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Astrocytes 
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Friedman 

 
 
 

Neurons in the hippocampus are dependent on neurotrophins for survival. 

Upon injury, proneurotrophins cause hippocampal neurons to undergo apoptosis. 

These two distinct effects can be mediated by the interaction of p75NTR with 

different co-receptors. Trk receptors typically signal for survival and the signaling 

is enhanced in the presence of p75NTR. Apoptotic signaling through 

proneurotrophins is dependent on the presence of p75NTR and sortilin. The 

work in this thesis demonstrates that the association of p75NTR and TrkB, and 

the association of p75NTR with sortilin are both ligand dependent. The 

association of p75NTR and TrkB is dependent on internalization of the complex 

and TrkB activation . Sortilin and p75NTR associated both on the cell surface and 

in intracellular vesicles. 

 
Hippocampal astrocytes also express these receptors but do not signal for death 

upon proneurotophin treatment and are not dependent on mature neurotrophins 

for survival.  This thesis demonstrates that the interaction of p75NTR and sortilin 

does not occur on hippocampal astrocytes. TrkB and p75NTR present on 

hippocampal astrocytes do not increase their association following treatment with 
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BDNF. 

 
Taken together, the different responses between hippocampal neurons and 

astrocytes may be partially determined by limiting the interactions of 

p75NTR and co- receptors on astrocytes. 

The data in this thesis demonstrate that the association of p75 with different co- 

receptors may determine the trafficking of these receptors through intracellular 

compartments, which is likely to influence intracellular signaling and the functional 

response of neurons and astrocytes to these factors. 
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I. Introduction 

 
 

A: The Neurotrophins 
 
 

The neurotrophin family of trophic factors is composed of nerve growth 

factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3) and 

neurotrophin 4 (NT-4) (Levi-Montalcini and Hamburger, 1951; Barde et al., 1982; 

Hohn et al., 1990; Hallbook et al., 1991). These peptides are first synthesized as 

precursor “pro-neurotrophins” that can be cleaved by furin and other convertases to 

yield the “mature” forms of the peptides or they can be secreted without cleavage 

(Lee et al., 2001; Harrington et al., 2004). The peptide structures have been solved 

crystallographically and they are generally found to be noncovalently associated 

homodimers (McDonald and Blundell, 1991; McDonald et al., 1991; Fandl et al., 

1994; Robinson et al., 1995; Butte et al., 1998; Robinson et al., 1999). 
 
 

The central dogma of the neurotrophin hypothesis is that cells secrete 

limited amounts of neurotrophins in order to cull the population of innervating 

neurons so as to ensure a balance between the number of contacts made versus the 

size of the target tissue (Levi-Montalcini and Hamburger, 1951).   However, 

additional functions for these factors were later identified.  Their role during 

development is essential as mice lacking neurotrophins, such as NT-3, show severe 

sensory and sympathetic deficits (Farinas et al., 1994). Both sensory neurons and 

sympathetic ganglia can be eliminated during development by injecting an antibody 

that blocks NGF (Levi-Montalcini and Booker, 1960). Conversely, raising levels of 

NGF in chick embryos, through the implantation of NGF-secreting cancer cells or 

salivary glands, increases the number of neurons in the cervical ganglia (Levi- 
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Montalcini and Hamburger, 1951). The actions of neurotrophins are not limited to 

neurons that have already made functional contacts (Farinas et al., 1998). Tissues 

that are in between sensory neurons and their final targets express neurotrophins 

and these molecules may provide trophic support for axons that have not yet 

reached their targets (Farinas et al., 1996). 

 
In the central nervous system (CNS), NGF is produced in several areas of the brain 

by both neurons, under normal conditions, and in astrocytes and microglia 

following injury (Arendt et al., 1995; Elkabes et al., 1996). Neurotrophins have also 

been shown to play essential roles once functional connections have already been 

established.  BDNF mRNA levels have been shown to dramatically increase following 

long-term potentiation (LTP) in the hippocampus and long-term depression (LTD) 

in the cerebellum, highlighting increases in BDNF during synaptic modifications 

(Patterson et al., 1992; Yuzaki et al., 1994). In addition to increases in transcription, 

transfer of BDNF, through exocytosis, from presynaptic to post-synaptic neurons 

has been demonstrated to occur in an activity dependent manner (Kohara et al., 
 

2001). 
 
 

B: Functions of neurotrophins in the hippocampus 
 
 

The role of the hippocampus in the formation of new memories is essential 

as surgical removal of the area results in the complete loss of new memory 

consolidation (Scoville and Milner, 1957). The hippocampus is located in the medial 

temporal lobe and is, in rats, composed of the dentate gyrus, CA1, CA2, CA3, and 

CA4. The structures of the CA areas contain a dense network of pyramidal neurons 

and the dentate gyrus contains granule cells. 
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Neurotrophins and Apoptosis 
 
 

Observations in retinal neurons and PC12 cells determined that when 

neurotrophins bound p75NTR, and those individual cells did not express a cognate 

trk receptor, neurotrophins induced apoptosis (Rabizadeh et al., 1994; Frade et al., 

1996). During both development and postnatal refinement of the hippocampus, 

p75NTR is robustly expressed in neurons (Buck et al., 1988; Lu et al., 1989). 

Although TrkA is not expressed in the hippocampus, TrkB and TrkC have been 

found in hippocampal neurons (Ernfors et al., 1992; Ip et al., 1993). Experiments in 

the hippocampus revealed that all neurotrophins can induce cell death through 

p75NTR (Friedman, 2000). Neurotrophins signal for cell death by activating the 

intrinsic apoptotic pathway (Friedman, 2000). The intrinsic apoptotic pathway 

involves the release of cytochrome-c from the mitochondria where it then interacts 

with Apaf-1 which ultimately leads to the activation of caspace-9 (Liu et al., 1996). 

Neurons are produced in excess in the hippocampus and are subsequently culled in 

the first postnatal week (Gould et al., 1991). In the CA region of the hippocampus 

neuronal death up to P10 is dependent on p53 a downstream target of  p75NTR 

(Murase et al.) 

 
Proneurotrophins also cause changes in hippocampal neurons. Following 

seizure, proNGF is upregulated and causes the death of hippocampal neurons 

(Volosin et al., 2008). Cleavage resistant proBDNF, in contrast, does not kill 

hippocampal neurons but dramatically reduces cholinergic fibers and spines on 

hippocampal neurons (Koshimizu et al., 2009b). Interestingly, in contrast to 

neurons in the hippocampus, basal forebrain neurons do undergo apoptosis when 

treated with proBDNF (Volosin et al., 2006). 
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Survival 
 
 

The dentate gyrus of the hippocampus is unique as it is one of the few areas 

in the adult brain that generates new neurons throughout life.  Regulation of BDNF 

is likely to play a significant role in the development and maintenance of this and 

other systems in the hippocampus as many studies have implicated changes in 

BDNF and proper neuronal function (Nibuya et al., 1995; Kempermann, 2002; Garza 
 

et al., 2004).  In vitro, it has been demonstrated that BDNF is necessary for 

hippocampal progenitor cells to produce new neurons (Bull and Bartlett, 2005). 

TrkB knockout mice also show increased cell death in the hippocampus, particularly 

in the dentate, during the early postnatal culling period (Alcantara et al., 1997). 

Interestingly, this pro-survival mechanism may not be exclusively driven by trk 

receptors as p75NTR knockout mice have 40% fewer neuroblasts than wild types 

(Young et al., 2007). NT-3 mRNA is also elevated in the dentate after neuronal 

stimulation (Lindvall et al., 1992). Also, mice deficent for NT-3 show fewer neurons 

and increased glia in the hippocampus (Shimazu et al., 2006). 

 
In vivo studies using TrkB(lox/lox) mice show a marked reduction both 

dendrite and spine number in adult born neurons indicating that BDNF signaling is 

required for proper maintenance of hippocampal circuitry throughout life (Bergami 

et al., 2008). In addition to requiring neurotrophins for proper development, the 

mature hippocampus maintains other neuronal populations by secreting 

neurotrophins throughout life. Basal forebrain projections to the hippocampus are 

dependent on all the members of the neurotrophin family which are each produced 

in the adult hippocampus (Hefti et al., 1984; Alderson et al., 1990; Friedman et al., 

1993; Chen et al., 1997). 
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Learning and memory are dependent on the rearrangement of synapses in 

the hippocampus through both long-term potentiation (LTP) and long-term 

depression (LTD) (Bliss and Collingridge, 1993). TrkB knockout mice and BDNF 

knockout mice show greatly reduced LTP (Korte et al., 1995; Minichiello et al., 

2002). Rescue of LTP in the CA1 of the hippocampus is achieved in BDNF knockouts 

by adenoviral-mediated re-expression of BDNF (Griesbeck et al., 1996). Most 

studies involving the role of neurotrophins in LTP and LTD involved knockouts, 
 

overexpression of proteins, or unusually high levels of stimulation (McAllister et al., 
 

1999). Interestingly, endogenous levels of BDNF secretion determine both LTP and 

LTD in the hippocampus as sequestration of BDNF by TrkB-IgG in slice cultures 

could alter both processes (Aicardi et al., 2004). Proneurotrophins and p75NTR 

also cause alternations in the hippocampus (Woo et al., 2005). ProBDNF causes LTD 
 

in hippocampal neurons in wild-type mice but not p75NTR knockouts (Woo et al., 
 

2005). 
 
 

C: The p75 Neurotrophin Receptor 
 
 

The study of neurotrophins and their actions lead to the discovery of 

receptors capable of carrying out those actions. The first neurotrophin receptor 

identified that was capable of binding NGF was p75NTR (Chao et al., 1986; Radeke 

et al., 1987) All members of the neurotrophin family are capable of binding p75NTR 

(Rodriguez-Tebar et al., 1990; Squinto et al., 1991; Rodriguez-Tebar et al., 1992). As 
 

a member of the tumor necrosis factor receptor family (TNFR), p75NTR contains a 

death domain characteristic of a subclass of the larger super family and binds 

neurotrophins through an extracellular region containing multiple cysteine repeats 

(Yan and Chao, 1991; Chao, 1994). The subdivision of death domain containing 
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TNFR family members is further divided with p75NTR being a sole member of this 

division (Liepinsh et al., 1997). This is due to p75NTR having a domain that is so 

divergent from standard type 1 death domains, found on receptors like FAS and 

p55TNFR, that it is classified as a type II death domain (Liepinsh et al., 1997). 

Although both death domains signal for apoptosis the mechanism by which p75NTR 
 

activates apoptosis is divergent from other TNFR family members (Troy et al., 
 

2002). Standard type 1 death domains activate the extrinsic apoptotic pathway via 

caspace 8 activation, while p75NTR signals for apoptosis through caspace 9 which is 

involved in the intrinsic apoptotic pathway (Troy et al., 2002). 

 
The lack of enzymatic activity by p75NTR has made a full understanding of 

its downstream signaling components difficult to fully complete.  For many years it 

was unclear if p75NTR even had signaling capabilities, and it was not until the 

observation that cell lines containing no other neurotrophin receptors responded to 

NGF treatment by increasing production of ceramide, that it became clear that the 

receptor could signal in response to neurotrophins (Dobrowsky et al., 1994). This 

increase in ceramide production can have diametrically opposed effects depending 

on cell type. In PC12 cells, p75NTR-induced ceramide production promotes cell 

survival while, conversely, in oligodendrocytes p75NTR-induced ceramide 

production leads to cell death (Yoon et al., 1998; Foehr et al., 2000). The opposing 

effects of either life or death for cells via p75NTR is not merely limited to differing 

cell types as hippocampal neurons cultured for only one hour show increased 

neurite outgrowth when treated with high levels of NGF while those same cells will 

undergo apoptosis when treated with the same level of NGF after five days in 

 
culture (Brann et al., 1999; Friedman, 2000). Interestingly, hippocampal neurons 

maintained in culture for two weeks no longer undergo apoptosis when 
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exposed tohigh levels of NGF even though p75NTR is still expressed (Koshimizu 

et al., 2009a). Although the intracellular region of this single transmembrane 

receptor lacks any catalytic activity, it is phosphorylated or palmitoylated on 

several intracellular serine, threonine, or cysteine residues where it can then 

recruit several different adaptor proteins in order to signal (Grob et al., 1985; 

Barker et al., 1994). These adaptor proteins contain, but are not limited to, NRIF, 

NRAGE, NADE, TRAF, and RIP-2 (Casademunt et al., 1999; Ye et al., 1999; Mukai 

et al., 2000; Khursigara et al., 

2001; Salehi et al., 2002). The number of adaptor proteins that p75NTR 

can recruit, and the fact that many of them have opposing actions, makes 

characterizingp75NTR signaling pathways difficult to understand. 

The activation of p75NTR by NGF in both developing sensory and 

sympathetic neurons has been shown to support survival by activating the NF-κB 

transcription factor (Maggirwar et al., 1998; Hamanoue et al., 1999). Upon NGF 

binding to p75NTR activated NF-κB translocates to the nucleus to activate genes 

responsible for the suppression of apoptosis and up regulation of neurotrophins 

which enhance neuronal survival (Maggirwar et al., 1998; Hamanoue et al., 1999; 

Zaheer et al., 2001). 

 
Indirect evidence for the role of p75NTR in the development and survival of 

neurons is found in p75NTR knockout mice. Two different strains of p75NTR 

knockout mice have been generated which lack the ability to bind NGF due to 

deletions resulting in shortened receptors that each lacks a full extracellular domain 

(Lee et al., 1992; von Schack et al., 2001). Despite a mild external phenotype both 

strains are characterized by both a severe reduction in sensory neurons and a 

reduced volume of peripheral nerves (Lee et al., 1992; von Schack et al., 2001). The 
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role of NGF-induced apoptotic signaling by p75NTR has been reported in a variety of 

cell types from rat hippocampal neurons and oligodendrocytes, to chicken retina 

precursor cells (Casaccia-Bonnefil et al., 1996; Frade et al., 1996; Friedman, 2000). 

BDNF has also been shown to elicit death via p75NTR in cultured sympathetic 

neurons (Casaccia-Bonnefil et al., 1996). Neurotrophins binding to p75NTR have 

been shown to activate apoptosis through several distinct and overlapping 

pathways. The activation of Jun kinase has been shown to be one of the major 

pathways activated by p75NTR as neurotrophin binding increases phosphorylation 

of Jun kinase and the subsequent release of cytochrome c from mitochondria 

(Casaccia-Bonnefil et al., 1996).  Upon release of cytochrome c activation of caspaces 

9, 6, and 3 induces cell death in contrast to other classic death receptors (Dechant 

and Barde, 1997; Martinou et al., 1999; Friedman, 2000; Troy et al., 2002). 

 
Rat neurotrophin receptor p75NTR interacting MAGE homolog (NRAGE) is 

another important factor in p75NTR induced neuronal cell death (Salehi et al., 

2002). In addition to activating the JNK pathway, NRAGE regulates the activity of 

p53, a regulator of the cell cycle (Wen et al., 2004). 

 
Cleavage of p75NTR by various secretases may, in itself, be another form of 

p75NTR-induced signaling. The intracellular domain of p75NTR has been shown to 

be released from the membrane and translocates to the nucleus (Jung et al., 2003; 

Kanning et al., 2003). This cleavage involves another p75NTR associated protein, 

neurotrophin receptor interacting factor (NRIF). NRIF has been shown to associate 

with p75NTR after treatment with both BDNF and proNGF and then translocate to 

the nucleus promoting apoptosis (Kenchappa et al., 2006; Volosin et al., 2008). 

