity, temporary 

fluorescent fluctuations and high density of labelled molecules in living cells, the single-molecule 

tracking has been quite challenging. To meet these challenges, Jaqaman et al. developed one of 

most widely used and reliable multiple-particle tracking algorithms109, implemented in the u-track 

MATLAB software. 

Finally, the huge amount of trajectories obtained from a frame series needs to be analyzed in order 

to extrapolate biologically relevant parameters, such as the diffusion coefficient D. One of the most 

common approach to gather information about the movement of the tracked spots is the calculation 

of the Mean Square Displacement (MSD) against the lag time. The shape of the MSD curve can be 

used to discriminate the type of diffusion mode, e.g. by fitting it with alternative Brownian, directed 

or confined models110 or using an anomalous diffusion fit for a more continuous classification of 

(sub/super)diffusive dynamics87. In any case, a short-time diffusion coefficient can always be 

extracted for individual trajectories111 by using a linear fit on an appropriate number (usually, two) 

of the first MSD points. However, diffusing molecules, especially cell membrane proteins and lipids, 

may exhibit a high degree of motion heterogeneity and undergo stochastic and non-stochastic 

switching between multiple types of movement in living cells. This complex behavior is caused by a 
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combination of reasons including molecular crowding, specific molecular interactions, membrane 

topology and interactions with nanostructures within the membrane, such as caveolae, clathrin 

coated pits and lipid rafts (Figure 1.9). Moreover, the cell membrane contains physical links to both 

the extracellular matrix (via the glycocalyx) and the cytoplasm (via the underlying actin cytoskeleton) 

that can act as barriers to the diffusion of molecules within the lipid bilayer of the membrane. 

 

 

Figure 1.9. Schematic representation of the diverse lateral diffusion of molecular components on the cell surface. Different 

molecular actors contribute to the confined or anomalous diffusion of molecules: molecular crowding, skeleton corrals, 

membrane cavities such as clathrin-coated pits or the glycocalyx matrix. These molecular components (especially the close 

cortical actin cytoskeleton) can also induce the transient arrest of receptors. Adapted from 97. 

 

When single molecules exhibit a multimodal behavior, alternative strategies may be adopted, since 

the MSD analysis does not always describe these kind of tracks accurately. Sub-trajectories can be 

extracted on the basis of averaged instantaneous velocity or diffusion coefficient, e.g. by separating 

drifted subtrajectories87,100,110 or individuating transient confinement zones112 or transient arrest of 

diffusion87. One of the most recently adopted approach is Hidden Markov Modelling, which permits 

to analyze the stochastic switching between distinct types of motion113. 

A second important parameter that can be extrapolated by a SPT movie is the fluorescence intensity 

I, which can provide information about the number of particles (i.e. the number of copies of the 

addressed biomolecule) contained in each fluorescent spot. This is crucial when studying the 

organization of a protein in complexes (i.e. the stoichiometry), in particular for membrane receptors 

both in native state and upon stimulation with ligands, drugs etc.87,114. Indeed, studying receptor 

stoichiometry and oligomerization status before and after ligand binding is of critical importance to 
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understand the molecular mechanism of initial formation of signaling complexes. Signaling 

receptors regulate a variety of essential cellular processes by initiating and transducing signals upon 

binding of their specific ligands or other extracellular stimuli. Although biochemical assays have 

provided large amounts of information regarding the ligand-receptor binding, the downstream 

signaling cascades and biological effects, they do not have the capacity to determine the precise 

localization, stoichiometry, and kinetics in situ115. One of the possibilities to quantify these 

parameters envisages the excitation of all fluorescent labels in a sample at once and imaging whilst 

simultaneously photobleaching. The intensity of complexes bleaches in a step-like fashion, therefore 

quantifying the number of steps gives the stoichiometry. This is achievable either by counting the 

actual number of steps116 or, if many fluorophores are present in the same spot, by using the initial 

intensity117, thanks to the fact that the fluorescence signal is quantized. This is feasible when there 

is a 1:1 fluorophore:biomolecule stoichiometry and all fluorophores are in identical excitation and 

emission configurations. 

 

1.5 Neurotrophin receptors studied by single particle tracking 

 

In this thesis a live-cell SPT approach is used to investigate the functions and the oligomeric state in 

the cell membrane of p75NTR. A similar method was previously applied in the NEST laboratories to 

study the TrkA receptor110, in order to investigate its dynamics and stoichiometry. Human TrkA 

sequence was fused with the Acyl-Carrier Protein (ACP) tag. ACP-TrkA was analyzed in PC12nnr5 cell 

line, which lacks the rat TrkA gene, thus avoiding heterogeneous interactions with endogenous 

protein. First of all, the fusion construct was biochemically validated, to prove that it maintains the 

normal protein functions as the wild-type TrkA. The correct plasma membrane localization, as well 

as phosphorylation, neurite sprouting and activation of downstream effectors following NGF 

stimulation, were unaltered by the presence of the ACP tag. Subsequently, an SMI and SPT study, 

using epifluorescence or TIRF microscopy, was applied to monitor the dynamics of single TrkA 

molecules in the membrane of living cells. From individual recorded trajectories, the MSD curve was 

extrapolated and analyzed. This showed how TrkA undergoes a variety of diffusive regimes (Figure 

1.10). 
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Figure 1.10. MSD analysis of SQdot-labelled TrkA trajectories, retrieved from PC12nnr5 cells transfected with ACP-TrkA. (A–

C) MSD vs lag-time (τ) plots for trajectories (insets) indicating three diffusive regimes associated to individual ACP-TrkA 

receptors: (A) Brownian (yellow curve), (B) drifted (red curve) and (C) confined (blue curve) regimes. Bar: 0.16 mm (1 pixel). 

(D) Global distribution of average diffusivities (D1-2) associated to each single trajectory (red curve) and D1-2 distribution of S-

Qdot655 immobilized to the glass surface (gray curve). The bin “<1E-6” includes negative values for D1-2, mostly arising from 

cases where the uncertainty is higher than the absolute value. The distributions are calculated considering the number of 

spots in the single trajectories, and the uncertainty in the parameter. Adapted from 110. 

 

Beyond the classic brownian model, sub-sets of receptors displayed a drifted or a confined diffusive 

regime, which may indicate the presence of obstacles in the plasma membrane (e.g. lipid 

microdomains or signaling platforms) causing a change in the motion. The distribution of average 

diffusion coefficients calculated on the first two points of each MSD curve (D1-2, called simply D in 

this thesis) showed that the movement of TrkA spans over a ∼10−5 µm2 s−1 to ∼0.5 µm2 s−1 range, 

thus demonstrating that this receptor has a highly heterogeneous behavior. These results laid the 

foundation to a more detailed study aimed at elucidating the so-called "ligand signature” effect87. 

ACP-TrkA receptor was observed in live neuroblastoma SH-SY5Y cell line, which contain a small 

amount of endogenous counterpart (negligible when overexpressing the recombinant protein), but 

owns a wider basal membrane, ideal for SPT. The TrkA motion was monitored both in absence and 
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in presence of exogenous stimuli (such as neurotrophins or drugs) to test how the diffusive 

properties changed. One of the most prominent effects is reported in Figure 1.11. 

 

 

Figure 1.11. Effects of NGF on ACP-TrkA mobility. Left panel: TIRF movie frames showing the distribution of ACP-TrkA 

receptors labelled with 2 nM S-Qdots655 before (red channel, left image) and after NGF administration (red channel, right 

image) at the SH-SY5Y plasma membrane. Areas outside cells are highlighted in grey. NGF-induced receptor clustering is 

indicated by arrowheads in right panel; scale bar: 5 µm. (C) Distribution of the short-lag-time diffusion coefficient (D) of S-

Qdot-labelled ACP-TrkA receptors for non-immobile trajectories in the presence (red curve, 788 trajectories) or absence 

(black curve, 664 trajectories) of NGF. The areas under the reported distributions are normalized to the fraction of spots in 

non-immobile trajectories. The percentages were calculated considering the areas under the curve above and below D=0.1 

µm2/s. Adapted from 87. 

 

TrkA was found to immobilize and form clusters upon NGF administration. The diffusion analysis for 

trajectories classified as non-immobile (see 87) revealed that the ligand binding to the receptor 

causes a significant decrease of the fast diffusing population and, on the other hand, an increase of 

the percentage of the slow diffusing receptor pool. 

ACP-TrkA molecules labelled with organic fluorophores allowed to analyze the intensity profile of 

fluorescent spots in living cells, which provides information about the oligomerization status of the 

receptor. Being 1:1 the label:receptor ratio, the fluorescence intensity profile is quantized, i.e. two 

fluorophores (whose intensities are overlapped in the same spot) emit a fluorescence 2-fold the 

single one. Because the organic fluorophores undergo photobleaching, the presence of oligomers 

can be indirectly detected also by the number of photobleaching events, while the whole 

trajectories of dimers can have average intensities between the ones expected for monomers and 

dimers (Figure 1.12). 
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Figure 1.12. Fluorescence intensity (I) analysis of single Atto633 molecules (left panel) and Atto633-labelled ACP-TrkA (central 

and right panels) observed by TIRF microscopy. Left panel: typical time-course of I for a spot comprising two molecules of 

Atto633 adhered to the bottom of the Petri dish, undergoing a single-step photobleach event; when also the second 

fluorophore bleaches, the track is lost. Right panels: 2D distribution of the average fluorescence intensity <I> versus D for 

Atto633-labelled ACP-TrkA trajectories in the untreated (central panel, 7367 trajectories) and NGF-treated (right panel, 10288 

trajectories) cases. NGF treatment induces receptor dimerization within higher-D trajectories (the white line connects the 

fluorescence intensity of the monomer to that of the dimer, which appears to have a halved D coefficient) and oligomerization 

(white rectangular area) corresponding to increased average fluorescence and decreased diffusivity of receptor aggregates. 

Adapted from 87. 

 

This analysis revealed the presence of mostly monomers in absence of NGF. Conversely, the NT 

induced a shift of the fast diffusing monomeric population towards higher values of D and I, 

suggesting an increased presence of dimerization and oligomerization of ACP-TrkA. Notably, the 

shift does not generate two distinct receptors sub-sets, rather it indicates that monomeric and 

dimeric species live in an equilibrium in the plasma membrane. The ligand-dependent presence of 

higher I (and lower D) species is in line with the fact that NGF-TrkA complexes undergo 

internalization to activate the pro-survival signaling cascade. 

Therefore, a detailed dissection of TrkA mobility and stoichiometry in live cells was achieved and the 

power of this technique prompted us to investigate p75NTR in an analogous fashion. 
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Chapter 2 

Short peptide tag technology to study p75NTR 

 

This chapter introduces the main constructs generated by molecular cloning in order to study p75NTR 

and its features from a biophysical point of view, in a live cell context. We chose to adopt a short 

peptide tag technology coupled with bioconjugation with small organic fluorophores and quantum 

dots, which were successfully employed in the study of TrkA dynamics and stoichiometry as showed 

in §1.5. In addition, the use of short peptides was motivated by a minor probability of experiencing 

unfavorable phenomena such as impact on the protein folding or structure and, overall, a less heavy 

cargo (due to the fact that p75NTR is a relatively small protein if compared to TrkA). We cloned p75NTR 

constructs in two types of expression vectors. One is a classical mammalian expression vector, which 

provides a costitutively high protein level in the host cells. The other is a TET ON lentiviral system, 

which confers the chance to regulate the quantity of protein of interest to be expressed by varying 

the concentration of the promoter inductor (i.e. doxycycline in this work). We inserted the short 

tags in frame with the p75NTR human sequence to exploit the conjugation with fluorophores and 

perform single molecule experiments (which will be shown and discussed in Chapter 3). The tag was 

inserted close to the N-terminal, after the signal peptide since this is cleaved for receptors on the 

plasma membrane. As p75NTR exposes its N-terminus to the extracellular environment, the tag was 

available to enzymatic catalysis in the extracellular medium, allowing us to label only the membrane 

pool of the protein. 

One of the first step to undertake when introducing an exogenous tag in a native protein is testing 

and verifying whether it does not affect the protein normal functions. We chose to examine different 

aspects of the tagged p75NTR clones in terms of cell localization, post-translational modifications and 

signaling. These are extremely important for a membrane receptor as impairment of these key 

points may result in altered or absent signal transduction. Indeed p75NTR needs to undergo 

palmitoylation (an attachment of palmitic acid to a cysteine residue) and translocate to specific 

membrane microdomains (the so-called ‘lipid rafts’) in order to trigger the pro-apoptotic 

signaling118. In this chapter, I shall describe the cloning of p75NTR and a series of assays for validating 

the compatibility of the peptide tags. 
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2.1  Cloning of p75NTR constructs 

 

We used, as starting template, the human p75NTR cDNA sequence (here called wt p75NTR) cloned in 

the mammalian expression vector pReceiver-M03, which owns the eGFP in 3’ position with respect 

to the multiple cloning site and a Citomegalovirus (CMV) promoter. We chose to integrate in our 

study the short peptide technology based on two 12-aminoacids sequences, A1 and S6. These are 

“shortened versions” of Acyl Carrier Protein (ACP) and Peptidyl Carrier Protein (PCP), respectively, 

and were derived from a phage display selection119. Similarly to ACP and PCP proteins, A1 and S6 

tags can be post-translationally modified on a conserved serine residue, by SfpS and AcpS 

phosphopantetheinyl transferases (PPTases), respectively120. The synthases use Coenzyme A (CoA) 

as a donor cofactor of a phosphopantetheinic (Ppant) arm and attach it to the target peptide, being 

S6 the substrate of SfpS and A1 of AcpS. Moreover, SfpS is able to target A1 as well even though 

with much less efficiency with respect to S6121. This makes A1/S6 couple a strong candidate for 

simultaneous orthogonal labelling. The reaction scheme is shown in Figure 2.1. 

 

 

Figure 2.1. Peptide labeling reaction and action mechanism of PPTases. a) Sfp- or AcpS-catalyzed PCP, ACP, or peptide labeling 

reactions using small-molecule-CoA conjugates as the donor of the small-molecule/Ppant group to a specific serine residue 

in PCP, ACP, or the peptide tags, respectively. b) Structures of biotin-SS-CoA (1) and biotin-CoA (2) as possible donors of Ppant 

arm. Adapted from 119. 
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As PPTases substrate, we adopted both biotin-CoA, which allowed us to conjugate streptavidin-

coated Quantum dots, and a CoA-organic fluorophore adduct. 

To clone the tag sequence of A1 (GDSLDMLEWSLM) and S6 (GDSLSWLLRLLN) in pReceiver-M03 we 

used a two-step insertional mutagenesis PCR, described in 121. The resulting products were 

subsequently used either as are or as templates for cloning in the third generation “all-in-one” 

lentiviral vector pRRLsincPPTmcsWPRE (simply called pTRE122). This plasmid contains the 

Tetracycline Response Elements (TREs) which regulate, by means of doxycycline, the expression of 

the transgene of interest (Figure 2.2). 

 

 

Figure 2.2. Schematic diagram of the lentiviral vector used in the study. The vector is self-inactivating; the 5′ U3 region is from 

the Rous Sarcoma Virus (RSV); it bears the encapsidation signal (ψ and Δgag), the Rev-Responsive Elements (RREs), the Central 

Polypurine Tract with its Central Termination Sequence (cPPT/cTS), and the Woodchuck Hepatitis Virus Responsive Element 

(WPRE). The hPGK is the human Phosphoglycerate Kinase promoter. The TRE is the tetracycline-regulated minimal CMV 

promoter. rtTA2S-M2 is a cDNA encoding the Reverse Tetracycline-dependent Transactivator. mSEAP encodes the murine 

Secreted Alkaline Phosphatase. Adapted from 122. 

 

Our transgenes of interest (i.e. A1- or S6-tagged p75NTR) replaced the Alkaline Phosphatase reporter. 

I prepared the lentiviral vectors as described in the Materials and Methods section and with greater 

details in123. 

The second construct (named mut p75NTR) of this work is a p75NTR bearing a deletion corresponding 

to aminoacids 193-218 plus C256A and G265I point mutations, originally in pEGFP-N1, a kind gift 

from Dr. Robert Youker. These are all the mutations reported to prevent p75NTR dimerization and 

clustering45,82. mut p75NTR was then subjected to insertional mutagenesis to introduce the S6 tag and 

either used as is, or subcloned in pTRE vector. The third used construct is a S6-p75NTR-LeucineZipper 

chimera, which was generated from S6-wt p75NTR by replacing a region encompassing its 

juxtamembranal domain (aminoacids 206-251) with the leucine zipper (LZ) motif of human c-Jun, 

cloned in pCDNA3.1 vector. The presence of leucine zipper motif was shown to force protein 

dimerization124. We call this construct dim p75NTR. In Figure 2.3 the three S6 tagged versions of 

p75NTR are schematized. 
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Figure 2.3. Schematic drawing of the main tagged constructs used in this study and of the most important domains of p75NTR. 

S6 (or A1) tag is inserted between the Signal Peptide (SP) and the Cysteine-Rich Domains 1-4 (CRD1-4). JM: Juxta-membrane 

domain; TM: Transmembrane domain; CD: Chopper domain; DD: Death domain; mut p75NTR bears mutations C256A and 

G256I, and lacks residues 193 to 218 in the JM region; dim p75NTR has residues 213 to 251 of the JM portion substituted with 

the leucine zipper domain (LeuZIP) from c-jun. Adapted from 76. 

 

The list of primer sequences used in cloning is shown in Table 2 in Materials and Methods. 

 

 

2.1.1 Tags efficiency 

 

After cloning, we sought to investigate the labelling efficiency of A1 and S6 tags with p75NTR. We 

chose SH-SY5Y neuroblastoma cell line as model system, because it owns a very low content of 

endogenous p75NTR if compared to other cell lines with a neural phenotype available in the lab, such 

as PC12 (Figure 2.4). Therefore SH-SY5Y cell line permits to study the recombinant p75NTR construct 

with very low interference from the endogenous counterpart. 
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Figure 2.4. Whole cell extract from PC12 and SH-SY5Y cultures were exposed to anti-p75NTR immunoblot on a radiographic 

sheet. The signal coming from the PC12 lane is saturated, but this is necessary for noticing a faint band on the SH-SY5Y lane. 

Similar amounts of protein extracts were used (even more for SH-SY5Y), as clear from the reblot of the stripped membrane 

with anti-tubulin antibody. Adapted from 87 

 

To test, at a first glance, whether the short tags did not alter the recombinant p75NTR properties, we 

transfected A1- or S6-wt p75NTR lentiviral constructs in SH-SY5Y, induced with 1 µg/ml doxycycline 

to reach overexpression of the proteins (at 1 µg/ml doxycycline the expression of the construct has 

reached saturation, see also 122) and found that S6-wt p75NTR levels were higher than A1-wt p75NTR 

when performing immunoblot (Figure 2.5, upper panel). Next we assessed the labelling efficiency 

of both tags, by measurements with fluorescence microscopy. We infected SH-SY5Y cells with A1- 

or S6-wt p75NTR, induced with 1 µg/ml doxycycline and labelled them with a fluorophore 

concentration much higher than the ones used in single-molecule experiments, in order to probe all 

the surface receptors (Figure 2.5, lower panel). 
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Figure 2.5. Upper panel: total cell lysates from SH-SY5Y cells expressing A1- or S6-wtP75NTR, induced with 1 μg/ml doxycycline 

and blotted with anti-p75NTR, show slightly lower expression of the former. Lane I: A1-wt p75NTR; Lane II: S6-wt p75NTR. Lower 

panel: typical SH-SY5Y cells expressing A1- or S6-tagged wt p75NTR after receptor labeling. Receptors were labelled with 

500nM Alexa488-CoA and Acp or Sfp synthase enzymes, respectively. Images were acquired at the TIRF microscope with laser 

excitation in epifluorescence mode. Scale bar, 10μm. Adapted from 76. 

 

Qualitatively, these results told us that the short tags do not hinder the folding and localization of 

p75NTR and furthermore that the S6 tag permits to label more efficiently the receptor. To estimate 

directly and finely the difference between the two constructs, we infected SH-SY5Y with A1-wt 

p75NTR or S6-wt p75NTR, but induced their expression with a considerable lower dose of doxycycline. 
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Thanks to this control of expression by the TET On system, it was possible to appreciate single spots 

imaged in plasma membrane and count them: higher amounts of proteins (and therefore of 

fluorophores) would have resulted in overlapping spots or fluorescent “blobs”. In this case, we 

employed Quantum Dots as probes, because of their higher brightness and photostability with 

respect to organic dyes (Figure 2.6). 

