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ABSTRACT OF THE THESIS
The Role of Proneurotrophins in Apoptotic Signaling in Rat Brain

Neurons

By Wenyu Song

Thesis Director: Professor Wilma J. Friedman

Proneurotrophins and mature neurotrophins can activate distinct
signaling pathways and have opposing effects on cells: proneurotrophins
induce apoptotic signaling via p75NTR while mature neurotrophins activate
survival signaling by binding to Trk receptors. In the CNS, basal forebrain (BF)
neurons express both p75NTR and Trk receptors. The work in this thesis
demonstrates that proneurotrophins can induce loss of BF neurons through
p75NTR, even in the presence of activated Trk receptors. Moreover, proNGF
inhibits the phosphorylation of Akt induced by BDNF, suggesting that proNGF
induces apoptotic signaling and simultaneously blocks survival signaling
activated by BDNF. Phosphorylation of Akt can prevent proNGF-induced
apoptosis, suggesting that regulation of Akt phosphorylation may be a critical
point of interaction between survival and death signaling.

PTEN (phosphatase and tensin homologue deleted on chromosome
ten) is a dual-specificity phosphatase that can act as an antagonist to the PI3
kinase/Akt pathway. ProNGF induces an increase in PTEN in BF neurons,
even in the presence of BDNF, suggesting that proNGF might block survival
signaling through PTEN. In the presence of BDNF, proNGF was unable to

induce apoptosis when PTEN activity was inhibited both in vitro and in vivo.



Also, the PTEN inhibitor blocked proNGF-induced inhibition of Akt
phosphorylation by BDNF, suggesting that PTEN is a crucial factor mediating
the balance between p75-induced apoptotic signaling and Trk-mediated
survival signaling.

Taken together, the interaction of proneurotrophin-p75NTR and mature
neurotrophin-Trk systems is partially determined by the balance of PTEN and

Akt which eventually causes the cell to die or survive.
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l. Introduction:

The nervous system is a complex system that is developed and
maintained in a highly regulated manner. Factors involved in this process
include neurotrophins, a family of growth factors critical for multiple aspects of
neuronal development. Functions of neurotrophins include supporting
survival, neurite outgrowth, synapse formation, cell migration, proliferation,
and inducing apoptosis (Lewin and Barde, 1996; Bibel and Barde, 2000;
Huang and Reichardt, 2001).

Neurotrophin functions are mediated by two categories of receptors,
the tropomyosin-related kinase (Trk) family of receptor tyrosine kinases and
the p75 neurotrophin receptor (p75NTR). These receptors can activate
distinct signaling pathways that have very different consequences. Trk and
p75NTR can also collaborate to mediate neurotrophic effects (Hempstead et
al., 1991; Mahadeo et al., 1994; Verdi et al., 1994).

All four neurotrophins are produced as precursors and can be cleaved
by convertases, which include furin and convertases 1 and 2 (PC1 and PC2),
to produce mature neurotrophins. Proneurotrophins have been shown to have
apoptotic effects on cells (Beattie et al., 2002; Harrington et al., 2004), which
are mediated by p75NTR activated signaling (Lee et al., 2001; Teng et al.,
2005). Sortilin, a member of the Vps family of receptors facilitates the binding
between proneurotrophins and p75NTR (Nykjaer et al., 2004).

1. Neurotrophins and their receptors:
1.1 Neurotrophins

The neurotrophin family in mammals includes four members: nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin

(NT)-3, and neurotrophin (NT)-4/5 (Levi-Montalcini and Hamburger, 1951;
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Barde et al., 1982; Ernfors et al., 1990; Hohn et al., 1990; Maisonpierre et al.,
1990; Rosenthal et al., 1990; Hallbook et al., 1991; Funakoshi et al., 1995).
NT-6 and NT-7 have also been identified, but only in fish (Gotz et al., 1994;
Nilsson et al., 1998). NGF was the first factor to be discovered and
characterized (Levi-Montalcini and Hamburger, 1951; Levi-Montalcini et al.,
1954; Cohen, 1960). It is a 26kDa homodimeric protein, with each monomer
consisting of 118 residues. The three other neurotrophins share similar
protein structure and gene sequence with NGF (Reichardt, 2006).

Among all the neurotrophins, NGF has been most extensively
characterized. It supports survival and maturation of different populations of
neurons, such as sympathetic and sensory neurons in the peripheral nervous
system (PNS) and striatal cholinergic neurons in the central nervous system
(CNS) (Snider, 1994; Kew et al., 1996; Conover and Yancopoulos, 1997).
Implantation of NGF-secreting carcinoma or salivary glands into chick
embryos increased the number of cervical ganglion neurons (Levi-Montalcini
and Hamburger, 1951). A blocking antibody against to NGF caused ablation
of sensory neurons and sympathetic ganglia (Levi-Montalcini and Booker,
1960). In animals with heterozygous NGF gene, there was less cholinergic
innervation in hippocampus (Chen et al., 1997).

In the CNS, NGF can be produced by neurons such as pyramidal and
dentate granule neurons (Ayer-LeLievre et al., 1988; French et al., 1999).
Astrocytes and microglia were also found to produce NGF after injury (Arendt
et al., 1995; Elkabes et al., 1996). In the PNS, NGF can be synthesized and
secreted by sympathetic and sensory target organs including vascular smooth
muscle cells, testis, ovary, and pituitary (Levi-Montalcini et al., 1996). The

produced NGF can be retrogradely transported to neuronal cell bodies to



support survival and differentiation (Korsching, 1993). In addition to target
organs, neurons can also synthesize neurotrophins. For example, BDNF can
be synthesized by several populations of sensory neurons (Brady et al.,
1999), and NGF can be produced by trigeminal sensory neurons (Barde et al.,
1982; DiCicco-Bloom et al., 1993; Davis et al., 1998).
1.2 The Trk receptors and their signaling pathways

The Trk receptors are a family of proteins including TrkA, TrkB and
TrkC. Each neurotrophin has a preference for specific Trk receptors (Fig 1):
NGF activates TrkA (Kaplan et al., 1991b; Kaplan et al., 1991a; Klein et al.,
1991a), BDNF and NT-4/5 activate TrkB (Klein et al., 1991b; Squinto et al.,
1991), and NT-3 activates TrkC (Lamballe et al., 1991). In addition, TrkA can
also bind NT-3 and NT-4/5, but with lower affinities than NGF (Kaplan et al.,

1991b).

O NT4, 0O nT3 0 NGF, BDNF,
l BDMNF J‘ i NT3, NT4

~4 |
= :i:-l
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Figure 1. Neurotrophins and their receptors. Neurotrophins bind selectively to specific Trk
receptors, while p75NTR can bind with all four neurotrophins.
M.V. Chao, Nature Reviews Neurosciences, 2003

Trk receptors were found in both neuronal and non-neuronal systems.
In the CNS, these receptors are widely expressed in different areas including

the cortex, cerebellum, basal forebrain, hippocampus and diencephalon



(Barbacid, 1994). Outside the nervous system, Trk receptors were found in
arteries, tooth buds, palate, and the submaxillary gland (Barbacid, 1994).

In their extracellular domain, Trk receptors have cell-adhesion motifs,
three tandem leucine-rich motifs, flanked by cysteine clusters and two
immunoglobulin-like domains in the membrane-proximal region (Fig 2). Trk
receptors bind neurotrophins through their second immunoglobulin-like
domain (Urfer et al., 1998).

g
:
|

Cgstnina cluster
Leucine-rich motifs
Cysteine cluster

0
¥
lgG-like domains B

¥
2

TrkB TrkC

Kinase domain

¥
3
1

C-term tail
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Figure 2. Schematic of structure of Trk receptors. The extracellular domains (ECDs) of Trk
receptors contain two cysteine-rich region flanking a leucine-rich repeat, followed by two
immunoglobulin (IgG)-like domains in the juxtamembrane region. The intracellular domain
contains tyrosine kinase domain. Alternative splicing produces TrkB and TrkC variants lacking

most of the intracellular domain.
Roux PP, Barker PA (2002) Prog Neurobiol 67:203-233

The mRNA of Trk receptors can be spliced in different ways to produce
proteins with different intracellular domains, and these splice variants can
affect ligand binding and kinase activity. The short amino-acid sequences in
the juxtamembrane domain of Trk receptors are thought to be important for
the activation of receptors (Wiesmann et al., 1999). It has been shown that in
non-neuronal cells, the truncated isoforms of Trk receptors can present
neurotrophins to neurons. In neuron populations, these receptors can bind

with neurotrophins and compete with the binding between neurotrophins and



full-length Trk receptors, which attenuate the responses of cells to
neurotrophins (Eide et al., 1996).

Neurotrophins directly bind to and dimerize Trk receptors, resulting in
the phosphorylation of tyrosine residues on the cytoplasmic domains (Jing et
al., 1992). There are ten evolutionarily conserved tyrosines on the cytoplasmic
domains of Trk receptors. Three of these—Y670, Y674 and Y675—are
present in the auto-regulatory loop of the kinase domain that regulates
tyrosine kinase activity (Stephens et al., 1994). Phosphorylation of these
residues activates the receptors. Other tyrosine residues can also be
phosphorylated to create docking sites for adapter proteins containing
phospho tyrosine-binding (PTB) or src-homology-2 (SH-2) motifs, which are
important for signal transduction (Pawson and Nash, 2000).

Phosphorylation of Trk receptors can activate three classical signaling
pathways: PI-3 kinase signaling pathway, MAPK/Erk signaling pathway and
PLC-y 1 signaling pathway (Huang and Reichardt, 2001).