Neurotrophins and their precursors are not the only ligands known to bind 
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and activate p75NTR.  Amyloid beta (Aβ) is a protein thought to play a significant 

role in Alzheimer’s disease, through its accumulation in plaques in the brain. 

Aggregated amyloid beta has been shown to activate JNK via p75NTR and induce 

cell death (Sotthibundhu et al., 2008). 

 
p75NTR and Axon Growth 

 
 

Injury in the central nervous system (CNS) shows a marked reduction in 

neuronal ability to regenerate when compared to the peripheral nervous system 

(PNS). The non-permissive environment of CNS myelin was found to be 

responsible as PNS myelin grafts allowed regenerating CNS axons to extend far 

beyond normal repair (Ng and Tang, 2002). Three different proteins are 

responsible for one of the major systems inhibiting CNS axonal repair: myelin- 

associated glycoprotein (MAG), Nogo, and oligodendrocyte-myelin glycoprotein 

(OMgp) (McKerracher et al., 1994; Mukhopadhyay et al., 1994; Chen et al., 2000; 

Prinjha et al., 2000; GrandPre et al., 2002; Wang et al., 2002). Nogo receptor (NgR) 

binds to these myelin inhibitory proteins but its lack of intracellular domain ruled it 
 

out as a signal transducing receptor for any of these molecules (Fournier et al., 
 

2001). p75NTR acts as the signal transducer as it binds all three inhibitory proteins 

and immunoprecipitates with NgR (Wang et al., 2002; Wong et al., 2002). The 

addition of a third receptor lingo-1, leads to the formation of an active inhibitory 

signaling complex (Mi et al., 2004).  Neurite outgrowth inhibition is achieved by the 

activation of RhoA, via p75NTR, through the displacement of the RhoA inhibitor, 

Rho-GDI (Yamashita et al., 2002; Yamashita and Tohyama, 2003).   The adult 
 

nervous system expresses another member of the TNF super family, TROY, which 
has shown to be a p75NTR functional homolog (Park et al., 2005; Shao et al., 2005). 

When TROY is expressed in cells that lack p75NTR, exposure to myelin inhibitory 
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compounds causes an association between TROY and NgR which leads to the 

activation of RhoA (Park et al., 2005; Shao et al., 2005). 

 
D: The trk family of neurotrophin receptors 

 
 

Neurotrophins are also capable of binding to the trk family of tyrosine 

kinase receptors. Trk was originally identified as an oncogene composed of the 

transmembrane and cytoplasmic kinase containing domains of TrkA joined to a 

portion of non-muscle tropomyosin which gave the family its name, tropomyosin- 
 

related kinase (trk)(Martin-Zanca et al., 1986). 
 
 

The Trk family contains three members, TrkA, TrkB and TrkC.  TrkA binds 

NGF, NT-3 and NT-4 although the binding of NGF is of much higher affinity, while 

TrkB binds BDNF and NT-4, and TrkC binds NT-3 (Patapoutian and Reichardt, 

2001). All members of the Trk family have an extracellular domain that contains 

three leucine-rich motifs and a membrane proximal domain that contains two 

different immunoglobulin-like regions (Urfer et al., 1998).   One of the 

immunoglobulin-like regions is itself divided into two distinct regions, one that 

binds to a conserved region found in each of the members of the neurotrophin 

family, and a second that binds to unique sequences found in different family 

members thereby conferring the specificity of individual Trk receptors for its 

cognate ligand(s) (Ultsch et al., 1999). 

 
The intracellular region of Trk receptors contain a kinase domain that, upon 

neurotrophin binding and receptor dimerization, can auto and cross-phosphorylate 

up to ten highly conserved tyrosine residues located in the kinase domain (Kaplan 

and Stephens, 1994). Three of these ten tyrosines are involved in maintaining a 
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regulatory loop while five others, upon phosphorylation, activate the 

Phosphoinositide-3 Kinase (PI3K) signaling pathway which leads to NGF-induced 

neurite outgrowth and survival (Inagaki et al., 1995). In addition to sites located on 

the kinase domain, tyrosines in non-catalytic areas also appear to be important for 

Trk signaling, as residues Y490 and Y785 activate multiple signaling pathways that 

regulate survival and neuronal growth respectively, mediated by the adapter 

protein Shc and Phospholipase C-γ1 (PLC-γ1) (Newton, 1995; Brunet et al., 2001). 

 
Low levels of NGF are usually not sufficient to activate TrkA but when cells 

express both TrkA and p75NTR a high affinity binding site is formed that can 

enhance NGF-mediated TrkA activation (Hempstead et al., 1991; Mahadeo et al., 

1994). The co-expression of both receptors has been shown to increase the 

association between NGF and TrkA by 25-fold (Mahadeo et al., 1994). The 

mechanism of this association is unclear. The interaction of the two receptors may 

or may not depend on ligand binding. A mutant form of NGF that binds to TrkA but 

not to p75NTR is less efficient at activating TrkA, suggesting that p75NTR 

modulates the interaction (Ryden et al., 1997). 

 
Interestingly, some models suggest that the association of the two receptors 

may not require binding of the neurotrophins to p75NTR as high affinity binding 

sites to NGF can be generated when a mutant p75NTR that lacks a wild type 

extracellular domain, replaced with the EGF receptor's extracelluar domain (ECD), 

but retains the transmembrane and cytoplasmic domains (Esposito et al., 2001). 

The juxtamembrane domain of p75NTR is the most highly conserved 

amongdifferent species and this high level of conservation suggests that it likely 

plays a role in protein-protein interactions (Large et al., 1989). 
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The binding kinetics for all neurotrophins have been determined but it is 

still unclear if p75NTR and TrkB or TrkC can form a signaling complex. The 

interaction of p75NTR and Trks may also be cell type specific as sympathetic 

neurons with an activated Trk can be protected against p75NTR-mediated pro-NGF 

induced cell death, but neurons from the basal forebrain, even in the presence of an 

activated Trk receptor, undergo apoptosis (Teng et al., 2005; Volosin et al., 2006). 

 
E: The Rab family of proteins and endocytosis of neurotrophin receptors 

 
 
 

All known cell types internalize molecules via some form of endocytosis. Receptors 

are often internalized via clathrin giving this internalization route the term 

“receptor-mediated endocytosis" (Conner and Schmid, 2003). Clathrin coated pits 

are involved in both constitutive endocytosis, as is the case for transferrin, and in 

ligand dependent endocytosis in the case of the Epidermal Growth Factor Receptor 

(EGFR)(Hopkins et al., 1985). Once the membrane-bound receptors are internalized 
 

the receptor can be sorted into many distinct compartments, including but not 

limited to, early endosomes, late endosomes, recycling endosomes and lysosomes 

(Mukherjee et al., 1997). In order to distinguish among these compartments, certain 

protein markers are frequently used: Rab5 for early endosomes, Rab7 for late 

endosomes, and Rab11 for recycling endosomes (Zerial and McBride, 2001). From 

early endosomes, proteins can be trafficked to recycling endosomes, responsible for 

reinserting receptors into the plasma membrane , late endosomes, responsible for 

sorting proteins to other intracellular pathways, or lysosomes which degrade 

receptors (Jovic et al.). The polarized shape of neurons places spatial demands on 

trafficking of compartments. In hippocampal neurons, for instance, early endosomal 

antigen 1 (EEa1), a Rab5 effector, is found only in somatodendritic compartments 
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and not in axons (Wilson et al., 2000). In contrast, in hippocampal neurons, 

recycling endosomes, which can return proteins to the plasma membrane 

throughout the entire cell, are evenly distributed in the soma, axon and dendrites 

(Prekeris et al., 1999). 

 
NGF was found to be retrogradely transported along axons, and this transport was 

necessary for the survival of those neurons (Hendry et al., 1974). The retrograde 

transport of TrkA bound to NGF was necessary for the activation of several different 

transcription factors including cAMP response element-binding protein 

(CREB)(Riccio et al., 1997). When p75NTR was found in endocytic vesicles 

transporting tetanus toxin in living motor neurons it was discovered that NGF 

shared the same pathway (Lalli and Schiavo 2002). The observation that both Trks 

and p75NTR could be retrogradely transported following stimulation with NGF 

suggested that the different receptors were either transported together, used 

separate trafficking pathways, or both. In addition, the possibility that other 

members of the Trk family may use similar mechanisms also existed. 

 
Differences between the internalization of the Trk receptors were, indeed, 

discovered.  In sympathetic neurons TrkA, when bound to NGF, was found in long- 

lived endosomes that traveled from axon terminals to cell somas (Ye et al., 2003). 

These TrkA positive endosomes were found not to recycle back to the plasma 

membrane but were instead shuttled to the degradative pathway where they 

underwent lysosomal degradation (Saxena et al., 2005). When examined in a 

different cell type, PC12 cells, which express TrkA but not TrkB, TrkA was bound to 

NGF in endosomes that rapidly recycled back to the plasma membrane, whereas 

transfected TrkB, bound to BDNF, was found in endosomes that were targeted for 
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the degradative pathway (Chen et al., 2005a). The movement of TrkA could differ 

depending on cell type, and two of the Trk family members, TrkA and TrkB, had 

distinct modes of traveling through the endocytic pathway in the same cell type 

although the difference could be due to the addition of TrkB in a cell type that 

doesn't endogenously express the receptor. The method of internalization was also 

found to be divergent as TrkA positive endosomes were generated by Rac 

dependent macroendocytosis while TrkB seems to require internalization by 

clathrin-dependent endocytosis (Valdez et al., 2007; Zheng et al., 2008). 

 
In PC12 cells, TrkA is initially internalized into endosomes containing the early 

endosome protein Rab22 (Wang et al., 2011). As the endosome trafficks from the 

distal end of a neurite it recruits neurotrophic factor receptor-associated protein 

(NTRAP), which is necessary for the activation of CREB, and ultimately Rab7 (Fu et 

al., 2010). These later stage endosomes contain mitogen-activated protein kinases 

(MAPKs) and these “signaling endosomes” activate targets of MAPK as the vesicles 

are retrogradely transported (Fu et al., 2010). The signaling endosomes containing 

TrkB have been less well characterized. Although NTRAP has been shown to 

associate with TrkB and TrkC it appears that TrkB may be retrogradely transported 

by a different mechanism (Fu et al., 2010). In cortical neurons Snapin, a dynien 

interacting protein that recruits TrkB to the motor protein, is essential for 

retrograde signaling (Zhou et al., 2012). Due to distinct natures of TrkA and TrkB it 

is unsurprising that the two receptors would be trafficked in distinct ways. It is 

interesting to note that neurotrophins that act via the same receptor have been 

shown to elicit different actions. In sensory neurons TrkA can be activated by both 

NGF and NT3, however, only NGF activates calcineurin which then marks the 
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receptor for internalization and retrograde transport, while NT3 does not (Bodmer 

et al., 2011). 

 
When PC12 cells, which contain both TrkA and p75NTR, were studied with regard 

to the trafficking of TrkA and p75NTR, endosomes positive for p75NTR were 

internalized at a rate three times slower than those containing TrkA, and those 

vesicles accumulated in the cell somas before being shuttled into the recycling 

pathway (Bronfman et al., 2003). Interestingly, a variant PC12 cell line that only 

expresses p75NTR internalized more BDNF or NT3 than NGF, indicating that the 

receptor’s internalization rate can vary depending on which neurotrophin it 

interacts with (Saxena et al., 2004). The internalization of p75NTR after binding 

NGF also does not appear to be achieved by a single mechanism. In sympathetic 

neurons p75NTR internalization with NGF can be achieved using both a clathrin- 

mediated and a lipid raft-mediated route (Hibbert et al., 2006). Interestingly, it 

appears that at least in some cell types p75NTR may be internalized in the absence 

of ligands as motor neurons were shown to internalize p75NTR in both the presence 
 

and absence of NGF in approximately the same amount (Deinhardt et al., 2007). In 

contrast to the pathways taken by TrkA:NGF positive endosomes, p75NTR:NGF 

positive vesicles were found not to overlap with lysosomal marker lysosome– 

associated membrane protein (LAMP-1) even after three hours of treatment 

(Deinhardt et al., 2007). Only after very long time points, on the order of twenty 

hours or more, does one see significant accumulation of p75NTR in lysosomes 

(Butowt and von Bartheld 2009). Rab5 is a marker for early endosomes and given 

p75NTRs slow internalization rate it was a surprise to discover that a majority of 

p75NTR positive endosomes overlapped with Rab5 (87%) even at the, relatively, 
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late time point of thirty minutes (Gorvel et al., 1991; Deinhardt et al., 2007). 

 
F: Sortilin 

 
 

The immature precursor forms of neurotrophins, pro-neurotrophins, were 

hypothesized to be solely responsible for trafficking and secretion of the mature 

forms (Suter et al., 1991). Binding studies revealed that pro-neurotrophins bound 

to p75NTR preferentially over TrkA and cells treated with a stable, cleavage 

resistant form of proNGF underwent apoptosis (Lee et al., 2001). Additional 

observations suggested that p75NTR may require a co-receptor, as not all p75NTR 

positive cells underwent apoptosis when treated with proNGF (Lee et al., 2001). 

ProNGF-induced apoptosis was found to require both p75NTR and a sorting protein 
 

named sortilin, as only cells expressing both of these receptors could activate 

apoptotic pathways in response to pro-NGF (Nykjaer et al., 2004). In addition to 

pro-NGF, pro-BDNF and pro-NT3 have also been shown to be pro-apoptotic (Teng et 
 

al., 2005; Yano et al., 2009). 
 
 

Although sortilin binds to neurotensin with a high affinity it is not a member 

of the neurotensin receptor family, as it is a type-1 receptor that contains an 

intracellular domain that is highly homologous to a sorting region of Vps10P, a 

carboxypeptidase sorting protein expressed in yeast, and a C-terminus that is 

structurally homologous to the cytoplasmic domain of insulin growth factor-II 

receptor (Petersen et al., 1997). Neurotensin receptors one and two, NTS1 and 

NTS2, differ because they are seven membrane-spanning G-protein coupled 

receptors (Vincent et al., 1999). The exact role of sortilin in pro-neurotrophin- 

induced apoptosis and its interaction with p75NTR is not fully understood. Its role 

as a receptor has only recently been proposed as it was initially studied as a protein 
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that was responsible for the maturation of pro-peptides in the trans-Golgi network 

(Mazella, 2001). Most of the receptor pool of sortilin is found on intracellular 

compartments, only 5-10% is found on the plasma membrane of neurons and 

approximately 8% in other cell types such as adipocytes (Chabry et al., 1993; Nielsen 

et al., 1999). The binding of neurotensin to sortilin causes its internalization into 

signaling endosomes (Munck Petersen et al., 1999). This mechanism for sortilin 

internalization may also occur when it binds to pro-neurotrophins and may 

incorporate a p75NTR:sortilin: pro- neurotrophin complex into signaling 

endosomes. Interestingly, sortilin may play an important role in the sorting of some 

mature neurotrophins in the secretory pathway. Primary neurons expressing a 

truncated form of sortilin missort BDNF but not NT-4 from a regulated to a 

constitutively active secretory pathway (Chen et al., 2005b). 