 

 

 

Figure 2.6. Transduced SH-SY5Y cells induced with 10-3 μg/ml doxycycline and labelled with 2nM streptavidin coated Qdot655 

after receptor biotinylation (graph above). **P<0.01, Mann-Whitney test. Box plots are 25% - 75% range of the data, with 

median line. Below, two representative TIRF images with a white ROI drawn to indicate the borders of the cell. The samples 

correspond to the related upper boxes (A1 on the left, S6 on the right); Qdots outside the cells are aspecifically adsorbed on 

the glass and where immobile. Scale bar 5µm. Adapted from 76. 
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This showed how at equal doses of doxycycline, labelled A1-wt p75NTR is less abundant than S6-

p75NTR, as indicated by the lower number of spots per area. Thus, lower A1 tag labelling power is 

most probably due to a combination of lower expression and less efficient enzymatic reaction. These 

observations prompted us to preferentially use S6-tagged versions of the receptor to perform the 

subsequent experiments. 

The fluorophore concentration used for the labelling reaction in experiments where single 

molecules should be appreciated (usually in the nM range) has been chosen in order to probe 

practically all the receptors exposed on the cell surface, while lowering as much as possible the 

number of fluorophores aspecifically adhered on the glass. The results shown in Figure 2.7 

contributed to prove this fact; in the Figure I show a calibration of p75NTR membrane pool level, 

made inducing with different doses of doxycycline and labelling each sample with a fixed 

fluorophore concentration. 

 

 

Figure 2.7. SH-SY5Y were infected with S6-wt p75NTR lentiviral particles, induced with 0, 10-3, 10-2 or 1 μg/ml doxycycline, 

biotinylated and labelled with 2nM Qdot655. (a) The density of spots per membrane area was quantified for cells in the 

different doxy ranges (see also data in the later Figure 3.4 and related discussion). *P<0.013, Unpaired Student’s t-test. Data 

are plotted as mean±S.E.M. (b) Two representative TIRF images used for the quantification in (a). Scale bar, 5μm. Adapted 

from 76. 

 

The results, reported in panel a, demonstrate that the use of fluorescent probes in the nM range is 

not a limiting factor for exhaustive labeling of receptors in the low doxycycline doses (left bar), 

because the same fluorophore concentration allows to obtain a much higher number of receptors 

labeled at high doxycycline doses (right bar). These data are consistent with previous reports 

demonstrating an efficiency of tag labeling close to 100% for chemical tags of the ACP family101,125. 

Notice that a specific dose of doxycycline results in a range of p75NTR expression level; this range is, 
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however, limited, and its average increases with the quantity of inductor used. Besides, at 0 µg/ml 

we sometimes observed some fluorophores moving in the plasma membrane. This may be due to 

some leakage in expression driven by the RSV promoter in the 5’UTR of the lentiviral backbone, 

resulting in a basal expression of the transgene (which is barely detectable anyway) in some cells. 

 

2.2  Localization of tagged p75NTR 

 

After we observed that the S6 peptide did not impair p75NTR expression, we wanted to compare the 

characteristics of the recombinant protein with the ones of its wild type counterpart. The first tested 

characteristic was subcellular localization, crucial because the receptor needs to be correctly 

translocated into the plasma membrane to exert its functions. Thus, we transfected S6-wt p75NTR-

EGFP in SH-SY5Y under CMV promoter and imaged the live cells with confocal microscopy (Figure 

2.8). 

 

 

Figure 2.8. Confocal image showing that S6-p75NTR-EGFP (green) localizes on the plasma membrane and to a minor extent on 

the nuclear membrane in SHSY5Y cells, stained with DAPI (Blue). Scale bar, 10μm. Adapted from 76. 
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Figure 2.8 shows that S6-p75NTR-EGFP is present on or close the plasma membrane and, with lower 

concentration, very close or on the nuclear envelope. Of course, GFP signal is distributed in 

cytoplasmic organelles such as endoplasmic reticulum and Golgi apparatus as well, since the 

construct is synthesized in these compartments and undergoes active vesicular traffic from or 

towards the membrane. 

Therefore, to compare the localization of S6-wt p75NTR to its unlabeled counterpart, we performed 

immunofluorescence on PC12 to observe the distribution of its endogenous receptor (Figure 2.9). 

Indeed, we previously demonstrated that PC12 cells own a p75NTR content which is higher than SH-

SY5Y (Figure 2.4), and in the latter cell line its quantity is so low that it would not be easy to detect. 

We alternatively transfected also two markers, a farnesylated GFP to label the cell membrane and a 

RFP protein fused to the nuclear lamin to stain the perinuclear area. 

 

 

Figure 2.9. PC12 transfected with farnesyl-GFP or lamin-RFP (red: lower images) and immunostained with anti-p75NTR (green: 

upper images). Below, fluorescence intensity (I) vs distance (d) plot along yellow dashed lines. Scale bar, 10 µm. Adapted 

from 76. 

 

By quantifying the signals coming from the endogenous p75NTR and the cell and nuclear membrane, 

we observed an overlapping of the intensity profiles, showing that p75NTR is localized both on the 

cell membrane and, at lower concentration, on the perinucleus. These results are in agreement with 
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the literature, as p75NTR is reported to accumulate in the nuclear pore complex once cleaved in 

membrane126. 

We also checked the possible effects of the S6tag on mut p75NTR, checking firstly its localization in 

plasma membrane. For this purpose, we transfected S6-mut p75NTR-EGFP construct in SH-SY5Y, and 

observed a localization recapitulating the one of wt p75NTR (Figure 2.10).  

 

 

Figure 2.10. Live confocal image of SH-SY5Y cells transfected with S6-tagged mut p75NTR-EGFP, importantly showing 

localization also in plasma membrane and nuclear envelope. Scale bar, 5μm. Adapted from 76. 

 

In conclusion, the experiments shown in this section demonstrate that our short peptide tags do not 

interfere with the physiological distribution profile of p75NTR protein, thus making the receptor exert 

its functions. 

 

2.3  Post-translational palmitoylation of p75NTR 

 

As stated at the beginning of this chapter, the attachment of a palmitic acid chain to a cysteine 

residue of p75NTR is a peculiar feature of p75NTR. This palmitoylation (which is a reversible post-

translational modification) happens on Cys279 in the DD of the intracellular domain, after the 

translation of the protein; it provides a lipid hydrophobic anchor to the plasma membrane, which is 

essential for p75NTR to trigger the apoptotic signaling cascade50,127. Besides, palmitoylation facilitates 

translocation of receptors to membrane raft microdomains128. We wondered whether S6-wt p75NTR 

maintained the palmitoylated cysteine. Thus we exploited a technique called Acyl-Biotinyl Exchange 

Assay129 with modifications (See Matherial and Methods). This method allows the isolation of the 
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entire palmitoylome from a cell culture and the subsequent detection of a single protein (Figure 

2.11). This is achieved thanks to a 1:1 substitution of every palmitic acid chain with biotin. 

 

 

Figure 2.11. Schematic of the proteomic acyl-biotinyl exchange methodology. In a protein extract, the addition of N-

Ethylmaleimide (NEM) irreversibly blocks the free sulfhydryl groups. Then, the Hydroxylamine (NH2OH) cuts the thioester 

bonds of the palmitic acid. The cleavage of the palmitic acid leaves a free thiol group which can be conjugated to N-[6-

(Biotinamido)hexyl]-3’-(2’-pyridyldithio)-propionamide (HPDP-biotin) to generate a strong sulfhydryl bridge. Finally, all the 

biotinylated proteins can be pulled down by means of streptavidin coated beads (such as agarose-made beads in the picture) 

and eluted with agents that reduce the disulphide bridge, e.g. β-mercaptoethanol (β-ME). Adapted from 129. 

 

To test the palmitoylation of our S6-wt p75NTR construct, we infected SH-SY5Y cells with the proper 

lentiviral vector and induced with the relatively high dose of 1µg/ml doxycycline in order to have a 

high enough amount of sample, because the protocol requires numerous steps in which proteins 

may be partly lost. To pull down and separate p75NTR from the entire palmitoylome, we employed 

magnetic beads conjugated with streptavidin, eluted the sample and then performed a western blot 

to detect the receptor (Figure 2.12). 
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Figure 2.12. S6-wt p75NTR is palmitoylated. Top, scheme of the hydroxylammine (HA)-catalyzed palmitoyl-biotin exchange. 

Below, the result of an anti-p75NTR blot showing the streptavidin pull down (Pd) and the corresponding non-

palmitoylated/biotinylated supernatant (Spn); control reaction without HA is also shown; WCE: whole cell extract. Adapted 

from 76. 

 

An important control included in the analysis is the processing of an equal portion of the initial 

protein extract through a parallel ABE protocol that omits the HA thioester-cleavage step. In the 

absence of HA, palmitoyl modifications should not be removed and palmitoylated proteins should 

not be biotinylated or purified. However, owing either to inappropriate biotinylation or non-specific 

pull-down, some proteins do end up purified into the minus-hydroxylamine (-HA) control sample, 

leading to some false-positive. Therefore the result of the blot should be interpreted as the 

difference between the plus-hydroxylamine (+HA) and the -HA. As an additional control, we also 

kept the supernatant after the Streptavidinated beads precipitation step to detect the amount of 

non-palmitoylated/biotinylated proteins. This assay told us that S6-wt p75NTR is correctly 

palmitoylated. We compared the palmitoylation of the recombinant p75NTR with that of the 

endogenous receptor, performing the same experiment on untransfected PC12 cells (Figure 2.13). 
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Figure 2.13. The Acyl-Biotinyl Exchange assay performed on PC12 cells shows palmitoylation of endogenous p75NTR. The 

whole cell extract (WCE) is processed and pulled down with streptavidin magnetic beads (Pd+HA), while its supernatant is in 

the Spn+HA lane . Removing hydroxylammine  from the protocol impairs palmitic acid-biotin exchange: as a consequence, 

p75NTR is not pulled down with streptavidin beads (Pd-HA), and is contained in the supernatant (Spn-HA). The panel shows 

the resulting anti-p75NTR Western blot. Adapted from 76. 

 

We then concluded that the presence of the short peptidic S6 tag did not impair the structure or 

folding of p75NTR, at least not to the point of altering post-translational modifications in the cell. 

 

2.4  Neuron asymmetric localization of tagged p75NTR 

 

After testing the effective capability of tagged p75NTR to behave as the wild type receptor in 

immortalized cells, we focused on p75NTR roles in developing neurons. Newborn neurons undergo a 

polarization process of their extensions that specifies which one will be the axon and, as a 

consequence, which ones will be dendrites; this step is critical for patterning neuronal circuits in 

vivo. It was reported that p75NTR assumes a polarized localization in differentiating hippocampal 
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neurons in response to NTs, thus helping in specifying the axon130. Therefore, we wanted to test 

whether the distribution of S6-wt p75NTR was asymmetric as well. We used dissected and cultured 

Day In Vitro 1 (DIV1) hippocampal neurons from P0 mice (i.e. at very early stages of development). 

We infected them with S6-wt p75NTR and induced expression at 0.05 µg/ml doxycycline; we then 

biotinylated receptors in membrane, labeled them with S-Qdot655 and recorded movies to gain 

information about the area explored by p75NTR in the plasma membrane of  the neuronal cells at 

DIV3 (Figure 2.14). 

 

 

Figure 2.14. Representative images showing the DIC micrograph of a DIV3 hippocampal neuron (gray scale, top left), the 

maximum intensity projection of a TIRF movie of S-Qdot655 labelled S6-wt p75NTR (white, top center panel), and the areas 

explored by S6-p75NTR (blue) superimposed on a cell mask (gray) drawn along the borders of neurons (other images in panels). 

Scale bar, 5 μm. The graph shows the relative enrichment in the explored area in somas and neurites. ***P<0.001, paired 

Student’s t-test, two-tailed. Bars are mean±sem. Dotted red line is the result expected for a non-polarized localization. 

Adapted from 76. 

 

Even though p75NTR is partly located in the soma (as previously seen and shown for PC12 cells and 

their receptor perinuclear residence), it is presumably transported towards the arising extremities 
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where it needs to play his role in the neuron morphology. In agreement with literature, we 

demonstrated that membrane S6-wt p75NTR preferentially localizes in neurites (both initial segments 

and growth cones) of developing hippocampal neurons. Thus, the S6 tag does not interfere with this 

localization and does not impair the role of p75NTR in specifying the axon. Besides, we preliminarily 

observed a localization on a particular neuron structure, the growth cone, which will be the subject 

of the next section. 

 

2.5  Tagged p75NTR is responsible for growth cone collapse 

 

The growth cone of the neurites of a developing neuron is a macrostructure of these specialized 

cells, which is able to respond to negative or positive exogenous stimuli in a very dynamic way. It 

owns the ability of modulating its shape and dimensions with (de)polymerization of F-actin filaments 

and microtubules and exo/endocytosis of plasma membrane constituents. It is known that p75NTR is 

involved in growth cone collapse upon administration of proNGF131. Thus, we wondered if the 

presence of S6 tag in the p75NTR sequence might have somehow altered a finely regulated 

mechanism such as growth cone retraction. Therefore, we cotransfected DIV1-stage mouse 

hippocampal neurons with S6-wt p75NTR-EGFP and pTagRFP-actin, which can provide information 

about the architectural structure of F-actin in the growth cone. At DIV3 we imaged cells with a 

confocal microscope, administering proNGF or not (Figure 2.15). 
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Figure 2.15. Confocal images of growth cones of DIV3 hippocampal neurons transfected with TagRFP-actin only (top row), or 

with S6-wt p75NTR-EGFP (green) and TagRFP-actin (red) (bottom row), untreated or after 30 min incubation with 20ng/ml 

proNGF. Scale bar 5 μm. Quantification of the growth cone area (right graph) reveals cone collapse in p75NTR expressing 

neurons. Bars are mean±sem, n.s. not significant, ***P<0.001 one-way ANOVA, Bonferroni multiple comparisons. Adapted 

from 76. 

 

By quantifying the area of the growth cone (using the RFP-actin signal), we observed that our tagged 

p75NTR was able to induce the collapse of the growth cone. Administering proNGF to neurons not 

transfected with p75NTR did not significantly alter the area of the growth cones. This may be due to 

the fact that a large amount of p75NTR (which we achieved by transfection) is needed to activate the 

collapse. 

 

2.6  S6-p75NTR induces apoptosis 

 

Finally, we focused on the proapoptotic pathway of p75NTR mediated by stimulation with proNTs. 

We assessed whether the tag impaired the death signal cascade, one of the most important roles of 

this receptor. The presence of p75NTR is fundamental for activating this signaling, indeed in knock-

out mice (or mice with p75NTR lacking the intracellular DD), proNTs do not trigger apoptosis48. We 

therefore employed both wild-type and knock-out neurons, to test whether our construct was able 

to restore the capability of the cell to undergo apoptosis upon proBDNF stimulation. We infected 

p75NTR knock-out neurons with S6-wt p75NTR and induced at medium-high dose of doxycycline (0.05 
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µg/ml). Then we fixed cells and immunostained with anti-MAP-2 (to mark the neuronal cells) and 

with anti-cleaved-caspase-3, being cleaved caspase-3 one of the key intermediaries in proapoptotic 

signaling (Figure 2.16). 

 

 

Figure 2.16. Representative images of cleaved caspase-3 (red)/MAP2 (green) immunofluorescence to quantify proBDNF 

induced apoptosis in cortical neurons from wt and P75 knock-out (KO) mice (DAPI in blue). Scale bar 20 μm. The percentage 

of cleaved caspase 3 positive neurons is reported as mean±sem in the bottom graph. ***P<0.001, unpaired Student’s t-test, 

two tailed. ###P<0.001, one-way ANOVA, Tukey’s multiple comparisons; ns: not significant at the 0.05 level. nt: not 

transduced; p75: S6-wt p75NTR transduced. Adapted from 76. 
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We demonstrated here that the short tag peptide does not interfere with physiological functions of 

p75NTR, as administration of proBDNF recapitulates the behavior of the endogenous protein. We also 

showed that KO neurons, when transduced with S6-wt p75NTR, rescued their ability to be stimulated 

by proBDNF for apoptosis triggering. Despite this, the recombinant protein did not restore the effect 

up to the level of the endogenous receptor (see the lower percentage of cleaved caspase-3 neurons 

in the “p75” black column, with respect to the corresponding one in the wt case, in Figure 2.16). We 

interpreted this difference as caused by the presence of untransduced neurons in the experiment. 

 

2.7  Concluding remarks 

 

This chapter reports all the work I did to implement and validate all the tools needed in the strategy 

we chose for studying p75NTR. We developed a system that allows analyzing single particles in a live-

cell context to study their behavior. We coupled the controlled expression given by inducible 

lentiviruses with a short peptide tag technology, which owns the advantage of 1:1 labelling (i.e. one 

fluorophore for one receptor) and the strong versatility to conjugate virtually any fluorophore. This 

technique was previously applied to analyze the biophysical properties of TrkA87,110. Here we 

decided to apply similar methods to investigate p75NTR, whose stoichiometry is still debated 

extensively. Prior to perform biophysical experiments, we verified that the tag did not interfere with 

the physiological functions of the receptor. Indeed, a non-appropriate tag might result in incorrect 

folding of the protein, prevention of assembly in complexes or altered signaling. Our choice was 

guided by the fact that S6 is a very short peptide sequence, and we checked that it had no impact 

on p75NTR localization (both in tumor cells and in neurons), post-translational modifications or 

proNTs-stimulated pathways. Moreover, S6 higher labelling efficiency (with respect to its analogous 

A1) makes it the best candidate for single molecule imaging and tracking. Notably, this labelling 

system allows to selectively probe the membrane pool of the protein (as it requires an extracellular 

enzymatic reaction), which is a great advantage when observing one molecule at a time. The use of 

a lentiviral system permits to overcome a transient expression of the transgene (which lasts few 

days) and to reach a more stable condition, where the cells can express the protein of interest for a 

longer period. The presence of a TET ON promoter is strongly convenient for a single molecule 

approach and matched perfectly with S6 technology, because we were able to regulate the quantity 

of p75NTR in the plasma membrane and choose the cells that best fit the aim of every single 
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experiment. We could then move to the second step of this work, i.e. the single molecule imaging 

and tracking of p75NTR. 

 

Cloning of p75NTR constructs (referring to Figs. 2.2 and 2.3), experiments and data analysis for Figs. 

2.4 to 2.13 were performed by Bonsignore F. Experiments for Figs. 2.14, 2.15 and 2.16 were 

performed by Bonsignore F., Gobbo F. and Marchetti L. and related data analysis was performed by 

Gobbo F. 
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Chapter 3 

p75NTR membrane dynamics and stoichiometry 

 

In this chapter, I shall discuss how we explored dynamics and di-/oligomerization of p75NTR in the 

plasma membrane with or without ligand stimulation, in order to investigate whether its 

stoichiometry and diffusion undergo any change. As discussed in §1.2.3.3, the literature about 

p75NTR stoichiometry is very conflicting and numerous groups published works about possible 

complex formation in presence or absence of ligands by means of various techniques. A possible 

problem in these approaches is that they are an indirect evaluation for a molecule stoichiometry or 

they envisage the use of only a portion of the protein (i.e. the ECD of p75NTR complexed with NTs), 

in a context which is not physiological. Importantly, band shift immunoblots are not a quantitative 

assay to estimate the stoichiometry per se; moreover, their results depend on several experimental 

factors. Table 1 reports a comparison of different results obtained in the main papers investigating 

p75NTR stoichiometry by means of immunoblot, with technical details. 

 

 

Ref 
p75NTR 
specie 
(r,m,h) 

Cell type 
Cell Lysis 

Conditions 

Type 
of 

SDS-
PAGE 
Gel 

Detection 

MW of the 
shifted 

band and 
relative 

abundanc
e 

Recombin
ant P75NTR 

levels 

45 

Endogenous
-r 
 
 
 

Construct-r 
 

PC12 
SCG 

RN22 
Hippoca

mpus 
Cortex 

Cerebell
um 
HEK 

COS7 

+ 
oGlucosyd

e 
+ 

iodoaceta
mide 

n.d. 

WB anti-
p75NTR 

(MC192 
antibody) 

Clear 
dimer with 

variable 
abundanc
e, mostly 
dimers in 

neurons or 
at high 

expression
. 