PI3K/Akt signaling pathway

Phosphatidylinositol 3 kinase (PI3K) belongs to a family of intracellular
lipid kinases that phosphorylate the 3’-hydroxyl position of
phosphatidylinositols and phosphoinositides. The activation of
phosphatidylinositol-3-kinase (PI3K) and Akt (protein kinase B) is important
for the survival of several neuronal populations (Brunet et al., 2001). Inhibition
of the PI3K activity blocks NGF-induced cell survival (Yao and Cooper, 1995).
In both neurons and other cell types, PI3K has been found to be important for
growth factor-dependent survival signaling pathways (Scheid et al., 1995;
Takashima et al., 1996). Phosphorylated Trk receptors can activate PI3K

through two distinct pathways. One pathway requires the binding of the



catalytic subunit of PI3 kinase to activated Ras (Downward, 1998); the other
involves three adaptor proteins, Shc, Grb-2 and Gab-1. Shc can bind to
phosphorylated Y490 of Trk receptors, resulting in the recruitment of Grb-2.
Phosphorylated Grb-2 provides a docking site for Gab-1, which is bound by
PI1-3 kinase (Holgado-Madruga et al., 1997). Once PI3K is relocated to the
plasma membrane, it can phosphorylate the inositol ring of membrane
phosphoinositides to produce 3’-phosphorylated phosphoinositides. The
phosphatidylinositol-3,4,5-trisphosphate (PIP3) is a major form of the lipid
product that binds to and stimulates phosphoinositide-dependent protein
kinase 1(PDK1). PDK1 can then bind and phosphorylate Akt (Alessi et al.,
1997).

Akt was cloned by three independent labs in 1991 (Bellacosa et al.,
1991; Coffer and Woodgett, 1991; Jones et al., 1991b). In mammals, there
are three Akt isoforms that have been identified: Akt1, Akt2 and Akt3. These
three isoforms are expressed differently: Akt1 is expressed in all the organs
except the kidney, liver and spleen; Akt2 is expressed at high levels in
muscle, intestinal organs and reproductive tissues; Akt3 is expressed mainly
in the brain and testis (Coffer and Woodgett, 1991; Jones et al., 1991a;
Nakatani et al., 1999).

Different models have been established for the activation process of
Akt. A common important step is the relocalization of Akt from the cytoplasm
to the plasma membrane where PIP3 can facilitate the activation of Akt. In
one previous study, when Akt was permanently located to the plasma
membrane, it exhibited constitutive kinase activity (Franke et al., 1995).

The phosphorylation of Thr-308 and Ser-473 is required for the

activation of Akt (Alessi et al., 1996). PDK1 (3-phosphoinositide-dependent



protein kinase1) can phosphorylate Akt at Thr-308, however, PDK1 is
constitutively active. There is no significant change of its activity in the
presence or absence of survival factors (Alessi et al., 1997). In addition, PDK1
itself can not phosphorylate Akt at Ser-473 suggesting that another regulatory
mechanism exists.

A later study showed that PDK1 can interact with another kinase, PRK-
2. In the complex form, PDK-1/PRK-2 is able to phosphorylate Akt at both
Thr-308 and Ser-473 (Balendran et al., 1999; Currie et al., 1999)). Moreover,
the activity of PDK-1/PRK-2 can be increased by PI3K-generated PIP3,
suggesting that the PDK-1/PRK-2 complex is responsible for growth factor-
induced Akt regulation (Currie et al., 1999).

Akt targets several downstream factors, including pro-apoptotic
proteins and transcription factors, as a key regulator of cell survival
(Reichardt, 2006). For example, it binds and phosphorylates Bad, a pro-
apoptotic member of the Bcl-2 family of proteins (Datta et al., 1997). When not
phosphorylated, Bad binds and inhibits the activity of anti-apoptotic Bcl-2
family members Bcl-2 and Bcl-X, (Zha et al., 1996).

MAPKI/Erk signaling

Both survival and differentiation of neurons can be mediated by the
MAPKI/Erk signaling pathway (Grewal et al., 1999). The adaptor protein, Shc,
can bind to phosphorylated Y490 on a Trk receptor and then become
phosphorylated. Phospho-Shc will bind to the Grb2-Sos complex and bring
Sos and Ras together. The association of Sos and Ras can activate Ras by
switching Ras-GDP to Ras-GTP (Basu et al., 1994; McCormick, 1994). Ras
then activates the protein kinase Raf. Raf phosphorylates and activates MAP

kinase kinase (MEK1) at serine 217 and serine 221. The activated MEK1 can
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then phosphorylate extracellular signal-related kinase 1 and 2 (Erk1/2), which
are two members of MAP kinase family (Jaiswal et al., 1994). After the
activation of Erk1/2, the protein is translocated to the nucleus and
phosphorylates several transcription factors including Elk-1 (Miranti et al.,
1995). Activated Elk-1 can interact with the transcription factor serum
response factor (SRF) and the cAMP regulatory element binding protein
(CREB) to cause the gene transcription that is essential for initiation and
maintenance of differentiation (Ginty et al., 1994; Gille et al., 1995).

PLC-y1 signaling

When Trk is phosphorylated on Y785, a direct consequence is the
activation of phospholipase C (Vetter et al., 1991). There are several isoforms
of phospholipase C, including PLC-, PLC-y and PLC-5. Among them, only
PLC-y1 has been shown to be activated by Trk (Middlemas et al., 1994). After
activation, PLC-y1 can then catalyze the hydrolysis of phosphatidylinositol (4,
5) P2 and produce diacyl-glycerol and inositol (1,4,5) P3, which induces the
release of intracellular calcium and activation of protein kinase C (PKC) (Lee
and Rhee, 1995; Rhee, 2001). PKC is important for regulating proliferation,
differentiation, transformation, and apoptosis in cells (Newton, 1995). It has
also been shown that PLC-y1 can mediate PIP2 depletion, which leads to the
hypersensitization of TRP channel (Prescott and Julius, 2003).
1.3 P75 neurotrophin receptor (NTR) and its signaling pathways

The p75 neurotrophin receptor was initially cloned by two different
groups at almost the same time from human and rat (Chao et al., 1986;
Radeke et al., 1987). The two forms were highly homologous. P75NTR was

later identified as a member of the tumor necrosis factor (TNF) receptor



superfamily, a group that also includes tumor necrosis factor receptor 1
(TNFR1), TNFR2, Fas, RANK and CD40 (Baker and Reddy, 1998).

After cleavage of the signal peptide, human p75NTR is a 399 amino
acid protein. It is a single transmembrane protein with an intracellular carboxy-
terminal and several O-linked carbohydrates in the juxtamembrane stalk
domain. The extracellular domain contains four repeated modules of six
cysteines, which is a unique feature of the TNF receptor superfamily
members. These cysteine regions create the binding site for neurotrophins
(Yan and Chao, 1991). The intracellular domain of p75NTR can be
palmitoylated and phosphorylated on cysteine, serine and threonine (Grob et
al., 1985; Barker et al., 1994). These modifications may play a role in protein-
protein interaction, the folding of the receptor and the intracellular localization
of p75NTR.

P75NTR can bind to NGF with low affinity and was thus initially named
the low affinity NGF receptor (Chao et al., 1986; Radeke et al., 1987). As
more members of neurotrophin family were discovered, p75NTR was found to
bind all neurotrophins with approximately equal affinity (Fig.1) (Rodriguez-
Tebar et al., 1990; Squinto et al., 1991; Rodriguez-Tebar et al., 1992). One of
the common signaling features that TNF receptors share is the ability to
control cell viability by regulating apoptosis through associating with
cytoplasmic adaptor proteins. The intracellular domain of p75NTR contains
regions that can recruit other proteins. The juxtamembrane domain of
p75NTR might also play a role during this recruitment. In addition, p75NTR
signaling can vary in different systems. Research in the last ten years has
shown that many signaling pathways can be activated by p75NTR. In some

cells, p75NTR signaling can promote survival, while in others it can mediate
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apoptosis (Barrett and Bartlett, 1994). It also has been reported that p75NTR
mediated signaling can affect axonal outgrowth both in vivo and in vitro

(Bentley and Lee, 2000).

N-terminal tail
Cysteine-rich domain 1 X Y2
MN-linked glycosylation
CRD2 <yl

Ligand binding
domain CRD? T
CRD4
O-linked glycosylations
HHEHHHH B
S Palmitoylation site
% Potential TRAF
Potential TRAF4 i br  binding motif
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PDZ binding motif
< C-terminal tail

' Potential G protein
Type Ii activation doemain
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Figure3. Schematic of structure of p75NTR. P75NTR is a type | transmembrane receptor with
an extracellular domain that has four cysteine-rich domains (CRDs), and multiple O- and N-
linked glycosylation sites. The intracellular domain has a palmitoylation site at cysteine 279,
two potential TRAF-binding sites, a type |l death domain, a potential G protein activating
domain, and a PDZ domain binding motif.

Roux PP, Barker PA (2002) Prog Neurobiol 67:203-233

The most well-documented survival pathway mediated by p75NTR
involves the activation of NFkB, a transcription factor that, when activated,
translocates to the nucleus and activates target genes related to various
functions such as inflammatory response and apoptosis suppression
(Baldwin, 1996; Wang et al., 1996). In both embryonic sensory and
sympathetic neurons, neurotrophins have been found to promote p75NTR-
dependent activation of NFkB and therefore support the survival of neurons
(Maggirwar et al., 1998; Hamanoue et al., 1999).

However, more extensive data has been reported on p75NTR and its

role in apoptotic signaling. P75NTR-mediated death has been observed in
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many different systems. For example, p75NTR mediates NGF-induced death
of cultured oligodendrocytes (Casaccia-Bonnefil et al., 1996). Apoptosis was
also observed upon BDNF-induced activation of p75NTR in post-natal
sympathetic neurons in culture (Casaccia-Bonnefil et al., 1996; Bamiji et al.,
1998; Trim et al., 2000). In CNS areas not expressing TrkA, high doses of
NGF can induce apoptosis in embryonic chick retina neural precursor cells
(Frade et al., 1996), as well as the death of hippocampal neurons via p75NTR
(Friedman, 2000).

Two p75NTR knockout mice have been generated by deleting exon I
or IV of the p75NTR gene (Lee et al., 1992; von Schack et al., 2001). Both
mutants express a short receptor lacking the extracellular domain of the
protein, and therefore do not bind NGF. However, the transmembrane and
cytoplasmic domains of p75NTR were retained. Mice with the exon IV mutant
are smaller compared to wild type or exon Il mutant and exhibit posterior limb
ataxia. Both mutants show a severe loss of peripheral sensory neurons and
peripheral nerve volume (Lee et al., 1992; von Schack et al., 2001). However,
p75NTR knockout mice do not manifest a dramatic behavioral phenotype
compared to wild type (Lee et al., 1992; von Schack et al., 2001).