 
G: Neurotrophins and Astrocytes 

 
 

Like hippocampal neurons, astrocytes in the hippocampus also express TrkB, TrkC, 

and p75NTR (Hutton et al., 1992; Wang et al., 1998). Interestingly, despite 

expressing some of the same receptors, hippocampal neurons and astrocytes show 

marked differences in their responses to neurotrophins. Like neurons in the 

hippocampus, astrocytes can also secrete NGF (Hefti et al., 1984; Micera et al., 

1998). However, unlike neurons which constantly secrete NGF in order to sustain 
 

targets from the basal forebrain, astrocyte secretion of NGF is induced after injury 

suggesting an autocrine or paracrine function (Oderfeld-Nowak and Bacia, 1994; 

Goss et al., 1998). Cocultures of neurons and astrocytes have demonstrated that 

secretion of other members of the neurotrophin family may be secreted for the 

protection of surrounding neurons. BDNF secretion by astrocytes is markedly 
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increased when treated with Amyloid beta and that additional BDNF is 

neuroprotective (Kimura et al., 2006).  Astrocytes, unlike neurons, do not undergo 

apoptosis in response to injury-induced production and secretion of NGF but 

instead respond by arresting their cell cycle and inhibiting proliferation (Troy et 

al., 2002; Cragnolini et al., 2009; Cragnolini et al., 2011). 

 
The developmental stage of astrocytes has an effect on their responses to 

neurotrophins as immature astrocytes show activation of TrkB in response to BDNF 

but older reactive astrocytes do not (Climent et al., 2000). This may be due to the 

expression of a truncated form of TrkB which lacks an internal kinase domain being 

the dominant form of TrkB in non-reactive mature astrocytes (Goutan et al., 1998). 

Upon injury mature astrocytes up regulate full length TrkB (Goutan et al., 1998). 

Surprisingly, although reactive astrocytes show decreased TrkB activation, levels of 

radiolabeled BDNF and NT4 could be detected in intracellular pools (Alderson et al., 

2000). Surprisingly, these neurotrophins were detected up to seven hours after 
 

their uptake indicating that mature astrocytes internalize neurotrophins and release 

them in a delayed and time-dependent manner (Alderson et al., 2000). Astrocytes in 

the dentate gyrus two weeks after kainic acid treatment show marked BDNF 

immunoreactivity whereas BDNF levels are undetectable in other cell types in the 

same area (Goutan et al., 1998). This pattern suggests that astrocytes may not 

activate TrkB in response to neurotrophins following injury but are instead pooling 

them in intracellular vesicles (Goutan et al., 1998). 
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II. Research aims: 

 
 

1. Determine if the association of trkB and p75NTR is dependent on cognate ligand 

treatment. 

 
The presence of both TrkA and p75NTR causes an increase in the binding of NGF by 

 
25 fold (Mahadeo et al., 1994). A mutant form of NGF that only binds to TrkA shows 

decreased TrkA activation suggesting that both receptors are necessary for efficient NGF 

signaling (Ryden and Ibanez, 1997). To date few studies have been done examining the 

association of p75NTR and the two remaining members of the Trk family, TrkB and TrkC. 

Does treatment with cognate ligands, BDNF and NT4, cause and association of p75NTR and 

TrkB? 

 
2. Determine if the association of TrkB and p75NTR can be detected in intracellular 

vesicles. 

 
Both TrkA and p75NTR have been shown to internalize following ligand treatment 

(Riccio et al., 1997; Lalli and Schiavo, 2002). Further studies have examined endocytosis of 

p75NTR and other Trks separately but have not examined if p75NTR and TrkB can be found 

in the same endosomes. If p75NTR and TrkB associate following ligand treatment do the 

receptors associate on intracellular vesicles? 

 
3. Determine if the association of sortilin and p75NTR is dependent on cognate ligand 

treatment. 

 
Sortilin and p75NTR have been shown to interact following treatment with ProNGF 

(Nykjaer et al., 2004). Previous studies have identified this interaction using transfected 

protein constructs. Are endogenous levels of p75NTR and sortilin sufficient to cause 
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association of the two receptors following ligand treatment in primary neuronal cultures? 
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4. Determine if the association of sortilin and p75NTR is trafficked on intracellular 

vesicles. 

 
The binding of neurotensin to sortilin causes the receptor to be internalized and 

incorporated into signaling endosomes (Munck Petersen et al., 1999). Does the association 

of p75NTR and sortilin also get internalized following ligand treatment? 

 
5. Determine if the association of p75NTR and coreceptors differs between 

hippocampal neurons and astrocytes. 

 
Astrocytes express both p75NTR and TrkB (Hutton et al., 1992; Wang et al., 1998). 

Does p75NTR associate with TrkB following treatment with BDNF in hippocampal 

astrocytes?  Unlike neurons, ProNGF does not induce death in hippocampal astrocytes 

(Cragnolini et al., 2009). Does the association of p75NTR and sortilin differ in hippocampal 

neurons and astrocytes? 
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III. Materials and Methods 
 
 

Cell Culture 
 
 

E18 rat fetuses were sacrificed with CO2. The animals were sterilized by soaking in an 80% 

ethanol bath for 10 minutes after which the brains were removed and each hippocampus 

was dissected out. Cells were triturated for 5 minutes and plated on 25mm Deckglaser 

Cover Glasses coverslips (EMS). The coverslips were coated for a minimum of two hours 

with poly-D-lysine (0.1mg/ml) before being washed twice with distilled water. The 

coverslips were placed in 35mm culture dishes (TPP). The cells were maintained in 2 ml of 

5% heat-inactivated fetal bovine serum medium for 24 hours. Each day following, half of 

the media was removed and replaced with Serum-Free Medium which consisted of a 1:1 

mixture of Eagle's minimal essential medium and Ham's F-12 (Invitrogen) supplemented 

with glucose (6 mg/ml), putrescine (60 µM), progesterone (20 nM), transferrin (100 

µg/ml), selenium (30 nM), penicillin (0.5 units/ml), and streptomycin (0.5 µg/ml) (Sigma) 
 
 

Treatments and Reagents 
 
 

Cells were incubated for 5 days at 37°C with 5% CO2 and 95% humidity. Cells were treated 

with 50 ng/ml each of NGF, BDNF, NT3, NT4 or 2 ng/ml proNGF. Endocytosis was blocked 

by either incubating cells on ice for 30 minutes prior to treatment or a 30 minute 

pretreatment with 50µM Dynasore (Sigma). TrkB phosphorylation was blocked by 

treatment with 200 nM K252a for 30 minutes prior to treatment. 
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Immunocytochemistry 
 
 

Coverslips were fixed by first removing 1 ml of the culture media and adding 1 ml of 4% 

paraformaldehyde for 10 minutes at room temperature.  The mix was then aspirated off and 

the cells were fixed for an additional 10 minutes in 4% paraformaldehyde. 

Paraformaldehyde was aspirated off and the dishes were washed three times with quick 

rinses of PBS. PBS containing 5% Goat serum and 0.3% Triton X was used to block the cells 

for 1 hour at room temperature on a shaker platform. Staining was performed for 1 hour at 

room temperature or overnight at 4°C while shaking in PBS containing 0.3% Triton X and 

5% Goat Serum with double or triple combinations of the following antibodies: monoclonal 
 

mouse or rabbit anti-p75 (Chemicon), anti-TrkBout (gift from Dr. David Kaplan), sheep anti- 

TrkB(Novus), chicken anti-TrkB (Promega), rabbit anti-SorCS2 (gift from Dr. Barbara 

Hempstead), mouse anti-EEA1 (BD transduction), rabbit anti-Rab5, Rab7, or Rab11(Cell 

Signaling Technologies), and rabbit anti-NTR3/Sortilin (Alpha Diagnostics). All primary 

antibodies were diluted 1:1000.  The coverslips were then washed for 20 minutes with PBS 

at room temperature three times on a shaking platform. Secondary antibodies were diluted 

1:1000 in PBS containing 0.3% Triton X and 5% Goat Serum and placed on a shaker 

platform for 1 hour at room temperature in double or triple combinations of the following 

Alexa conjugated antibodies: anti-rabbit 488, anti-sheep 488, anti-chicken 488, anti-rabbit 

633, anti-rabbit 555, anti-mouse 555 (Invitrogen). An additional three washes were 

performed with PBS for 20 minutes. Coverslips were mounted onto Fisherbrand 

microscope slides (Fisher Scientific) using 15 µl of Prolong Gold Anti-Fade Reagent 

(Invitrogen) and allowed to dry in the dark overnight. 
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Microscopy and FRET 
 
 

Coverslips were viewed using an inverted, multi-photon, confocal microscope (Zeiss) and 

the data was analyzed using LSM FCS software (Ziess). The coverslips were viewed using 

a 

40X oil immersion lense. In each experiment the following configuration was used: all 

lasers were set to 50%, beam splitters 488/561/633 were used, filters were set to 500-

550, 575- 

615, 650-710 and all channels were sent through a pinhole of 67 µm. Acceptor 
 

photobleaching was used to detect FRET indirectly. Photobleaching of the acceptor was 

achieved by setting the 555 nm laser channel intensity to 100% and exposing the region 

of interest to 250 iterations. After the images were acquired the intensity of each channel 

in the region of interest in addition to a background region was measured by the LSM FCS 

software and imported to Microsoft Excel (Microsoft). Background corrections were 

made by subtracting the intensity of each channel in the background region from the 

intensity of each channel in the region of interest. Once corrected for background the 

donor channel (488) intensity was examined before and after photobleaching. If the 

mean fluorescence intensity in the donor channel was 10% higher or greater after 

photobleaching of the acceptor channel (555) then a FRET event was counted. 

 
Immunoprecipitation 

 
 

Cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed in lysis buffer 

( Tris-buffered saline with 0.1% Triton, 60 mM octyl-glucoside, 1 mM PMSF, 10µg/ml 

aprotinin, 1 µg/ml leupeptin, and 0.5 mM sodium vanadate) and lysed on ice for 30 mins. 

200 µg of total protein from hippocampal neuron lysates was incubated with 2 µl of 
 

monoclonal antibody 192 IgG (Millipore Bioscience Research Reagents) and incubated 
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overnight at 4˚C on a rocking platform. Protein G fast flow beads (GE Healthcare) were 

added and shaken for an additional 2 hrs at 4˚C. Immunoprecipitates were washed 

three times with lysis buffer and once with water and then subjected to Western blot 

analysis. The blots were probed with antibodies to TrkB (gift from Dr. David Kaplan), 

and NTR3/Sortilin (Alpha Diagnostics). Blots were stripped and reprobed with anti-

p75 9651. 

 
Statistics 

 
 

Statistics were performed using Primer of Biostatistics. Standard deviation was calculated 

and then a two way analysis of variance (ANOVA) was performed.  P vaules were 

determined using multiple comparisons- Bonferroni t-test. 
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IV. Results 
 

Chapter 1-p75NTR and TrkB 
 

p75NTR and TrkB form a signaling complex 
 
 

In order to determine whether FRET could be used to measure the 

association between p75NTR and TrkB in response to BDNF, a time course of BDNF 

treatment was performed. Hippocampal neurons were treated with 50 ng/ml of 

BDNF or vehicle control for 0, 5, 15, 30 and 60 minutes. The cells were then fixed 

with 4% paraformaldehyde and immunostained with antibodies to the extracellular 

domains of both p75NTR and TrkB. The FRET pair fluorophores used were Alexa 

488 and 555. Regions of interest for photobleaching were drawn on cells that were 

positive for both proteins on the somas. Two images were taken before the acceptor 

was photobleached and then eight images were taken after photobleaching. 

Measurements of the fluorescence intensity in both channels were recorded. To 

correct for background fluorescence a randomly selected region was chosen and the 

intensity of each channel in that area was subtracted from the region of interest. 

The increase in intensity in the donor channel was counted as a FRET event if, after 

acceptor photobleaching, the intensity value rose by more than ten percent. The 

neurons treated for 30 minutes exhibited the maximal FRET response that was 

statistically different from control values (Fig 1). 

 
 

TrkB and p75NTR interact only when exposed to cognate ligands 
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Both BDNF and NT4 are capable of binding to both TrkB and p75NTR, 

suggesting that both neurotrophins may induce a signaling complex between the 

two receptors (Patapoutian and Reichardt, 2001). To examine whether or not 

cognate ligands for this potential signaling complex induced the association of 

p75NTR and TrkB, hippocampal neurons were treated with either BDNF or NT4 for 

30 minutes. FRET occurred in 63.6% of neurons treated with BDNF and 52.6% of 
 

those treated with NT4 (Fig 2). 
 
 

In contrast, NT3 and NGF both bind to p75NTR but not to TrkB (Patapoutian and 

Reichardt, 2001). Hippocampal neurons were treated with 50 ng/ml of either NGF 

or NT3. Neither neurotrophin caused a significant change in the association 

between p75NTR and TrkB when compared to untreated control neurons indicating 

that only cognate ligands induce an association of p75NTR and TrkB (Fig 2). 

 
The interaction of p75NTR and TrkB is dependent on TrkB phosphorylation 

 
 

A previous study using tagged constructs of full length p75NTR and various 

tagged constructs of different domains of TrkB, overexpressed in A293 cells, showed 

an interaction between the two receptors (Bibel et al., 1999), however TrkB was 

expressed at such high levels that the receptors were found to dimerize and cross- 

phophorylate one another even in the absence of ligand (Bibel et al., 1999). 

Treatment with an inhibitor of Trk tyrosine kinases, K252a, caused a decrease in the 

association of the tagged receptors (Bibel et al., 1999). To determine whether 

association of endogenous p75NTR and TrkB was dependent on TrkB 

phosphorylation, hippocampal neurons were treated for 30 min with or without 
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K252a before being treated for 30 minutes with 50 ng/ml of BDNF (Fig 3). 

Treatment with K252a abolished the interaction of p75NTR and TrkB indicating that 

the ligand-induced association of p75NTR and TrkB is dependent on the 

phosphorylation of TrkB. To confirm that K252a inhibited the phosphorylation of 

TrkB western blot analysis was performed (Fig 4E). 

 
The interaction of p75NTR and TrkB is dependent on internalization 

 
 

Since radioactive NGF is transported from distal axons to cell somas and NGF 

injected directly into the cytoplasm is biologically inactive, multiple investigations 

lead to the discovery that neurotrophins can be endocytosed and retrogradely 

transported along with their receptors (Heumann et al., 1981; Ure and Campenot, 

1997). To test whether the association of p75NTR and TrkB was dependant on 

internalization, hippocampal neurons were cultured on ice, in order to halt 

endocytosis, for 30 minutes prior to being treated with 50 ng/ml BDNF for 5, 15, 

and 30 minutes. Cultures kept under normal incubator conditions were used as a 

positive control and received the same treatments of BDNF. The cells were then 

fixed with 4 % PFA and stained against p75NTR and TrkB. Secondary antibodies 

coupled to Alexa 488 and Alexa 555 were used to make FRET pairs. Neurons 

cultured at 4° Celsius showed no increase in FRET in all treatments while their 

incubator cultured counterparts all showed FRET events in line with previous 

experiments (Fig 5). 

 
Dynasore is a compound that inhibits endocytosis by blocking the ability of dynamin 

to pinch off endocytic vesicles from the plasma membrane(Macia et al., 2006). To 
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determine if the previous results were indeed the result of inhibiting endocytosis 

and not merely the result of slowing the movement of p75NTR and TrkB in the 

plasma membrane itself, neurons were treated with 50µm of Dynasore for 30 

minutes prior to being treated with 50 ng/ml of BDNF for 5 or 15 minutes. Cells left 

untreated with Dynasore but still treated with BDNF were used as a control. The 

cells were fixed and stained against p75NTR, TrkB and Rab5. FRET pairs were 

achieved using Alexa 488 and Alexa 555 while Rab5 was labeled with Alexa 633. 