Overexpre
ssion 

68 Construct-r COS7 
+ 

oGlucosyd
e 

n.d. 
WB anti-

p75NTR 
Dimer:Mo
nomer 1:1 

Overexpre
ssion 
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+ 
iodoaceta

mide 

(MC192 
antibody) 

69 

Construct-m 
Construct-h 
Endogenous

-m 
Endogenous

-r 

HEK 
 

Cortex 
DRG 
PC12 

+ oGluco-
pyranoside 

+ 
iodoaceta

mide 

Big 
(17x1
7 cm) 

WB anti-
p75NTR 

(Covance 
#PRB-602C 

or R&D 
Systems 
#AF367) 

Mainly 
trimer up 

to 1:1 with 
monomer 

Overexpre
ssion 

81 Construct-r HEK 

Normal, 
with or 
without 

crosslinkin
g 

gradi
ent 

WB anti-
p75NTR 

(Millipore 
07-476) + 
anti-His 

tag 

Faint 
Dimer 
band 

Overexpre
ssion 

70 

Endogenous
-r 
 

Construct-h 

Cortex 
 
 

NIH3T3-
p75NTR 

Normal 
after 

DTSSP 
crosslinkin

g 

n.d. 

WB anti-
p75NTR 
(Anti-

human 
and anti-

rat 
antibodies 

from 
Roche 

Molecular 
Biochemic

als) 

Faint 
trimer 

band in 
cortex, 

trimer:mo
nomer 1:1 
in NIH3T3 

 

Stable line 
expression 

71 Construct-h 
SKNBE(2) 

COS7 
 

+ NEM n.d. 

WB anti-
p75NTR 

antibodies 
(monoclon
al ME20.4, 

ATCC or 
polyclonal 
Promega) 

trimer:mo
nomer 1:1 
with the 

monoclon
al 

antibody; 
faint 

trimer 
band with 

the 
polyclonal 
antibody 

Stable line 
expression 

(SK-N-
BE(2)) 

Overexpre
ssion 

(COS7) 

46 Construct-h HELA 

+ 
iodoaceta

mide 
after 
BS3 

crosslinkin
g 

n.d. 

WB anti-
p75NTR 

antibody 
(polyclonal 
Promega) 

Dimer 
band less 

represente
d than 

monomer 
 

Overexpre
ssion 
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Table 1. List of technical details of main works reporting p75NTR oligomerization detected as shifted protein band by western 

blot analysis. We report for each work: Reference, specie of p75NTR sequence analyzed (r: rat sequence; m: mouse sequence; 

h: human sequence), cell model, lysis conditions (where not specified, traditional lysis conditions are used), type of gel used 

in the SDS-PAGE (n.d. = not described), antibody used for the bands detection, abundance and molecular weight (MW) of the 

shifted p75NTR band and the expression level obtained for recombinant p75NTR. Adapted from 76. 

 

p75NTR is a member of the TNFRs family, and these receptors usually assembly in trimeric complexes 

in plasma membrane. Nevertheless, p75NTR binds NTs, which are present as dimers. This dualism led 

to a series of discrepancies (discussed thoroughly in §1.2.3.3), which, in turn, generated a long 

lasting debate that seems to have no firm and persuasive resolution so far. This prompted us to 

dissect the behavior of p75NTR and to observe its stoichiometry in the most unequivocal way; 

therefore, we needed a methodology that allowed us to analyze these properties in a different way 

from previous reports. 

Here we discuss a single molecule approach for studying p75NTR in live cells by following the 

movement of single receptors in plasma membrane. This strategy is based on a TET ON lentiviral 

system and on TIRF microscopy. SPT has the great advantage of reaching higher resolutions than 

traditional light microscopy and allows discerning eventually different diffusive subpopulations. Any 

change in p75NTR diffusion or in fluorescence intensity can provide useful information about the 

generation of potential complexes that eventually may lead to signaling cascades. Further, we 

employed the same strategy to directly count single molecules of the full-length receptor, unveiling 

more precise details about its stoichiometry. We used S6-mut p75NTR and S6-dim p75NTR in our 

analysis as monomeric and dimeric controls, respectively. 

 

3.1  p75NTR diffuses fast as a monomer 

 

We began our biophysics studies in SH-SY5Y cell line, where we previously demonstrated that the 

tag does not interfere with the wild-type protein behavior. Having the possibility to perform SM 

experiments with virtually any kind of probe, we compared the diffusion of S6-wt p75NTR after the 

attachment of different probes, and we unexpectedly discovered that the choice of the fluorophore 

had a remarkable impact on p75NTR diffusion coefficient, differently from what observed for TrkA 

previously. We transduced SH-SY5Y cells with S6-tagged wt p75NTR viral particles, induced expression 

with 0.001-0.05 μg/ml doxycycline (a doses range that allows seeing separated single particles), 
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labelled receptors on membrane with either an organic dye or with streptavidinated quantum dots 

bound to biotinylated receptors, and recorded movies with TIRF microscopy (Figure 3.1). 

 

 

Figure 3.1. Distributions of diffusion values obtained after analysis of 10-20 cells expressing labelled p75NTR. Surface receptor 

molecules were either labeled with 2nM Qdot655 or 25nM Abberior635P and time series were acquired with 228nm pixel 

size and 21 msec integration and frame time. Qdot labeling after receptor biotinylation (black trace) determines a distribution 

of D shifted towards lower values with the appearance of a more evident low-D second peak with respect to the case of CoA-

Abberior labelling (red trace). Distribution peaks (i.e. the values of D of p75NTR) are indicated with arrowheads, with values in 

µm2/sec. Adapted from 76. 

 

The analysis of the trajectories in the two cases revealed that wt p75NTR diffusion is influenced by 

the fluorophore size. This may be due to the fact that p75NTR is a relatively small protein with a 

flexible juxtamembrane region in the ECD 44,68,132, and the presence of biotin-Streptavidin-Qdot 

complex (which is certainly bigger than a small organic fluorophore) can somehow cause steric 

hindrance or “weighing down” of the receptor (e.g., by interacting with the plasma membrane). On 

the other hand, Qdots were extensively used to study a plethora of membrane receptors such as 

GlyR133, FcεRI134, 5-HT receptor135, D1R136, TrkA receptor87, etc. In the last case, the use of larger 

Qdots or smaller organic dyes did not have a significant effect on its D coefficient (probably due to 

its higher molecular weight or lower flexibility). This encouraged us to the use an organic dye, and 

we chose one of the Abberior dyes series for its better photophysical properties in terms of 

photobleaching. 
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Therefore, we infected SH-SY5Y with p75NTR constructs and induced with 0.001 µg/ml doxycycline, 

which was enough to reach a good number of labelled SMs to analyze. We employed both S6-wt 

p75NTR and S6-mut p75NTR to gather data not only on the diffusion, but also about any difference in 

fluorescence intensity that could suggest us the stoichiometric state of the receptor. By processing 

TIRF movies, we detected every spot and tracked it over space and time (Figure 3.2). 

 

 

Figure 3.2. TIRF image showing a SH-SY5Y cell transduced with S6-wt p75NTR and labelled with Abberior635P (fluorescence in 

gray scale); superimposed trajectories are represented in blue only for those particles within the borders of the cell. Scale 

bar, 5μm. Adapted from 76. 

 

The collected trajectories were analyzed to extract the parameters of our interest. It has been shown 

that p75NTR internalization and recycling to membrane takes place in tens of minutes, when 

stimulated by NGF137. Thus, we wanted to investigate whether different ligands might trigger 

oligomerization, clustering or changes in p75NTR diffusion. Moreover, we inspected possible 

significant changes in the receptor membrane pool at different time stages. For this, we transduced 

SH-SY5Y cells with both S6-wt p75NTR and S6-mut p75NTR to monitor the behavior of p75NTR with 

respect to its monomeric counterpart. By analyzing TIRF movies we extrapolated information about 

D coefficient and average fluorescence intensity I of the spots in a track (Figure 3.3). 
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Figure 3.3. Graphs showing results of analysis of thousands of trajectories recorded and extracted from 500-frame time series 

in SH-SY5Y cells. Distributions of I (upper panel) and D (lower panel) show the results of different conditions of stimulations, 

in a time course from 0 up to 240 min. Red (S6-wt p75NTR) and black (S6-mut p75NTR) vertical lines in the top panel show the 

value of the peak of the distribution. 
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We expected some differences at least in those cases where p75NTR is supposed to dimerize or 

internalize (e.g. upon NGF administration, as TrkA does). Surprisingly the behavior of both proteins 

in all cases were the same. The differences between the peak values of the I distributions (black and 

red vertical lines in Figure 3.3), when existing, are very small and are not compatible with a 

dimerization of the receptor, which would produce a doubling of the intensity87. At first glance, the 

unaltered p75NTR dynamic profiles would suggest that the diffusivity of the receptor does not change 

upon physiological NTs or proNTs stimuli; however, in chapter 4 I will show that a more detailed 

analysis of the dynamics highlights an effect due to NGF. 

Subsequent experiments were carried out in another model system, the SK-N-BE(2) neuroblastoma 

cell line, which lacks endogenous p75NTR 138; additionally, we raised the doxycycline concentration, 

in order to increase the number of spotted surface proteins. Indeed, we aimed at eliminating the 

unwanted interactions with endogenous p75NTR, although still working with a neuronal phenotype. 

To this aim, we calibrated again the TET ON system to adjust the doses of the inductor doxycycline 

for single molecule experiments (Figure 3.4). 

 

 

Figure 3.4. TIRF images of Abberior635P labelled S6-wt p75NTR receptors in transduced SK-N-BE(2) cells show the dependence 

of the number of receptors per area (blue scale) on doxycycline concentration (black values below). Scale bar 5 μm. Adapted 

from 76. 

 

These results provided information about the versatility of our lentiviral system, which is able to 

finely regulate the expression of p75NTR also in the membrane of SK-N-BE(2) cells. Then we infected 

SK-N-BE(2) cultures with lentiviral vectors for both wt p75NTR and mut p75NTR to verify that the two 

proteins were expressed in live cells at a comparable level (Figure 3.5). 
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Figure 3.5. TIRF images of infected SK-N-BE(2) cell induced with 0.05μg/ml doxycycline and labelled with 5nM Abberior635P. 

Cell profiles are drawn with thick white lines and were used to exclude the aspecific adhered fluorophores outside the cell. 

Scale bar, 5μm. Adapted from 76. 

 

Also in this case, S6-mut p75NTR recapitulates the behavior of S6-wt p75NTR, showing no differences 

in terms of expression levels in plasma membrane. To assess whether the presence of the S6 tag 

somehow compromised the capability of p75NTR to generate complexes we analyzed the gel running 

profile of both constructs. This approach has been widely used to investigate p75NTR oligomerization 

(see §1.2.3.3.). We performed a western blot experiment from infected SK-N-BE(2) cultures induced 

with 1 µg/ml doxycycline, as the induction at SM doses might not have been appropriate for 

detecting bands on a gel (Figure 3.6). 
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Figure 3.6. anti-p75NTR Western Blot on whole cell extracts from infected and 1 µg/ml induced SK-N-BE(2). Lane I: mock 

transduced control; lane II: S6-wt p75NTR transduced; lane III: S6-mut p75NTR transduced. Adapted from 76. 

 

The blot confirms that S6-mut p75NTR has a slightly lower molecular weight than S6-wt p75NTR due 

to the deletion of the juxtamembrane region. Note the complete absence of the higher molecular 

weight band in the mut construct lane, that is instead present in the wt lane, although representing 

a small fraction of the whole receptor population (as seen also in Figure 2.5, upper panel) . This 

confirmed that the mutated protein is a real monomeric control that well suits our purposes. 

Notably, the blot shows the first evident experimental difference between wt p75NTR and its 

monomeric counterpart. However, the blot in Figure 3.6 shows an abundant monomeric species if 

compared to the putative dimeric form. This might be a consequence of the denaturing and reducing 

conditions employed in this experiment, which could result in a denaturation of complexes in 

monomers, or of the lysis buffer that badly separate proteins from plasma membrane. Thus, we 

adopted more appropriate conditions to solubilize and preserve the integrity of membrane receptor 

complexes such as indicated in 45 and 69 and in the related Matherials and methods Section. Briefly, 

we lysed SH-SY5Y cells infected with both S6-wt and S6-mut p75NTR and induced with 1µg/ml 
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doxycycline. Cells were lysed in presence of Iodoacetamide, a compound that inhibits disulfide bond 

formation during cell rupture and protein solubilization, and octyl β-d-glucopyranoside, a chemical 

that helps solubilizing membrane proteins; moreover, we used also loading buffers without 

dithiothreitol (DTT), a reducing agent usually contained in SDS-PAGE loading buffer for breaking 

disulfide bonds. This strategy permitted to preserve the integrity of p75NTR complexes deriving from 

plasma membrane and results are shown in Figure 3.7. 

 

 

Figure 3.7. S6-tagged wt p75NTR and mut p75NTR were infected in SH-SY5Y cells and induced with 1μg/ml doxycycline. Lysis 

buffer was supplemented with Octyl-β-D-glucopyranoside (β-GP) and iodoacetamide (IA). Equal amounts of total cell lysates 

(40μg) were supplemented with a 2X loading buffer with or without dithiothreitol (DTT) and loaded on a 4-20% acrylamide 

gradient gel. The anti-p75NTR Western blot shows the presence of a higher molecular-weight smear, including the bands 

corresponding to putative dimeric (150 kDa) and trimeric (circa 215 kDa) oligomeric species of wt p75NTR, which are absent in 

the mut p75NTR lanes. The blot reported in panel (a) was exposed to saturation to see the higher-molecular weights bands; 

the standard-exposed blot is presented in panel (b). Adapted from 76. 
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From a comparison between Figure 3.6 and Figure 3.7, it is evident that the run of high molecular 

weight bands (putative oligomeric p75NTR species) depends on experimental conditions. In Figure 

3.6 a clear unique band at about 150kDa is visible for wt but not mut p75NTR, which would match the 

molecular weight of a dimer. In Figure 3.7 however, where samples are prepared with a different 

lysis buffer and a different gradient is used in the gel, wt p75NTR runs as a double 50-75kDa band, 

and we observed a smear at higher molecular weights with two bands more visible in a region 

spanning from 150kDa to 250kDa, which would match the molecular weight of dimers or trimers. 

This smear was almost not visible for mut p75NTR. However, in all conditions used in our studies, the 

band of the monomer was the predominant one for both p75NTR constructs, similarly to what 

obtained by other groups using the same anti-p75NTR antibody we employed in our immunoblots81. 

Because the p75NTR gel profile output seems to be extremely variable, due to the technical 

parameters already shown in Table 1, we preferred a direct and quantitative method for estimation 

of stoichiometry in a membrane of a cell, instead of using cell extracts. 

Given the integrity and functionality of the two constructs, we wondered why a significant difference 

between wt and mut p75NTR was not evident in Figure 3.3. Therefore we introduced the third 

construct discussed in §2.1 (Figure 2.3), the S6-dim p75NTR, as a dimeric control. We transduced SK-

N-BE(2) cells with S6-wt p75NTR and S6-mut p75NTR lentiviral constructs, but transfected S6-dim 

p75NTR as we could not reach a substantial expression of this construct using a lentiviral vector. 

Nevertheless, we chose cells that displayed comparable surface p75NTR in all three cases to examine 

the diffusivity (Figure 3.8). 

 

 

Figure 3.8. Distribution of diffusion coefficient D for wt (gray), mut (black) and dim (blue) p75NTR proteins, with related peaks 

values. Only cells displaying a density of membrane receptors in the [0.18-0.36] spots/µm2 range were considered for this 

analysis. Adapted from 76. 
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Again we found that both wt and mut p75NTR display the same diffusive profile, that is a single-

peaked distribution with almost the same peak value. Differently, the S6-dim p75NTR construct 

displayed a different behavior, with a distribution shifted towards lower values of D: indeed, the 

peak and the shape of the distribution suggest the presence of a slower receptor, with peak 

diffusivity matching the expected value for a dimer assuming the peak of mut p75NTR D distribution 

as the monomer value (according to the Stokes–Einstein relation D∝
1

𝑅
, with R the TM domain 

fluidodynamic radius, valid for transmembrane proteins139). Although the three curves have a similar 

shape, S6-dim p75NTR seems to explore also a lower D values region (indicated by a more pronounced 

left tail). The absence of stable dimers for S6-wt p75NTR prompted us to speculate on the possibility 

of transient interactions. This dynamic equilibrium between monomeric and dimeric forms has 

already been established for GPCR receptors140. Moreover, we noticed that the distributions of 

diffusivities for the three constructs are very broad. This means that the three proteins may explore 

various dynamic regimes. Anyway, this ensemble analysis is not sufficient for elucidating the details 

of p75NTR and a more detailed approach is required. Considering the possibility of transient 

interactions amongst p75 monomers, we looked, in the analysis of single trajectories, for transient 

events of merge (M) and split (S) between single molecules travelling in the plasma membrane. An 

example of them is depicted in (Figure 3.9). 

 

 

Figure 3.9. Single frame from a typical TIRF movie of p75NTR in neuroblastoma with a transient dimer trajectory superimposed, 

zoomed at the bottom. Two particles p1 (yellow) and p2 (red) interact in the merge point (M) and colocalize for a certain 

time and space (orange segment). This transient dimerization (Td) ceases in the split point (S) where the dimer separates in 

two new particles p1’ (magenta) and p2’ (green). Scale bar, 2 μm. Adapted from 76. 
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By analyzing the SM trajectories from wt, mut and dim p75NTR transduced and expressed in SK-N-

BE(2) cells we quantified the events of merge and split in 500 frames, normalized by the area of the 

cells (Figure 3.10). 

 

 

Figure 3.10. Number of detected merge and split (M&S) events per cell in a movie of 500 frames, normalized per membrane 

area, for wt (gray), mut (black) and dim (blue) p75NTR. Only cells displaying a density of membrane receptors in the [0.18-0.36] 

spots/µm2 range were considered for this analysis. Boxes: SE; line: median; whisker: SD. ***P<0.001 Kruskal-Wallis test. 

Adapted from 76. 

 

While wt p75NTR and mut p75NTR did not differ significantly, dim p75NTR undergoes a consistent lower 

number of M&S events. Note that in the M&P略䌰㸭㌵䄾ⴴ㰰ㄱ〱㕄〴㌾ⴱ㈼〹〾㌷㘾ⴶ㰰〲㸭㔳㸭㡃䄾ⴴ㰰ㄱ䔾㐼〰〳〱㕄〱㠵䄾ⴰ〱㙆〱䈵䄾ⴴ㰰㜵䄾ⴴ㰰ㄱ〱〲〱㥁㸭㐼〰㈾ⴵ㌾ⴶ䘰ㄹ〾㜴㔾ⴴ㰰ㄷ䐾ⴶ㰰〰㌰ㄹ䄾ⴴ㰰ㄵ䄾ⴴ㰰ㄱ䔾㐼㌵䕁〱㕁㸭㘼〸㤼〷㕁㸸㤼〴㕁㸭㘼〸䌼〱㝄㸭㐼〱㄰ㄵ䐰㐳㸭ㄲ㰰ㄱ䔀刀

. 



 68 

 

Figure 3.11. Distribution of the cell-average duration of transient dimer (Td) trajectories for wt (gray), mut (black) and dim 

(blue) p75NTR constructs infected in SK-N-BE(2) cells and induced with 0.05 µg/ml doxycycline. Data are from cells with [0.18-

0.36] spots/µm2. Adapted from 76. 

 

Consistently with the quantification of M&S events, the distributions of mean Td lifetimes indicate 

that S6-dim p75NTR dimerization events last for a longer time with respect to S6-wt p75NTR and S6-

mut p75NTR, on average. A population of longer interactions peaked at 0.8 s may reflect the shift and 

lower tail in the D distribution of S6-dim p75NTR in Figure 3.8. Moreover, the Td peaks of S6-p75NTR 

and S6-mut p75NTR are in agreement with values ranges reported in the literature for apparent 

associations of monomers114. All these experiments confirm that, with respect to dim p75NTR, wt 

p75NTR has a tendency to interact (dimerize) in a more transient fashion, if at all, similarly to mut 

p75NTR; this suggested us that its behavior recalls that of a monomer and not of a dimer. 

In order to demonstrate this definitively, we wanted to estimate the stoichiometry by analyzing the 

fluorescence intensity. We measured the average intensity Iav of the three constructs in SK-N-BE(2) 

cells, in unstimulated conditions, to seek any difference about their oligomeric state in a model 

system where the endogenous p75NTR is missing (Figure 3.12). 
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Figure 3.12. The Iav distributions of wt, mut and dim p75NTR show no substantial differences among the three constructs, 

although a slightly higher high-Iav tail could be noticed for dim p75NTR. The intensity peak is almost equal in the three 

histograms. Adapted from 76. 