P75NTR can interact with different receptors to mediate various
signaling pathways. Without p75NTR, Trk receptors have slow association
and dissociation kinetics with neurotrophins (Hempstead et al., 1991). With
p75NTR as a co-receptor, the affinity of TrkA with NGF can increase 25-fold
(Mahadeo et al., 1994). The disruption of binding between p75NTR and NGF
inhibits NGF-induced TrkA activation (Barker and Shooter, 1994; Lachance et

al., 1997).
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Other receptors with which p75NTR interacts are the Nogo receptor
(NgR) and sortilin. The Nogo receptor complex includes Nogo receptor, Lingo
and p75NTR. The activated p75NTR-NgR complex leads to the inhibition of
axon outgrowth (Wang et al., 2002; Wong et al., 2002). The p75NTR-sortilin
receptor complex has been shown to have a high affinity for proneurotrophins
and cause apoptosis. The pro-domain of proNGF or proBDNF binds to sortilin,
while the mature domain binds to p75NTR (Nykjaer et al., 2004; Teng et al.,
2005).

The intracellular domain (ICD) of p75NTR is similar to that of Fas and
tumor necrosis factor receptor | (TNFR 1). All of these receptors have a death
domain (DD) on their ICD that includes six a helices. The death domain is an
intracellular homology domain that is important for apoptotic signaling. It has
been divided into two types: type | and type Il, based on their similarity and
spacing between a helices (Cleveland and lhle, 1995). P75NTR was found to
have a type |l death domain while Fas and TNFR | have the type | death
domain (Liepinsh et al., 1997).

The p75NTR intracellular domain does not have intrinsic kinase
activity, and signaling is believed to be transmitted through the recruitment of
adaptor proteins. Several adaptor proteins have been reported to be
associated with p75NTR including NRIF, NRAGE, NADE, TRAF, RIP-2
(Casademunt et al., 1999; Ye et al., 1999; Mukai et al., 2000; Salehi et al.,
2000; Khursigara et al., 2001). The broad spectrum of these proteins and their
activities makes the signaling pathways mediated by p75NTR very difficult to
understand, and categorizing p75NTR into the known classical signaling
pathways is a complicated process. It is still unclear if both the

juxtamembrane region and death domain are required for p75NTR-mediated
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cell death, or if each domain signals independently (Coulson et al., 2000;
Roux and Barker, 2002).

Upon the binding of neurotrophins to p75NTR, several signaling
pathways can be activated. One important downstream factor is Jun kinase
(Casaccia-Bonnefil et al., 1996), which can be activated by phosphorylation.
Activated Jun kinase causes the release of cytochrome c from the
mitochondria. This causes the activation of caspases and eventually induces
cell death. The caspases involved during this process include caspase 9,6,
and 3 (Dechant and Barde, 1997; Martinou et al., 1999; Friedman, 2000; Troy
et al., 2002).

P53 was also shown to be activated by p75NTR-induced signaling.

P53 is known to be important for the apoptotic process of cells. The
downstream target of p53 includes Bax, which is a pro-apoptotic factor (Yeiser
et al., 2004). In PC12 cells, Cdc42 is also part of p7SNTR-JNK signaling.
Dominant negative Cdc42 can inhibit cell death (Bazenet et al., 1998).

The Rho GTPase family can also be activated by p75NTR. RhoA was
shown to be activated by p75NTR, which inhibited neurite outgrowth
(Yamashita et al., 1999). A study from the same lab showed that p75NTR
displaced RhoA from RhoGDlI, facilitating the release of RhoA (Yamashita and
Tohyama, 2003).

P75NTR intracellular domain (ICD) cleavage has been shown to be
necessary for signal transduction. The cleaved ICD is translocated to the
nucleus (Jung et al., 2003; Kanning et al., 2003). There are two sequential
cleavages involving different proteinases: a-secretase is responsible for
cleaving the extracellular part of the protein, whereas intracellular region

cleavage is mediated by y-secretase. After cleavage, the ICD of the protein is
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released and transferred to the nucleus (Jung et al., 2003; Zampieri et al.,
2005). In one study, during proBDNF and BDNF-induced apoptosis of
sympathetic neurons, p75NTR ICD was cleaved by y-secretase. NRIF, one of
the proteins that binds with ICD of p75NTR, was then translocated into the
nucleus (Kenchappa et al., 2006). This cleavage was shown to be necessary
for the NRIF translocation and apoptosis (Kenchappa et al., 2006; Volosin et
al., 2008). Although the specific mechanisms of p75NTR cleavage are not
fully understood, these findings suggest multiple mechanisms could be
involved in p75NTR-mediated signaling.

P75NTR can also have ligands other than neurotrophins. Recent
studies have shown that 3-amyloid and the aggregated prion peptide can bind
with p75NTR to induce the death of cells. 3-amyloid can induce p75NTR to
trimerize and active JNK. Aggregated prion peptide-induced death involves
the activation of caspase 8 (Sotthibundhu et al., 2008). Since the
accumulation of soluble amyloid B protein in the brain is one of the reasons for
the symptoms of Alzheimer’s disease, this observation strongly supports a
possible role for p75NTR in the neuronal loss in Alzheimer’s disease.

2. Proneurotrophins
2.1 Proneurotrophins and protein processing and sorting

All neurotrophins are synthesized as precursor proteins, pre-pro-
neurotrophins, which have an N-terminal signaling peptide and a pro-peptide.
The pre-pro-NGF is a 31-35 kDa protein (Fig. 4). After the signal peptide is
removed, proNGF is produced as a 32 kDa protein. In either trans-Golgi, or
secretory granules, proneurotrophins can be glycosylated on the pro-region
and cleaved by protein convertases to form mature neurotrophins (Edwards et

al., 1988). There are two N-glycosylated sites and three separate sequences
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of two or more contiguous basic amino acids in the pro-region. The cleavage
site is located after these sequences. The subsequent processes for NGF and
BDNF are different. NGF is mainly secreted by a constitutive pathway and
partially by a regulated pathway. However, the release of BDNF is highly
regulated. The main portion of BDNF is normally stored intracellularly. Only
upon activation can it be secreted by cells (Mowla et al., 1999; Balkowiec and
Katz, 2000). There have been multiple studies about the functions of the pro-
region of the neurotrophins during this sorting process. Two conserved amino
acid segments within the NGF pro-region were shown to be critical for the
expression and secretion of biologically active NGF (Suter et al., 1991). It was
also shown that the pro-region of NGF facilitated folding and disulfide bond
formation of the protein (Rattenholl et al., 2001b). The C-terminal part of pro-
region has been shown to play an important role for neurotrophin processing
(Rattenholl et al., 2001a). The pattern of processing and secretion of NGF
and BDNF were exchanged when their propeptides were exchanged,
suggesting that the pro-region of neurotrophins was important for the

processing efficiency (Nomoto et al., 2007).
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Figure 4. Schematic of pre-pro-NGF structure with the disulfide pattern. Pre indicates the
signal peptide, pro the pro-peptides.
Rattenholl A el al. (2001) J Mol Biol 305:523-533

2.2 Proneurotrophins and cell death
Significant level of proNGF and proBDNF were found in various tissue

extracts, suggesting that proneurotrophins might have functions other than
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protein processing and sorting (Fahnestock et al., 2001). Using a cleavage-
resistant proNGF, it was found that proNGF was a high affinity ligand for
p75NTR, and this binding caused cell death (Lee et al., 2001). Sortilin, a
member of the Vps10p family of receptors, was required to act as a co-
receptor with p75NTR for proNGF-binding (Nykjaer et al., 2004; Teng et al.,
2005; Volosin et al., 2006).

In different systems, it has been shown that proneurotrophins have
apoptotic effects on cells. In PC12 cells, sympathetic and basal forebrain
neuronal cultures, proNGF causes cell death via p75NTR (Lee et al., 2001;
Volosin et al., 2006). Additionally, in cultured sympathetic neurons, proBDNF
has been shown to induce the death of cells through the p75NTR-sortilin
receptor complex (Teng et al., 2005). ProNGF was also shown to induce the
death of oligodendrocytes after spinal cord injury in vivo (Beattie et al., 2002).
When the binding between proNGF and p75NTR is blocked, there is a rescue
of injured adult corticospinal neurons (Harrington et al., 2004). Moreover, the
infusion of anti-proNGF can rescue hippocampal neuronal death after
seizures (Volosin et al., 2008).

One potential source of proNGF is astrocytes. In respond to
peroxynitrite or after seizures, proNGF was found be increased in astrocytes
(Volosin et al., 2006; Domeniconi et al., 2007).

2.3 Proneurotrophins and sortilin receptor

Sortilin belongs to the Vps10p family of receptor. Five members of the
family have been found in vertebrates so far (Willnow et al., 2008). Different
members of the family have different distributions in the nervous system.
Sortilin has been found in the cerebral cortex, hippocampus, and cerebellum

(Sarret et al., 2003; Nykjaer et al., 2004). These receptors were considered to
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function as sorting proteins. However, later studies suggested that these
proteins could be involved with neuronal diseases including Alzheimer’s
disease (Grupe et al., 2006; Rogaeva et al., 2007).

The study of proneurotrophin-induced cell death through p75NTR-
sortilin receptor complex revealed the necessary role of sortilin for the function
of proneurotrophins. The binding between the pro-domain of proneurotrophins
and sortilin strengthened the ligand receptor interaction (Nykjaer et al., 2004).
Also, sortilin could facilitate p75NTR internalization, which is important for the
proneurotrophin-induced cell death (Gargano et al., 1997). In sortilin knockout
mice, decreased neuronal apoptosis in the retina was observed (Jansen et al.,
2007).

2.4 The proteolytic processing of proneurotrophins

The conversion of proneurotrophins to mature neurotrophins is under
the strict regulation of a protease cascade. After being synthesized as pre-
pro-proteins, the signal peptide is removed in the endoplasmic reticulum (ER)
to produce pro-form proteins. The cleavage of the pro-domain of the protein to
produce mature neurotrophins can be performed in different ways, either
intracellularly or extracellularly. Furin is responsible for intracellular cleavage.
However, there are still substantial amounts of proneurotrophins released into
extracellular environment (Yang et al., 2009). Several matrix metalloproteases
(MMPs) and plasmin have been shown to be involved in the extracellular

cleavage of proneurotrophins (Fig. 5) (Bruno and Cuello, 2006).
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Figure 5. Schematic of extracellular cleavage of proNGF. Intracellular stored proNGF,
plasminogen, tPA, neuroserpin, proMMP-9, and TIMP-1 are released into the extracellular
environment after neuronal stimulation. ProNGF is converted into mature NGF under the
control of the enzyme cascade.