Acceptor photobleaching was performed on cell somas and regions of interest were 

drawn in areas that were triple positive. In cells pretreated with Dynasore, no 

increases in FRET events were observed compared to controls and cells not treated 

displayed FRET event increases similar to previous experiments (Fig 11). These 

two experiments indicate that the association of p75NTR and TrkB is enhanced on 
 

intracellular vesicles and that internalization step is necessary for that association. 
 
 

TrkB and p75NTR interact in early endosomes 
 
 

EEa1 is a marker for early endosomes as it can be colocalized in endosomes 

positive for Rab5, another early endosomal marker, but not Rab7 which is a marker 

of late endosomes (Mu et al., 1995). Hippocampal neurons were treated with BDNF 

as in previous experiments but were triple stained for p75NTR, TrkB and EEa1. The 

secondary antibodies coupled to the primary antibodies against p75NTR and TrkB 

still formed FRET pairs and the secondary antibody coupled to the antibody against 

EEa1 was far red, Alexa 633, which has no overlap with Alexa 555. During the 

analysis, the three channels were given artificial colors that, when they overlap, the 
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pixels displayed a white color. Acceptor photobleaching was carried out on whole 

cell somas but FRET was investigated in areas that displayed triple labeling before 

photobleaching. In previous experiments regions of interest were drawn on somas 

and 50 ng/ml of BDNF typically raised the number of FRET events to approximately 

50%. When we looked in areas that were only positive for p75NTR, TrkB and EEa1 

after 30 minutes approximately 80% of those areas were positive for FRET, 

indicating that the receptors specifically localized to the early endosome were 

associated with each other following BDNF treatment (Fig 6). 

 
Rab5 is also a marker of early endosomes and we investigated if p7NTR and 

TrkB interact in vesicles positive for all three proteins (Zerial and McBride, 2001). 

The same treatments and time points were used except for the inclusion of an 

antibody against Rab5 rather than EEa1. The number of triple labeled vesicles 

increases over time as the number of triple labeled puncta increased over 30 

minutes (Fig10). The number of FRET events between p75NTR and TrkB increased 

over time with exposure to BDNF and reached a maximum of 70% of triple labeled 

vesicles displaying FRET(Fig 8). Thus, p75NTR and TrkB associate in early 

endosomes and that association increases until at least 30 minutes. 

 
TrkB and p75NTR interact in late endosomes 

 
 

Rab7 is a marker for late endosomes which, in sensory neurons, also contain 

MAPK and therefore referred to as "signaling endosomes" (Fu et al., 2010). In 

previous studies, vesicles containing TrkA bound to NGF and positive for Rab7 have 

been studied while Rab7 positive vesicles containing TrkB bound to BDNF have not 
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(Riccio et al., 1997). We investigated whether p75NTR and TrkB, when bound to 

BDNF, can move through the endocytic pathway from early to late endosomes. 

Hippocampal neurons were treated with 50 ng/ml of BDNF for 15, 30 and 60 

minutes. Triple staining against p75NTR, TrkB and Rab7 was performed before 

acceptor photobleaching.  In endosomes positive for all three proteins FRET 

occurred in approximately 70% of them (Fig 13). TrkB and p75NTR interact in late 

endosomes positive for Rab7. 

 
TrkB and p75NTR do not interact in recycling endosomes 

 
 

Rab11 is a marker for recycling endosomes (Mukherjee et al., 1997).  We 

investigated whether p75NTR and TrkB move through the endocytic pathway into 

the recycling pathway and, if so, whether they continue to interact. Hippocampal 

neurons were treated with 50 ng/ml of BDNF for 30, 60, 90, 120, 180 and 240 

minutes. Interestingly, both receptors were detected in Rab11 positive endosomes 

after 4 hours (Fig 17), however FRET was not detected in any of the puncta positive 

for p75NTR, TrkB and Rab11 (Fig 15).  When Rab11 positive endosomes were 

examined for the inclusion of p75NTR or TrkB, but not both, the two proteins also 

accumulate separately in Rab11 positive endosomes indicating that they may no 

longer be associating and are being recycled back to the plasma membrane (Fig 17). 
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Summary 
 
 

The association of p75NTR and TrkB is highest after 30 minutes of treatment 

with BDNF. TrkB and p75NTR associate after cognate ligand treatment.  Treatment 

with either BDNF or NT4 showed an increase in the association of p75NTR and TrkB 

while treatment with NGF and NT3 did not increase the association. The association 

of p75NTR and TrkB is dependent on TrkB phosphorylation as treatment with 

K252a prior to BDNF treatment blocked their association. The association of 

p75NTR and TrkB is dependent on internalization as blocking endocytosis with 

incubation at 4°C and treatment with Dynasore both decreased the association of 

p75NTR and TrkB compared to untreated control levels.  TrkB and p75NTR are 

found in early endosomes positive for EEA1 and Rab5 and that association increases 

up until 30 minutes. The number of Rab5 positive early endosomes that contain 

p75NTR and TrkB also increases over time following BDNF treatment. Late 

endosomes containing Rab7 display an increased association between p75NTR and 

TrkB following BDNF treatment and that association increases over time. Neurons 

treated with BDNF for up to four hours show no increase in the association of 

p75NTR and TrkB in recycling endosomes positive for Rab11. Although the number 

of vesicles containing Rab11, p75NTR, and TrkB increases throughout the four hour 

treatment, the two receptors do not associate. In addition, vesicles positive for 

p75NTR and Rab11 or TrkB and Rab11 also increase over time. 
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Chapter 2-p75NTR and sortilin 

Sortilin and p75NTR form a signaling complex in hippocampal neurons 

ProNGF, but not NGF, treatment induces an association between p75NTR and sortilin 

Previous studies with 293 cells transfected with constructs for both p75NTR and 
 

sortilin co-immunoprecipitation studies have demonstrated interactions between 

the two receptors both with and without proNGF treatment (Nykjaer et al., 2004). 

Cells that were treated with proNGF prior to immunoprecipitation showed an 

increase in the association of p75NTR and sortilin over the control constitutive 

levels suggesting that further interaction can be induced by treatment with an 

appropriate ligand (Nykjaer et al., 2004). In untreated hippocampal neurons we 

observed FRET between p75NTR and sortilin only once in seven separate 

experiments (Fig 18), suggesting that basal association between these two receptors 
 

is a rare event. When hippocampal neurons were treated with proNGF, FRET events 

were observed in 56.8% of the neuronal somas (Fig 18). 

 
NGF was used as a negative control for the induction of a signaling complex 

between p75NTR and sortilin. The pro region of proNGF has been shown to bind to 

sortilin and the mature domain binds to p75NTR (Nykjaer et al., 2004).  Therefore 

NGF, lacking the pro domain should not induce an interaction between p75NTR and 

sortilin. Neither control neurons nor those treated with NGF showed any FRET 

events, indicating that p75NTR and sortilin, at normal physiological levels in 

hippocampal neurons, only interact when bound to a cognate ligand (Fig 18). 
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The interaction of sortilin and p75NTR occurs earlier than p75NTR and TrkB 
 
 

Previous studies have demonstrated an interaction between p75NTR and 

sortilin by immunoprecipitation (Nykjaer et al., 2004). The timing and duration of 

the interaction remain unknown.  Hippocampal neurons were treated with 10 

ng/ml of proNGF for 5, 15, 30 and 60 minutes. Within 5 minutes the number of 

neurons positive for FRET increased from 10% to 40% and steadily increased until 

60% of those treated for 60 minutes were positive for an interaction between 

p75NTR and sortilin (Fig 19). 

 
The interaction of p75NTR and sortilin is not dependant on internalization 

 
 

Our previous results have demonstrated that the interaction of p75NTR and 

TrkB is dependent on internalization (Fig 5). Signaling endosomes containing 

p75NTR and sortilin have not been demonstrated so we examined whether the 

interaction of p75NTR and sortilin requires endocytosis. Hippocampal neurons 

were cultured on ice for 30 minutes before treating them with 10 ng/ml of proNGF 

for 5, 15 or 30 minutes and compared with cells cultured with the same treatments 

but kept at 37°C. Unlike p75NTR and TrkB, the neurons cultured on ice showed an 

interaction between p75NTR and sortilin as early as 5 minutes and this interaction 

was maintained for up to 30 minutes (Fig 21). Since culturing cells on ice inhibits 

endocytosis it appears that the interaction of p75NTR and sortilin can occur on the 

plasma membrane. 
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Sortilin and p75NTR can be found interacting on early endosomes 
 
 

Hippocampal neurons were treated with 10 ng/ml of proNGF and were 

immunostained for p75NTR, sortilin and EEa1. Alexa 488 and 555 were used to 

create a FRET pair and Alexa 633 was directed against EEa1. Areas positive for all 

three proteins were targeted as regions of interest. FRET was detected in 

approximately 40% of neurons after 5 minutes of proNGF treatment. FRET was 

maintained through 15 minutes and 30 minutes where after 30 minutes 

approximately 60 % of triple labeled puncta were positive for FRET (Fig 20). 

 
Using another marker for early endosomes, we also investigated whether 

p75NTR and sortilin could interact in Rab5 positive vesicles. Neurons were treated 

with 10 ng/ml of ProNGF for 5, 15, and 30 minutes. Immunostaining for p75NTR, 

sortilin, and Rab5 was performed and regions of interest positive for all three 

proteins were targeted for photobleaching. Interestingly, as early as 5 minutes 

FRET between p75NTR and sortilin was detected in Rab5 positive endosomes (Fig 

22). This percentage of puncta showing FRET remained constant for all time points 

measured suggesting that the interaction of p75NTR and sortilin in Rab5 positive 

endosomes does not increase over the time points measured. 

 
p75NTR also interacts with a sortilin homolog 

 
 

Sortilin-related VPS10 domain-containing receptor 2 (SorCS2) is a member of the 

VPS10 domain containing receptor family that is expressed in the developing mouse 

brain (Rezgaoui et al., 2001). Previous experiments using over expressed p75NTR 
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and SorCS2 demonstrated that the two proteins form a complex when treated with 

proNGF (Deinhardt et al., 2011). We investigated whether p75NTR and SorCS2 

could form a complex in primary neurons with endogenous protein levels. 

Hippocampal neurons were treated with 10 ng/ml of proNGF for 1, 5, 15, and 30 

minutes.  FRET pairs were formed using Alexa 488 and 555 conjugated to 

secondary antibodies targeted against primary antibodies against p75NTR and 

SorCS2. FRET was observed between p75NTR and SorCS2 at both the 1 minute and 

5 minute time points but not at subsequent time points (Fig 23). This result 

suggests that the interaction of p75NTR and SorCS2 may be transient and rapidly 

degraded in developing hippocampal neurons. 

 
Summary 

 
 

Sortilin and p75NTR associate when treated with cognate ligands but not 

noncognate ligands. The association between p75NTR and sortilin increases over time 

when treated with proNGF. Unlike the association of p75NTR and TrkB, the interaction of 

p75NTR and sortilin is not dependent on internalization but instead can increase over time 

on the plasma membrane and occurs much earlier. Although the interaction between 

sortilin and p75NTR is not dependent on internalization the receptors interact in early 

endosomes positive for EEA1 and early endosomes positive for Rab5.  A homolog of sortilin, 

SorCS2, also associated with p75NTR following ProNGF treatment but differs from the 

association between sortilin and p75NTR as it is not maintained past five minutes. 
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Chapter 3: p75NTR and Coreceptors in Hippocampal Astrocytes 
 
 

Hippocampal astrocytes express p75NTR and coreceptors 
 
 

In order to determine if hippocampal astrocytes expressed p75NTR and some of its 

coreceptors, astrocytes were treated with cognate ligands and stained against both 

receptors. Hippocampal astrocytes were treated with 50 ng/ml of BDNF for 30 minutes 

before being fixed with 4 % PFA for 10 minutes. Cells were stained with antibodies against 

p75 and TrkB and visualized with secondary antibodies coupled to Alexa 488 and 555. (Fig 

25A) Hippocampal astrocytes were treated with 10 ng/ml of proNGF for 30 minutes before 

being fixed with 4 % PFA for 10 minutes. Cells were stained with antibodies against 

p75NTR and sortilin and visulaized with secondary antibodies coupled to Alexa 488 and 

555 (Fig 25B). 
 
 

TrkB and p75NTR show no increased association after ligand treatment 
 
 

Astrocytes express TrkB and p75NTR but it is unclear if the two receptors can form 

a signaling complex in response to cognate ligand treatment (Hutton et al., 1992; Wang et 

al., 1998). 

 
Hippocampal astrocytes were treated with 50ng/ml of BDNF for 30 minutes. The cells were 

fixed with 4 % PFA for 10 minutes before blocking and staining against p75NTR and TrkB. 

FRET pairs were made with secondary anitbodies coupled to Alexa 488 and 555. 

Photobleaching was performed on neuronal somas. No increases in FRET events were 

observed following ligand treatment indicating that p75NTR and TrkB do not associate in 

hippocampal astrocytes (Fig 26). 
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Sortilin and p75NTR show no increase in association following cognate ligand treatment 
 
 

To determine if p75NTR and sortilin associate in hippocampal astrocytes cells were 

treated with 2ng/ml of proNGF for 30 minutes. The cells were fixed with 4 % PFA for 10 

minutes before blocking and staining against p75NTR and sortilin. FRET pairs were made 

with secondary anitbodies coupled to Alexa 488 and 555.  Photobleaching was performed 

on neuronal somas. In both control and proNGF treated cells no FRET could be detected 

between p75NTR and sortilin (Fig 26). This indicates that even in the presence of a cognate 

ligand hippocampal astrocytes do not form a signaling complex between p75NTR and 

sortilin. 

 
Summary 

 
 

The association of p75NTR and coreceptors differs depending on cell type. P75NTR 

and TrkB show an increased association when treated with cognate ligands on hippocampal 

neurons but not hippocampal astrocytes. Hippocampal neurons show a basal level of 

association between p75NTR and sortilin but not in hippocampal astrocytes. Treatment 

with a cognate ligand also fails to induce an association between p75NTR and sortilin in 

hippocampal astrocytes. These findings demonstrate that the differences between 

responses of hippocampal neurons and astrocytes may, in part, be due to differing levels of 

association between p75NTR and its coreceptors. 
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V. Discussion 
 
 

Although originally identified as growth factors, neurotrophins are involved in a 

myriad of processes. Neurotrophins support diverse processes such as: survival and 

apoptosis, differentiation and migration, maintenance of neuronal architecture and 

degeneration of functional connections, in addition to long-term potentiation and long-term 

depression (Kaplan and Miller, 2000; Aicardi et al., 2004; Hempstead, 2006; Jansen et al., 

2007). The Trk family of receptors, upon neurotrophin binding, support survival and 

differentiation through the activation of the PI3 kinase and MAP kinase pathways 

(Patapoutian and Reichardt, 2001). Neurotrophins can also bind to p75NTR to support the 

survival of several cell types by activating NF-κB (Maggirwar et al., 1998; Hamanoue et al., 

1999). Conversely, NGF-induced apoptosis via p75NTR has also been reported in a variety 

of cell types (Casaccia-Bonnefil et al., 1996; Frade et al., 1996; Friedman, 2000). 