 

Surprisingly, we did not find any notable difference in terms of fluorescence intensity (in other 

words, in terms of stoichiometry), which is in contrast with the different D coefficients observed in 

Figure 3.8. Indeed, we expected a second 2-fold shifted peak for at least the S6-dim p75NTR construct. 

It must be noted, however, that Iav is the average intensity of entire tracks; even if we separated the 

trajectories before and after a merge or split event for calculating the distributions shown in this 

thesis, it is probable that one of the fluorophore in an “oligomer” bleaches during the trajectory or 

has previously bleached. This could cause Iav lower than the ones given by the real stoichiometry of 

the detected moving complexes. Moreover, we have seen that transient dimer lifetimes are short, 

in any case, and the distribution shown in Figure 3.12 weight the contribution of the various 

trajectories with the number of frames where a spot is present; therefore, it is possible that Td is 

responsible only for the higher tail around 0.3 a.u. for dim p75NTR. Finally, p75NTR is a quite fast 

receptor (indeed its diffusion coefficient is higher than other receptors investigated in our lab, such 

as TrkA); this will increase the uncertainty in the detected intensities, both for the blurring of the 

spots caused by movement during a frame, and because the receptor could explore zones with 

different fluorescent background (or close to other spots).  

Therefore, in order to overcome this lack of information and investigate the stoichiometric state of 

p75NTR, we chose a different approach, discussed in the next section. 
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3.2  Step-photobleaching analysis 

 

As the averaging of the fluorescence intensity in live cell did not provide clear and useful information 

about p75NTR stoichiometry, we decided to stop its movement to examine in details its oligomeric 

state. We considered therefore the step photobleaching technique in fixed cells, which was already 

employed for evaluation of Tranforming Growth Factor-β type II receptor (TβRII141) and MET 

receptor142 and more recently TrkB75. This approach allows determining the percentages of 

monomer, dimers or oligomers of a molecule with a good accuracy. For this purpose, we expressed 

S6-wt p75NTR, S6-mut p75NTR and S6-dim p75NTR in SK-N-BE(2) cells and induced the first two samples 

with 0.02 µg/ml doxycycline to reach a surface expression of p75NTR such that single spots can be 

distinguished (Figure 3.13). 

 

 

Figure 3.13. A typical TIRF image showing fluorolabelled receptor spots on the surface of the plasma membrane in a fixed SK-

N-BE(2) cell: yellow squares represent analyzed spots; scale bar 1 μm. Adapted from 76. 

 

We increased 2-fold the doxycycline dose with respect to SM live experiment, because treatments 

with fixative solution are very strong and may, although minimally, affect the number of detectable 

fluorophores. We acquired long time series on fixed samples to permit most of the fluorophores (i.e. 

at least 80% of the total) to photobleach. From movies, we analyzed two parameters for each spot 

detected: the mean intensity before the first photobleaching step (IPRE) and the number of bleaching 
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steps. Indeed, these are a direct estimation of the number of molecules composing a detected spot 

(Figure 3.14). 

 

 

Figure 3.14. Examples of the intensity profile trace of a monomer (top), dimer (mid) and trimer (bottom) showing the 

parameters considered in the analysis. IPRE (green line): particle average intensity calculated before the first bleaching step; 

red arrows: counted single photobleaching steps; gray line: background intensity. Adapted from 76. 

 

We analyzed the three constructs without stimulations, to understand their oligomeric state in their 

native form in cell membrane. The results of the IPRE analysis is shown in Figure 3.15, while the results 

of the number of bleaching steps is shown in Figure 3.16. 
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Figure 3.15. IPRE distributions (gray-column histograms) obtained for the three p75NTR constructs with multigaussian fits 

superimposed (thick blue curve; thin red curves are the single fitted gaussians corresponding to theoretical monomer, dimer, 

trimer or tetramer distributions). Red percentages represent the composition of each red curve above the total (i.e. the 

composition of each stoichiometric state) and are indicated as percentual area±uncertainty of the single Gaussian 

components, as obtained from the fit; adjusted r2 of the fit is shown above the curves. Adapted from 76. 

 

 

 

Figure 3.16. Frequency of the number of photobleaching steps per trace for wt, mut and dim p75NTR. Adapted from 76. 

 

As expected, we found that S6-wt p75NTR and S6-mut p75NTR displayed an almost identical trend: the 

vast majority of wt and mut p75NTR spots corresponds to monomeric species, i.e. they display one 

photobleaching step (about 77% for both species, Figure 3.16). Conversely, the majority of dim 

p75NTR spots showed a two-step photobleaching profile (55%), and monomers were reduced to 35%. 



 73 

Only dim p75NTR displayed a sizeable amount of spots with three and four photobleaching steps. IPRE 

distributions obtained for the three p75NTR variants confirm the bleaching-step analysis (Figure 

3.15). Although a certain number of dimers for wt and mut p75NTR might be only apparent (for 

instance due to two particles localizing in the same spot by chance or for the constraints caused by 

certain membrane regions), this is identical for both constructs, confirming their similar behavior. 

Moreover, we applied the same technique to the study of TrkA, which is known to dimerize and 

cluster upon NGF stimulation. We adopted this further control to compare p75NTR results with those 

obtained from the analysis of a physiological dimerization. For this experiment, we transduced SK-

N-BE(2) cells with S6-wt TrkA lentiviral vector and induced with 1 µg/ml doxycycline. We needed 

higher doses of induction as TrkA is less expressed on the surface of the cell with respect to p75NTR 

and in experiments with fixed cells this concentration did not result in overexpression, which might 

have led to artifacts. We administered NGF to induce the association of TrkA particles and analyzed 

cells in the same particle density range seen for p75NTR (Figure 3.17). 

 

Figure 3.17. More than 40% of the bleached spots shows two (or more) steps (top panel), and two main distinct peaks are 

clearly visible in the IPRE distribution, corresponding to the monomeric and dimeric species (bottom panel). Adapted from 76. 

 

The first main difference with the p75NTR cases is that the distribution of S6-wt TrkA IPRE is wider. In 

particular, we noted the non-negligible presence of species with pre-bleach intensity higher than 
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7500 a.u., which can be identified in the S6-wt TrkA IPRE histogram and most likely correspond to 

oligomeric forms of activated receptors, whose intensity profile does not completely bleach in the 

observation time. Although a significant portion of S6-wt TrkA bleaches in a single-step fashion, the 

increased number of detected dimers, trimers and clusters confirms the data obtained for S6-dim 

p75NTR. Notably, the data obtained here for TrkA receptor perfectly match the results previously 

obtained in our lab87, where the administration of NGF induces the appearance of multiple receptor 

species, corresponding to dimer or clusters, in a live cell context (Figure 3.17). 

 

3.3  Concluding remarks 

 

In this chapter, I discussed the results about dynamics and native state of p75NTR in the cell 

membrane. This was achieved thanks to the lentiviral system we introduced in the previous section, 

which was a necessary tool to perform investigations at the single molecule level. Indeed, this kind 

of details would not have been retrieved in a bulk imaging or with an overexpressing model. This is 

confirmed also by the fact that we were not able to truly understand the stoichiometric state of the 

receptor in our first attempt to study fluorescence intensity of p75NTR, because we averaged over 

entire trajectories. This difficulty was solved introducing a single-step photobleaching approach. We 

demonstrated here that p75NTR is a very fast receptor and that it mainly acts as a monomer. We did 

not exclude interactions between single p75NTR monomers, but, if present, these must be very 

transient and do not generate stable dimers via the transmembrane Cys256, as its mutated 

counterpart, lacking this residue, behaves in an almost identical way. This is in line with their similar 

diffusion coefficient, M&S quantities and step-photobleach profiles. As discussed in §1.2.3.3, the 

data previously obtained regarding p75NTR oligomers are mainly derived from indirect methods. 

Differently, we have employed a single molecule approach to the study of p75NTR stoichiometry in 

live cell models, to retrieve details of how the receptor behaves in real time. Globally, our data 

challenge the most-accepted model of a pre-formed p75NTR complex living on the cell surface. We 

achieved our goal by dissecting the motion and the oligomeric state of single p75NTR molecules, 

proving the existence of the receptor mainly as a monomer. We do not exclude the presence of 

transient dimers or oligomers: while diffusing quickly, the receptors could undergo transient 

interactions and not enter in stable complexes. Indeed, we never observed substantial modifications 

of its movement or fluorescence intensity (in the same model system), as was instead observed for 

other receptors such as TrkA, which undergoes clustering and immobilization upon NGF stimulation. 
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Experiments and data analysis that led to Figs 3.1 to 3.7 were performed by Bonsignore F.. 

Experiments for Figs 3.8 to 3.12 were performed by Bonsignore F. and Marchetti L.: related data 

analysis was carried out by Bonsignore F. and Marchetti L. (Figs. 3.8, 3.9, 3.12) or Marchetti L. and 

Luin S. (Figs. 3.10 and 3.11). Experiments for Figs 3.13  to 3.17 were performed by Bonsignore F. and 

data analysis was carried out by Bonsignore F., Marchetti L., Gobbo F. and Amodeo R. 
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Chapter 4 

Cholesterol affects diffusivity of p75NTR 

 

This chapter focuses on activation of p75NTR by NT ligands and how this can be modulated by the 

membrane cholesterol content of the cell.  A recent model of response to ligands is the snail-tong 

model (§1.2.3.3) where Cys256 plays a crucial role. Moreover, the lack of this cysteine residue is 

reported to prevent p75NTR to initiate apoptotic signaling48. We demonstrated in our work that 

p75NTR is mostly a monomer in plasma membrane and that its diffusive properties are comparable 

to its mutant version lacking Cys256. Our results then do not support the snail-tong model or other 

activation mechanisms based on oligomerization of the receptor. Therefore we aimed at identifying 

a molecular-basis, alternative to the lack of oligomerization, as the source of the impaired signaling 

of Cys256-lacking p75NTR following NT stimulation. We showed in Figure 3.3 that NTs had little 

impact on the global distributions of the D coefficient of both constructs, but I will show that a more 

careful and detailed analysis highlights small but significant changes in response to ligand. 

Moreover, since cholesterol-rich areas, traditionally referred to as “raft domains”, are crucial for 

apoptotic signaling via p75NTR 143–145, we tested the hypothesis that diffusion and activation 

mechanism of p75NTR is strictly related to the cholesterol levels of the cell and that only the wild-

type, but not the mutated form of p75NTR, is responsible for pro-apoptotic signaling because of its 

translocation to the so-called lipid rafts. 

 

 

 

4.1  S6-wt p75NTR and S6-mut p75NTR respond differently to NT 

stimulation 

 

In order to investigate the difference between wt and mut p75NTR more in detail, we analyzed the 

SM experiments in SK-N-BE(2) (infected with both constructs and induced with 0.01 µg/ml 

doxycycline), by considering all the D values of trajectories lasting for at least 6 frames obtained in 
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absence or presence of NGF stimulation. As a control, we also transfected the neuroblastoma with 

S6-dim p75NTR (Figure 4.1). 

 

 

Figure 4.1. Box-plot for D values retrieved from trajectories of at least 6 spots of wt or mut p75NTR in SK-N-BE(2) cells in resting 

conditions (black), and up to 15 min after NGF administration (gray), in comparison with the same distribution obtained for 

dim p75NTR (blue). Boxes: 25th-75th percentiles; line: median; dashed line: mean. ***P<0.001 Kruskal-Wallis test, with Dunn’s 

means comparison. Adapted from 76. 

 

It is evident that the D values of both unstimulated wt and mut p75NTR is significantly higher than 

dim p75NTR even after NGF administration. This suggests that NT does not stimulate stable events of 

dimerization for wt p75NTR, nor mut p75NTR. Importantly, the NGF had a small but statistically 

significant effect on both wt and mut p75NTR: it slows down wt p75NTR but, surprisingly, it hastens 

mut p75NTR. In an attempt to understand whether this effect was also ascribable to other NTs and in 

other cell models, we performed the same analysis for S6-wt p75NTR in both wild-type and p75NTR 

knock-out neurons upon proNGF administration. Indeed, proNTs are well known to induce apoptosis 

via p75NTR. We then infected neurons with S6-wt p75NTR and induced with 0.05 µg/ml doxycycline, 

to obtain the results shown in Figure 4.2. 
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Figure 4.2. Cortical neurons from wt and p75NTR KO neonatal mice were cultured and transduced with S6-wt p75NTR and 

labelled with Abberior 635P dye. Box-plot for D values retrieved from trajectories collected from DIV3 wt (left) and p75NTR KO 

(right) neurons in resting conditions (black) and up to 15 min after proNGF administration (red) are reported. Boxes: 25th-

75th percentiles; line: median; dashed line: mean. ***P<0.001 Kruskal-Wallis test, with Dunn’s means comparison. Adapted 

from 76. 

 

Similarly to the effect observed in SK-N-BE(2) cells with NGF, proNGF induces a small but significant 

slowdown of the receptor. Notably, in the absence of competing Trk receptors, both NTs and proNTs 

induce coherent effect on p75NTR both in terms of membrane diffusivity and biological activity; for 

instance, proBDNF induces apoptosis via p75NTR 48, but p75NTR also mediates apoptosis in retinal 

neurons by NGF146 and in sympathetic neurons by BDNF147. Importantly, the same protein showed 

a different value of average D in two different neuronal system in absence of stimulation: indeed, 

p75NTR seems to diffuse faster in wt neurons, with respect to KO neurons (black box plots in Figure 

4.2). In order to investigate these discrepancies on diffusion, which depend on observed cell type, 

we focused on other factors possibly involved in the change of dynamics, as explained in the 

following section. 
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4.2  Cholesterol and p75NTR membrane partitioning 

 

Partitioning of p75NTR in specialized raft membrane domains is considered an important factor in 

triggering and/or regulating its signaling cascades51,127,128,145. Therefore, we hypothesize that 

cholesterol is a regulator of surface p75NTR functions and can affect its diffusion. First of all, we 

wanted to investigate the cholesterol content in different cell types, both in ones we previously used 

for p75NTR dynamics and in new ones, also devoid of endogenous p75NTR. We cultured six cell lines 

and quantified cholesterol by staining with filipin III, a macrolide used for probing membrane sterols. 

Indeed, the interaction with cholesterol alters filipin III absorption and fluorescence spectra, 

allowing the visualization of its content with a fluorescence microscope. The results are shown in 

Figure 4.3. 
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Figure 4.3. Representative TIRF images of membrane filipin III staining for different cell models (upper panel). Scale bar, 

10μm. Below, quantification of the cholesterol content for the various cell models. Values are normalized on the SK-N-BE(2) 

value. Bars are mean±S.D. Adapted from 76. 

 

It is clear from the graph that neurons have the lowest membrane cholesterol concentration; in 

particular, it is less abundant in wt neurons with respect to p75NTR-KO neurons. On the other hand, 
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higher levels of cholesterol in p75NTR-KO neurons are in contrast with reported results demonstrating 

that p75NTR is responsible for the activation of cholesterogenic enzymes, via the association of its 

ICD with NRIF. Indeed, this complex seems to translocate to the nucleus and act as a transcription 

factor of the above mentioned enzymes148,149. To explain this discrepancy, one can speculate that 

the absence of p75NTR and, subsequently, of cholesterol, causes the activation of a compensatory 

mechanism: e.g., glial cells are known to supply neurons with self-produced cholesterol150,151. 

Then, we employed the same six cell lines to investigate the movement of p75NTR in different 

context. We transduced S6-wt p75NTR and imaged samples at the TIRF microscope. Movies were 

then analyzed and information about diffusion was extrapolated (Figure 4.4). 

 

 

Figure 4.4. Characteristic D distribution of S6-wt p75NTR in different cellular models. The D distribution in the various cell 

types follows the relative cholesterol level order, with cells containing higher cholesterol levels displaying the lower D value 

and vice-versa. Adapted from 76. 

 

At first, we noticed that the diffusive behavior of p75NTR has some similarities in the examined cell 

lines: all the D distributions exhibit a predominant diffusive peak close to the highest measured D. 

Nonetheless, they may span over a broader or a narrower range of D values. Some of them display 

a lower D high tail that may indicate the presence of a slow p75NTR population in plasma membrane, 

due to the presence of interactors such as other receptors, intracellular proteins or membrane zones 

with different densities. More importantly, the peak position changed with cell type, and the higher 
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the membrane cholesterol content, the slower the diffusion (Figure 4.5), in accordance with the 

observation that p75NTR diffuses faster in wt neurons (black box plots in Figure 4.2). 

 

 

Figure 4.5. Plot of membrane cholesterol content (mean intensity±sem of filipin III stained cells, as measured by TIRF 

microscope) versus diffusion coefficient D of wt p75NTR single molecules (dots are peak position, error bars are histogram 

values at half maximum) in six different cell models. Cholesterol content is normalized to SK-N-BE(2) results and a linear fit is 

drawn in black. Adapted from 76. 

 

Indeed, the graph shows a perfect anticorrelative relationship between D coefficient and cholesterol 

level of the cell system, where neurons display the lowest cholesterol content but the fastest 

diffusivity of p75NTR in our work. Thus, we decided to modulate the quantity of cholesterol in order 

to understand how this, in combination with NGF stimulation, may affect the movement of the wt 

and mut p75NTR constructs. First, we needed a strategy to modify the native cellular cholesterol. We 

used mevastatin for reducing cholesterol, since this statin inhibits the HMG-CoA reductase, a key 

enzyme in the biosynthesis of cholesterol. On the other hand, we used a solution of 

MβCD:cholesterol plus free cholesterol. MβCD forms complexes with cholesterol and drives it to the 

cell membrane; the presence of free cholesterol was fundamental to refill these complexes. An 

example of the effect of these treatments is reported in Figure 4.6. 
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Figure 4.6. Typical TIRF images of filipin III stained SK-N-BE(2) cells exhibiting modulation of cholesterol levels (quantified as 

mean intensity±sem of filipin III stained cells) with mevastatin (green) or soluble cholesterol (red) treatments. *P<0.05 and 

***P<0.001, one-way ANOVA. Scale bar, 10µm. Adapted from 76. 

 

While boosting cells with cholesterol-loaded complexes had a prominent effect on their membranes, 

with respect to naive conditions, treatment with cholesterol reducing agent had only a slight 

lowering effect, although sufficient to decrease significantly the cholesterol content. Given the 

efficacy of the strategy and the capability of directly regulating the cholesterol content, we applied 

the treatments to SK-N-BE(2) cells expressing both S6-wt p75NTR and S6-mut p75NTR, and checked 

receptor diffusivities upon stimulation by NGF (Figure 4.7). 
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Figure 4.7. Box-plot for D values retrieved from trajectories of S6-wt p75NTR or S6-mut p75NTR in SK-N-BE(2) cells after NGF 

administration. Prior to stimulation, cells were subjected to cholesterol reducing (Green) or loading (red) treatment. Gray 

boxes are untreated conditions. Boxes: 25th-75th percentiles; line: median; dashed line: mean. ***P<0.001 Kruskal-Wallis 

test, with Dunn’s means comparison. Adapted from 76. 

 

As expected, cholesterol resulted in slowing down of both S6-wt p75NTR and S6-mut p75NTR, probably 

due to the higher membrane content of lipid-rich domains. However, removal of membrane 

cholesterol elicits two opposite outcomes: while S6-wt p75NTR travels faster in a less thick 

membrane, S6-mut p75NTR appears to slow down. This last observation may appear strange, since 

one would expect that inhibiting cholesterol synthesis and depleting cholesterol already produced 

in the cell makes the membrane less viscous, removing obstacles in lateral diffusion and accelerating 

the receptor. However, some published results show that membrane receptors display a different 

behavior upon cholesterol depletion, whose effect can be alteration (either increase or reduction) 

as well as absence of impact on D coefficient152. This seems to be due also to the type of 

phospholipids membrane regions forming after cholesterol down-regulation, which constitute 

barriers for diffusion153. In addition, it is important to note that the effects of cholesterol depletion 

appear to be correlated to the method of depletion used. For instance, authors of 154 showed that, 

while treatments with both MβCD and the statin compactin lower cholesterol content, they have 

opposing effects on diffusion. Cholesterol depletion with MβCD either did not affect diffusion or 

decreased diffusion of raft proteins, while compactin either did not affect or increased D coefficient 

of the same molecules. 