Bruno MA, Cuello AC (2006) Proc Natl Acad Sci U S A 103:6735-740

3. PTEN and proneurotrophin-induced death signaling
3.1 PTEN and PI3 kinase

PTEN (phosphatase and tensin homologue deleted on chromosome
10) was discovered in 1997 by two independent labs (Li et al., 1997; Steck et
al., 1997). Due to a high frequency of mutations of the PTEN gene in various
tumors, PTEN has been widely studied as a tumor suppressor. In multiple
primary human cancers, PTEN was found to be inactive (Ali et al., 1999). This
loss of function study also showed that this decreased PTEN activity lead to
syndromes including developmental disorders, neurological deficits, and
higher chances of breast, thyroid, and endometrial cancers (Saal et al., 2008).

PTEN specifically dephosphorylates the 3-position of the inositol ring
(Maehama and Dixon, 1998). PTEN substrates include several
phosphatidylinositol phosphates, such as PI(3)P, PI(3,4)P2, and PI(3,4,5)P3.
PTEN dephosphorylates PIP3, converting it to PIP2, thereby antagonizing the
activity of PI3 kinase (Stambolic et al., 1998). The accumulation of PIP3 leads
to the phosphorylation and activation of the downstream factor Akt. Activation

of this pathway is important for the survival, growth, and proliferation of cells.
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The balance between PTEN and PI3K can determine the amount of PIP3 and

assure the proper function of PI3K-Akt pathway (Fig. 6).
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Figure 6. PTEN and PI3 kinase pathway. PI3K converts PIP2 into PIP3 which facilitates the
activation of Akt. Akt then targets multiple downstream factors to support cell survival. PTEN
dephosphorylates PIP3 into PIP2, thereby blocking PI3K-Akt pathway.

Planchon, S. M. et al. J Cell Sci 2008;121:249-253

The function of PTEN is non-redundant, and no other protein has been
identified that can act as a substitute (Stambolic et al., 1998). Thus, PTEN is a
master regulator of the PI3K-Akt pathway. Mutations of the PTEN gene have
been shown to cause constitutive activation of Akt and tumorgenesis in
human tissues (Vazquez and Sellers, 2000), also suggesting that it plays a
necessary role in suppressing tumors.

3.2 Regulation of PTEN

PTEN can be regulated at different levels. PTEN transcription can be
up-regulated by factors such as peroxisome proliferation-activated receptor y
(PPAR y) and the early growth-regulated transcription factor-1 (EGR-1), while
c-Jun can down-regulate PTEN transcription (Patel et al., 2001; Virolle et al.,
2001; Hettinger et al., 2007).

Post-translationally, PTEN protein can be subjected to several
modifications including phosphorylation, acetylation, oxidation, and
ubiquitination (Salmena et al., 2008). Phosphorylation at certain residues

decreases protein stability and the activity of the protein. Six phosphorylation
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sites, includingThr366, Ser370, Ser380, Thr382, Thr383, and Ser 385 have
been shown to be involved in suppressing PTEN activity (Maccario et al.,
2007). Phosphorylation of PTEN on these sites closes protein conformation,
decreasing their capacity to interact with other proteins. Furthermore, PTEN
phosphorylation shields the amino acids responsible for the electrostatic
interaction between PTEN and the cell membrane (Leslie and Downes, 2004).

Multiple kinases have been found to be responsible for the
phosphorylation of PTEN. Casein kinase 2(CK2) phosphorylates PTEN on
Ser 370 and Ser 385, decreasing PTEN activity by 30%. CK2 inhibitor was
shown to decrease PTEN phosphorylation (Vazquez and Sellers, 2000).
Another study revealed that glycogen synthase kinase 3 (GSK3[) might also
phosphorylate PTEN (Maccario et al., 2007). Since GSK3 is downstream of
Akt and Akt can inhibit GSK3p, this kinase could be part of a negative
feedback loop for the PI3K pathway. Neither CK2 nor GSK3 can
phosphorylate PTEN on Ser380, Thr382 or Thr383 (collectively referred to as
the STT cluster), which are critical for PTEN activity, suggesting that there
may be more kinases involved in PTEN phosphorylation.

3.3 PTEN and apoptosis

Because the PI3K-Akt pathway is known to be important for cell
survival, by inhibiting this pathway, PTEN has been shown to be able to
increase apotosis. Overexpression of PTEN was shown to reduce the
activation of Akt in different tumor cells (Lu et al., 1999; Wick et al., 1999).
The level of phosphorylation of Bad and GSK-3 is also decreased when
PTEN is overexpressed (Myers et al., 1998). In vivo studies showed that
knocking out PTEN in mouse embryonic fibroblast cells made these cells

resistant to apoptotic stimulation. However, when PTEN activity was restored,
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these cells became sensitive to the apoptotic treatments again (Stambolic et
al., 1998).

3.4 PTEN and neuronal death

PTEN is widely expressed in the brain, especially in Purkinje neurons,
olfactory mitral neurons and large pyramidal neurons (Lachyankar et al.,
2000; Perandones et al., 2004). PTEN is involved in multiple functions in the
central nervous system including neuronal survival, migration, differentiation
and synaptogenesis. PTEN also plays an important role in neuronal injury
process. In cultured cerebellar granule neurons, potassium deprivation plus
serum deprivation decreases PTEN mRNA level (Kyrylenko et al., 1999).
PTEN +/- neural precursor cells showed increased resistance to oxidative
stress-induced apoptosis (Conner et al., 2003). In vivo studies showed that
phosphorylated PTEN levels were increased in damaged brains (Omori et al.,
2002). In an experimental rat model where chronic gestational animals were
exposed to ethanol, it was found that there was a correlation between
increased PTEN expression and increased neuronal death (Xu et al., 2003).
A similar study showed that hypothermia protected neurons from death and
this effect might have been due to the increased level of phosphorylated
PTEN (Zhao et al., 2005). Conditionally deleting PTEN showed that the brain
size of knockout mice increased over time compared with wild-type (Backman
et al., 2001; Kwon et al., 2001).
3.5 The nuclear PTEN and cytoplasmic PTEN

Earlier PTEN studies focused on the cytoplasmic PTEN since it is
mainly observed in the cytosol close to the cell membrane. However, recent
studies found PTEN is also located in the nucleus in different cell types

including primary neurons, endothelial cells and normal follicular thyroid cells
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(Sano et al., 1999; Gimm et al., 2000). Nuclear PTEN was mainly observed
when cells were quiescent while cytoplasmic PTEN was found in dividing
cells, suggesting that nuclear PTEN is necessary for tumor suppression
(Whiteman et al., 2002). Expression of PTEN in the nucleus correlates with a
decrease in MAPK phosphorylation and cyclin D1 levels, whereas PTEN
nuclear-localization-defective mutants do not show this relationship (Chung et
al., 2006). This suggests that nuclear PTEN might specifically regulate these
two events. The nuclear PTEN might also be involved in PTEN-related
apoptosis, since expression of wild-type nuclear PTEN increases the activity
of caspase 3 (Chung and Eng, 2005).

PTEN has been shown to be shuttled between the nucleus and cytosol.
GFP-PTEN constructs can enter the nucleus by passive diffusion (Liu et al.,
2005). The uneven distribution of PTEN between the nucleus and cytosol is
possibly caused by cytosolic PTEN interacting proteins that sequester PTEN
in the cytosol while free PTEN diffuses into nucleus (Planchon et al., 2008).
4. Basal forebrain cholinergic neurons, Alzheimer’s disease and
proneurotrophins

The basal forebrain (BF) includes several structures located on the
ventral side of the forebrain. These structures include the nucleus basalis,
diagonal band, medial septum and substantia innominata (Fig. 7). The
diagonal band can be further divided into the horizontal limb and the vertical
limb. The medial septum and diagonal band are continuous structures and

can not be separated anatomically.
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Figure 7. Coronal section of the basal forebrain. Abbreviations: MS = medial septum; vDB =
vertical limb of the diagonal band; hDB = horizontal limb of the diagonal band; STR =
striatum; ca = commissura anterior; cc = corpus callosum.

Paxinos G and Watson. Academic Press, 1986

The cholinergic neurons in the BF are important for learning and
memory (Conner et al., 2003). These cells can send axons to various areas of
the brain and provide the main source of acetylcholine innervation (Baratta et
al., 1996). One target of BF axons is the hippocampus (Melander et al., 1985),
where they regulate neuronal development and activity (Semba, 2000).

BF cholinergic neurons express all three Trk receptors, and
neurotrophins are important for the development and maintenance of BF
neurons (Seiler and Schwab, 1984). Neurotrophins are retrogradely
transported to BF cell bodies through projections between the BF and
hippocampus (Seiler and Schwab, 1984; DiStefano et al., 1992). BF
astrocytes and oligodendrocytes can also release neurotrophins to support
the development of BF neurons (Dai et al., 2003; Wu et al., 2004).

BF cholinergic neurons comprise one of a few populations of CNS
neurons that express p75NTR throughout life (Hefti et al., 1985). P7T5NTR
knock-out mice have an increased number of BF cholinergic neurons (Van der

Zee et al., 1996; Yeo et al., 1997), suggesting that p75NTR may be important
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for developmental basal forebrain cell death. In addition, proneurotrophins
induce the loss of BF neurons via p75NTR signaling pathway in culture
(Volosin et al., 2006).

In Alzheimer’s disease, one salient characteristic is the early and
progressive loss of BF neurons. The number of cholinergic markers including
choline acetyltransferase, muscarinic and nicotinic acetylcholine receptor and
acetylcholine was found to be decreased (Nordberg, 1992; Bierer et al.,

1995). Although the mechanism of neuronal death remains unclear, significant
amounts of proNGF have been found in the Alzheimer’s brain (Fahnestock et

al., 2001; Peng et al., 2004), suggesting that proneurotrophins may contribute
to the loss of basal forebrain neurons via p75SNTR.