 
The elongated shape of neurons presents these cells with a unique problem. Signals 

that neurons receive at either axon or dendritic terminals have to travel greater distances 

than those in other cell types.  In sympathetic neurons the retrograde transport of TrkA 

bound to NGF is necessary to signal for survival (Hendry et al., 1974; Riccio et al., 1997). NGF 

and p75NTR are also retrogradely transported in neurons (Lalli and Schiavo, 2002). The 

internalization rates of p75NTR:NGF and TrkA:NGF endosomes have been studied and found 

to be divergent (Bronfman et al., 2003; Deinhardt et al., 2007). NGF, bound to TrkA, can be 

internalized and incorporated into signaling endosomes and moved into lysosomes upon 

reaching the cell soma (Deinhardt et al., 2007; Fu et al., 2010). NGF bound to p75NTR, 

however, is not only internalized at a slower rate but does not appear in lysosomes until 

almost a day after treatment (Bronfman et al., 2003; Deinhardt et al., 2007). Trk positive 

endosomes that also contain p75NTR have not been studied and the possibility exists that 
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the incorporation of all three molecules into endosomes may alter their signaling and 

degradation. 

 
Proneurotrophins also display varied and diverse roles in various cell types. 

ProNGF binds to p75NTR and sortilin and causes cell death in hippocampal neurons 

(Nykjaer et al., 2004; Volosin et al., 2008). ProBDNF elicits the death of basal forebrain 

neurons but has a role in facilitating long term depression in the hippocampus (Woo et al., 

2005; Volosin et al., 2006). 
 
 

The roles of pro and mature neurotrophins and their various and contradictory 

functions indicate that not only must their levels be tightly controlled but the receptors they 

bind to and activate must also play a role in their functions. Astrocytes in the hippocampus 

secrete neurotrophins and express p75NTR, TrkB, and TrkC (Hefti et al., 1984; Hutton et al., 

1992; Micera et al., 1998; Wang et al., 1998). Unlike hippocampal neurons, astrocytes do 
 

not undergo apoptosis when treated with high levels of neurotrophins but instead exit the 

cell cycle and cease proliferation (Troy et al., 2002; Cragnolini et al., 2009; Cragnolini et al., 

2011). Astrocytes treated with neurotrophins have been shown to sequester those 

molecules in intracellular pools yet do not display increased Trk activation like neurons 

(Alderson et al., 2000). Since a majority of TrkB present on astrocytes is the truncated 

isoform that lacks an intracellular kinase domain it is possible that this isoform binds BDNF 

and internalizes it in order to release BDNF at a later time (Goutan et al., 1998). 

 
Because of the essential role that the hippocampus plays in memory consolidation 

coupled with its reliance on neurotrophins and neurotrophin receptors it is of vital 

importance to fully characterize the mechanisms by which these factors regulate 

development, death, and maintenance of its neurons and astrocytes throughout life. These 

studies demonstrate that the differences between the associations of p75NTR and TrkB, and 
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p75NTR and sortilin may be regulated both at the cell surface and in intracellular vesicles, 

which may impact the downstream signaling and function mediated by these receptors. 

Differences between hippocampal neurons and hippocampal astrocytes to pro and mature 

neurotrophins may be found in the availability of those molecules to bind to and activate 

various receptors. 

 
The interaction of p75NTR and TrkB is dependent on cognate ligands 

 
 

Previous studies have shown that when p75NTR is expressed on the same cell as 
 

TrkA a high affinity binding site for NGF is formed (Hempstead et al., 1991; Mahadeo et al., 
 

1994).   The binding kinetics for other Trks and their cognate ligands have been determined 

but the role p75NTR may play in modifying those interactions have not conclusively 

demonstrated that p75NTR forms a complex with TrkB or TrkC.  Our data demonstrate that 

p75NTR and TrkB associate when treated with either of the cognate ligands, BDNF or NT-4, 

but not non-cognate ligands, NGF and NT-3. This association also increases over time, 

peaking at 30 minutes when examining whole cell somas. 

 
The high affinity binding sites generated by both p75NTR and TrkA also increase the 

activation of TrkA (Hempstead et al., 1991; Mahadeo et al., 1994). Studies using TrkA 

constructs that lacked a functional kinase domain showed that even in the presence of 

p75NTR treatment with NGF failed to demonstrate high affinity binding (Esposito et al., 

2001), indicating that interaction of the extracellular domains alone is insufficient to 
 

generate high affinity binding, and suggesting that activation of the kinase domain in TrkA is 

necessary for p75NTR and TrkA to interact and form a binding site. To test if the activation 

of TrkB by BDNF was necessary for the increased association of p75NTR and TrkB we used 

the tyrosine kinase inhibitor K252a to prevent the activation of TrkB.  When TrkB activation 

was inhibited the association of p75NTR and TrkB was abolished, indicating that the 
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phosphorylation of TrkB is necessary for the increased interaction. 

 
Both p75NTR and TrkB have been shown independently to internalize following 

neurotrophin binding via clathrin coated pits (Hibbert et al., 2006; Valdez et al., 2007; 

Zheng et al., 2008). To test whether internalization of TrkB and p75NTR is required for 

their association we blocked endocytosis by culturing hippocampal neurons on ice before 

BDNF treatment. When compared to neurons kept at 37°C, those on ice showed no increase 

in the association of p75NTR and TrkB following BDNF treatment. Although culturing 

neurons on ice does indeed inhibit endocytosis it also increases the viscosity of the plasma 

membrane.  This more rigid membrane may have been a possible explanation for the 

decrease in association of p75NTR and TrkB. To test whether the reduced association was 

due to membrane dynamics or whether the association of p75NTR and TrkB is indeed 

dependent on internalization, we used a pharmacological inhibitor of endocytosis, 

Dynasore, which blocks dynamin-mediated pinching off of endosomes from the plasma 

membrane.  BDNF treatment following Dynasore failed to increase the association of 

p75NTR and TrkB over control levels. This indicates that blocking endocytosis with either 

cold or a pharmacological inhibitor blocks an increase in the association of p75NTR and 

TrkB following BDNF treatment. 

 
Having established that the association of p75NTR and TrkB is dependent on 

internalization we next turned to examining which particular endosomal pathway the 

receptor complex traveled through. Our studies concentrated on neuronal somas rather 

than undifferentiated neurites. EEa1 is a marker for early endosomes and is found in the 

somas of hippocampal neurons (Wilson et al., 2000). We had previously established thirty 

minutes as the optimum time point to look for an association between p75NTR and TrkB 

following ligand treatment. Those experiments examined regions on somas that were 
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chosen at random. Here we examined areas in the soma that were only positive for 

p75NTR, TrkB, and EEa1. When examining these early endosomes, an increase in p75NTR 

and TrkB association can be detected after five minutes of BDNF treatment and that 

association increased in subsequent time points, and was maximal at thirty minutes. 

 
Rab5 is another marker for early endosomes but is found on those that can then be 

shuttled to various other endocytic pathways including recycling back to the plasma 

membrane or to lysosomal degradation (Zerial and McBride, 2001). Because our previous 

data had shown that p75NTR and TrkB associated in early endosomes positive for EEa1 we 

examined whether this complex is also found in Rab5-positive early endosomes. Treatment 

with BDNF showed an increase in the association of p75NTR and TrkB in Rab5 positive 

vesicles. The increased association reached a maximum at thirty minutes and the number 

of puncta positive for p75NTR, TrkB, and Rab5 also increased over thirty minutes which 
 

indicates that the p75NTR:TrkB complex is continually being internalized and moved into 
 

Rab5 positive vesicles following BDNF treatment. 
 
 

Our data have indicated that p75NTR and TrkB associate in Rab5 positive 

endosomes. From there the complex can be shuttled back to the plasma membrane, moved 

to Rab7 positive late endosomes, or fused to lysosomes (Mukherjee et al., 1997). In PC12 

cells, TrkA and NGF are found in Rab7 positive endosomes, so called "signaling endosomes" 

that contain activated MAPKs that signal as the vesicle is retrogradely transported (Fu et al., 

2010). Following a sixty minute treatment with BDNF, in order to allow the endosomes to 
 

move through different pathways, p75NTR and TrkB were found to associate in seventy 

percent of Rab7 positive endosomes. These data show that like TrkA, TrkB can also be 

incorporated into Rab7 positive endosomes. 

Following retrograde transport to the somas of PC12 cells, TrkA:NGF containing 
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endosomes are moved to recycling endosomes positive for Rab11 and rapidly returned to 

the plasma membrane (Chen et al., 2005a). In addition, p75NTR positive endosomes are 

also recycled back to the plasma membrane in PC12 cells (Bronfman et al., 2003). In 

hippocampal neurons we examined if the p75NTR:TrkB complex could be found in 

recycling endosomes. After a four hour treatment with BDNF no increase in the association 

of p75NTR and TrkB was detected in Rab11 positive endosomes. Interestingly, the number 

of puncta positive for p75NTR, TrkB, and Rab11 increased over the four hour treatment, 

however, the association of p75NTR and TrkB did not.  It is possible that at this point in the 

endocytic pathway the two receptors are being separated and recycled at different rates 

(Model 2).  By analogy, TrkA recycles to the plasma membrane at a much faster rate than 

p75NTR (Bronfman et al., 2003). Our data show an increase in both TrkB-Rab11 positive 

puncta and p75NTR-Rab11 positive puncta indicating that the two receptors may be 

shuttled back to the plasma membrane in separate endosomes, however endosomes positive 

for p75NTR, TrkB, and Rab11 were also detected, although no FRET was observed in these 

endosomes. 

 
Sortilin and p75NTR associate with cognate ligand treatment 

 
 

Previous studies have shown that in PC12 cells proNGF is bound by a signaling 

complex consisting of p75NTR and sortilin (Nykjaer et al., 2004). Further studies have 

demonstrated that neurons in the brain can also respond to proneurotrophins resulting in 

neuronal cell death (Volosin et al., 2006). To confirm that proNGF could induce the 

association of p75NTR and sortilin we treated cultured hippocampal neurons with proNGF 

and NGF. ProNGF, the cognate ligand of the p75NTR:sortilin complex, increased the 

association of the receptors while NGF did not. ProNGF binds to p75NTR preferentially 

over TrkA and that association is rapid (Lee et al., 2001). Our data support the rapid 
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association of p75NTR and sortilin as we have measured their interaction as early as five 

minutes after treatment with proNGF. The association also appears to be stable as it 

increases up to sixty minutes following proNGF treatment. Sortilin was originally identified 

as a sorting protein and a receptor capable of binding neurotensin (Mazella et al., 1998). 

When sortilin binds neurotensin it is internalized and, given our previous data, we next 

examined whether p75NTR and sortilin are internalized after ligand binding (Munck 

Petersen et al., 1999). Sortilin and p75NTR can be found in early endosomes positive for 

EEa1 and Rab5, indicating that the receptors can be internalized.  Interestingly, in contrast 

to the ligand induced association of p75NTR and TrkB following ligand treatment, p75NTR 

and sortilin do not require internalization to increase their association following ligand 

binding (Model 2). Neurons cultured on ice prior to treatment with proNGF showed an 

increase in the association of p75NTR and sortilin over untreated controls but those values 

are achieved rapidly and do not increase over time.   Interestingly, neurons cultured on ice 

showed similar increases in the association of p75NTR and sortilin when compared to 

neurons treated at 37°C.  This result indicates that p75NTR and sortilin can rapidly 

associate on the plasma membrane and the complex does not need to be internalized in 

order to increase its association. 

 
The sortilin homolog, SorCS2, also shows an increase in its association with p75NTR 

following treatment with proNGF. Like sortilin, SorCS2, shows rapid association with 

p75NTR after one minute, however, in contrast to sortilin the association with SorCS2 

disappeared at 15 minutes. This may indicate that trafficking and signaling of sortilin 

homologs are controlled through different pathways than sortilin itself. 

The association of p75NTR and sortilin can be easily explained as proneurotrophin 

binding is dependent on both receptors being present (Nykjaer et al., 2004). The association 
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of p75NTR and TrkB is a more complex issue as both receptors are known to bind and signal 

independent from one another. We have shown that p75NTR and TrkB associate with each 

other after cognate ligand treatment, that the complex is internalized, and moves through 

parts of the endosomal pathway.  The functional relevance of this association is less clear. 

During development p75NTR is present on neurons but is down regulated following 

hippocampal maturation (Buck et al., 1988; Lu et al., 1989). Following injury in the 

hippocampus, p75NTR is upregulated (Volosin et al., 2008). Levels of both mature and 

proneurotrophins are also increased as a consequence of injury in the hippocampus 

(Oderfeld-Nowak and Bacia, 1994; Goss et al., 1998; Volosin et al., 2008). Following injury 

hippocampal neurons are in an environment where they are susceptible to death from both 

high levels of mature neurotrophins and proneurotrophins. Removing receptors from the 

plasma membrane is not an option as they still require survival signals from neurotrophins 

(Eilers et al., 2001). When p75NTR and TrkA are both expressed in the 

plasma membrane high affinity binding sites for NGF are generated (Hempstead et al., 1991; 
 

Mahadeo et al., 1994). Expression of p75NTR and TrkB on hippocampal neurons may serve 

the same purpose.  The neurons of the injured hippocampus are competing for survival 

factors and those exhibiting high affinity binding sites would survive in an environment 

where survival signals were limited. The internalization of the complex could also serve a 

similar purpose. In PC12 cells TrkA bound to NGF is rapidly recycled back to the plasma 

membrane(Chen et al., 2005a). When p75NTR binds NGF in PC12 cells the rate of 

internalization is slower and significant levels of endosomes accumulate in the cell somas 

before being shuttled back to the membrane (Bronfman et al., 2003). Endosomes 

containing p75NTR and NGF are significantly longer lived than those containing TrkA and 
NGF, and can remain in internal pools on the order of a day before being degraded or 

recycled (Deinhardt et al., 2007; Butowt and von Bartheld, 2009). The presence of p75NTR 
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also increases the activation of TrkA as mutant forms of NGF that are incapable of binding 

p75NTR show less activated TrkA (Ryden et al., 1997). 

 
The purpose of the association of p75NTR and TrkB in hippocampal neurons 

 
 

Previous studies have demonstrated that up regulation of p75NTR is pro-apoptotic 

(Volosin et al., 2006; Volosin et al., 2008). Although it can signal for cell death, it may not 

always. Perhaps, in some cell types, the association of p75NTR and TrkB can be 

neuroprotective.  Hippocampal neurons may re-express p75NTR to prolong survival 

signaling. If p75NTR is present in endosomes positive for TrkB it may confer similar 

benefits for survival signaling. Not only would signaling endosomes last longer, taking 

advantage of the limited survival signaling environment, but the signal would, itself, be 

stronger if p75NTR has similar effects on TrkB. 

 
Astrocytes and p75NTR with coreceptors 

 
 

The differing responses of hippocampal neurons and hippocampal astrocytes to 
 

both pro and mature neurotrophins provides an ideal system to examine how two cell types 

that express similar proteins can tailor their responses to similar treatments. Hippocampal 

neurons and astrocytes both express sortilin and p75NTR but astrocytes do not undergo 

apoptosis when challenged with proNGF(Hutton et al., 1992; Wang et al., 1998; Troy et al., 

2002; Cragnolini et al., 2009).  Our lab failed to find any association between p75NTR and 

sortilin in astrocytes. Most cell types express a majority of the total pool of sortilin in 

intracellular vesicles so astrocytes may restrict sortilin from the plasma membrane to levels 

that are too low to bind proNGF (Chabry et al., 1993; Nielsen et al., 1999). 