 85 

We hypothesized that the different trend of D shift for wt and mut p75NTR in SK-N-BE(2) cells was 

ascribable to an exploration of different membrane areas with different lipid composition, in 

particular in terms of cholesterol, upon ligand binding. These re-localizations most probably occur 

in a very dynamic way, given the small diffusivity changes involved (Figs 4.1 and 4.2). Indeed, 

previous works reporting biochemical isolation of raft domains found wt p75NTR in both raft and non-

raft regions, in the absence and presence of NGF155,156. Thus, in order to capture transient raft 

occupancy, we imaged lipid rafts and p75NTR simultaneously after 15 min stimulation with NGF by 

dual-color TIRF microscopy, similarly to 157. We visualized the domains using Alexa488-conjugated 

Cholera toxin B (CT-B), a subunit of the toxin secreted by Vibrio Cholerae that stably binds to the 

ganglioside GM1, which, in turn, is a marker of lipid rafts158. An antibody that specifically recognizes 

CT-B (α-CT-B) is then used to crosslink the CT-B labeled lipid rafts into distinct patches on the plasma 

membrane, which are easily visualized by fluorescence microscopy. We also labelled either S6-wt 

p75NTR or S6-mut p75NTR in SK-N-BE(2) transduced cells and monitored the two fluorescence 

channels simultaneously (Figure 4.8). 

 

 

Figure 4.8. Timeline for the co-localization experiment with representative TIRF images of cholera toxin B subunit (CT-B) 

stained GM1 (green) and p75NTR single molecules (red). Scale bar: 5μm (inset 1 μm). Adapted from 76. 

 

We analyzed only cells displaying defined areas labelled by fluorescent CT-B (as shown in the inset 

of Figure 4.8), and not ones displaying an indistinct carpet of spotted fluorescence, in order to be 

more confident of recognizing receptors crossing the border of different zones. We administered 
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NGF to seek possible differences between the two proteins in terms of permanence in the different 

areas (Figure 4.9). 

 

 

Figure 4.9. Box-plots show median and 25th-75th percentiles of average p75NTR intensity inside CT-B domains (Īraft P75) over 

average p75NTR intensity within the whole cell (Ītotal P75); whiskers are Tukey intervals. Red circles: individual data. *: P=0.016, 

ns: not significant at the 0.05 level (one-way ANOVA with Bonferroni comparison of means). Adapted from 76. 

 

We found that S6-wt p75NTR increases its residence time in the GM1-rich regions upon NGF 

administration. Conversely, this does not happen for S6-mut p75NTR; even though the difference 

between untreated and NGF-treated samples is not significant, there is actually an opposite trend, 

which seems to suggest that the mutated form tends to avoid entering (or to go out from) raft 

regions. This is in line with the opposite diffusion trend shown by the two proteins in response to 

NGF (Figure 4.1). Overall, our data indicate that wt p75NTR is a protein that increases his permanence 

in raft portions of the cell membrane when stimulated with NGF, but that the mutated counterpart 

is not able to do so. 
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4.3  Concluding remarks 

 

In this Chapter, I discussed the key role of cholesterol for the p75NTR dynamics in plasma membrane. 

We discovered that p75NTR diffusion in resting conditions is strongly influenced by the cholesterol 

content of the cell membrane: neurons or cells owning a neuronal phenotype tend to have less 

cholesterol and here p75NTR travels faster. On the other hand, cells of non-neuronal origin display a 

higher cholesterol content in plasma membrane, where p75NTR diffuses slower. To my knowledge, 

ours were the first experiments investigating this aspect. 

We showed that modulating cholesterol in the cell resulted in altered diffusion of p75NTR in a not-

so-obvious way. Cholesterol overloading resulted 
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Chapter 5 

Compartmentalization regulates different signaling 

pathways of p75NTR 

 

In this chapter, I discuss our results on two main pathways in which p75NTR is involved: proNT-

dependent apoptosis and neuronal growth cone collapse. In the first case, the absence of 

dimerization due to Cys256 mutation was reported to prevent apoptosis both in cortical and 

hippocampal neurons, upon proNTs stimulation48. In the latter, wild-type p75NTR and its Cys256-

lacking mutant were shown to induce hippocampal growth cone retraction to a similar extent, 

underlining that an oligomerization were not required69. The data obtained from cholesterol 

modulation of p75NTR dynamics in neuroblastoma prompted us to investigate whether the 

cholesterol had a role in the pro-apoptotic effect via p75NTR. Indeed, the augmented residency of 

p75NTR in cholesterol-rich regions upon NT stimulation is in line with the observations that p75NTR 

needs to translocate to lipid rafts in order to start signaling after its cleavage145. Moreover, as stated 

earlier in this work, we know that p75NTR-NRIF complex translocation to the nucleus of the cell 

triggers activation of cholesterogenic enzymes. Noteworthy, the upstream effect of cholesterol 

regulation is not known. Therefore, we sought to understand whether and how the cholesterol 

levels could influence apoptosis. According to our previous experiments, we observed that wt p75NTR 

behaves differently from its cognate mut p75NTR receptor. This seems in contrast with the works 

reporting both proteins to be able to induce axonal growth cone retraction in developing neurons 

upon proNGF stimulation69. I will show that axon collapse is regulated differently than pro-apoptotic 

signaling, demonstrating the feasibility of a scenario in which signaling of p75NTR is cholesterol-

independent (i.e. it does not need to translocate to cholesterol-rich regions). 
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5.1  Cholesterol regulates p75NTR proNTs-dependent pro-apoptotic 

signaling 

 

Being this experiments carried out with neurons, we verified that the cholesterol modulation shown 

in Figure 4.6 for SK-N-BE(2) cells was also effective in these cells. We cultured neurons and treated 

them with agents reducing or increasing cholesterol, and we checked its level in plasma membranes 

using filipin III staining visualized with confocal microscopy (Figure 5.1). 

 

 

Figure 5.1. Quantification of cholesterol levels in cortical neurons treated with mevastatin/MβCD (meva.) or soluble 

cholesterol (chol), related to untreated neurons (naive). ***P<0.001 one-way ANOVA, Tukey’s multiple comparisons test. 

Box-plots: 25th-75th percentiles; whiskers: tukey intervals; dots: outliers. Adapted from 76. 

 

Distribution of cholesterol values after overloading by MβCD:cholesterol + free cholesterol, 

although significantly different from untreated conditions, appears wider; this may be due to the 

presence of the glia in the culture prepared for this experiment (excluded from the analysis) that 

somehow may compete with neurons for cholesterol complexes consumption. Anyway, neurons 

treatments recapitulated what we saw for SK-N-BE(2) cells. Differently from what we did in SK-N-

BE(2), we employed a combination of mevastatin/MβCD in order to be sure to reach a strong effect 

of cholesterol reduction in neurons. Ascertained the efficacy of these treatments, we investigated 

the effect of cholesterol modulation on apoptosis driven by proBDNF-p75NTR. Of note, we chose 

proBDNF as it seems to give a more pronounced effect with respect to proNGF48. We performed 



 90 

experiments at DIV3 developing stage. We proceeded according to the scheme depicted in Figure 

5.2. 

 

 

Figure 5.2. Scheme of the apoptosis experiment in neurons. Mevastatin (green), MβCD (orange), Cholesterol:MβCD+Free 

Cholesterol (Red) and proBDNF (blue) treatments are delimited by vertical bold lines to determine the start time and the end 

time of administration in relation to the DIV stages. Adapted from76. 

 

First, we tested how the modulation of cholesterol influences caspase signaling of the endogenous 

p75NTR. The treatment were performed as stated in Figure 5.2 on neurons extracted from wt mice 

(Figure 5.3). 

 

 

Figure 5.3. Quantification of the percentage of cleaved-caspase-3 positive neurons in wt cortical neurons (naive, white 

columns) or in the same neurons treated with mevastatin (meva., green columns) or cholesterol load (chol., red columns) in 

the absence or presence of proBDNF. Bars are means±sem. **P<0.01; ns: not significant at the 0.05 level; one-way ANOVA 

test, with Tukey’s comparison of means. Adapted from76. 
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In accordance with the literature, we show that administration of proBDNF in wt neurons (i.e. 

expressing wt p75NTR) causes activation of death signaling by means of caspases cascade. When 

treating neurons with mevastatin, this effect is lost and proBDNF-induced apoptosis is abolished, 

even if apoptosis is in general increased for the side detrimental effects of mevastatin/MβCD. On 

the other hand, overloading cells with exogenous cholesterol maintains the proBDNF-induced 

increase of apoptosis effect, and elicits an increase of apoptosis even without proNT. This last effect 

could be caused by the use of a strong chemical agents as MβCD is, like in the case of mevastatin, 

but also direct effects of the cholesterol increase, maybe in the presence of p75NTR, could play a role. 

In order to investigate this last point, and in general the modulation effect of cholesterol on 

apoptosis signaling, and the downstream effect of wt and mutated p75NTR, we transduced p75NTR-

KO neurons with S6-wt p75NTR and S6-mut p75NTR, induced with 0.05 µg/ml doxycycline and 

performed the same confocal microscope imaging experiments to quantify cleaved caspase 3 in 

neurons. Figure 5.4 reports exemplifying images of KO neurons highlighting the effects of p75NTR 

constructs expression, proBDNF and/or cholesterol. The resulting analysis is shown in Figure 5.5. 

 

 

Figure 5.4. Representative confocal images of p75-KO neurons expressing S6-wt p75NTR or S6-mut p75NTR, untreated or 

treated with proBDNF. Top to bottom, naive neurons, cholesterol enriched (cholesterol) and cholesterol depleted 

(mevastatin) neurons. Green, anti-MAP2, used to identify neurons; red, anti-cleaved-caspase-3. Scale bar, 20μm. Adapted 

from76. 
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Figure 5.5. Quantification of the percentage of cleaved-caspase-3 positive neurons in untransduced p75NTR KO cortical 

neurons (untr, white columns), or in the same neurons transduced with S6-wt p75NTR (gray columns) or with S6-mut p75NTR 

(black columns), in the absence or presence of proBDNF, without treatment (naive, left panel), with mevastatin (central 

panel) or with cholesterol (right panel). White and gray columns of naive are the same data of right panel in Figure 2.16, here 

reported for a direct comparison. ***P<0.001, ns is not significant at the 0.05 level, in a one-way ANOVA test, with Tukey’s 

comparison of means. Bars are means±sem, samples are represented by superimposed dots. Adapted from76. 

 

As expected, at physiological conditions (naive panel, white bars) proBDNF stimulation did not cause 

apoptosis of neurons devoid of p75NTR. Only S6-wt p75NTR, and not S6-mut p75NTR, could restore the 

pro-apoptotic pathway, although not at the levels observed with the endogenous one. When 

reducing cholesterol content with mevastatin/MβCD drugs, S6-wt p75NTR becomes irresponsive to 

proBDNF in inducing apoptosis (mevastatin panel, gray bars), and there is a similar level of apoptosis 

(physiological and/or induced by mevastatin/MβCD as a side effect) as in the wt mouse neurons, 

with no additional effect of wt/mut p75NTR expression and/or proBDNF treatment. Increasing the 

cholesterol level produced an apoptosis level similar than in the case of neurons form wt mice, and 

this was not dependent on the presence of either wt p75NTR, nor mut p75NTR; this demonstrates that 

the slightly increased apoptosis is given by a mechanism (direct effect of MβCD or toxic levels of 

cholesterols) not depending on at physiological levels of p75NTR. On the other hand, S6-wt p75NTR 

increased its ability to induce proBDNF-dependent apoptosis after increasing cholesterol levels 

(cholesterol panel, gray bars). Surprisingly, we found that also S6-mut p75NTR was able to trigger 

caspase signaling, when neurons were overloaded with cholesterol (cholesterol panel, black bars). 

This was not an effect of the combination of proBDNF and cholesterol load: untransduced neurons 

from p75NTR KO were not responsive in these conditions (cholesterol panel, white bars). The fact 

that S6-mut p75NTR is also capable to induce apoptosis when cholesterol is increased may be in 
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contrast with our previous data demonstrating that this protein is averse to enter raft regions (Figure 

4.9). We explained this discrepancy with the consideration that a massive insertion of cholesterol 

molecules in cell membrane generates a greater number of lipid-rich microdomains159 and therefore 

the mutated construct of p75NTR is forced to enter these areas. To confirm this, we also performed 

a similar experiment, without cholesterol modulation, under receptor overexpression (Figure 5.6). 

 

 

Figure 5.6. Percentage of cleaved caspase-3 positive cortical neurons from p75NTR KO mice and left untransduced (white bars), 

or transduced with S6-tagged wt (gray bars) or mut (black bars) p75NTR lentiviral particles. Transgene overexpression was 

reached with 1μg/ml doxycycline and neurons were treated (+) or not (-) with proBDNF. Bars represent mean±sem, n.s. is 

not significant at the 0.05 level, ***P<0.001, **P<0.01; one-way ANOVA with Tukey’s comparison of means. Adapted from76. 

 

Upon proBDNF administration, an elevated expression of S6-wt p75NTR significantly increases the 

proportion of apoptotic neurons, and overexpressing S6-mut p75NTR rescues its ability to induce 

apoptosis. Besides, both overexpressed constructs seem to raise the levels of apoptosis even 

without proNT stimulation. 

Our interpretation is that, under overexpression conditions, the occupancy of cholesterol-rich areas 

(where apoptotic signaling can start) is also increased as a consequence of total membrane pool 

increase. This would explain the ability of S6-mut p75NTR to induce apoptosis under proBDNF 

stimulus, and would also explain the higher number of apoptotic cells in cultures expressing S6-wt 

p75NTR even in the absence of proBDNF. We concluded that both higher levels of p75NTR and 
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enrichment of the plasma membrane with cholesterol are able to boost apoptosis induction by 

proNTs.  

From the results reported in this section, we conclude that the inability of S6-mut p75NTR to induce 

apoptosis is ascribable to its poorer occupancy of cholesterol-rich membrane regions when 

compared to wt p75NTR, rather than to an impaired signaling of the protein per se. mut p75NTR can 

induce apoptosis only when forced to enter into signaling platforms (i.e. “lipid rafts”) due either to 

a strong increase of cholesterol amount in membrane or to high receptor densities. These conditions 

are far from the physiological context of a cell. 

 

5.2  Accumulation of p75NTR in membrane triggers axonal growth cone 

collapse with or without proNGF stimulation 

 

As stated at the beginning of this chapter, both wt p75NTR and Cys256-lacking p75NTR mutant were 

reported to equally cause growth cone retraction when stimulated with proNGF69. This experiment 

might introduce two possible scenarios: i) p75NTR exerts functions that do not necessarily depend on 

Cys256 and other residues missing in mut p75NTR; ii) mut p75NTR has more possibilities to enter 

signaling-competent membrane regions in overexpression conditions, like previously shown for 

apoptotic signaling (Figure 5.6). We therefore investigated further the mechanisms of axonal growth 

regulation by p75NTR, analyzing in detail the mechanism of growth cone collapse via p75NTR in the 

plasma membrane. First, we verified that S6-mut p75NTR, like its cognate S6-wtP75NTR protein 

(already shown in Figure 2.15), was able to trigger growth cone collapse. Therefore, we transiently 

transfected S6-wt and S6-mut p75NTR-EGFP with a plasmid containing the CMV promoter, similarly 

to what performed in 69, and analyzed the morphological modification of the growth cone surface 

both in the absence and in the presence of proNGF (Figure 5.7). 
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Figure 5.7. Representative confocal images of growth cones of wt hippocampal neurons (upper panel), transfected with S6-

tagged wt and mut p75NTR-EGFP constructs, untreated or incubated with proNGF for 30’. Scale bar, 5μm. The corresponding 

growth cone area is quantified in the lower panel, in comparison to a non-transfected control (nt). Gray and black bars of nt 

and S6-wt p75NTR-EGFP are the same reported in Figure 2.15. ***P<0.001, ns: not significant at the 0.05 level, in a one-way 

ANOVA, Bonferroni multiple comparisons. Bars are means±sem. Adapted from 76. 

 

As expected, we found that S6-mut p75NTR was equally responsible for growth cone collapse, 

similarly to S6-wt p75NTR, upon proNGF stimulation. Of note, there is a slight tendency of both 

proteins to initiate the collapse even in the absence of proNGF, which may be due to the 

overexpression of the constructs. We wanted then to analyze the initial events that generate growth 

cone retraction, in particular if proNGF elicits some differences in the internalization rate of p75NTR. 

Therefore, we focused on its membrane pool with respect to the total pool, to understand whether 
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proNT stimulated some change on these two sets. This was achievable thanks to the fact that we 

used constructs bearing both EGFP, which probes all the p75NTR single molecules, and the S6-tag, 

which can be used to selectively probe the membrane receptor pool. Moreover, the labelling 

reaction can be split in two steps: biotinylation followed by S-Qdot labelling. Thus, it would be 

possible to biotinylated most of the receptors, even if there was recycling of new unlabeled 

receptors to the surface, by biotinilating at 37 °C for 30 minutes, and labelling with Qdots (at low 

temperature, in order to inhibit any internalization or recycling) the receptors retained on the 

membrane. Notice that recycling was quantified to happen in a time scale of 30 min upon NT 

stimulation137,160. Figure 5.8 reports a scheme of the experiment. 

 

 

Figure 5.8. Timeline of the experiment to detect surface S6-p75NTR-EGFP after proNGF administration or in unstimulated 

conditions. Adapted from 76. 

 

We then acquired images at the confocal microscope and analyzed the growth cones surfaces of 

hippocampal neurons (Figure 5.9). 
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Figure 5.9. Representative confocal images of growth cones of wt hippocampal neurons, transfected with S6-tagged wt (left 

panel) and mut p75NTR-EGFP (right panel) constructs, untreated (top row) or incubated with proNGF for 30’ (bottom row). 

Total (green) and surface (magenta) receptor pools are shown and quantified in the lower graph. EGFP channel levels have 

been linearly scaled to highlight cone dimensions. Scale bar, 5μm. Adapted from 76. 

 

Being the Qdot signal proportional to the quantiy of membrane p75NTR, from the images it is evident 

that stimulation with proNGF induces an accumulation of both S6-wt p75NTR and S6-mut p75NTR onto 

the cell surface. We quantified the fraction of p75NTR present in the plasma membrane with the ratio 

of the total intensities in the QDot and EGFP channels, since the quantities are proportional to each 

other. This allowed us to show that the percentage of both receptor mutants on the membrane 

increased significantly, and to a similar extent, upon proNGF stimulation. Thus, we wondered if the 

accumulation of the receptor was the condicio sine qua non to begin the cone retraction. This might 

provide evidence that growth cone collapse occurs with a distinct mechanism from that governing 

apoptotic signaling, possibly explaining why Cys256 and Gly265 residues are not crucial for it. To rule 

this out, we employed dynasore, an inhibitor of dynamin-dependent endocytosis, such as that 

occurring via clathrin161. The drug is intended to impede all known endocytic routes for p75NTR 160,162, 
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starting both from non-raft regions163–165 and raft domains51,156,166. Therefore, we adopted the 

previous experimental procedure with addition of dynasore during the labelling and stimulation step 

(Figure 5.10). 

 

 

Figure 5.10. Timeline of the experiment to detect surface S6-p75NTR-EGFP after proNGF administration or in unstimulated 

condition, in the presence of Dynasore. Adapted from 76. 

 

Neurons transfected with S6-wt p75NTR and S6-mut p75NTR were imaged and analyzed (Figure 5.11) 

 

 

Figure 5.11. Quantification of the Quantum Dot (Qdot) to EGFP ratio to measure surface S6-wt p75NTR-EGFP and S6-mut 

p75NTR-EGFP without and with 30’ proNGF treatment in the presence of dynasore. For comparison, the data from Figure 5.9 

regarding S6-wt p75NTR-EGFP without proNGF stimulation are reported (rightest white bar). Adapted from 76. 
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As expected, the impairment of internalization pathway of p75NTR maintained both wt and mutated 

form on the plasma membrane significantly more than in absence of proNGF stimulation. The results 

reported in (Figure 5.12) show that the sole presence and accumulation of p75NTR in the cell 

membrane is a sufficient key to generate growth cone collapse. Indeed, proNGF did not cause a 

significant additional effect on the retraction of the axon. As a control, we transfected a soluble 

EGFP in hippocampal wild-type neurons (to measure the areas of the growth cones); by subjecting 

them to dynasore treatment and proNGF stimulation, we could also test if the dynasore drug played 

a role by inducing itself the collapse of these structures (Figure 5.12). 