5. Hippocampus and neurotrophins

The hippocampus has been shown to be important in the formation of
new memories (Scoville and Milner, 1957). It is a C-shaped structure located
in the medial temporal lobe, comprised of the hippocampus proper and the
dentate gyrus (fig. 8). For rats, the hippocampus proper includes CA1, CA2
and CA3. In human, there are four parts: CA1, CA2, CA3 and CA4. The CA
areas are composed of high density of pyramidal cells while the dentate gyrus

is composed of granule cells.
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Figure 8. Coronal section of rat hippocampus. Abbreviation: dg = dentate gyrus; g = granular
cell layer; p = pyramidal cell layer; slm = stratum lacunosum moleculare; sm = stratum
moluculare; sr = stratum radiatum.

(Kauselmann et al., 1999)

All four neurotrophins have been shown to be produced by
hippocampal neurons to support the survival of local neurons and afferent
neurons from areas such as the basal forebrain and locus coeruleus (Hefti et
al., 1985; Friedman et al., 1993; Arenas and Persson, 1994). TrkB and TrkC,
but not TrkA have been found to be expressed in hippocampal neurons
(Ernfors et al., 1992; Ip et al., 1993). P75NTR is highly expressed in
hippocampal neurons during both embryonic and postnatal stages (Buck et
al., 1988; Lu et al., 1989).

6. Retrograde transport of neurotrophin signaling

During development, axonal processes can grow very long distances to
receive neurotrophins from remote target cells. The signal induced by
neurotrophins can be retrogradely transported to cell bodies to support the
survival of innervating neurons. Trk receptors located at axon terminals can
be activated by neurotrophins, and this signal can be propagated through
axons to cell bodies (Kaplan and Miller, 2000). One important protein that can
be activated by Trk is Erk5, which can then be translocated to the nucleus to
support the survival of cells (Watson et al., 2001). In contrast, if Trk receptors

located at cell bodies are activated by neurotrophins, Erk1 and 2 will be
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activated and translocated from the cytoplasm to the nucleus to support cell
survival (English et al., 1999; Finkbeiner, 2000).

7. Crosstalk between survival and death signaling

Trk-mediated signaling pathways have been shown to be mostly
involved in survival and differentiation of cells, while in many cases signaling
pathways activated by p75NTR promote apoptosis (Reichardt, 2006). These
two receptor systems have their own preferred ligands: mature neurotrophins
bind to Trk receptors while proneurotrophins have a high affinity for p75NTR.
Different downstream factors can be activated by these two types of
receptors. Trk receptors activate both the PI3K-Akt and MAPK pathways,
which support cell survival, whereas p75NTR signaling activates JNK and
caspases, causing cell death.

Trk receptors and p75NTR can work in both synergistic and
antagonistic ways, depending on the type of cells or environmental
circumstances (Schweigreiter, 2006). Acting as a co-receptor, p75NTR
increases the affinity and selectivity of binding between mature neurotrophins
and Trk receptors (Bibel et al., 1999). However, if both Trk and p75NTR
signaling are induced by mature NGF, Trk signaling dominates over p75NTR
(Friedman, 2000). Collectively, these data suggest a crosstalk between Trk

and p75NTR-mediated signaling.

Il. Research Aims:
1. Determine if proNGF can cause the loss of BF neurons via the
p75NTR- mediated signaling pathway. ProNGF has been shown to induce

apoptosis via p75NTR in different systems (Beattie et al., 2002). Can proNGF



27
cause the death of BF neurons since they express both Trk receptors and
p75NTR?

2. Determine if sortilin plays a necessary role in proNGF-induced
apoptosis in BF neurons. Sortilin was found to be a co-receptor with
p75NTR to mediate cell death induced by proNGF in sympathetic neurons
(Nykjaer et al., 2004). It is important to show if sortilin is necessary for
proNGF-induced death in BF neurons.

3. Identify crosstalk that may occur between signaling pathways
activated by cleaved versus proneurotrophins in BF neurons. Mature
neurotrophins are important for the survival of neurons by activating survival
pathways such as the PI3 kinase pathway, while proNGF and proBDNF have
been found to induce death of cells via p75NTR. When BF neurons are
exposed to both cleaved and proneurotrophins, is there crosstalk between
survival and death signaling pathways, and if so, which pathway
predominates and how?

4. Determine if PTEN is necessary for suppression of survival signaling
induced by mature neurotrophins. PTEN is a phosphatase that can
dephosphorylate PIP3 into PIP2, inhibiting the activation of Akt. Since Akt is
one of the important downstream factors of survival signaling activated by
mature neurotrophins, we hypothesized that PTEN could antagonize survival

signaling induced by mature neurotrophins.

lll. Material and Methods:
1. Reagents: BDNF was a gift from C.F.lbanez (Karolinska Institute,
Stokholm, Sweden). Recombinant murine proNGF and proBDNF were

provided by B.L. Hempstead (Weill Medical College of Cornell University, New



28
York, New York). Neurotensin was purchased from Bachem (Torrance, CA).
Anti-p75 (Ig 192) was purchased from Chemicon (Temecula, CA); other anti-
p75 antisera were generously provided by M.V.Chao (Skirball Institute, New
York University, New York, New York), L.F.Reichardt (University of California,
San Francisco, CA), and B. Carter (Vanderbilt University, Nashville, TN).
Rabbit Anti-TrkBj, antiserum and recombinant adenovirus vector encoding
constitutively activated ras (ras V12) were from David Kaplan (Toronto,
Ontario, Canada); Chicken anti-TrkB;, was purchased from Promega
(Madison, WI). Antibodies to p-JNK, JNK, p-Trk, p-Akt, Akt, p-Erk, Erk,
cleaved caspase-3, cleaved caspase-6, PTEN, p-PTEN, as well as the
inhibitors to PI3 kinase, LY294002, and Mek1, PD98059, were purchased
from Cell Signaling Technologies (Beverly, MA). PTEN inhibitor (bpV(pic))
was from Calbiochem (San Diego, CA). Anti-sortilin (anti-neurotensin3)
polyclonal antibody was from Alpha Diagostics (San Antonio, TX) and from
BD Biosciences (Mountain View, CA). The secondary antibodies were Alexa
488 and Alexa 594 anti-rabbit and anti-mouse antibodies purchased from
Invitrogen. Poly-D-lysine, glucose, putrescine, progesterone, transferring,
selenium, insulin were purchased from Sigma (St. Louis, MO). Rat collagen
was from Roche Diagnostics (Indianapolis, IN).
2. Neuronal cultures: Pregnant rats were sacrificed by exposure to CO2 and
soaked in 80% ethanol for 10 min. Embryonic day 16 (E16) rat fetuses were
taken under sterile conditions and kept in PBS on ice. Basal forebrains were
dissected and dissociated in serum free medium (SFM). The cells were then
plated on tissue culture dishes that were pre-coated overnight with poly-D-
lysine (0.1mg/ml). The cells were maintained in serum free medium for 5 days

at 37°C (Farinelli et al., 1998; Friedman, 2000)
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3. Real time PCR (QPCR): BF neurons were cultured for five days before
RNA was isolated using TRIZOL reagent (Invitrogen). CDNA was synthesized
by using superscript reverse transcriptase (Invitrogen). QPCR was performed
on LightCycler 480 (Roche) by using Sybrgreen master mix.
4. Small interfering RNA experiment: PTEN small interfering RNA (siRNA)
with a 5’ thiol on the sense strand was purchased from Dharmocon RNAI
Technologies. Sequences for the sense strand were:
GATGGCTGTCATGTCTGGGAG. The siRNA was mixed with Penetratin
and heated for 15 min at 65°C and incubated for 1 hour at 37 °C. Before
treated cells with siRNA, the sequences were heated at 65°C for 15 min.
5. Western blot analysis: After 5 days in culture, the neurons were treated for
30min or 4h with vehicle, mature neurotrophins or proneurotrophins. Lysis
buffer containing 120mM Tris, 2% SDS, 10% glycerol and protease inhibitor
was added into dishes to harvest cells. Proteins from equal amount of
neurons were run on a 10% or 12% polyacrylamide gel and then transferred
to nitrocellulose membrane. The blots were blocked by 5% nonfat milk and
then incubated with primary antibody overnight. After washing 3 times with
TBST for 15 minutes each, the blots were processed with secondary antibody
for 1 hour at room temperature. The membrane was washed 3 times with
TBST before being visualized using either the ECL kit (Pierce) or scanned by
Typhoon 9410 (Amersham Biosciences) or Odyssey infrared imaging system
(LI-COR Bioscience).
6. Neuron survival assay: After 5 days in culture, the neurons were treated
overnight with different neurotrophins with or without their inhibitors. The
medium was removed and lysis buffer containing 10% triton, 1M MgCl,, and

0.2% bromphenol blue was added to cell culture. With a hemacytometer, the
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intact nuclei were counted. Only the nuclei that were phase bright and had a
clearly defined limiting membrane were counted. For each treatment, triplicate
samples were counted (Friedman, 2000).
7. Immunocytochemistry: Cells cultured in 8-compartment slide wells were
treated with ligand and then fixed with 4% paraformaldehyde for 30 minutes.
Before primary antibody incubation, the cells were permeabilized and blocked
with PBS/0.3%Triton/5%goat serum for 30 minutes at room temperature.
Different primary antibodies were applied to the slides overnight at 4°C. The
slides were washed three times with PBS for 15 minutes. The secondary
antibodies Alexa 488 (green) and 594 (red) (1:500) were applied to the slides
in the dark for 1 hour and then washed three times with PBS for 15 minutes
and mounted. Hoechst 33342 dye (1 ug/ml; Sigma) was added into PBS
during the last wash to stain nuclei. The apoptotic cells were identified by
chromatin condensation and clumping in the nucleus. The slides were
examined by fluorescence microscopy (Troy et al., 2002).
8. Pilocarpine-induced seizures: Male Sprague Dawley rats (250-275g) were
cannulated 1 week before the induction of seizures. Animals were sedated
with ketamine/xylazine and placed in a stereotaxic. Two cannulas were
implanted bilaterally into the hippocampus. After one week of recovery,
animals were pretreated with methyl-scopolamine (1mg/kg, s.c; Sigma-
Aldrich) for half a hour before being treated with pilocarpine hydrochloride
(350 mg/kg, i.p.; Sigma-Aldrich). After 1 hour of status epilepticus, diazepam
(10 mg/kg; Abbott Laboratories) and phenytoin were injected to stop seizure.