Developing astrocytes respond to BDNF by increasing the activation of TrkB but 

mature astrocytes do not (Climent et al., 2000). Following injury in the mature brain BDNF 
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can once again activate TrkB (Goutan et al., 1998). This curious finding is the result of 

astrocytes mainly expressing a truncated form of TrkB that lacks an intracellular kinase 

domain (Goutan et al., 1998). Our investigation into the association of p75NTR and TrkB in 

hippocampal astrocytes failed to show an increase in their association following treatment 

with BDNF.   The antibodies used in this study are all targeted to the extracellular portion of 

each receptor so we were not able to determine if the astrocytes we examined were 

expressing full length or truncated TrkB. Given our results in hippocampal neurons it is 

intriguing to speculate that the astrocytes we examined were mainly expressing truncated 

TrkB.  Astrocytes have been shown to upregulate the secretion of neurotrophins following 

injury (Oderfeld-Nowak and Bacia, 1994; Goss et al., 1998). In addition, mature astrocytes 

show decreased TrkB activation in response to BDNF and, instead of activating survival 

signaling pathways, pool BDNF and NT4 in intracellular vesicles (Alderson et al., 2000). 

Truncated trks are incapable of activating classical tyrosine kinase pathways due to their 

lack of any catalytic domain but have a completely intact neurotrophin binding extracellular 

domain (Esteban et al., 2006). This altered ability of truncated trk receptors to activate 

similar pathways to those in neurons, may explain the difference in neurotrophin signaling 

between the two cell types. 

 
Our data also show no functional interaction between p75NTR and sortilin. 

Following injury in the hippocampus there is a marked increase in the production and 

release of proneurotrophins and mature neurotrophins (Oderfeld-Nowak and Bacia, 1994; 

Goss et al., 1998; Volosin et al., 2008). Astrocytes may retain sortilin in intracellular vesicles 

to avoid a functional interaction between sortilin and p75NTR. Previous studies have 

determined that most of a cell's total sortilin is located on intracellular vesicles and between 

five and 10 percent is found on the plasma membrane (Chabry et al., 1993; Nielsen et al., 
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1999). We detected sortilin in hippocampal astrocytes but the cells we examined were 

permeabilized. The lack of association between p75NTR and sortilin in hippocampal 

astrocytes may be due to lack of sortilin on the plasma membrane.  Perhaps hippocampal 

astrocytes restrict sortilin intracellular vesicles in order to protect themselves from 

proneurotrophin-induced apoptosis following injury. 

VI. Future Directions 
 
 

As a confirmation of the conclusion that the activation of TrkB is necessary for the 

interaction of p75NTR and TrkB, a mutant TrkB receptor that lacks tyrosine kinase activity 

could be constructed. If this mutant receptor failed to show increased association of 

p75NTR following BDNF treatment one could conclude that the association is not only 

ligand dependent but activation dependent as well to confirm the results obtained with 

K252a. If one could determine the site(s) of the interaction between p75NTR and TrkB a 

mutant of either receptor lacking the ability to interact with its partner could help 

determine if the functional interaction is necessary for internalization. Knocking down 

endogenous levels of p75NTR using siRNA would allow one to measure the movement of 

TrkB:BDNF containing endosomes. The hippocampus also contains endogenous cells that 

do not express TrkB and one could also examine the trafficking of only p75NTR with BDNF. 

One could then compare the movement of those endosomes, through the endosomal 

pathway, and compare those measurements against TrkB:p75NTR:BDNF positive 

endosomes to evaluate the possible alteration of p75NTR on TrkB tracking. Fluorescent 

constructs for both p75NTR and TrkB would allow one to make observations in live cells 

and evaluate the movements of the receptors both together and separately.  Determining 

the isoform of TrkB that is present in hippocampal astrocytes in culture could help answer 

whether the differences between neurons and astrocytes, in regards to neurotrophin 
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signaling, are due to differences in their receptors. In addition, using biotin labeling or cell 

fractionation experiments one could determine the level of sortilin expressed on the plasma 
 

membrane and intracellular vesicles. Those experiments could help answer if astrocytes 

restrict sortilin to the interior of the cell in order to prevent an association between sortilin 

and p75NTR..  Altogether, these studies would provide greater insight into the mechanisms 

and functional consequences governing the association of p75NTR association with 

different co-receptors. 



51 

 

 

 



52 

 

 

 



53 

 

 

 



54 

 

 

 



55 

 

 

 



56 

 

 

 



57 

 

 

 



58 

 

 

 



59 

 

 

 



60 

 

 

 
 
 

 



61 

 

 

 
 
 

 



62 

 

 

 
 
 

 



63 

 

 

 
 
 

 



64 

 

 

 
 
 

 



65 

 

 

 
 
 

 



66 

 

 

 
 
 

 



67 

 

 

 
 
 

 



68 

 

 

 
 
 

 



69 

 

 

 



70 

 

 

 



71 

 

 

 



72 

 

 

 



73 

 

 

 



74 

 

 

 



75 

 

 

 



76 

 

 

 



77 

 

 

 



78 

 

 

 



79 

 

 

 



80 

 

 

VIII. References 
 
 

Aicardi G, Argilli E, Cappello S, Santi S, Riccio M, Thoenen H, Canossa M (2004) Induction of 
long- term potentiation and depression is reflected by corresponding changes in secretion of 
endogenous brain-derived neurotrophic factor. Proc Natl Acad Sci U S A 101:15788-15792. 
Alcantara S, Frisen J, del Rio JA, Soriano E, Barbacid M, Silos-Santiago I (1997) TrkB signaling 
is required for postnatal survival of CNS neurons and protects hippocampal and motor 
neurons from axotomy-induced cell death. J Neurosci 17:3623-3633. 
Alderson RF, Alterman AL, Barde YA, Lindsay RM (1990) Brain-derived neurotrophic 
factor increases survival and differentiated functions of rat septal cholinergic neurons 
in culture. Neuron 5:297-306. 
Alderson RF, Curtis R, Alterman AL, Lindsay RM, DiStefano PS (2000) Truncated TrkB 
mediates the endocytosis and release of BDNF and neurotrophin-4/5 by rat astrocytes and 
schwann cells in vitro. Brain Res 871:210-222. 
Arendt T, Bruckner MK, Krell T, Pagliusi S, Kruska L, Heumann R (1995) Degeneration of rat 
cholinergic basal forebrain neurons and reactive changes in nerve growth factor expression 
after chronic neurotoxic injury--II. Reactive expression of the nerve growth factor gene in 
astrocytes. Neuroscience 65:647-659. 
Barde YA, Edgar D, Thoenen H (1982) Purification of a new neurotrophic factor from 
mammalian brain. Embo J 1:549-553. 
Barker PA, Barbee G, Misko TP, Shooter EM (1994) The low affinity neurotrophin receptor, 
p75LNTR, is palmitoylated by thioester formation through cysteine 279. J Biol Chem 
269:30645- 
30650. 
Bergami M, Rimondini R, Santi S, Blum R, Gotz M, Canossa M (2008) Deletion of TrkB in 
adult progenitors alters newborn neuron integration into hippocampal circuits and 
increases anxiety- like behavior. Proc Natl Acad Sci U S A 105:15570-15575. 
Bibel M, Hoppe E, Barde YA (1999) Biochemical and functional interactions between 
the neurotrophin receptors trk and p75NTR. Embo J 18:616-622. 
Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term potentiation in 
the hippocampus. Nature 361:31-39. 
Bodmer D, Ascano M, Kuruvilla R (2011) Isoform-specific dephosphorylation of dynamin1 by 
calcineurin couples neurotrophin receptor endocytosis to axonal growth. Neuron 70:1085-
1099. Brann AB, Scott R, Neuberger Y, Abulafia D, Boldin S, Fainzilber M, Futerman AH 
(1999) 
Ceramide signaling downstream of the p75 neurotrophin receptor mediates the effects of 
nerve growth factor on outgrowth of cultured hippocampal neurons. J Neurosci 19:8199-
8206. Bronfman FC, Tcherpakov M, Jovin TM, Fainzilber M (2003) Ligand-induced 
internalization of the p75 neurotrophin receptor: a slow route to the signaling endosome. J 
Neurosci 23:3209-3220. Brunet A, Datta SR, Greenberg ME (2001) Transcription-dependent 
and -independent control of neuronal survival by the PI3K-Akt signaling pathway. Curr Opin 
Neurobiol 11:297-305. 
Buck CR, Martinez HJ, Chao MV, Black IB (1988) Differential expression of the nerve 
growth factor receptor gene in multiple brain areas. Brain Res Dev Brain Res 44:259-
268. 
Bull ND, Bartlett PF (2005) The adult mouse hippocampal progenitor is neurogenic but 



81 

 

 

not a stem cell. J Neurosci 25:10815-10821. 
Butowt R, von Bartheld CS (2009) Fates of neurotrophins after retrograde axonal transport: 
phosphorylation of p75NTR is a sorting signal for delayed degradation. J Neurosci 29:10715- 
10729.  
Butte MJ, Hwang PK, Mobley WC, Fletterick RJ (1998) Crystal structure of neurotrophin-3 
homodimer shows distinct regions are used to bind its receptors. Biochemistry 37:16846-
16852. Casaccia-Bonnefil P, Carter BD, Dobrowsky RT, Chao MV (1996) Death of 
oligodendrocytes mediated by the interaction of nerve growth factor with its receptor p75. 
Nature 383:716-719. Casademunt E, Carter BD, Benzel I, Frade JM, Dechant G, Barde YA 
(1999) The zinc finger protein NRIF interacts with the neurotrophin receptor p75(NTR) and 
participates in programmed cell death. Embo J 18:6050-6061. 
Chabry J, Gaudriault G, Vincent JP, Mazella J (1993) Implication of various forms of 
neurotensin receptors in the mechanism of internalization of neurotensin in cerebral 
neurons. J Biol Chem 
268:17138-17144. 
Chao MV (1994) The p75 neurotrophin receptor. J Neurobiol 25:1373-1385. 
Chao MV, Bothwell MA, Ross AH, Koprowski H, Lanahan AA, Buck CR, Sehgal A (1986) 
Gene transfer and molecular cloning of the human NGF receptor. Science 232:518-521. 
Chen KS, Nishimura MC, Armanini MP, Crowley C, Spencer SD, Phillips HS (1997) Disruption 
of a single allele of the nerve growth factor gene results in atrophy of basal forebrain 
cholinergic neurons and memory deficits. J Neurosci 17:7288-7296. 
Chen MS, Huber AB, van der Haar ME, Frank M, Schnell L, Spillmann AA, Christ F, Schwab ME 
(2000) Nogo-A is a myelin-associated neurite outgrowth inhibitor and an antigen for 
monoclonal antibody IN-1. Nature 403:434-439. 
Chen ZY, Ieraci A, Tanowitz M, Lee FS (2005a) A novel endocytic recycling signal 
distinguishes biological responses of Trk neurotrophin receptors. Mol Biol Cell 16:5761-
5772. 
Chen ZY, Ieraci A, Teng H, Dall H, Meng CX, Herrera DG, Nykjaer A, Hempstead BL, 
Lee FS (2005b) Sortilin controls intracellular sorting of brain-derived neurotrophic 
factor to the regulated secretory pathway. J Neurosci 25:6156-6166. 
Climent E, Sancho-Tello M, Minana R, Barettino D, Guerri C (2000) Astrocytes in culture 
express the full-length Trk-B receptor and respond to brain derived neurotrophic factor by 
changing intracellular calcium levels: effect of ethanol exposure in rats. Neurosci Lett 
288:53-56. 
Conner SD, Schmid SL (2003) Regulated portals of entry into the cell. Nature 
422:37-44. Cragnolini AB, Huang Y, Gokina P, Friedman WJ (2009) Nerve growth 
factor attenuates proliferation of astrocytes via the p75 neurotrophin receptor. Glia 
57:1386-1392. 
Cragnolini AB, Volosin M, Huang Y, Friedman WJ (2011) Nerve growth factor induces cell 
cycle arrest of astrocytes. Dev Neurobiol 72:766-776. 
Dechant G, Barde YA (1997) Signalling through the neurotrophin receptor p75NTR. Curr Opin 
Neurobiol 7:413-418. 
Deinhardt K, Reversi A, Berninghausen O, Hopkins CR, Schiavo G (2007) Neurotrophins 
Redirect p75NTR from a clathrin-independent to a clathrin-dependent endocytic pathway 
coupled to axonal transport. Traffic 8:1736-1749. 
Deinhardt K, Kim T, Spellman DS, Mains RE, Eipper BA, Neubert TA, Chao MV, Hempstead 
BL (2011) Neuronal growth cone retraction relies on proneurotrophin receptor signaling 
through Rac. Sci Signal 4:ra82. 



82 

 

 

Dobrowsky RT, Werner MH, Castellino AM, Chao MV, Hannun YA (1994) Activation of the 
sphingomyelin cycle through the low-affinity neurotrophin receptor. Science 265:1596-
1599. Eilers A, Whitfield J, Shah B, Spadoni C, Desmond H, Ham J (2001) Direct inhibition 
of c-Jun N- terminal kinase in sympathetic neurones prevents c-jun promoter activation 
and NGF withdrawal-induced death. J Neurochem 76:1439-1454. 
Elkabes S, DiCicco-Bloom EM, Black IB (1996) Brain microglia/macrophages express 
neurotrophins that selectively regulate microglial proliferation and function. J Neurosci 
16:2508- 
2521. 
Ernfors P, Merlio JP, Persson H (1992) Cells Expressing mRNA for Neurotrophins and their 
Receptors During Embryonic Rat Development. Eur J Neurosci 4:1140-1158. 
Esposito D, Patel P, Stephens RM, Perez P, Chao MV, Kaplan DR, Hempstead BL (2001) The 
cytoplasmic and transmembrane domains of the p75 and Trk A receptors regulate high 
affinity binding to nerve growth factor. J Biol Chem 276:32687-32695. 
Esteban PF, Yoon HY, Becker J, Dorsey SG, Caprari P, Palko ME, Coppola V, Saragovi HU, 
Randazzo PA, Tessarollo L (2006) A kinase-deficient TrkC receptor isoform activates Arf6-
Rac1 signaling through the scaffold protein tamalin. J Cell Biol 173:291-299. 
Fandl JP, Tobkes NJ, McDonald NQ, Hendrickson WA, Ryan TE, Nigam S, Acheson A, Cudny 
H, Panayotatos N (1994) Characterization and crystallization of recombinant human 
neurotrophin- 
4. J Biol Chem 269:755-759. 
Farinas I, Yoshida CK, Backus C, Reichardt LF (1996) Lack of neurotrophin-3 results in death of 
spinal sensory neurons and premature differentiation of their precursors. Neuron 17:1065-
1078. Farinas I, Jones KR, Backus C, Wang XY, Reichardt LF (1994) Severe sensory and 
sympathetic deficits in mice lacking neurotrophin-3. Nature 369:658-661. 
Farinas I, Wilkinson GA, Backus C, Reichardt LF, Patapoutian A (1998) Characterization of 
neurotrophin and Trk receptor functions in developing sensory ganglia: direct NT-3 activation 
of 
TrkB neurons in vivo. Neuron 21:325-334. 
Foehr ED, Lin X, O'Mahony A, Geleziunas R, Bradshaw RA, Greene WC (2000) NF-kappa 
B signaling promotes both cell survival and neurite process formation in nerve growth 
factor- stimulated PC12 cells. J Neurosci 20:7556-7563. 
Fournier AE, GrandPre T, Strittmatter SM (2001) Identification of a receptor mediating 
Nogo-66 inhibition of axonal regeneration. Nature 409:341-346. 
Frade JM, Rodriguez-Tebar A, Barde YA (1996) Induction of cell death by endogenous 
nerve growth factor through its p75 receptor. Nature 383:166-168. 
Friedman WJ (2000) Neurotrophins induce death of hippocampal neurons via the p75 
receptor. J 
Neurosci 20:6340-6346. 
Friedman WJ, Ibanez CF, Hallbook F, Persson H, Cain LD, Dreyfus CF, Black IB (1993) 
Differential actions of neurotrophins in the locus coeruleus and basal forebrain. Exp Neurol 
119:72-78. 
Fu X, Zang K, Zhou Z, Reichardt LF, Xu B (2010) Retrograde neurotrophic signaling requires 
a protein interacting with receptor tyrosine kinases via C2H2 zinc fingers. Mol Biol Cell 
21:36-49. Garza AA, Ha TG, Garcia C, Chen MJ, Russo-Neustadt AA (2004) Exercise, 
antidepressant treatment, and BDNF mRNA expression in the aging brain. Pharmacol 
Biochem Behav 77:209- 