 

 

Figure 5.12. Representative confocal images of growth cones of wt hippocampal neurons transfected with soluble EGFP, S6-

tagged wt or mut p75NTR-EGFP (upper panel), untreated (top) or incubated with proNGF for 30’ (bottom), and without 

(untreated, left) or with Dynasore (right). EGFP channel is shown and used for quantification (lower panel) of the growth cone 

areas. ***P<0.001, ns: not significant at the 0.05 level in a one-way ANOVA, Bonferroni multiple comparisons. Bars are 

mean±sem. Adapted from 76. 
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We noticed only a non-significant trend of decreasing growth cone area when administering 

dynasore and proNGF without transfecting any p75NTR construct; this may be due to the presence of 

endogenous p75NTR 69, which seems to be at an insufficient level (at least in plasma membrane) for 

triggering massive growth cone retraction. 

These data indicate that p75NTR has an intrinsic collapsing activity when retained on the growth cone 

membrane, for which internalization inhibition is a sufficient driving force. The observation that wt 

and mut p75NTR constructs are equally able to mediate it suggests that this signaling is profoundly 

different from the apoptotic one and does not necessarily require NT-induced membrane 

partitioning. However, given that retraction comes after many-fold accumulation of p75NTR at the 

cone surface (Figure 5.11), the high expression levels of receptors reached could also account for 

the equal performance of wt and mut p75NTR, as observed for apoptotic signaling in overexpression 

conditions (Figure 5.6) and also previously suggested48. 

 

5.3  Concluding remarks 

 

This chapter thesis dealt with the signaling of p75NTR. First, we demonstrated that apoptotic signaling 

does not depend on stable dimerization of p75NTR. Indeed, in previous chapter we showed that the 

main difference between wt and Cys256-deficient p75NTR is not the stoichiometry, but rather a 

different residency in cholesterol-rich regions. Here we proved that the caspase activation via p75NTR 

is a cholesterol-dependent, as well as ligand-dependent, mechanism. By overloading cholesterol in 

cells, the receptor effect is boosted, while cholesterol reduction makes the receptor lose this 

capability. This is in line with the observation that wt p75NTR increases its permanence in rafts upon 

NT stimulation, in contrast to mut p75NTR. On the other hand, we found also that there are different 

signaling mechanisms for p75NTR, not necessarily related to the receptor partitioning in peculiar 

membrane regions. In fact, our data on growth cone collapse suggest the activation of a pathway in 

a ligand-independent way that requires only the accumulation of p75NTR on the cell surface, which 

occurs early after stimulation with proNGF. Overall, our data highlight new possible signaling 

mechanisms and functions of p75NTR, underlining how its behavior, at least in plasma membrane, is 

still puzzling and could benefit from additional researches. 

 

Experiment in Fig. 5.1 was performed by Bonsignore F. and analyzed by Gobbo F.. Experiments from 

Fig. 5.2 to Fig. 5.6 were performed by Bonsignore F., Gobbo F., Marchetti L. and Amodeo R.: related 
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data analysis was carried out by Bonsignore F., Gobbo F. and Marchetti L.. For Figs. from 5.7 to 5.12, 

experiments were performed by Bonsignore F. and Gobbo F. and data were analyzed by Gobbo F. 

and Marchetti L.  
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Materials and Methods 
 

This section shows in detail the techniques applied to study p75NTR in this work. 

Expression constructs and mutagenesis  

 

We briefly described in §2.1 the three main constructs of this study. Human wt p75NTR in pReceiver-

M03 (GeneCopoeia™) and mut p75NTR in pEGFP-N1 (Addgene) cDNAs were subjected to insertional 

mutagenesis of A1 and S6 short peptide tags as described in details in 121. Briefly, the QuickChange® 

XL Site-Directed Mutagenesis kit (Agilent Technologies) was used for insertional mutagenesis of A1 

and S6 tags in p75NTR constructs, with a modified protocol. The insertion of the first 4 amino acids 

was obtained by performing the following PCR reaction in 50 µl volume: 1.5X Turbo DNA Polymerase 

Buffer, 250 ng insertional Primer, 1mM dNTPs, 3 µl Quick Solution, 1 µl Turbo DNA Polymerase and 

15 ng DNA template. To avoid primer self-annealing artifacts, each PCR run consisted in two steps 

(Figure M1): in the first step (10 cycles), two independent 50 µl PCR reactions were run for the same 

template, one containing only the FW insertional primer, the other one containing only the 

respective RV insertional primer. In the second step (18 cycles), the two reactions were mixed and 

split again to obtain two tubes containing each 25 µl of FW and 25 µl of RV original reaction. These 

were then supplemented with 0.75 µl Turbo DNA Polymerase. Afterwards, each 50 µl PCR reaction 

was subjected to digestion with 1 µl DpnI (New England Biolabs), at 37°C for 2,30h in the presence 

of the specific DpnI buffer (New England Biolabs) to eliminate parental DNA template. The final 100 

µl reaction was recovered and purified using the QIAquick PCR Purification Kit (Qiagen), eluted in 25 

µl EB buffer and ~1/5 of recovered DNA was transformed into chemically competent XL10 Gold 

bacteria. Cells were grown in 5ml LB medium supplemented with appropriate antibiotic overnight 

at 37°C and DNA was then extracted and purified from cultures according to Wizard® Plus SV 

Minipreps DNA Purification Systems protocol (Promega). This was used as a template for the second 

step of insertional mutagenesis. To obtain the remaining A1 and S6 8 amino acids inserted into the 

sequences of p75NTR, we performed the same two-step sequential PCR reactions described above. 

Only positive clones resulting from the transformation of the complete tag were screened by means 

of DNA sequencing.  
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Figure M1. Scheme depicting the two-step sequential PCR protocol to introduce the first 4 amino acids (insert 1) and the 

remaining 8 aminoacids (insert 2) of A1 and S6 tags in p75NTR constructs. Adapted from 121. 

 

These two p75NTR constructs, with an in-frame eGFP, were used in this form or were PCR-amplified, 

MluI digested and ligated in the “all-in-one” third generation Tet-on lentiviral pTRE vector. The 

tagged p75NTR-LeucineZipper chimera construct (dim p75NTR) construct was generated by PCR-

amplifying three fragments: i) part of p75NTR extracellular domain bearing NheI site at N-terminus 

and five glycines (ggaggtggaggcggt) plus BamHI site at C-terminus ; ii) human c-jun Leucine Zipper 

fragment owning a BamHI site at N-end and KpnI site at C-end; iii) a fragment spanning from a small 

portion of p75NTR juxtamembranal domain to intracellular domain C-end, which includes N-terminal 

KpnI site plus five glycine sequence (ggaggtggaggcggt) and C-terminal XhoI site. The three fragments 

and host pCDNA3.1 vector (Addgene) were digested at 37 °C over night with appropriate restriction 

enzymes and ligated over night at 16°C. All restriction enzymes and Antarctic phosphatase (used for 



 104 

5’ ends dephosphorylation) were purchased from New England Biolabs. Lentiviral plasmids were 

transformed into One Shot™ Stbl3™ Chemically Competent E. coli (ThermoFisher Scientific), while 

non lentiviral plasmids were transformed into XL10-Gold® Ultracompetent Cells (Agilent 

Technologies) when performing mutagenesis or One Shot™ TOP10 Chemically Competent E. coli 

(ThermoFisher Scientific) when performing standard cloning. Here we also employed pTagRFP-actin 

and pTagRFP-Lamin which were purchased from Evrogen. Farnesyl-GFP construct was previously 

described in 167. All primer sequences used in cloning procedures are reported in Table 2. 

 

Table 2. List of primer sequences for cloning used in this thesis. 

Primer name and 

length 

Primer sequence (5’ → 3’) 

p75NTR-insert1-FW 

(54mer) 

ggggtgtcccttggaggtgccggagattctcttaaggaggcatgccccacaggc 

p75NTR-insert1-RV 

(54mer) 

gcctgtggggcatgcctccttaagagaatctccggcacctccaagggacacccc 

p75NTR-S6insert2-FW 

(66mer) 

ggaggtgccggagattctctttcgtggctgcttaggcttttgaataaggaggcatgccccacaggc 

p75NTR-S6insert2-RV 

(66mer) 

gcctgtggggcatgcctccttattcaaaagcctaagcagccacgaaagagaatctccggcacctcc 

p75NTR-A1insert2-FW 

(66mer) 

ggaggtgccggagattctcttgatatgttggagtggtctttgatgaaggaggcatgccccacaggc 

p75NTR-A1insert2-RV 

(66mer) 

gcctgtggggcatgcctccttcatcaaagaccactccaacatatcaagagaatctccggcacctcc 

S6p75NTR-Nterm-FW 

(36mer) 

cacgaggctagcacgcgtatgggggcaggtgccacc 

S6p75NTR-CRD4-RV 

(46mer) 

cgagcggatccaccgcctccacctccgccagggatctcctcgcact 

p75NTR-LeuZip-FW 

(29mer) 

cgagcggatccctggagagaatcgcccgg 

p75NTR-LeuZip-RV 

(36mer) 

ctaggcggtaccgactttctgtttaagctgtgccac 

S6p75NTR-JM-FW 

(48mer) 

ctaggcggtaccggaggtggaggcggtggcaccaccgacaacctcatc 

S6p75NTR-Cterm-RV 

(38mer) 

ccagtcctcgagacgcgttcacaccggggatgtggcag 

p75NTR-MluI-FW 

(32mer) 

gtcagctgacgcgtatgggggcaggtgccacc 

p75NTR-MluI-RV 

(35mer) 

cagtcgacacgcgttcacaccggggatgtggcagt 
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Microscopy Setups 

 

Confocal SP2: Leica TCS SP2 on inverted DM IRE2 confocal microscope (Leica Microsystems), with 

HCX PL APO CS 63.0X oil-immersion objective (NA 1.40), and Argon and diode lasers; pinhole was 

set at Airy 1. 

Confocal SP5: Leica TCS SP5 on DM6000 confocal microscope (Leica Microsystems), with Argon and 

various solid-state lasers. Objectives and pinhole values were chosen depending on the 

experimental requirements, as indicated in the specific experiment description. 

TIRF microscope: Leica DM6000 inverted microscope (Leica Microsystems) equipped with 

epifluorescence module, DIC in transmission, and TIRF-AM module with four laser lines. We used a 

HCX PL APO 100.0X oil-immersion objective (NA1.47). For TIRF single-color measurements, we used 

an EM-CCD camera (ImagEM C9100-13, Hamamatsu) on the bottom port, after a -0.7x adapter and 

filter mounter, obtaining image pixel dimensions of 228 nm (unless the use of the 1.6x magnifier is 

stated, in which case pixel dimensions are 143 nm). Unless otherwise stated, we used the 

“Hamamatsu overlapping mode” in the Leica AF6000 software and collected data from a rectangular 

ROI on the CCD, obtaining a frame time equal to the integration time. For TIRF simultaneous two-

color measurements, we used an external laser combiner (iFLEX-adder, QiOptiq), using kineFLEX 

polarization maintaining fibers (QiOptiq) and kineMATIX fiber coupler (QiOptiq), and a 488nm 

supplementary laser (iFLEX-iRIS, Qioptiq) with power tuned by a DAC. The used fluorescence cube 

contained the TRF59906 - ET – 488/640nm Laser Dual Band Set for TIRF applications (Chroma). 

Typically, laser powers at the objective were set at 0.178 mW (488 line) and 2.6 mW (635 line of the 

Leica system); the penetration depth was set at 130 nm for the 635 nm laser line, corresponding to 

a penetration depth of about 100 nm for the 488 nm line. To detect both channels at the same time, 

a Dual View (Optical Insights DV-CC, with filters Chroma ET525-50 and r647lp and dichroic beam 

splitter T600lpxr) was placed in front of an EM-CCD camera (iXon Ultra 897, Andor) on the left port, 

so that emitted light was splitted and collected in the two halves of the camera. We included an 

Optomask adjustable field mask (OPTMSK-L, Andor) between the microscope output and the 

DualView in order to limit illuminated area of the camera and increase the frame rate. Camera 

parameters were optimized to achieve the best compromise between temporal resolution and 

signal-to-noise ratio: temperature was set to -75° C, pixel clocking rate to 17000 MHz, vertical shift 

speed to 0.5 µs, and vertical clock voltage to +2. The Dual View windows in the different channels 

were aligned for tilting, horizontal position, and correspondence of imaged areas using bright field 
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imaging of the supplied grid, taking care of leaving ~3 unilluminated pixels between the two. A 

constant ROI of 343 x 127 pixels (54.72 x 20.16 µm, corresponding to ~27.2 x 20.16 µm for each 

single color window, having image pixel sizes of 160nm) was used to acquire 500-frame time series 

with integration time of 21 ms and frame time of 30 ms. 

All microscopes were equipped with incubator chambers to maintain 37°C, 5% CO2 conditions for 

live cell imaging. More details can be in each specific experiment description. 

Cell cultures  

 

SH-SY5Y (ECACC 94030304), SK-N-BE(2) (ATCC® CRL-2271™), CHO-K1 (ATCC® CCL-61™) cell lines 

were grown in DMEM/F-12 medium supplemented with 10% Fetal Bovine Serum, 1% Penicillin-

Streptomycin, 1% L-Glutamine and 25 mM HEPES. HEK293T/17 (ATCC® CRL-11268™) cell lines for 

lentiviruses packaging123 was grown in DMEM High-Glucose (4.5 g/L D-Glucose) medium 

supplemented with 10% Fetal Bovine Serum, 1% Penicillin-Streptomycin, 1% L-Glutamine and 1% 

Sodium Pyruvate. PC12 (ATCC® CRL-1721™) cell line was grown in RPMI1640 medium supplemented 

with 10% Horse Serum, 5% Fetal Bovine Serum, 1% Penicillin-Streptomycin, 1% L-Glutamine. 

Hippocampal and brain cortex tissues were extracted168 from wild-type (B6129) or p75NTR 

knockout169 P0-P4 mice. Primary neuron (P0) or astrocyte (P4) cultures were established as 

described in 170. The day of plating was defined as day-in-vitro (DIV) 0. After surgery and isolation, 

Hippocampus and Cortex tissues were grinded up in cold Ca2+-free Hank’s Balanced Salt Solution 

(Sigma-Aldrich®), supplemented with 1% Penicillin-Streptomycin; 0.1% trypsin and 100 U/ml DNAse 

(Sigma-Aldrich®) were then added for digestion. Following trypsin inactivation in 10% FBS DMEM, 

neurons were seeded on plasma-treated WillCo® dishes or glass slides, previously coated with Poly-

D-lysine (PDL), in Neurobasal-A medium (Gibco)  supplemented with 4.5 g/L D-Glucose (Sigma-

Aldrich®), 10% FBS, 2% B-27® (Gibco), 1% GlutaMAX™ (Thermo Fisher), 1 mM sodium pyruvate, 4 

μM reduced glutathione (Sigma-Aldrich®), 12.5 μM glutamate (Sigma-Aldrich®). From DIV 1 on, 

neurons were maintained in Neurobasal-A supplemented with 2% B-27®, 1% GlutaMAX™, 1-10 

µg/ml Gentamicin (culture medium) and medium was refreshed every 2-3 days. In all our assays, 

except those shown in Figure 5.2, DIV 3 neurons were used. Astrocytes cultures were established by 

seeding dissociated cells on previously PDL coated flasks in DMEM/F-12 medium supplemented with 

10% Fetal Bovine Serum, 1% Penicillin-Streptomycin and 1% L-Glutamine and 25 mM HEPES as 

described in (9). In our experiments, we used mature (two- to three-week-old) astrocytes, obtained 
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by trypsinization of the flasks and seeding on Poly-D-lysine coated WillCo® dishes. All cell cultures 

were maintained at 37°C, 5% CO2 in a humidified incubator. All experiments involving animals are 

in compliance with Italian Ministery of Health and Italian National Research Council (CNR) guidelines.  

p75NTR constructs expression, localization and S6 tag labeling 

 

p75NTR constructs were transiently expressed in cells by means of transfection with Lipofectamine 

2000 (Thermo Fisher Scientific) according to the manufacturer instructions, or they were transduced 

using inducible third-generation lentiviral vectors. In the latter case, packaging in HEK293T cells and 

concentration with Lenti-X™ Concentrator (Clontech) was performed as described in details in 123. 

To assess the correct membrane localization of S6-wt p75NTR, we lipofected it in SH-SY5Y cells; these 

were then seeded on glass-bottomed dishes and, after 24 hours, imaged with confocal SP2 

microscope (as described in Microscopy Setup paragraph). As a reference, we observed subcellular 

distribution of endogenous p75NTR in PC12 cells transfected with pTagRFP-lamin or farnesyl-GFP and 

immunostained, the next day, with an anti-p75NTR antibody (07-476, Millipore). Samples were then 

imaged with confocal SP2, using a laser diode with 403 nm excitation wavelength and [410-470] nm 

emission window for Hoechst (added to the medium immediately before imaging); for EGFP we 

exploited the 488 nm line of the Argon laser with [500-550] nm emission window. Colocalization of 

native p75NTR with lamin-RFP or farnesyl-GFP was verified by overlapping the intensity (I) versus 

distance (d) plots of line profiles, drawn in the two channels with ImageJ software.  

SH-SY5Y, SK-N-BE(2), CHO-K1, HEK293T/17, astrocytes and neurons, in their related culture medium, 

were transduced with viral like particles containing one of the three p75NTR constructs. To reach 

optimal receptor expression, we added doxycycline to the culture medium for at least 18-24 hours 

before every experiment. We calibrated doxycycline doses to get the most suitable receptor level 

for each type of assay, also taking into account that the same receptor level was reached at different 

doxycycline doses in different cellular models. For single molecule experiments in neuroblastoma 

and other cell lines, 0.001 – 0.05 µg/ml doxycycline range was used to reach wt and mut p75NTR low 

(< 0.18 receptors/µm2), medium (0.18 < receptors/µm2 < 0.36) and high ( > 0.36 receptors/µm2) 

membrane receptor densities. dim p75NTR was also transduced but we only got low densities in this 

case, therefore we also transfected the corresponding construct in pCDNA3.1, and observed it at 

least 24 hours later, in order to explore medium-high density ranges by choosing cells with a 

comparable expression level with respect to wt and mut cases. Cells in the medium density range 
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were used for the tracking analysis, while for the single-step photobleach analysis we also used cells 

in the high range (up to 0.5 receptors/µm2) upon induction with 0.05 µg/ml doxycycline. For 

experiments with neurons, we found 0.05 µg/ml doxycycline to be optimal, as lower concentrations 

were not sufficient to reach medium-high membrane p75NTR densities in these cells. We also tried 

higher doxycycline concentrations, but we found that these could result in overexpression artifacts, 

especially in the cleaved caspase-3 assay (see Figure 5.6). After induction or transfection, cells were 

labeled as stated in 123. Briefly, cells were washed once with PBS and labeled with one of these 

strategies: i) for one-color and dual-color single molecule experiments we prepared a mix containing 

2 µM Sfp Synthase, 10 mM MgCl2, 5 - 10 nM of a CoA-conjugated form of Abberior635P in culture 

medium; ii) for growth cone collapse assay and p75NTR polarized localization in neurons we prepared 

this mix: 2 µM Sfp Synthase, 10 mM MgCl2, 10 µM CoA-biotin in culture medium. Both were added 

to cell cultures for 30 min at 37°C. After ii), cells were washed three times with PBS and subjected 

to a second reaction with 10 nM S-Qdot655 in Qdot Binding Buffer (borate buffer pH 8.3, 

supplemented with 0.5% BSA and 215 mM sucrose) for 2 min at room temperature, washed again 

five times with PBS and imaged; instead, after i) cells were washed five times with PBS and imaged.  