After seizures, PTEN inhibitor bpv(pic) was injected into one side of
hippocampus and saline was injected into another side of hippocampus twice

a day until the rats were perfused 3 days after the seizures.
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All animal studies were conduced using the National Institute of Health
guidelines for the ethical treatment of animals with approval of the Rutgers
Animal Care and Facilities Committee.
9. Immunocytochemistry of the hippocampal sections: Rats were anesthetized
with ketamine/xylazine and perfused transcardially by saline and then by 4%
paraformaldehyde. The brain was removed and fixed in 4% paraformaldehyde
for 2 hours before being cryoprotected in 30% sucrose for 2 days. After the
brain had totally sunk down in sucrose solution, it was sectioned on a cryostat
(Leica) and mounted onto charged slides. The slides were then
immunostained with antibodies to p75NTR and cleaved caspase 3 as

described previously.

IV. Results:
1. ProNGF induces the death of BF neurons through p75NTR-sortilin
receptor complex:

Expression of Trk receptors and p75NTR are highly overlapped in the

basal forebrain in vivo. It was known that basal forebrain neurons express all

three Trk receptors and p75NTR (Seiler and Schwab, 1984). But the precise
distribution of Trk receptors and p75NTR in basal forebrain is unknown. Since
we are interested in the potential interaction between p75NTR-mediated
signaling and Trk-mediated signaling, it is important and necessary to
determine their localization. Basal forebrain sections from adult rat were
double stained with each of the Trk receptors and p75NTR. Trk receptors and

p75NTR were found to be strongly colocalized in these sections (Fig. 9, Table

1).
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ProNGF binds with p75NTR and induces the death of BF neurons in

the absence of mature neurotrophins. In the presence of a Trk receptor,

p75NTR acts as a co-receptor to facilitate the binding between Trks and
mature neurotrophins. P75NTR-mediated apoptotic signaling does not
manifest because of either its low affinity with mature neurotrophins or due to
being sequestered in the Trk-p75NTR receptor complex. Since TrkA receptors
are not expressed in hippocampal neurons, high doses of mature NGF induce
the death of cells via p75NTR (Friedman, 2000).

In basal forebrain neurons, mature neurotrophins cannot cause the
death of cells due to protection from Trk signaling. However, proneurotrophins
are able to induce apoptosis in sympathetic neurons due to their high affinity
to p75NTR (Lee et al., 2001). We hypothesized that proNGF would induce the
death of BF neurons via p75NTR as well. To test our hypothesis, E16 rat BF
neurons were cultured for 5 days then treated overnight with vehicle, mature
NGF, or proNGF. ProNGF, but not mature NGF, was found to cause a 40%
loss of BF neurons, suggesting that proneurotrophins can activate apoptotic
signaling in BF neurons. When BF neurons were treated with a combination of
proNGF and a blocking antibody to p75NTR, the cells were protected from
death, indicating that p7SNTR mediates this effect (Fig. 10).

Sortilin is colocalized with p75NTR in BF neurons. One of the important

features of binding between proneurotrophins and p75NTR is the involvement
of another receptor: sortilin. Binding with the pro-domain of the
proneurotrophins, sortilin acts as a co-receptor with p75NTR to mediate
apoptosis caused by proneurotrophins (Nykjaer et al., 2004). To examine the
potential function of sortilin in proNGF-induced death signaling in the basal

forebrain, BF neurons were double stained with p75NTR and sortilin
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antibodies. Strong colocalization of p75NTR and sortilin was found in both
healthy and apoptotic BF neurons (Fig.11 A).

Sortilin is necessary for proNGF-induced death in BF neurons. Since

sortilin is colocalized with p75NTR in basal forebrain, it was important to
examine if sortilin was necessary for proneurotrophin-induced cell death. BF
neurons were treated overnight with proNGF and proBDNF in the presence or
absence of anti-sortilin (anti-Neurotensin Receptor Il (NTR)). Anti-sortilin is
an antibody that binds to its extracellular domain and competes with proNGF
binding, efficiently blocking proneurotrophin-induced neuronal loss. Cells
treated with both proneurotrophins and anti-sortilin showed significantly less
cell death than those treated with proneurotrophins alone. Neurotensin,
another ligand for sortilin, was also used to compete with proneurotrophins for
sortilin binding. After one hour of neurotensin treatment, we found that
neurotensin could protect BF neurons in a dose-dependent manner: 4uM
neurotensin had no effect while 40uM neurotensin significantly reduced cell
death. Together, these data indicate that p75NTR and sortilin are both
necessary for proneurotrophin-induced apoptosis in BF neurons (Fig.11 B, C).
2. ProNGF induces the death of BF neurons even in the presence of
activated Trk receptors:

ProNGF causes the loss of BF neurons in the presence of BDNF. From

our previous data, we found that most p75NTR positive cells also express Trk
receptors. Can proNGF induce the death of BF neurons when Trk signaling is
activated? To address this question, BF neurons were grown for 5 days in the
presence of BDNF (10ng/ml) from the time of plating before overnight
treatment with vehicle, mature NGF or proNGF. ProNGF, but not mature

NGF, caused a loss of 40% of BF neurons, suggesting that the activation of
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TrkB signaling does not protect BF neurons from proNGF-induced death.
Treating cells with a blocking antibody to p75NTR protected neurons from
death, suggesting that proNGF induced the death of BF neurons via p75NTR
(Fig. 12).

ProNGF induces apoptosis of BF neurons expressing TrkB in the

presence of BDNF. Since the basal forebrain is not a homogeneous

population of neurons, it is possible that the neurons that die are the ones that
express TrkA or TrkC, not TrkB. In order to study individual cells, BF neurons
were grown in slide wells for 5 days in the presence of BDNF from the time of
plating. BDNF was re-added to ensure that TrkB was activated before vehicle,
mature NGF, or proNGF were used to treat cells for 4 hours. The cells were
then double immunostained with antibodies to p75NTR (192 19G) and TrkB
receptor (anti-TrkBj,). The apoptotic cells were identified by nuclear
morphology as indicated by Hoescht staining. In proNGF-treated populations,
we found that cells expressing both p75NTR and TrkB receptor were also
apoptotic, demonstrating that proNGF induced the death of neurons
expressing both p75NTR and TrkB receptor (Table 2; Fig.13 a).

ProNGF induces the death of BF neurons even in the presence of

phosphorylated Trk receptor. While proNGF was found to induce cell death in
cells expressing Trk receptors, it remained unclear if death occurred when Trk
was activated. BF neurons were treated with BDNF for five minutes to activate
Trk receptors, followed by a five hour treatment with proNGF, which we had
previously established as when the morphology of apoptotic nuclei could be
observed. Cells were then double stained with p75NTR and p-Trk antibodies,

and dying cells were identified using Hoechst staining. Among dying cells, we
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found colocalized p75NTR and p-Trk staining, indicating that proNGF can
induce apoptosis even in the presence of activated Trk (Fig.13 b).

3. Mature and proneurotrophins induce distinct signaling pathways in
BF neurons:

BDNF induces the phosphorylation of Akt and Erk in BF neurons. Trk

receptors can activate the PI3 kinase pathway and MAP/Erk pathway to
support survival and differentiation of cells (Patapoutian and Reichardt, 2001).
In order to confirm this effect in BF neurons, cultured BF neurons were treated
with BDNF or proNGF for 30 min. The phosphorylation of Akt and Erk were
examined by western blot analysis. BDNF, not proNGF, induced Akt and Erk
phosphorylation in BF neurons, indicating the activation of PI3 kinase pathway
and MAP/Erk pathway by BDNF (Fig.14 A).

ProNGF induces the phosphorylation of JNK and cleavage of caspases

3 and 6 in BF neurons. The phosphorylation of JNK and the cleavage of

caspases 3 and 6 are required for apoptotic signaling activated by mature
neurotrophins via p75NTR (Yoon et al., 1998; Friedman, 2000; Wang et al.,
2001). To determine if proNGF uses the same signaling pathway to induce
death of BF neurons, cultured BF neurons were treated with proNGF to
activate the p75NTR signaling pathway. ProNGF induced JNK
phosphorylation and cleavage of caspases 3 and 6 in BF neurons, indicating
activation of the same downstream factors as observed in apoptosis induced
by mature neurotrophins (Fig.14 B, C).

ProNGF induces the activation of caspase 3 in the presence of BDNF.

To test if proNGF can induce the activation of caspases in the presence of
BDNF, BF neurons were grown in the presence of BDNF for 5 days then

treated with either proNGF, additional BDNF, or a combination of the two.
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Western blot analysis shows that caspase 3 was activated by proNGF even in
the presence of BDNF, further confirming that proNGF can induce apoptotic
signaling even in the presence of activated Trk signaling (Fig. 15).
4. Survival and death signaling pathways interact downstream of Trk
receptors, but upstream of Akt and Erk in BF neurons:

ProNGF causes apoptosis in the presence of p-Trk, but not in neurons

with p-Akt or p-Erk. BF neurons were grown in the presence of BDNF from the

time of plating for 5 days. BDNF was then re-added to activate Trk signaling,
followed by four-hour treatment with proNGF to induce apoptosis. The cells
were then double immunostained with either p-Trk and p-Akt, p-Erk and p-Akt,
or cleaved caspase 3 and p-Akt. Hoechst dye was used in all cases to identify
apoptotic cells. Apoptotic cells were found to express cleaved caspase 3, but
not p-Akt or p-Erk. ProNGF induced about 30% of p-Trk positive neurons to
die while none of them expressed p-Akt. Furthermore, neurons that showed
both p-Trk and p-Akt staining were not apoptotic. Together, these data
suggest that the activation of downstream survival signaling proteins such as
Akt can protect neurons from proNGF-induced death (Fig 16, Table 3).

Activation of PI3 kinase and MAP kinase/Erk pathways protect BF

neurons from death caused by proNGF. Because cells expressing p-Akt
and/or p-Erk could not be killed by proNGF, we studied the effects of
constitutively activating PI3 kinase and MAP kinase in the absence of ligand.
Adenovirus expressing either GFP or myc-tagged, constitutively activated ras
(ras V12) was used to infect BF neurons before proNGF treatment. In neurons
infected by ras V12, both PI3 kinase and MAP kinase pathways were
activated in the absence of neurotrophin. GFP positive neurons showed a

similar percentage of death as uninfected neurons, while ras V12-infected
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neurons were resistant to proNGF-induced cell death. Even background death
was significantly reduced in ras V12-infected neurons (Fig. 17 A).
Furthermore, all ras V12 infected neurons were p-Akt positive (Fig. 17 B).