83 

 

 

220. 
Gorvel JP, Chavrier P, Zerial M, Gruenberg J (1991) rab5 controls early endosome fusion in 
vitro. Cell 64:915-925. 
Goss JR, O'Malley ME, Zou L, Styren SD, Kochanek PM, DeKosky ST (1998) Astrocytes are the 
major source of nerve growth factor upregulation following traumatic brain injury in the rat. 
Exp Neurol 149:301-309. 
Gould E, Woolley CS, McEwen BS (1991) Naturally occurring cell death in the developing 
dentate 
gyrus of the rat. J Comp Neurol 304:408-418. 
Goutan E, Marti E, Ferrer I (1998) BDNF, and full length and truncated TrkB expression in 
the hippocampus of the rat following kainic acid excitotoxic damage. Evidence of 
complex time- dependent and cell-specific responses. Brain Res Mol Brain Res 59:154-
164. 
GrandPre T, Li S, Strittmatter SM (2002) Nogo-66 receptor antagonist peptide promotes 
axonal regeneration. Nature 417:547-551. 
Griesbeck O, Korte M, Staiger V, Gravel C, Carroll P, Bonhoeffer T, Thoenen H (1996) 
Combination of gene targeting and gene transfer by adenoviral vectors in the analysis of 
neurotrophin-mediated neuronal plasticity. Cold Spring Harb Symp Quant Biol 61:77-83. 
Grob PM, Ross AH, Koprowski H, Bothwell M (1985) Characterization of the human 
melanoma nerve growth factor receptor. J Biol Chem 260:8044-8049. 
Hallbook F, Ibanez CF, Persson H (1991) Evolutionary studies of the nerve growth factor family 
reveal a novel member abundantly expressed in Xenopus ovary. Neuron 6:845-858. 
Hamanoue M, Middleton G, Wyatt S, Jaffray E, Hay RT, Davies AM (1999) p75-mediated 
NF- kappaB activation enhances the survival response of developing sensory neurons to 
nerve growth factor. Mol Cell Neurosci 14:28-40. 
Harrington AW, Leiner B, Blechschmitt C, Arevalo JC, Lee R, Morl K, Meyer M, Hempstead 
BL, Yoon SO, Giehl KM (2004) Secreted proNGF is a pathophysiological death-inducing 
ligand after adult CNS injury. Proc Natl Acad Sci U S A 101:6226-6230. 
Hefti F, Dravid A, Hartikka J (1984) Chronic intraventricular injections of nerve growth 
factor elevate hippocampal choline acetyltransferase activity in adult rats with partial 
septo- hippocampal lesions. Brain Res 293:305-311. 
Hempstead BL (2006) Dissecting the diverse actions of pro- and mature neurotrophins. Curr 
Alzheimer Res 3:19-24. 
Hempstead BL, Martin-Zanca D, Kaplan DR, Parada LF, Chao MV (1991) High-affinity NGF 
binding requires coexpression of the trk proto-oncogene and the low-affinity NGF receptor. 
Nature 
350:678-683. 
Hendry IA, Stockel K, Thoenen H, Iversen LL (1974) The retrograde axonal transport of 
nerve growth factor. Brain Res 68:103-121. 
Heumann R, Schwab M, Thoenen H (1981) A second messenger required for nerve growth 
factor biological activity? Nature 292:838-840. 
Hibbert AP, Kramer BM, Miller FD, Kaplan DR (2006) The localization, trafficking and 
retrograde 
transport of BDNF bound to p75NTR in sympathetic neurons. Mol Cell Neurosci 32:387-
402. Hohn A, Leibrock J, Bailey K, Barde YA (1990) Identification and characterization of a 
novel member of the nerve growth factor/brain-derived neurotrophic factor family. Nature 
344:339- 
341. 



84 

 

 

Hopkins CR, Miller K, Beardmore JM (1985) Receptor-mediated endocytosis of transferrin 
and epidermal growth factor receptors: a comparison of constitutive and ligand-induced 
uptake. J Cell Sci Suppl 3:173-186. 
Hutton LA, deVellis J, Perez-Polo JR (1992) Expression of p75NGFR TrkA, and TrkB mRNA in rat 
C6 glioma and type I astrocyte cultures. J Neurosci Res 32:375-383. 
Inagaki N, Thoenen H, Lindholm D (1995) TrkA tyrosine residues involved in NGF-induced 
neurite 
outgrowth of PC12 cells. Eur J Neurosci 7:1125-1133. 
Ip NY, Li Y, Yancopoulos GD, Lindsay RM (1993) Cultured hippocampal neurons show 
responses to BDNF, NT-3, and NT-4, but not NGF. J Neurosci 13:3394-3405. 
Jansen P, Giehl K, Nyengaard JR, Teng K, Lioubinski O, Sjoegaard SS, Breiderhoff T, Gotthardt 
M, Lin F, Eilers A, Petersen CM, Lewin GR, Hempstead BL, Willnow TE, Nykjaer A (2007) 
Roles for the pro-neurotrophin receptor sortilin in neuronal development, aging and brain 
injury. Nat Neurosci 10:1449-1457. 
Jovic M, Sharma M, Rahajeng J, Caplan S The early endosome: a busy sorting station for 
proteins at the crossroads. Histol Histopathol 25:99-112. 
Jung KM, Tan S, Landman N, Petrova K, Murray S, Lewis R, Kim PK, Kim DS, Ryu SH, Chao MV, 
Kim TW (2003) Regulated intramembrane proteolysis of the p75 neurotrophin 
receptor modulates its association with the TrkA receptor. J Biol Chem 278:42161-
42169. 
Kanning KC, Hudson M, Amieux PS, Wiley JC, Bothwell M, Schecterson LC (2003) Proteolytic 
processing of the p75 neurotrophin receptor and two homologs generates C-terminal 
fragments with signaling capability. J Neurosci 23:5425-5436. 
Kaplan DR, Stephens RM (1994) Neurotrophin signal transduction by the Trk 
receptor. J Neurobiol 25:1404-1417. 
Kaplan DR, Miller FD (2000) Neurotrophin signal transduction in the nervous system. Curr 
Opin 
Neurobiol 10:381-391. 
Kempermann G (2002) Regulation of adult hippocampal neurogenesis - implications for 
novel theories of major depression. Bipolar Disord 4:17-33. 
Kenchappa RS, Zampieri N, Chao MV, Barker PA, Teng HK, Hempstead BL, Carter BD 
(2006) Ligand-dependent cleavage of the P75 neurotrophin receptor is necessary for 
NRIF nuclear translocation and apoptosis in sympathetic neurons. Neuron 50:219-232. 
Khursigara G, Bertin J, Yano H, Moffett H, DiStefano PS, Chao MV (2001) A prosurvival 
function for the p75 receptor death domain mediated via the caspase recruitment domain 
receptor- interacting protein 2. J Neurosci 21:5854-5863. 
Kimura N, Takahashi M, Tashiro T, Terao K (2006) Amyloid beta up-regulates brain-derived 
neurotrophic factor production from astrocytes: rescue from amyloid beta-related 
neuritic degeneration. J Neurosci Res 84:782-789. 
Kohara K, Kitamura A, Morishima M, Tsumoto T (2001) Activity-dependent transfer of 
brain- derived neurotrophic factor to postsynaptic neurons. Science 291:2419-2423. 
Korte M, Carroll P, Wolf E, Brem G, Thoenen H, Bonhoeffer T (1995) Hippocampal long-term 
potentiation is impaired in mice lacking brain-derived neurotrophic factor. Proc Natl Acad Sci 
U S A 92:8856-8860. 
Koshimizu H, Kiyosue K, Hara T, Hazama S, Suzuki S, Uegaki K, Nagappan G, Zaitsev E, 
Hirokawa T, Tatsu Y, Ogura A, Lu B, Kojima M (2009a) Multiple functions of precursor BDNF 
to CNS neurons: negative regulation of neurite growth, spine formation and cell survival. 



85 

 

 

Mol Brain 
2:27. 
Koshimizu H, Kiyosue K, Hara T, Hazama S, Suzuki S, Uegaki K, Nagappan G, Zaitsev E, 
Hirokawa T, Tatsu Y, Ogura A, Lu B, Kojima M (2009b) Multiple functions of precursor BDNF 
to CNS neurons: negative regulation of neurite growth, spine formation and cell survival. 
Mol Brain 
2:27. 
Lalli G, Schiavo G (2002) Analysis of retrograde transport in motor neurons reveals common 
endocytic carriers for tetanus toxin and neurotrophin receptor p75NTR. J Cell Biol 156:233-
239. Large TH, Weskamp G, Helder JC, Radeke MJ, Misko TP, Shooter EM, Reichardt LF 
(1989) Structure and developmental expression of the nerve growth factor receptor in the 
chicken central nervous system. Neuron 2:1123-1134. 
Lee KF, Li E, Huber LJ, Landis SC, Sharpe AH, Chao MV, Jaenisch R (1992) Targeted mutation 
of the gene encoding the low affinity NGF receptor p75 leads to deficits in the peripheral 
sensory nervous system. Cell 69:737-749. 
Lee R, Kermani P, Teng KK, Hempstead BL (2001) Regulation of cell survival by secreted 
proneurotrophins. Science 294:1945-1948. 
Levi-Montalcini R, Hamburger V (1951) Selective growth stimulating effects of mouse 
sarcoma on the sensory and sympathetic nervous system of the chick embryo. J Exp Zool 
116:321-361. Levi-Montalcini R, Booker B (1960) Destruction of the Sympathetic Ganglia in 
Mammals by an Antiserum to a Nerve-Growth Protein. Proc Natl Acad Sci U S A 46:384-
391. 
Liepinsh E, Ilag LL, Otting G, Ibanez CF (1997) NMR structure of the death domain of the p75 
neurotrophin receptor. Embo J 16:4999-5005.  
Lindvall O, Ernfors P, Bengzon J, Kokaia Z, Smith ML, Siesjo BK, Persson H (1992) Differential 
regulation of mRNAs for nerve growth factor, brain-derived neurotrophic factor, and 
neurotrophin 3 in the adult rat brain following cerebral ischemia and hypoglycemic coma. 
Proc Natl Acad Sci U S A 89:648-652. 
Liu X, Kim CN, Yang J, Jemmerson R, Wang X (1996) Induction of apoptotic program in cell-
free extracts: requirement for dATP and cytochrome c. Cell 86:147-157. 
Lu B, Buck CR, Dreyfus CF, Black IB (1989) Expression of NGF and NGF receptor mRNAs in 
the developing brain: evidence for local delivery and action of NGF. Exp Neurol 104:191-
199. Macia E, Ehrlich M, Massol R, Boucrot E, Brunner C, Kirchhausen T (2006) Dynasore, 
a cell- permeable inhibitor of dynamin. Dev Cell 10:839-850. 
Maggirwar SB, Sarmiere PD, Dewhurst S, Freeman RS (1998) Nerve growth factor-
dependent activation of NF-kappaB contributes to survival of sympathetic neurons. J 
Neurosci 18:10356- 
10365. 
Mahadeo D, Kaplan L, Chao MV, Hempstead BL (1994) High affinity nerve growth factor 
binding displays a faster rate of association than p140trk binding. Implications for multi-
subunit polypeptide receptors. J Biol Chem 269:6884-6891. 
Martin-Zanca D, Hughes SH, Barbacid M (1986) A human oncogene formed by the 
fusion of truncated tropomyosin and protein tyrosine kinase sequences. Nature 
319:743-748. 
Martinou I, Desagher S, Eskes R, Antonsson B, Andre E, Fakan S, Martinou JC (1999) The 
release of cytochrome c from mitochondria during apoptosis of NGF-deprived sympathetic 
neurons is a reversible event. J Cell Biol 144:883-889. 



86 

 

 

Mazella J (2001) Sortilin/neurotensin receptor-3: a new tool to investigate neurotensin 
signaling and cellular trafficking? Cell Signal 13:1-6. 
Mazella J, Zsurger N, Navarro V, Chabry J, Kaghad M, Caput D, Ferrara P, Vita N, Gully 
D, Maffrand JP, Vincent JP (1998) The 100-kDa neurotensin receptor is gp95/sortilin, a 
non-G- protein-coupled receptor. J Biol Chem 273:26273-26276. 
McAllister AK, Katz LC, Lo DC (1999) Neurotrophins and synaptic plasticity. Annu Rev Neurosci 
22:295-318. 
McDonald NQ, Blundell TL (1991) Crystallization and characterization of the high 
molecular weight form of nerve growth factor (7 S NGF). J Mol Biol 219:595-601. 
McDonald NQ, Lapatto R, Murray-Rust J, Gunning J, Wlodawer A, Blundell TL (1991) New 
protein fold revealed by a 2.3-A resolution crystal structure of nerve growth factor. Nature 
354:411-414. McKerracher L, David S, Jackson DL, Kottis V, Dunn RJ, Braun PE (1994) 
Identification of myelin- associated glycoprotein as a major myelin-derived inhibitor of 
neurite growth. Neuron 13:805- 
811. 
Mi S, Lee X, Shao Z, Thill G, Ji B, Relton J, Levesque M, Allaire N, Perrin S, Sands B, Crowell T, 
Cate 
RL, McCoy JM, Pepinsky RB (2004) LINGO-1 is a component of the Nogo-66 
receptor/p75 signaling complex. Nat Neurosci 7:221-228. 
Micera A, Vigneti E, Aloe L (1998) Changes of NGF presence in nonneuronal cells in response 
to 
experimental allergic encephalomyelitis in Lewis rats. Exp Neurol 154:41-46. 
Minichiello L, Calella AM, Medina DL, Bonhoeffer T, Klein R, Korte M (2002) Mechanism of 
TrkB- mediated hippocampal long-term potentiation. Neuron 36:121-137. 
Mu FT, Callaghan JM, Steele-Mortimer O, Stenmark H, Parton RG, Campbell PL, McCluskey J, 
Yeo JP, Tock EP, Toh BH (1995) EEA1, an early endosome-associated protein. EEA1 is a 
conserved alpha-helical peripheral membrane protein flanked by cysteine "fingers" and 
contains a calmodulin-binding IQ motif. J Biol Chem 270:13503-13511. 
Mukai J, Hachiya T, Shoji-Hoshino S, Kimura MT, Nadano D, Suvanto P, Hanaoka T, Li Y, Irie 
S, Greene LA, Sato TA (2000) NADE, a p75NTR-associated cell death executor, is involved in 
signal transduction mediated by the common neurotrophin receptor p75NTR. J Biol Chem 
275:17566- 
17570. 
Mukherjee S, Ghosh RN, Maxfield FR (1997) Endocytosis. Physiol Rev 77:759-803. 
Mukhopadhyay G, Doherty P, Walsh FS, Crocker PR, Filbin MT (1994) A novel role for 
myelin- associated glycoprotein as an inhibitor of axonal regeneration. Neuron 13:757-
767. 
Munck Petersen C, Nielsen MS, Jacobsen C, Tauris J, Jacobsen L, Gliemann J, Moestrup SK, 
Madsen P (1999) Propeptide cleavage conditions sortilin/neurotensin receptor-3 for 
ligand binding. Embo J 18:595-604. 
Murase S, Poser SW, Joseph J, McKay RD p53 controls neuronal death in the CA3 region of 
the newborn mouse hippocampus. Eur J Neurosci 34:374-381. 
Newton AC (1995) Protein kinase C: structure, function, and regulation. J Biol Chem 
270:28495- 
28498. 
Ng CE, Tang BL (2002) Nogos and the Nogo-66 receptor: factors inhibiting CNS 
neuron regeneration. J Neurosci Res 67:559-565. 
Nibuya M, Morinobu S, Duman RS (1995) Regulation of BDNF and trkB mRNA in rat brain by 