Acyl-Biotinyl Exchange Assay 

 

The ABE assay was performed as previously described in 129, with modifications. Briefly, SH-SY5Y 

cells were transfected with lentiviral S6-wt p75NTR and, after 24 hours, induced with 1 μg/ml 

doxycycline. p75NTR-SH-SY5Y or untransfected PC12 cells were washed twice with ice-cold PBS and 

lysed in RIPA Buffer supplemented with 10 mM N-Ethylmaleimide (NEM), 2x Protease Inhibitors (a 

fresh 100x stock was made by 1 mg/ml of Pepstatin and 10 mg/ml of each Leupeptin, Antipain and 

Chymostatin, and then 50-fold diluted) and 2 mM Phenylmethylsulfonyl fluoride (PMSF) on ice. Cells 

lysate was transferred in 1.5 ml tubes and end-over-end rotated for 1 hour at 4°C. The solution was 

then centrifuged for 30 min, 4°C, 16000 ×g and protein concentration from the resulting supernatant 

was determined by Pierce™ Coomassie (Bradford) Protein Assay Kit (ThermoFisher Scientific). Half 

of the sample was treated with 0.7 M Hydroxylamine (HA) and half was not (as a control, -HA), then 

both were supplemented with 0.2 mM N-[6-(Biotinamido)hexyl]-3'-(2'-pyridyldithio)propionamide 

(HPDP-biotin, ThermoFisher Scientific). Differently from 129, the biotinylated pool from +HA and –HA 

samples was then precipitated with Dynabeads® MyOne™ Streptavidin C1 (ThermoFisher Scientific) 

and the supernatant (SPN +HA and SPN –HA) kept as a control. Complexes of streptavidin beads and 
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biotinylated proteins were washed twice with PBS supplemented with 0.02% Tween®20. The beads 

were heated at 95°C for 10 minutes in SDS gel loading buffer 2x (20% glycerol, 4% sodium dodecyl 

sulfate, 0.1 % bromophenol blue, 100 mM Tris-HCl pH 6.8, 5% β-mercaptoethanol). Eluted proteins 

were loaded on a 4–12% Criterion™ XT Bis-Tris Protein Gel (Bio-Rad) and then transferred to a 

nitrocellulose membrane and blotted with anti-p75NTR antibody (07-476, Millipore) 1:1000 diluted 

in TBST (150 mM NaCl, 20 mM Tris HCl pH 7.4, 0.05% Tween®20) plus 5% Non-Fat Dry Milk (Bio-

Rad). All reagents were purchased from Sigma-Aldrich except where otherwise stated. 

Detection of S6-tagged wt and mut p75NTR from cell lysates by 

western blot 

 

For blots shown in Figs. 2.5, upper panel, 2.13 and 3.7, SH-SY5Y, PC12 or SK-N-BE(2) cells were 

transfected or transduced with S6-tagged wt or mut p75NTR and induced with the indicated 

doxycycline (if not indicated, 1 µg/ml doxycycline was used). After 24-48h induction, cells were lysed 

in RIPA buffer (Sigma-Aldrich®) supplemented with proteases inhibitors tablet (Roche) and 1mM 

Phenylmethanesulfonyl fluoride (PMSF, Sigma-Aldrich®) for 15 min on ice. Lysates were centrifuged 

at 16.000 xg for 15 min at 4°C and quantified with Bradford assay. 20-35µg of each sample was mixed 

with SDS gel loading buffer and loaded on a standard 4–12% polyacrylamide Criterion™ XT Bis-Tris 

Protein Gel (Bio-Rad). The run was performed in MOPS 1x buffer (Bio-Rad) and transferred in Towbin 

1x on a Nitrocellulose membrane (Ge Healthcare). Membrane was blocked with Tris-buffered Saline, 

supplemented with 0.05% Tween-20® (TBST) and 5% Non-Fat Dry Milk (Bio-Rad), for 1h a room 

temperature and blotted with anti-p75NTR (07-476 Millipore) 1:1000 diluted in TBST+ 5% Milk for 2h 

at room temperature. After three washes with TBST only, membrane was then blotted with Goat 

anti-Rabbit IgG (H+L)-HRP Conjugate (Bio-Rad) 1:2500 diluted in TBST + 5% Milk for 1h at room 

temperature. Membrane was washed and then imaged with ECL™ Western Blotting Detection 

Reagents (GE Healthcare). 

For blots shown in Figure 3.7, SH-SY5Y cells were infected with S6-tagged wt or mut p75NTR and 

induced for 24h with 1µg/ml doxycycline. Cells were lysed with TBS pH 7.4 supplemented with 

proteases inhibitors, 10mM Iodoacetamide, 60mM Octyl-β-D-glucopyranoside and 1% Triton X-100 

(all reagents were purchased from Sigma-Aldrich®) for 15min on ice; lysates were then centrifuged 

at 16000 xg for 15 min at 4°C and protein contents were quantified with Bradford assay. 40 µg of 

each total cell extract was diluted both in DTT-containing 2X gel loading buffer (250mM Tris HCl pH 
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6.8 with 25% glycerol, 5% SDS, 0.05% Bromophenol Blue and 250mM DTT) and in DTT-missing 2X gel 

loading buffer (250mM Tris HCl pH 6.8 with 25% glycerol, 5% SDS, 0.05% Bromophenol Blue). DTT 

samples were boiled at 95°C for 5min, non-DTT samples were maintained at room temperature for 

20min; then they were loaded on a 4–20% polyacrylamide Mini-PROTEAN® TGX™ Precast Protein 

gel (Bio-Rad) and run in Tris-Glycine-SDS 1X buffer (Bio-Rad). Transfer, blot and detection were 

performed as stated above.  

Stoichiometry by step-photobleaching 

 

For step-photobleaching quantification, we used the three p75NTR constructs above described plus 

the S6-wtTrkA construct transduced in SK-N-BE(2) cells, all labeled with 20nM CoA-Abberior635P for 

30 min at 37°C according to 123. TrkA expressing cells were treated for 15 min at 37°C with 125 ng/ml 

mouse NGF (Alomone Labs), diluted in medium without serum. After that, both p75NTR and TrkA 

expressing cells were fixed for 90 min at room temperature with 4% PFA/Sucrose solution 

supplemented with 0.1% Glutaraldehyde (GA, Electron Microscopy Sciences), washed five times 

with PBS and imaged in PBS at the TIRF microscope. The choice of type and percentage of fixative 

followed an optimization step to reach absence of movement of receptor in plamsa membrane, in 

accordance with 171. We employed the same microscope setup used for single molecule dynamics 

experiment, but for a 3000-frame movie (needed to achieve exhaustive fluorophore 

photobleaching) acquired in a 144 x 144 pixels (32.68 x 32.68 µm) ROI, with 21 ms integration time. 

Time series were then analyzed similarly to what described in 141. Briefly, background fluorescence 

was subtracted using the ImageJ software rolling ball algorithm (with a 6 pixel radius) on the whole 

movie. The first 20 frames were averaged, and a mask was calculated on this image using a threshold 

lower bound set as four times the mean intensity of a region without fluorescent spots; this mask 

was then applied to the whole movie. Single spots were selected on the first frame of the 

background-subtracted and thresholded TIRF movie using a 3x3 pixels ROI, we plotted their intensity 

as a function of time and quantified the number of photobleaching steps and the pre-bleach mean 

intensity. Precise criteria were applied to select particles: i) spots needed to be clearly 

distinguishable and not belonging to areas of clustered receptors; ii) number of photobleaching 

steps was calculated only for profiles whose intensity reached background by the end of the movie; 

the others were used only to calculate the pre-bleach mean intensity; iii) spots whose intensity step 

up during the movie were discarded; iv) spots whose intensity profiles were very scattered were 
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discarded; v) the first photobleaching step must be at least 5 frames long; vi) when blinking occurs, 

pre-blink intensity must be equal to post blink one; vii) blinking must in any case not exceed 20% of 

the time the particle is observed; viii) when more than one photobleaching events are observed, 

their relative steps must be similar. For the selected spots, we plotted the intensity profile and 

quantified the number of photobleaching steps and the pre-bleach mean intensity IPRE. The 

frequency distribution of IPRE was fitted with a multi-Gaussian function: we assumed linear 

summation of mean and variance, yielding the following equation: 

𝐴1

𝜎
⋅ 𝑒

− 
(𝑥−𝑥𝑐)2

2𝜎2 +
𝐴2

𝜎√2
⋅ 𝑒

− 
(𝑥−2𝑥𝑐)2

4𝜎2  + 
𝐴3

𝜎√3
⋅ 𝑒

− 
(𝑥−3𝑥𝑐)2

6𝜎2  +  
𝐴4

2𝜎
⋅ 𝑒

− 
(𝑥−4𝑥𝑐)2

8𝜎2 , 

where xc is the mean value of the first peak and σ2 is its variance. A1, A2, A3 and A4 are multiplying 

factors proportional to the population of each species.  

Cell cholesterol-content modulation and quantification 

 

In order to modulate membrane cholesterol levels of SK-N-BE(2) cells, these were treated as follows: 

i) 10 µM mevastatin overnight treatment to decrease cholesterol content ii) 5 mM of 

cholesterol:MβCD plus 5 µM of free cholesterol incubated for 30 min at 37°C to increase cholesterol 

content. In order to modulate cholesterol levels in neurons for the proBDNF apoptosis assay, 

cholesterol biosynthesis was inhibited with 10 μM mevastatin for 50 h starting on DIV 2; on DIV 3, 

neurons were treated for 30 min with 5mM of Methyl-β-cyclodextrin, washed three times with PBS 

and incubated for 12 hours with 10 μM mevastatin, with or without 20 ng/ml proBDNF. To increase 

cholesterol content, 5 mM of cholesterol:MβCD plus 5 µM of free cholesterol were added to the 

proBDNF or control mixes for the first 30 minutes of the 12h incubation on DIV 3 neurons. After 30 

minutes, this medium was washed three times and changed into normal medium with (or without) 

proBDNF. To assess membrane cholesterol levels, cells were seeded on Willco® dishes, cultured and 

washed twice with PBS and stained with fluorescent filipin III of Cholesterol Assay Kit (Cell-Based) 

(Abcam) following manufacturer guidelines. Stained samples were imaged at TIRF microscope with 

HCX PL APO 100.0X oil-immersion objective, using a 405 nm laser with a Quad ET TIRF MC 

fluorescence cube, a [420 - 510] nm emission filter and a 90 nm penetration depth. Typically, a 272 

x 320 pixels (61.94 x 72.91 µm) field was analyzed by ImageJ software, measuring filipin mean 

intensity of the whole field after background subtraction and application of a threshold to remove 

pixels outside the cells. For filipin intensity quantification in neurons, glia signal was always removed 
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from the image before measurement by drawing ROIs circumscribing the neurons. Furthermore, 

samples treated with cholesterol-affecting drugs -due to loss of glass-adhered neuronal plasma 

membrane caused by the treatment- were not imaged at TIRF, but at confocal SP2 using HCX PL APO 

CS 40.0X oil-immersion objective (NA 1.25), a 378 nm laser line with [390 - 470] nm emission. 512 x 

512 pixels (124.97 x 124.97 µm) fields were acquired and quantified measuring filipin III mean 

intensity of each neuron after background subtraction. 

One-color single particle p75NTR imaging, tracking and analysis 

 

In neuron polarization experiments shown in Figure 2.14, DIV1 infected and induced hippocampal 

neurons were labelled with S-Qdot655, cells were then imaged by TIRF microscopy with a 488 nm 

excitation laser, a Qdot655 emission filter (FF01-655/15 Semrock) and a penetration depth of 110 

nm. A constant region of interest (ROI) of 232 x 240 pixels (52.80 x 54.63 µm) was used to acquire 

500-frame time series with integration time of 47 ms, and the trajectories of the single-membrane 

receptors were reconstructed as specified below. Relative enrichment of p75NTR was calculated as 

the ratio between the percentage of the area of neurites and somas explored by S6-p75NTR 

trajectories. Neurite and soma ROIs were hand-drawn on DIC image, and the area explored by p75NTR 

was calculated using a custom macro in ImageJ, which counts the number of pixels containing the 

coordinates of at least one spot throughout all trajectories of a movie. 

For single molecule dynamics experiments, cells transduced with S6-p75NTR constructs were labeled 

with Abberior 635P and usually imaged within 30 minutes after labelling. Cholesterol affecting 

treatments were performed before (mevastatin) and during (cholesterol load) the labeling reaction. 

Ligand stimulation was performed by addition, into the medium of the labelled cells, of NGF (150 

ng/ml), BDNF (100 ng/ml, Alomone Labs), or their immature forms (300 ng/ml proNGF and 200 

ng/ml proBDNF, respectively). In particular, Willco® dishes were maintained at 37°C in the 

microscope incubator chamber and half of the medium was replaced with an equal amount 

containing two times the desired ligand concentration. In this experiment, p75NTR dynamic was 

monitored in a five-points time course: 0 (i.e. immediately after ligands are administered to culture 

medium), 30, 60, 120 and 240 min, where each point corresponds to total 15 minutes of imaging 

after the stated time. Samples were imaged at the TIRF microscope, using a 635 nm excitation laser, 

a Cy5 Leica1152303 emission filter and a 110 nm penetration depth. Usually a 500-frame time series 

was acquired in a fixed 200 x 208 pixels (45.49 x 47.31 µm) ROI, with 21 ms integration time for 
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movies acquired at 228 nm pixel size and 30 ms integration time for movies acquired at 143 nm pixel 

size. For analysis on single particle movies, we developed algorithms in MATLAB R2015b (The 

MathWorks, Inc.). The analysis was based on the work presented in 87, but using functionalities from 

the u-track 2.1.3 software (Danuser Lab)172 for detection, localization, and tracking of spots. In order 

to automatize as much as possible this part of the analysis, we integrated in our algorithms these 

procedures, together with automatic file loading using the OME Bio-Format package, revision 

33bb1150. Briefly, we applied a mask to movies from one-color experiments in order to exclude 

spots outside of cell membranes due to fluorophores unspecifically adhered to the glass; this 

operation was done either with ImageJ software or with a home-made algorithm, starting from a 

maximum intensity projection of the whole movie. 

The detection of the spots was made with a custom-modified u-track algorithm, where particles 

recognition at the borders of the mask was optimized, since we observed often misdetection or 

undetection. Particles positions were detected in xy over time and the correspondent trajectories 

were generated as standard in the u-track software. The output trajectories can be composed by 

several subtrajectories, linked to each other in order to take into account merge and/or split events 

(M&S events), where two spots can associate or dissociate. Therefore, there are actually part of 

trajectories where more than one molecule travel together. We developed an algorithm to separate 

all the subtrajectories composed by a different number Np of particles, obtaining therefore only 

non-branched trajectories. Used additional outputs of this procedure are the total number of M&S 

events in a movie, and Np for each subtrajectory (actually, an estimate for a minimum number of 

particles in a subtrajectory considering only M&S events). Transient dimer (Td) subtrajectories are 

the ones with Np=2 preceded by a merge event and followed by a split event; we retrieved their 

number and the average and standard error of their duration distribution per cell, and used these 

data to obtain the total distributions in Figure 3.11. From all non-branched subtrajectories, two main 

parameters were calculated: average intensity (Iav), which is the average of the intensities of the 

spots (given by the u-track algorithm) in the whole track, and D, which is the diffusion coefficient 

calculated on the first two points of the Mean Square Displacement (MSD) function. Their 

distributions have been calculated taking into account their uncertainty and the number of frames 

when the particle has been detected in a trajectory. It should be noted that the D values calculated 

for many of the trajectories contributing to the D distributions below ~0.1µm2/s are compatible with 

0µm2/s when considering the uncertainties. Thus, we do not exclude that the low tail of slowly 

diffusing trajectories visible in the D distribution (Figs 3.8 and 4.4) may correspond to immobile or 

much slower fluorophores. Finally, we also calculated for each cell the spot density, which 
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corresponds to the average number of detected spots (excluding those not belonging to a track) in 

the first five frames of the movie divided by the area of the cell bottom membrane. 

Dual-color lipid raft and p75NTR imaging and analysis 

 

For lipid raft experiments, SK-N-BE cells infected with S6-tagged wt or mut p75NTR were seeded on 

Willco® dishes and expression induced with 0.01 µg/ml doxycycline. p75NTR was labeled with CoA-

Abberior635P, treated with fresh medium or 100 ng/ml human NGF in fresh medium for 15 min at 

37°C and subjected to lipid raft staining by means of Vybrant Alexa Fluor 488 Lipid Raft Labeling Kit 

(ThermoFisher Scientific). Briefly, cells were labeled with Cholera Toxin-subunit B (CT-B) conjugated 

with Alexa488, washed five times with cold PBS, crosslinked with anti-CT-B, washed again five times 

with cold PBS and imaged. All of the rafts staining steps were performed at 4°C in medium with or 

without NGF. Samples were then imaged at 37°C either in absence or presence of NGF, using the 

TIRF microscope in the two-color configuration: Abberior635p was excited at 635 nm (red channel) 

and Alexa488 at 488 nm (green channel). Misalignments between the green (raft) and red (p75NTR) 

channels can remain after the alignment procedure for the Dual View, also because of chromatic 

aberrations; these were corrected using a superposition algorithm. This was implemented (i) 

acquiring a DIC image immediately before or after the fluorescence time-lapse; (ii) extracting from 

the DIC images and movies the “green” and “red” windows excluding the pixels on the borders; (iii) 

finding the best affine transformation for superimposing the DIC “green” channel on the 

corresponding “red” one using the ‘imregtform’ function in MatLab; if this transformation could not 

be found, or if the Pearson correlation coefficient for the superposition of the transformed green 

image on the red one was less than 0.85, the best transformation found for the series of experiments 

(on the same petri) was used instead; (iv) transforming the green fluorescence movie using the 

‘imwarp’ function in MatLab with the transformation found in point iii and ‘cubic’ interpolation. The 

localization of p75NTR spots in raft or non-raft regions was quantified using the ratio of the average 

intensity of the red channel (p75NTR) inside the raft (green-positive) regions (Īraftp75), divided by the 

average intensity of the red channel in the whole cell (Ītotalp75); this parameter is analogous to the 

first Manders split coefficient, but corrected for the area of raft and non-raft regions. To evaluate 

green-positive regions, we applied an image segmentation algorithm to the whole movie, treated as 

a 3D image; the segmentation was based on a seed-and-threshold method 
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(https://svi.nl/SeedAndThreshold), but with two sets of thresholds (as percentages over the 

maximum intensity in the green channel) for high-intensity and low-intensity regions.  

Cleaved caspase-3 assay 

 

Cortical neurons from wild type and p75NTR KO mice were seeded on glass slides in 24-well dishes at 

medium-high density. On DIV1, KO neurons were transduced with S6-wt/mut p75NTR lentiviral 

particles. On DIV2, transgene expression was induced with 0.05 µg/ml doxycycline. On DIV3, 

neurons were treated for 12 h with 20 ng/ml human proBDNF or standard culture medium as 

control. Samples were then fixed in cold 1:1 acetone:methanol solution  for 15 min at -20°C, washed 

three times in PBS, permeabilized with 0.5% Triton X-100 plus 2.5 % BSA/PBS 5 min at room 

temperature, blocked 1 h at room temperature with 5% BSA/PBS, incubated 2.30 h at room 

temperature with anti-cleaved-caspase-3 (1:300, 9664 Cell Signaling Technology®) and anti-MAP2 

(1:2500, M9942 Sigma-Aldrich) antibodies in 2.5% BSA/PBS and stained 1 h at room temperature 

with relative fluorophore-conjugated secondary antibodies (anti rabbit-Alexa647, 1:100; anti 

mouse-Alexa488, 1:100, ThermoFisher). Glass slides were then mounted on glass coverslips with 

Fluoroshield™ (containing DAPI) and imaged at the confocal SP5 with HC PL FLUOTAR 20.0X air-

objective (NA 0.5) and pinhole at 1.5 Airy Units. 

We used a 633 nm laser line and [648-718] nm emission window for Alexa647, a 488 nm laser and 

[500-600] nm emission window for Alexa488 and a pulsed 405 nm laser line with [410-500] nm 

emission range for DAPI; the three channels were acquired sequentially. Cleaved caspase-3 positive 

neurons were defined as MAP2 positive cells displaying a mean intensity above an intensity 

threshold in the Alexa647 channel set according to evidently non-apoptotic cells in the untreated 

sample; neurons were counted in at least 6 fields per coverslip. All reagents were purchased from 

Sigma-Aldrich except where otherwise stated. 