Akt is more crucial than Erk for the protection of BF neurons from pro-

NGF induced death. It is important to identify if these pathways are of equal

importance to protection from cell death. Inhibitors of either PI3 kinase or
MEK/Erk pathway were used to treat cells before the proNGF treatment.
Treatment with PI3K or MEK/Erk pathway inhibitors alone did not affect the
survival of BF neurons significantly. However, treatment with the PI3 kinase
inhibitor (LY294002), but not the MEK inhibitor (PD98059), significantly
increased the amount of cell death induced by proNGF, suggesting that Akt
may be more critical for survival signaling in BF neurons compared to Erk
(Fig. 18).

ProNGF inhibits the phosphorylation of Akt and Erk, but not Trk. BF

neurons were grown on 6-well dishes for 5 days in the presence of BDNF
from the time of plating. The cells were then treated with either BDNF or
proNGF or a combination of the two. Western blot analysis was used to detect
p-Trk, p-Akt and p-Erk. BDNF and proNGF induced distinct signaling
pathways. When cells were treated with both ligands, proNGF inhibited the
phosphorylation of Akt or Erk induced by BDNF. However, BDNF still induced
the phosphorylation of Trk, suggesting there is an interaction between the
survival and death signaling pathways downstream of Trk and upstream of
Akt and Erk (Fig. 19).

5. ProNGF suppresses BDNF-induced survival signaling through PTEN:

ProNGF increases the level of PTEN in BF neurons in the presence

and absence of BDNF. ProNGF can inhibit Akt phosphorylation in BF
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neurons, but the mechanism of this inhibition is unknown. Because PTEN can
act as an antagonist to the PI3K/Akt pathway, we hypothesized that proNGF
may inhibit Akt phosphorylation through PTEN. In order to test this
hypothesis, cultured BF neurons were treated with proNGF at different time
points. ProNGF increased the level of PTEN starting from 30 minutes up to
120 minutes after treatment, suggesting proNGF can regulate PTEN protein
(Fig. 20A).

Since proNGF causes the death of BF neurons in both the absence
and presence of BDNF, it is necessary to know if proNGF can regulate PTEN
even in the presence of BDNF. When BF neurons were treated with BDNF,
proNGF or a combination of both ligands, we observed that proNGF
treatment, but not BDNF treatment, significantly increased the level of PTEN
protein in cells. The presence of BDNF did not affect the amount of PTEN
induced by proNGF (Fig. 20B).

ProNGF increases the level of PTEN through the p75NTR-sortilin

receptor complex. Our previous study indicated that proneurotrophins induced

the death of BF neurons via a p75-sortilin receptor complex. Does the same
receptor complex mediate the up-regulation of PTEN? In order to test this, a
blocking antibody to either p75NTR or sortilin was used to inhibit
proneurotrophin-receptor binding. Blocking either receptor significantly
reduced the induction of PTEN, indicating that PTEN induction occurs through
p75NTR-sortilin receptor binding (Fig. 21).

PTEN inhibitor reverses the inhibition of Akt phosphorylation by

proNGF. In order to understand the potential role of PTEN in proNGF-
induced apoptosis, we treated cultured BF neurons with a PTEN inhibitor,

bpv(pic), to inhibit PTEN activity. After bpv(pic) treatment, proNGF no longer
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inhibited BDNF-induced Akt phosphorylation, suggesting that PTEN is
involved in blocking PI3 kinase pathway (Fig. 22A). However, proNGF still
inhibited Erk activation in the presence of bpv(pic), suggesting that Erk was
not the target of PTEN protein (Fig. 22B)

PTEN inhibitor blocks the effect of proNGF in BF neurons only in the

presence of BDNF. Because proNGF treatment could increase the level of

PTEN in BF neurons, we tested if the inhibition of PTEN could block the pro-
apoptotic effects of proNGF. BF neurons were cultured in the presence of
BDNF. BDNF was added again, then cells were treated with proNGF, PTEN
inhibitor, or PTEN inhibitor plus proNGF. Only in the presence of BDNF could
PTEN inhibitor significantly decrease the amount of cell death induced by
proNGF (Fig. 22C).

Knocking down PTEN rescues BF neurons from proNGF-induced

apoptosis in the presence of BDNF. In order to confirm the data from the

PTEN inhibitor experiment, we developed a small penetratin-linked interfering
RNA to PTEN to know down PTEN protein in cells (Fig. 23A). This siRNA was
used to prevent proNGF-induced PTEN up-regulation in BF neurons (Fig.
23B). When PTEN induction was blocked by siRNA, there was a rescue of BF
neurons, but only in the presence of BDNF (Fig. 23 C,D), which is consistent
with our previous data.

BDNF increases non-active form of PTEN protein in BF neurons that

can be blocked by proNGF. Phosphorylated PTEN is the non-active form of

the protein. ProNGF treatment increased the level of PTEN in BF neurons,
but not the level of p-PTEN. Do mature neurotrophins also have this effect on
PTEN regulation? To test this, BF neurons were treated with BDNF at

different time points. Interestingly, p-PTEN, but not PTEN levels, were
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increased after treatment, suggesting that proneurotrophins and mature
neurotrophins could have opposite effects on PTEN protein (Fig. 24 A).

Our previous data showed that BDNF-induced signaling can be
prevented by proNGF-induced signaling. To test if BDNF-induced p-PTEN
can also be blocked by proNGF, BF neurons were treated with BDNF in the
absence and presence of proNGF. ProNGF blocked BDNF-induced p-PTEN
up-regulation, suggesting BDNF regulation of p-PTEN can be suppressed by
proNGF signaling (Fig. 24 B).

ProNGF does not requlate PTEN mRNA. Given the observation that

proNGF can rapidly increase PTEN protein in BF neurons, it was necessary to
address the mechanism of this regulation. It may require the synthesis of new
mRNA or new protein or both. To detect the possible change of PTEN mRNA
level after proNGF treatment, primers against PTEN coding sequence were
generated to detect PTEN mRNA. When BF neurons were treated with
proNGF at different time points, there was no significant change of PTEN
MRNA, suggesting that proNGF-induced PTEN increase does not require
synthesis of new mRNA (Fig. 25 A).

Protein synthesis inhibitor, but not transcription inhibitor can block the

proNGF-induced PTEN increase. ProNGF regulates PTEN level by
synthesizing new protein. BF neurons were treated with proNGF in the
presence or absence of cycloheximide, a protein synthesis inhibitor.
Cycloheximide significantly blocked the increase of PTEN, suggesting new
protein synthesis was necessary for the PTEN regulation. However,
actinomycin-D, an inhibitor of mMRNA synthesis, could not block this up-
regulation, confirming that mMRNA synthesis was not required for PTEN

induction (Fig. 25 B).
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6. PTEN function in cell death after seizure in the hippocampus

Pilocarpine-induced seizure is a model to study the function of
proneurotrophins in vivo since p75NTR is up-regulated and proNGF is
increased in astrocytes in hippocampus after seizure (Volosin et al., 2008).
More important, infusing an antibody to proNGF into one side of the
hippocampus after seizure resulted in a significant decrease of neuronal loss
in the dentate hilus when compared with an infusion of control IgG on the
contralateral side. These data imply that proNGF is produced and causes
neuronal death in the hippocampus after seizure.

ProNGF blocks survival signaling through PTEN in cultured

hippocampal neurons. Since proNGF can use PTEN to block survival

signaling in cultured neurons, it is important to address if PTEN can also play
necessary role in proNGF-induced death in vivo. However, before the animal
model can be used, it was necessary to confirm that proNGF can also
regulate PTEN in cultured hippocampal neurons as in BF neurons. When E18
hippocampal neurons were cultured and treated with proNGF, there was an
increase of PTEN protein level starting from 30 min up to 120 min, consistent
with our data from BF neurons. Moreover, proNGF could also block BDNF-
induced Akt activation in hippocampal neurons, further supporting that
proNGF regulation of PTEN is similar in both hippocampal and basal forebrain
neurons (Fig. 26).

PTEN inhibitor can rescue HPC neurons after seizures. Since PTEN

can also be regulated by proNGF in hippocampal neurons, the pilocarpine-
induced seizure animal model was used to study the function of PTEN in
proNGF-induced death in the hippocampus. Cannulation and the pilocarpine-

induced seizures were carried out as described previously (Volosin et al.,
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2008). After the seizure, the PTEN inhibitor bpv(pic) was injected into one
side of the hippocampus while saline was injected into the opposite side as a
control for three days. On the side receiving bpv(pic), there were significantly
fewer cells expressing p75NTR and cleaved caspase3, suggesting that PTEN
inhibitor could rescue neuronal loss after the seizure in the hippocampus (Fig.

27).

V. Discussion

Neurotrophins have been shown to regulate multiple cellular functions
such as survival, differentiation, migration, synaptic activity and apoptosis in
both the CNS and PNS (Arevalo and Wu, 2006). Neurotrophins binding to Trk
receptors or p75NTR leads to several signaling pathways and causes
different physiological consequences. Trk signaling has been associated with
survival and differentiation of cells via both the PI3 kinase and MAP kinase
pathways (Patapoutian and Reichardt, 2001), while studies on p75NTR
signaling have been very controversial. P75NTR-mediated signaling pathways
promote survival by activating NFkB in embryonic sensory and sympathetic
neurons (Maggirwar et al., 1998; Hamanoue et al., 1999). However, when
p75NTR is expressed independently, it can mediate death signaling.
Numerous data have demonstrated that p75NTR signaling is important in
regulating apoptosis, both in developmental and pathological conditions, even
though the signaling mechanism is poorly understood (Roux and Barker,
2002). In both CNS and PNS, mature neurotrophins can induce the death of
cells via p75NTR in the absence of cognate Trk receptors (Frade et al., 1996;

Yoon et al., 1998; Friedman, 2000).
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Studies on proneurotrophins have expanded the knowledge of p75NTR
death signaling. ProNGF and proBDNF bind with high affinity to the p75NTR-
sortilin receptor complex and with low affinity to Trk receptors, suggesting that
proneurotrophins are important ligands for the activation of p75NTR-mediated
signaling(Lee et al., 2001). In different models, proNGF and proBDNF were
shown to induce the death of cells via p75NTR (Lee et al., 2001; Beattie et al.,
2002; Teng et al., 2005). The concentration needed for proneurotrophins (0.1-
0.2nM) to induce death is much lower than the concentration needed for
mature neurotrophins (2-4nM) to induce death. Considering the low
concentration of neurotrophins in vivo, it is possible that proneurotrophins, not
mature neurotrophins, play a very important role in p75NTR-mediated death.
Moreover, proneurotrophins can be increased in astrocytes under stress
conditions, which further implicates their involvement in physiological states
(Volosin et al., 2006). Several studies have demonstrated that
proneurotrophins induce apoptosis under pathological conditions, further
supporting this hypothesis (Harrington et al., 2004; Peng et al., 2004; Pedraza
et al., 2005; Volosin et al., 2006; Domeniconi et al., 2007).