87 

 

 

chronic electroconvulsive seizure and antidepressant drug treatments. J Neurosci 15:7539-
7547. Nielsen MS, Jacobsen C, Olivecrona G, Gliemann J, Petersen CM (1999) 
Sortilin/neurotensin receptor-3 binds and mediates degradation of lipoprotein lipase. J Biol 
Chem 274:8832-8836. 
Nykjaer A, Lee R, Teng KK, Jansen P, Madsen P, Nielsen MS, Jacobsen C, Kliemannel M, 
Schwarz E, Willnow TE, Hempstead BL, Petersen CM (2004) Sortilin is essential for proNGF-
induced neuronal cell death. Nature 427:843-848. 
Oderfeld-Nowak B, Bacia A (1994) Expression of astroglial nerve growth factor in 
damaged brain. Acta Neurobiol Exp (Wars) 54:73-80. 
Park JB, Yiu G, Kaneko S, Wang J, Chang J, He XL, Garcia KC, He Z (2005) A TNF receptor 
family member, TROY, is a coreceptor with Nogo receptor in mediating the inhibitory activity 
of myelin inhibitors. Neuron 45:345-351. 
Patapoutian A, Reichardt LF (2001) Trk receptors: mediators of neurotrophin action. Curr 
Opin 
Neurobiol 11:272-280. 
Patterson SL, Grover LM, Schwartzkroin PA, Bothwell M (1992) Neurotrophin expression in 
rat hippocampal slices: a stimulus paradigm inducing LTP in CA1 evokes increases in BDNF 
and NT-3 mRNAs. Neuron 9:1081-1088. 
Petersen CM, Nielsen MS, Nykjaer A, Jacobsen L, Tommerup N, Rasmussen HH, Roigaard H, 
Gliemann J, Madsen P, Moestrup SK (1997) Molecular identification of a novel candidate 
sorting receptor purified from human brain by receptor-associated protein affinity 
chromatography. J Biol Chem 272:3599-3605. 
Prekeris R, Foletti DL, Scheller RH (1999) Dynamics of tubulovesicular recycling endosomes in 
hippocampal neurons. J Neurosci 19:10324-10337. 
Prinjha R, Moore SE, Vinson M, Blake S, Morrow R, Christie G, Michalovich D, Simmons 
DL, Walsh FS (2000) Inhibitor of neurite outgrowth in humans. Nature 403:383-384. 
Rabizadeh S, Bitler CM, Butcher LL, Bredesen DE (1994) Expression of the low-affinity 
nerve growth factor receptor enhances beta-amyloid peptide toxicity. Proc Natl Acad 
Sci U S A 
91:10703-10706. 
Radeke MJ, Misko TP, Hsu C, Herzenberg LA, Shooter EM (1987) Gene transfer and 
molecular cloning of the rat nerve growth factor receptor. Nature 325:593-597. 
Rezgaoui M, Hermey G, Riedel IB, Hampe W, Schaller HC, Hermans-Borgmeyer I (2001) 
Identification of SorCS2, a novel member of the VPS10 domain containing receptor 
family, prominently expressed in the developing mouse brain. Mech Dev 100:335-338. 
Riccio A, Pierchala BA, Ciarallo CL, Ginty DD (1997) An NGF-TrkA-mediated retrograde 
signal to transcription factor CREB in sympathetic neurons. Science 277:1097-1100. 
Robinson RC, Radziejewski C, Stuart DI, Jones EY (1995) Structure of the brain-
derived neurotrophic factor/neurotrophin 3 heterodimer. Biochemistry 34:4139-
4146. 
Robinson RC, Radziejewski C, Spraggon G, Greenwald J, Kostura MR, Burtnick LD, Stuart DI, 
Choe S, Jones EY (1999) The structures of the neurotrophin 4 homodimer and the brain-
derived neurotrophic factor/neurotrophin 4 heterodimer reveal a common Trk-binding site. 
Protein Sci 
8:2589-2597. 
Rodriguez-Tebar A, Dechant G, Barde YA (1990) Binding of brain-derived neurotrophic 
factor to the nerve growth factor receptor. Neuron 4:487-492. 



88 

 

 

Rodriguez-Tebar A, Dechant G, Gotz R, Barde YA (1992) Binding of neurotrophin-3 to its 
neuronal receptors and interactions with nerve growth factor and brain-derived 
neurotrophic factor. EMBO J 11:917-922. 
Ryden M, Ibanez CF (1997) A second determinant of binding to the p75 neurotrophin 
receptor revealed by alanine-scanning mutagenesis of a conserved loop in nerve growth 
factor. J Biol Chem 272:33085-33091. 
Ryden M, Hempstead B, Ibanez CF (1997) Differential modulation of neuron survival 
during development by nerve growth factor binding to the p75 neurotrophin receptor. J 
Biol Chem 
272:16322-16328. 
Salehi AH, Xanthoudakis S, Barker PA (2002) NRAGE, a p75 neurotrophin receptor-
interacting protein, induces caspase activation and cell death through a JNK-dependent 
mitochondrial pathway. J Biol Chem 277:48043-48050. 
Saxena S, Howe CL, Cosgaya JM, Hu M, Weis J, Kruttgen A (2004) Differences in the 
surface binding and endocytosis of neurotrophins by p75NTR. Mol Cell Neurosci 
26:292-307. Saxena S, Howe CL, Cosgaya JM, Steiner P, Hirling H, Chan JR, Weis J, 
Kruttgen A (2005) 
Differential endocytic sorting of p75NTR and TrkA in response to NGF: a role for late 
endosomes 
in TrkA trafficking. Mol Cell Neurosci 28:571-587. 
Scoville WB, Milner B (1957) Loss of recent memory after bilateral hippocampal lesions. J 
Neurol 
Neurosurg Psychiatry 20:11-21. 
Shao Z, Browning JL, Lee X, Scott ML, Shulga-Morskaya S, Allaire N, Thill G, Levesque M, Sah 
D, McCoy JM, Murray B, Jung V, Pepinsky RB, Mi S (2005) TAJ/TROY, an orphan TNF receptor 
family member, binds Nogo-66 receptor 1 and regulates axonal regeneration. Neuron 
45:353-359. Shimazu K, Zhao M, Sakata K, Akbarian S, Bates B, Jaenisch R, Lu B (2006) NT-3 
facilitates hippocampal plasticity and learning and memory by regulating neurogenesis. 
Learn Mem 
13:307-315. 
Sotthibundhu A, Sykes AM, Fox B, Underwood CK, Thangnipon W, Coulson EJ (2008) Beta- 
amyloid(1-42) induces neuronal death through the p75 neurotrophin receptor. J Neurosci 
28:3941-3946. 
Squinto SP, Stitt TN, Aldrich TH, Davis S, Bianco SM, Radziejewski C, Glass DJ, 
Masiakowski P, Furth ME, Valenzuela DM, et al. (1991) trkB encodes a functional 
receptor for brain-derived neurotrophic factor and neurotrophin-3 but not nerve growth 
factor. Cell 65:885-893. 
Suter U, Heymach JV, Jr., Shooter EM (1991) Two conserved domains in the NGF propeptide 
are necessary and sufficient for the biosynthesis of correctly processed and biologically 
active NGF. EMBO J 10:2395-2400. 
Teng HK, Teng KK, Lee R, Wright S, Tevar S, Almeida RD, Kermani P, Torkin R, Chen ZY, Lee FS, 
Kraemer RT, Nykjaer A, Hempstead BL (2005) ProBDNF induces neuronal apoptosis via 
activation of a receptor complex of p75NTR and sortilin. J Neurosci 25:5455-5463. 
Troy CM, Friedman JE, Friedman WJ (2002) Mechanisms of p75-mediated death of 
hippocampal neurons. Role of caspases. J Biol Chem 277:34295-34302. 
Ultsch MH, Wiesmann C, Simmons LC, Henrich J, Yang M, Reilly D, Bass SH, de Vos AM 
(1999) Crystal structures of the neurotrophin-binding domain of TrkA, TrkB and TrkC. J 



89 

 

 

Mol Biol 
290:149-159. 
Ure DR, Campenot RB (1997) Retrograde transport and steady-state distribution of 125I-
nerve 
growth factor in rat sympathetic neurons in compartmented cultures. J Neurosci 17:1282-
1290. Urfer R, Tsoulfas P, O'Connell L, Hongo JA, Zhao W, Presta LG (1998) High resolution 
mapping of the binding site of TrkA for nerve growth factor and TrkC for neurotrophin-3 on 
the second immunoglobulin-like domain of the Trk receptors. J Biol Chem 273:5829-5840. 
Valdez G, Philippidou P, Rosenbaum J, Akmentin W, Shao Y, Halegoua S (2007) Trk-
signaling endosomes are generated by Rac-dependent macroendocytosis. Proc Natl 
Acad Sci U S A 
104:12270-12275. 
Vincent JP, Mazella J, Kitabgi P (1999) Neurotensin and neurotensin receptors. Trends 
Pharmacol Sci 20:302-309. 
Volosin M, Song W, Almeida RD, Kaplan DR, Hempstead BL, Friedman WJ (2006) Interaction of 
survival and death signaling in basal forebrain neurons: roles of neurotrophins 
and proneurotrophins. J Neurosci 26:7756-7766. 
Volosin M, Trotter C, Cragnolini A, Kenchappa RS, Light M, Hempstead BL, Carter BD, 
Friedman WJ (2008) Induction of proneurotrophins and activation of p75NTR-mediated 
apoptosis via neurotrophin receptor-interacting factor in hippocampal neurons after 
seizures. J Neurosci 
28:9870-9879. 
von Schack D, Casademunt E, Schweigreiter R, Meyer M, Bibel M, Dechant G (2001) 
Complete ablation of the neurotrophin receptor p75NTR causes defects both in the 
nervous and the vascular system. Nat Neurosci 4:977-978. 
Wang KC, Kim JA, Sivasankaran R, Segal R, He Z (2002) P75 interacts with the Nogo receptor 
as a 
co-receptor for Nogo, MAG and OMgp. Nature 420:74-78. 
Wang L, Liang Z, Li G (2011) Rab22 controls NGF signaling and neurite outgrowth in PC12 
cells. Mol Biol Cell 22:3853-3860. 
Wang Y, Hagel C, Hamel W, Muller S, Kluwe L, Westphal M (1998) Trk A, B, and C are 
commonly expressed in human astrocytes and astrocytic gliomas but not by human 
oligodendrocytes and oligodendroglioma. Acta Neuropathol 96:357-364. 
Wen CJ, Xue B, Qin WX, Yu M, Zhang MY, Zhao DH, Gao X, Gu JR, Li CJ (2004) hNRAGE, a 
human neurotrophin receptor interacting MAGE homologue, regulates p53 transcriptional 
activity and inhibits cell proliferation. FEBS Lett 564:171-176. 
Wilson JM, de Hoop M, Zorzi N, Toh BH, Dotti CG, Parton RG (2000) EEA1, a tethering protein 
of 
the early sorting endosome, shows a polarized distribution in hippocampal neurons, 
epithelial cells, and fibroblasts. Mol Biol Cell 11:2657-2671. 
Wong ST, Henley JR, Kanning KC, Huang KH, Bothwell M, Poo MM (2002) A p75(NTR) and 
Nogo 
receptor complex mediates repulsive signaling by myelin-associated glycoprotein. Nat 
Neurosci 
5:1302-1308. 
Woo NH, Teng HK, Siao CJ, Chiaruttini C, Pang PT, Milner TA, Hempstead BL, Lu B (2005) 
Activation of p75NTR by proBDNF facilitates hippocampal long-term depression. Nat 



90 

 

 

Neurosci 
8:1069-1077. 
Yamashita T, Tohyama M (2003) The p75 receptor acts as a displacement factor that releases 
Rho from Rho-GDI. Nat Neurosci 6:461-467. 
Yamashita T, Higuchi H, Tohyama M (2002) The p75 receptor transduces the signal from 
myelin- associated glycoprotein to Rho. J Cell Biol 157:565-570.Yan H, Chao MV (1991) 
Disruption of cysteine-rich repeats of the p75 nerve growth factor receptor leads to loss of 
ligand binding. J Biol Chem 266:12099-12104. 
Yano H, Torkin R, Martin LA, Chao MV, Teng KK (2009) Proneurotrophin-3 is a 
neuronal apoptotic ligand: evidence for retrograde-directed cell killing. J Neurosci 
29:14790-14802. 
Ye H, Kuruvilla R, Zweifel LS, Ginty DD (2003) Evidence in support of signaling endosome-
based retrograde survival of sympathetic neurons. Neuron 39:57-68. 
Ye X, Mehlen P, Rabizadeh S, VanArsdale T, Zhang H, Shin H, Wang JJ, Leo E, Zapata J, Hauser 
CA, Reed JC, Bredesen DE (1999) TRAF family proteins interact with the common 
neurotrophin receptor and modulate apoptosis induction. J Biol Chem 274:30202-30208. 
Yoon SO, Casaccia-Bonnefil P, Carter B, Chao MV (1998) Competitive signaling between TrkA 
and p75 nerve growth factor receptors determines cell survival. J Neurosci 18:3273-3281. 
Young KM, Merson TD, Sotthibundhu A, Coulson EJ, Bartlett PF (2007) p75 
neurotrophin receptor expression defines a population of BDNF-responsive 
neurogenic precursor cells. J Neurosci 27:5146-5155. 
Yuzaki M, Furuichi T, Mikoshiba K, Kagawa Y (1994) A stimulus paradigm inducing long-term 
desensitization of AMPA receptors evokes a specific increase in BDNF mRNA in cerebellar 
slices. Learn Mem 1:230-242. 
Zaheer A, Yorek MA, Lim R (2001) Effects of glia maturation factor overexpression in primary 
astrocytes on MAP kinase activation, transcription factor activation, and neurotrophin 
secretion. Neurochem Res 26:1293-1299. 
Zerial M, McBride H (2001) Rab proteins as membrane organizers. Nat Rev Mol Cell Biol 
2:107- 
117. 
Zheng J, Shen WH, Lu TJ, Zhou Y, Chen Q, Wang Z, Xiang T, Zhu YC, Zhang C, Duan S, Xiong 
ZQ (2008) Clathrin-dependent endocytosis is required for TrkB-dependent Akt-mediated 
neuronal protection and dendritic growth. J Biol Chem 283:13280-13288. 
Zhou B, Cai Q, Xie Y, Sheng ZH (2012) Snapin recruits dynein to BDNF-TrkB signaling 
endosomes 
for retrograde axonal transport and is essential for dendrite growth of cortical neurons. Cell 
Rep 
2:42-51. 