Growth cone collapse assay 

 

DIV1-2 hippocampal neurons were cotransfected with S6-wt p75NTR-EGFP or S6-mut p75NTR-EGFP 

together with pTagRFP-actin using Lipofectamine2000; control cultures were transfected with 

soluble EGFP and pTagRFP-actin. On DIV3, fresh medium was added to control neurons, while p75NTR 

expressing ones were incubated with the following labeling mix in fresh medium: 2 µM Sfp Synthase 
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(New England Biolabs), 10 mM MgCl2, 10 µM CoA-biotin for 30 min at 37°C, in order to biotinylate 

S6-tags exposed at the cell surface. All neurons were then washed three times with HBSS 

(supplemented with 2mM CaCl2 and 1 mM MgCl2) and incubated 30 minutes at 37°C with either 

culture medium only or 20 ng/ml proNGF in culture medium. Neurons were then washed once; 

p75NTR expressing neurons were incubated with 10 nM Qdot™ 655 Streptavidin Conjugate (S-

Qdot655, ThermoFisher Scientific) for 15 min at 4°C, then washed 5 times and fixed in 2% 

formaldehyde plus 5% Sucrose in PBS for 15 min at room temperature, washed three times with PBS 

and imaged. To inhibit dynamin-dependent endocytosis, the above experiment was repeated with 

80 µM Dynasore (Sigma-Aldrich) in the biotinylation step and proNGF (or control) treatment, as well 

as in the intermediate washes between the two steps. Imaging was done with confocal SP5, using 

oil objective HCX PL APO CS 40.0X (NA 1.25) and the pinhole set at 1 Airy Unit. Ar 488 nm laser line 

was used for EGFP ([500-550] nm emission window) and S-Qdot655 ([650-750] nm emission 

window), a solid-state 561 nm laser for TagRFP ([575-650] nm emission range) and a pulsed 405 nm 

laser for DAPI ([420-500] emission range).  For each experiment, we quantified with ImageJ software 

from background-subtracted images: i) the area of all detectable growth cones, as derived from the 

RFP-actin or EGFP channels; ii) the ratio between the Qdot and EGFP channels as a measure of 

membrane versus total receptor pool in growth cone areas. 

Statistical Analysis 

 

Statistical analysis was performed with OriginPro v9.0 or GraphPad Prism 6. Parametric tests used 

were Student’s t-test (two-tailed), or one-way ANOVA with Bonferroni or Tukey’s correction for 

multiple comparisons of more than two groups. Significance was set at α=0.05. Comparisons 

between groups whose distributions were not normal, or requirements for parametric tests were 

not met, were performed with Kruskal–Wallis test, followed by Dunn’s test for pairwise comparison. 

Nonparametric comparisons between two samples were performed with Mann–Whitey test. All 

information are summarized in Table 3. 

 

Table 3. The table lists the figure or panel number (Figure), the name (Sample) and the numerosity 

(n) of analysed samples, the number of independent measures (Replicates), a description of the 

sample (Notes) and the details of statistic test used for analysis (Statistics). 
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Figure Sample n 
Replicat

es 
Notes Statistics 

2.14 
wt p75 

transduced 
neurons 

19 1 n are neurons 
Paired Student’s t-test, two-

tailed t=-10.9 dF= 18 
P=2.32494E-9 

2.15 

NT 37 2 

n are growth 
cones 

one-way ANOVA, Kruskall-
Wallis test, followed by Dunn’s 

comparison 
n=4,178 S=55.55 P<10E-5 

NT vs NT +proNGF P>0.999 
P75 vs P75 +proNGF P>10E-4 

NT +proNGF 20 2 

P75 62 2 

P75 +proNGF 66 2 

2.16 

wt 3 3 2064 neurons unpaired Student’s t.-test (two-
tailed), Welch’s correction for 

unequal variance 
t=10.3 dF=2.059 P=0.0084 

wt pro 3 3 1850 neurons 

KO 3 3 4500 neurons one-way ANOVA, followed by 
Tukey’s comparisons 

dF=3,10 F=226.6 P<10E-5 
KO vs KO pro P=0.7323 
KO vs KO P75 P=0.8110 

KO P75 vs KO P75 pro P<10E-4 

KO pro 3 3 5337 neurons 

KO P75 4 4 4685 neurons 

KO P75 pro 4 4 4601 neurons 

2.6 
A1-P75 14 3 

n are cells 
Paired Student’s t-test, two-

tailed t=-3.923 dF=13 P=0.0017 S6-P75 18 3 

2.7 

[10-3;10-2] 
doxycycline 

25 2 

n are cells 
Unpaired Student’s t-test, two-
tailed t=8.647 dF=2 P=0.0131 [>10-2;1] 

doxycycline 
8 2 

3.1 

Qdot655 4994 1 
trajs from 10 

cells 
Not applicable (NA) 

Abberior635P 5086 3 
trajs from 20 

cells 

3.8 

wt p75 180491 4 
trajs from 43 

cells 

NA mut p75 207280 4 
trajs from 47 

cells 

dim p75 108422 5 
trajs from 43 

cells 

3.10 

wt P75 43 4 

n are analyzed 
cells 

one-way ANOVA, followed by 
Bonferroni’s comparison 

dF=2,130 F=14.37 P<0.0001 
wt p75 vs mut P75 n.s. 

wt P75 vs dim P75 P<0.0001 
mut P75 vs dim P75 P<0.0001 

mut P75 47 4 

dim P75 43 5 

3.11 

wt p75 43 4 
n are analyzed 

cells 
NA mut p75 47 4 

dim p75 43 5 

3.12 wt p75NTR 180491 4 
trajs from 43 

cells 
NA 
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mut p75NTR 207280 4 
trajs from 47 

cells 

dim p75NTR 108422 5 
trajs from 43 

cells 

3.15 

wt p75NTR 536 3 

n are spots 
from 15 cells 

Multigaussian fit adj 
r2=0.97913, reduced  χ2 

=42.86579, 
ANOVA of regression df=4,12 
F=281.38763 P=2.20993E-11 

mut p75NTR 764 3 

Multigaussian fit adj 
r2=0.97319, reduced  χ2 = 

70.45649, 
ANOVA of regression df=5,14 
F=218.69841 P=1.89826E-12 

dim p75NTR 925 3 

Multigaussian fit adj 
r2=0.98707, reduced  χ2 = 

592.07497, 
ANOVA of regression df=6,20 

F=592.07497 P<10E-12 

3.16 

P75 416 3 
n are spots 

from 15 cells 

Chi-square test χ2 =347.7, df=6 
P<0.0001 

 
mut P75 653 3 

dim P75 816 3 

3.17 

photobleaching 
steps 

267 3 
spots from 15 

cells 
NA 

intensity 
histogram 

273 3 
spots from 15 

cells 

4.1 

dim p75 132251 5 
trajs from  69 

cells 

Kruskal–Wallis test (P < 0.0001) 
followed by Dunn’s comparison 
of means (P < 0.001 considered 

as significant) 

wt p75 59237 4 
trajs from 34 

cells 

wt p75 + NGF 65387 4 
trajs from 37 

cells 

mut p75 85615 4 
trajs from 27 

cells 

mut p75 + NGF 103472 4 
trajs from 38 

cells 

4.2 

wt neurons 5544 1 
trajs from 4 

cells 

Kruskal–Wallis test (P < 0.0001) 
followed by Dunn’s comparison 
of means (P < 0.001 considered 

as significant) 

wt neurons + 
proNGF 

7887 1 
trajs from 5 

cells 

P75 KO neurons 11063 2 
trajs from 7 

cells 

P75 KO neurons 
+ proNGF 

24593 2 
trajs from 13 

cells 

4.3 and 
4.4 

statistics as in 4.5 

CHO 90 8 n are analyzed 
fields astrocytes 40 4 
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4.5 
(cholest

erol) 

HEK 20 2 

Linear fit adj r2=0.97612, 
ANOVA of regression df=5 

F=205.37087 P<1.37754E-4 

SK-N-BE 20 1 

P75 KO neurons 20 2 

wt neurons 30 2 

4.5 (D) 

CHO 5538 1 
trajs from 9 

cells 

astrocytes 69349 3 
trajs from 23 

cells 

HEK 15144 1 
trajs from 10 

cells 

SK-N-BE 3043 1 
trajs from 7 

cells 

P75 KO neurons 11063 2 
trajs from 7 

cells 

wt neurons 10619 1 
trajs from 4 

cells 

4.6 

naive 85 1 
n are analyzed 

cells 

One-way analysis of variance, 
Tukey’s multiple comparison 

naive vs meva P<0.05 
naive vs chol P<0.001 

mevastatin 100 1 

cholesterol 86 1 

 
4.7 

wt p75 + NGF 65387 4 
trajs from 37 

cells 

Kruskal–Wallis test (P < 0.0001) 
followed by Dunn’s comparison 
of means (P < 0.001 considered 

as significant) 

wt p75 +meva 
+NGF 

35441 2 
trajs from 14 

cells 

wt p75 +chol 
+NGF 

47116 2 
trajs from 20 

cells 

mut p75 + NGF 103472 4 
trajs from 38 

cells 

mut p75 +meva 
+NGF 

39198 2 
trajs from 15 

cells 

mut p75 +chol 
+NGF 

40749 2 
trajs from 20 

cells 

4.9 

p75 21 3 

n are analyzed 
cells 

one-way ANOVA, Bonferroni 
comparison of means 

Df=3 F=3.600 
P75 vs P75 +NGF P=P=0.0162 

P75 +NGF 25 3 

mut P75 24 3 

mut P75 +NGF 32 3 

5.1 

naive 153 1 

n are analyzed 
cells 

one-way ANOVA, Tukey’s 
comparison of means 

Df=2,426 F=188.4 P<10E-6 
naive vs meva P<10E-4 
naive vs chol P<10E-4 

meva 145 1 

chol 131 1 

5.3 

naive 3 3 2064 neurons one-way ANOVA, Tukey’s 
comparison of means 

Df=5,14 F=13.87 P<10E-6 
Nt vs NT pro P=0.0013 
NT vs meva P=0.4790 
NV vs chol P=0.1953 

naive pro 3 3 1850 neurons 

meva 3 3 686 neurons 

meva pro 3 3 368 neurons 

chol 5 5 552 neurons 
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chol pro 3 3 495 neurons 
meva vs meva pro P=0.9115 

chol vs chol pro P=0.0007 

5.5 
(naive) 

NT 3 3 4500 neurons one-way ANOVA, Tukey’s 
comparison of means 

Df=5,16 F=60.77 P<10E-6 
NT vs NT pro P=0.9814 
P75 vs P75 pro P<10E-4 
mut P75 vs mut P75 pro 

P=0.9998 
P75 vs NT P=0.9907 

mut P75 vs NT P=0.3386 
 

NT pro 3 3 5337 neurons 

P75 4 4 4685 neurons 

P75 pro 4 4 4601 neurons 

mut P75 4 4 4248 neurons 

mut P75 pro 4 4 3941 neurons 

5.5 
(mevast

atin) 

NT 4 4 1786 neurons one-way ANOVA, Tukey’s 
comparison of means 

Df=5,18 F=0.01308 P>0.999 
NT vs NT pro P>0.999 

P75 vs P75 pro PP>0.999 
mut P75 vs mut P75 pro 

PP>0.999 
P75 vs NT P>0.999 

mut P75 vs NT P>0.999 
 

NT pro 4 4 1848 neurons 

P75 4 4 2676 neurons 

P75 pro 4 4 2040 neurons 

mut P75 4 4 1294 neurons 

mut P75 pro 4 4 1030 neurons 

5.5 
(cholest

erol) 

NT 5 5 2843 neurons one-way ANOVA, Tukey’s 
comparison of means 

Df=5,20 F=42.3 P<10E-6 
NT vs NT pro P=0.8512 
P75 vs P75 pro P<10E-4 

mut P75 vs mut P75 pro P<10E-
4 

P75 vs NT P=0.9884 
mut P75 vs NT P=0.9846 

NT pro 5 5 3984 neurons 

P75 4 4 3731 neurons 

P75 pro 4 4 3164 neurons 

mut P75 4 4 3976 neurons 

mut P75 pro 4 4 2801 neurons 

5.6 

untransfected 2 2 2961 neurons 
one-way ANOVA, Tukey’s 

comparison of means 
Df=5,6 F=119.7 P<0.0001 
untr vs untr pro P=0.9122 

untr vs wt P=0.0002 
untr vs mut P=0.0509 
wt vs wt pro P=0.0025 
del vs del pro P=0.0086 

untransfected_p
roBDNF 

2 2 4876 neurons 

wt P75 2 2 4291 neurons 

wt 
P75_proBDNF 

2 2 4941 neurons 

mut P75 2 2 3356 neurons 

mut 
P75_proBDNF 

2 2 4064 neurons 

5.7 

NT 37 2 

n are growth 
cones 

one-way ANOVA (Geisser-
Greenhouse correction for 

unequal variance), Bonferroni 
comparison of means 

Df=5,312 F=18.13 P<10E-5 
NT vs NT +proNGF P<0.999 
P75 vs P7 +proNGF P<10E-4 

NT +proNGF 20 2 

P75 62 2 

P75 +proNGF 66 2 

mut P75 83 2 

mut P75 + 
proNGF 

57 2 
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mut P75 vs mut P75 +proNGF 
P<10E-4 

5.9 

P75 19 2 

n are neurons 

one-way ANOVA, Kruskall-
Wallis test, followed by Dunn’s 

comparison 
N=4,105 S=39.86 P=9.16659E-5 
P75 vs P7 +proNGF rank diff=-

47.26 P<0.0001 
mut P75 vs mut P75 +proNGF 

rank diff=-29.44 P=0.0003 

P75 +proNGF 15 2 

mut P75 37 2 

mut P75 
+proNGF 

34 2 

5.11 

P75 Dynasore 17 2 

n are neurons 

one-way ANOVA, Kruskall-
Wallis test, followed by Dunn’s 

comparison 
N=4,78 S=4.879 P=0.1808 

 

P75 Dynasore 
+proNGF 

9 2 

mut P75 
Dynasore 

38 2 

mut P75 
Dynasore 
+proNGF 

14 2 

5.12 
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In this work we dealt with many aspects of the human p75NTR, from its stoichiometry to its signalling, 

and demonstrated that it is mainly present in the plasma membrane of cells in a monomeric form, 

capable of triggering its normal pathways. 

We employed a fluorolabelling toolbox to study how single membrane receptors behave in a live 

cell context at a nanoscale level. We successfully applied this technology to p75NTR as it did not affect 

its expression, post-translational modifications and localization in plasma membrane or cell 

compartments, and neither its ability of signalling. This also allowed us to control the levels of 

surface p75NTR, to avoid the use of indirect labelling methods and to overcome steric hindrance due 

to large Qdots. By means of this technique, we investigated the dynamics and the oligomeric state 

of S6-wt p75NTR in plasma membrane of live cell but found no significant changes between 

unstimulated or NT/proNTs-stimulated conditions, when compared to the monomeric control S6-

mut p75NTR. We named this behaviour “lonely dance” of p75NTR, which challenges a recently 

accepted model of p75NTR pre-formed dimers in the cell membrane. Our data do not exclude possible 

dimerizations, but show that p75NTR has a propensity to generate at most transient homo-dimers 

rather than stable complexes. Since we did not see big changes in the dynamics of p75NTR upon the 

use of various ligands, our work suggests that this receptor interacts with its partners in a very 

transient fashion, at least at the spatio-temporal scale we can analyse with our experimental setup, 

which instead allowed distinguishing different TrkA sub-populations displaying peculiar dynamic and 

stoichiometric features. This strengthens the possibility of dynamic interactions for receptor 

activation. To solve the oligomeric status of p75NTR we performed a step-photobleach study in fixed 

cells, which confirmed that wt p75NTR is predominantly a monomer in plasma membrane, as much 

as its monomeric control mut p75NTR. We also found a low percentage (~20%) of dimers for both 

proteins, which we consider as overestimated apparent dimers, derived from non-resolved 

fluorophores in close proximity. Importantly, this fraction is equal for wt and mut p75NTR. A similar 

phenomenon was observed for the dimeric control dim p75NTR, for which we observed a majority of 

dimers, but trimeric and tetrameric populations were not negligible. 

It is important to underline that wt p75NTR properties are much more similar to those of mut p75NTR 

rather than dim p75NTR, both in terms of diffusion and fluorescence intensity profile; therefore 

Cys256 and Gly265 mutations and 193-218 aminoacids deletion do not play a role in the 

oligomerization of this receptor. Actually, these residues, in particular those in the transmembrane 

domain, may be crucial for p75NTR to access signalling-competent membrane regions for apoptosis. 

Indeed, we demonstrated that their mutations alter the possibility for mut p75NTR to enter GM1-rich 

membrane zones, while wt p75NTR displays a higher residency in them upon NT stimulation. 
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Accordingly, we found that NGF changed the diffusion trend of wt p75NTR and mut p75NTR towards 

opposite directions, and this effect was modulated by the cholesterol content of the cells. This can 

explain why mut p75NTR, differently from wt p75NTR, is not able to trigger proNT-mediated apoptotic 

cascade. Curiously, we observed that cholesterol overload resulted in activation of apoptotic 

pathway also via mut p75NTR. This is probably due to the greater availability of cholesterol-rich 

regions, which cannot just be avoided by the mutated protein. This confirmed the fact that the 

mutated residue in mut p75NTR are in a strict relationship with the cholesterol-rich signalling 

platforms of the membrane. 

Although wt p75NTR and mut p75NTR act differently in apoptotic signalling, they both can generate 

the collapse of growth cones in developing neurons to the same extent. We found that the 

stimulation with proNT beckons p75NTR on the cell membrane, increasing its local concentration in 

the growth cone surface. By pharmacologically inhibiting the dynamin-dependent p75NTR 

internalization route, we obtained collapse of the axonal growth cone using both wild-type and 

mutated constructs, showing a ligand-independent p75NTR mechanism for which the accumulation 

of the receptor to the plasma membrane is the only condicio sine qua non. Although we cannot claim 

whether proNT prevents p75NTR from being internalized or stimulates its recycling to the growth 

cone membrane, we can state that this effect is not linked to the transmembrane Cys256 or the 

other mutated residues in mut p75NTR and is not a signal transduced by effectors in cholesterol-rich 

regions. 

Our new model for differential monomeric p75NTR signalling, where cholesterol plays a 

discriminating role in segregating raft from non-raft machinery, is depicted in Figure C1. 
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Figure C1. Proposed model for cholesterol-dependent p75NTR signaling on the plasma membrane. (a) Schematic view of the 

membrane partitioning undergone by wt p75NTR (green, left) or mut p75NTR mutant (green, right), upon NGF (orange) binding. 

Cholesterol-rich, signalling-competent regions are represented with increased membrane thickness and containing 

cholesterol and gangliosides. Partitioning is highlighted by the arrows in opposite directions. (b) Schematic view of p75NTR 

signaling at the membrane and downstream internalization routes. Signaling can occur from cholesterol-poor or cholesterol-

rich membrane regions resulting in receptor internalization within clathrin-positive (green) or caveolin-positive (red) 

endosomes, which are reported to mature further in early endosomes (EE) and eventually multi-vesicular bodies (MVB). In 

our model, interactors of surface-retained p75NTR (magenta), involved in actin-remodeling and growth cone collapse, are 

equally represented in non-raft or raft membrane regions and indeed this signaling pathway is not impaired by mutations 

displayed by mut p75NTR. Conversely, apoptotic signaling effectors (blue) are enriched in raft platforms and are therefore 

efficiently activated only by NGF-bound wt p75NTR. Differently from mature NTs, proNTs at the growth cones cause surface 

accumulation of p75NTR, which could arise from internalization inhibition (similarly to what obtained by Dynasore treatment), 

or by increased receptor recycling towards the membrane. Adapted from 76. 



 125 

This work shed a new light on several puzzling aspects of p75NTR, with data capable to reconcile most 

inconsistencies in literature. We provided fundamental details on the biophysical properties of the 

receptors in its naïve conditions in live cells and showed new perspectives on two main signalling 

pathways, in which p75NTR is involved. 

We envisage different perspectives for this project. First, we did not yet study the interactions 

among mature neurotrophins, Trk receptors, and p75NTR in the formation of the so-called high 

affinity binding sites. This would open up a scenario where a certain type of signalling, governed by 

a specific NT or proNT, requires or not a certain degree of oligomerization to take place. In addition, 

the biophysical approach employed in this study would be useful for determining the rate of 

influence and efficacy of p75NTR agonist or antagonists (e.g. small ligands or antibodies) on receptor 

membrane partitioning, dynamics and stoichiometry. Another interesting aspect to deal with is the 

analysis of what happens in the plasma membrane of a collapsing growth cone, where retraction-

related signalling is most probably taking place: the stream of events happening in this subcellular 

regions and the participating interactors need to be studied in detail. Finally, not everything is known 

about the cholesterol-related partitioning that carachterizes p75NTR: it would be interesting to test 

whether the access key to these specialized membrane zones is represented by a receptor structural 

motif or a certain type of interactor. In line with this, another key point is understanding which 

p75NTR interactors reside inside and outside the cholesterol-rich areas of the membrane and which 

stimulus (apart from NGF) regulates the access (or the exit) of the receptor to lipid raft regions. 

Taken together, all these considerations will be helpful to finely understand the different signalling 

pathways in which this receptor is involved, which, in turn, could lead to a more precise design of 

new strategies for blocking the negative effects of p75NTR arisen in pathological conditions. 
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