The processing of proneurotrophins has been studied as well. After
removal of the signal peptide from the endoplasmic reticulum, the pro-form of
neurotrophins can be cleaved by several different proteases to yield the
mature forms. Intracellularly, proneurotrophins can be cleaved by furin, a
major processing enzyme of the secretory pathway (Seidah et al., 1996).
Extracellularly, several matrix metalloproteinases (MMP) and plasmin were
found to cleave proneurotrophins (Bruno and Cuello, 2006). Collectively,
these data indicate that proneurotrophins are under a strictly controlled

regulation system.
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Basal forebrain cholinergic neurons are crucial for memory and
learning processes (Conner et al., 2003). One of the early hallmarks of
Alzheimer’s disease is the loss of BF neurons (Whitehouse et al., 1982), but
the mechanism of this neuronal death remains unclear. Since BF neurons are
one of a few CNS populations that express p75NTR throughout life, it is
possible that p75NTR signaling plays an important role for the death of these
neurons. Our data demonstrating that eliminating p75NTR rescues BF
neurons supports this hypothesis. The next question is which ligand activates
this process, mature neurotrophins or proneurotrophins? Given that BF
neurons express all Trk receptors, mature neurotrophins do not cause cell
death via p75NTR because Trk receptors can be activated to protect cells.
However, proneurotrophins have a high affinity to p75NTR and low affinity to
Trk receptors, suggesting they may be the ligand for p75NTR-mediated death
in the basal forebrain. In vivo studies also showed that proNGF is increased in
the cortex of the Alzheimer’s brain, which implies that proneurotrophins may
activate p75NTR-mediated cell death under this pathological condition
(Fahnestock et al., 2001; Peng et al., 2004).

Sortilin was shown to facilitate the binding between proneurotrophins
and p75NTR. In this thesis, we have demonstrated that proNGF and
proBDNF induce death of BF neurons via the p75NTR-sortilin receptor
complex in the basal forebrain. In order to further confirm the necessity of
sortilin, another sortilin ligand, neurotensin, was used to compete with sortilin
binding. Neurotensin blocked the effect of proneurotrophins in a dose-
dependent manner, also implying that sortilin is involved in signaling. When
double staining of p75NTR and sortilin was performed in BF neurons, we

were expecting that colocalization might be only seen in apoptotic neurons.
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However, coexpression of p75NTR and sortilin was seen in both healthy and
apoptotic cells, suggesting coexpression of p75NTR and sortilin alone is not
sufficient to determine if the neuron is going to die or survive.

In previous studies of sympathetic neurons, it was found that proNGF
could not induce cell death in the presence of activated Trk receptors (Teng et
al., 2005). Our data showed different results: in the presence of BDNF,
proNGF and proBDNF caused 40% BF neuronal death, suggesting that Trk
signaling could not protect BF neurons from the apoptotic effects of
proneurotrophin treatment.

Survival and death signaling in BF neurons

Trk receptors and p75NTR mediate opposite effects on cells. The
interaction between these two receptor systems has not been fully addressed.
Before the identification of apoptotic effects of proneurotrophins, the study of
the interaction between Trk and p75NTR mediated signaling focused on
survival and death effects of mature neurotrophins. As a co-receptor, p75SNTR
can facilitate the binding between mature neurotrophins and Trks to support
the survival of cells. In cells expressing p75NTR alone, however, mature
neurotrophins binding to p75NTR cause cell death. When cells express both
Trks and p75NTR, survival signaling dominates death signaling. This may be
caused by the competition between the receptors and their downstream
factors. The high affinity between mature neurotrophins and their cognate Trk
receptors leads to the activation of the Trks prior to the activation of the
p75NTR. Once Trk signaling is activated, one of its downstream factors, Akt,
can inhibit the apoptotic signaling pathway. Together, survival signaling, not
apoptotic signaling, can proceed. Given that p75NTR plays a critical role in

apoptosis, in cells expressing both Trks and p75NTR, how does p75NTR
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mediate death? The question of a ligand for p75NTR-induced death in
physiological conditions was controversial.

The discovery of new functions for proneurotrophins made significant
progress on this issue. Unlike mature neurotrophins, proneurotrophins have a
high affinity for p75NTR and a low affinity to Trks. The death effect of proNGF
and proBDNF in different systems further suggests the potential potent
function of proneurotrophins.

The availability of both Trk and p75NTR signaling in BF neurons allows
us to address the possible crosstalk between survival and death signaling
pathways activated by mature and proneurotrophins, respectively. Previous
studies have demonstrated that activated Trk receptors protect neurons from
apoptotic signaling mediated by p75NTR in sympathetic neurons (Teng et al.,
2005). However, our data indicates that proNGF can cause the death of BF
neurons even in the presence of an activated Trk receptor. To further
investigate the interaction between survival and death signaling pathways, BF
neurons were exposed to both BDNF and proNGF to determine if there is
competition between the signaling pathways activated by these ligands, and if
so, which pathway would gain preference. Interestingly, proNGF inhibited the
phosphorylation of Akt and Erk, inducing apoptosis, while BDNF could not
block the cleavage of caspase 3 and 6 induced by proNGF. These results
suggest that proneurotrophins could cause the death of BF neurons by both
activating death signaling and blocking survival signaling. Since the
phosphorylation of Trk receptors was not blocked by proNGF, the interaction
point between survival and death signaling pathways may exist between Trk
and Akt and Erk. Moreover, when BF neurons were treated with both BDNF

and proNGF and then immunostained with antibodies to cleaved-caspase 3
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and p-AKT or p-Erk, it showed two distinct populations: healthy neurons
expressed p-Akt and/or p-Erk staining, and apoptotic cells expressed cleaved-
caspase 3 staining. There was no overlap between these two populations,
suggesting that proNGF may block survival signaling to cause BF neuronal
death. However, once Akt and/or Erk were activated, the cells were protected
from death.

Akt and Erk belong to the P13 kinase and MAP kinase pathway,
respectively. We sought to determine the effects of constitutively activating
these pathways without neurotrophin binding. To address this question, we
infected BF neurons with adenovirus expressing either GFP or constitutively
activated ras, which could activate both P13 kinase and MAP kinase. In
infected cultures, proNGF could not induce cell death. Conversely, when
inhibitors to either PI3 kinase (LY294002) or MAP kinase (PD98059) were
used to treat BF neurons before proNGF treatment, we found that inhibition of
P13 kinase significantly increased the effect of proNGF, suggesting Akt plays
a more prominent role in protecting BF neurons from the death.

PTEN and proneurotrophin-induced death signaling

One of the important inhibitory mechanisms of the Akt pathway is
mediated by PTEN, a dual-specificity phosphatase. PTEN decreases the
amount of PIP3 necessary for the activation of Akt, blocking the PI3K-Akt
pathway and facilitating cell death (Stambolic et al., 1998). Because PTEN
antagonizes Akt activity, and because Akt phosphorylation is significantly
decreased by proNGF, we hypothesized that proNGF activity could decrease
Akt phosphorylation via PTEN activation.

Because no data has shown that PTEN can be regulated by

proneurotrophins, we determined if this regulation existed. In our system,
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PTEN was increased by proNGF as early as 30 min, suggesting proNGF
could regulate PTEN. Moreover, same receptor complex was required for
PTEN up-regulation and proneurotrophin-induced neuronal loss. The
presence of BDNF could not block this induction, which was consistent with
the observation that proneurotrophin signaling dominates Trk signaling in BF
neurons. As expected, both a pharmacological inhibitor and siRNA to PTEN
significantly decreased death caused by proNGF in the presence of BDNF.
Taken together, this demonstrates that proNGF might signal via PTEN to
inhibit Trk-mediated survival signaling.

The interaction between survival and death signaling pathways
determines if a neuron dies or survives. In proneurotrophin-induced death,
inhibiting Akt activity lets the apoptotic signaling reach downstream levels and
cause cell death. Our data indicates that PTEN performs this inhibitory effect
upon survival signaling as part of the proneurotrophin-induced cell death.

The information about the regulation of PTEN activity is limited. One
important mechanism is through phosphorylation. The phosphorylation on
certain residues make the protein unstable and less active (Maccario et al.,
2007). BDNF can increase the phospho-form of PTEN implies that mature
neurotrophins might also be part of the PTEN regulation. By switching PTEN
from its active to non-active form, mature neurotrophins can decrease PTEN
activity, which is consistent with the survival effects of mature neurotrophins.
Additionally, proNGF treatment can block this PTEN phosphorylation. Mature
and proneurotrophins have opposite effects on PTEN protein, suggesting that
PTEN plays a role in the interaction between the survival and death signaling
pathways.

PTEN activity and proNGF-induced cell loss after seizure
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The function of PTEN under physiological conditions has been studied
in different animal models. PTEN is critical for apoptosis in vivo (Stambolic et
al., 1998). Our lab has used pilocarpine-induced seizures as a model to study
the proneurotrophin-induced neuronal loss in vivo. ProNGF was show to be
increased in astrocytes after seizure in hippocampus (Volosin et al., 2006).
Infusing an antibody to proNGF into the hippocampus prevented the neuronal
loss in p75NTR positive cell population (Volosin et al., 2008), suggesting that
the proNGF-p75NTR system is at least partially responsible for neuronal loss
after seizure. These data support the theory that proneurotrophins are
important for cell death in the nervous system after seizures.

Because our in vitro data suggested that PTEN is part of proNGF-
induced death signaling, it was important to test if this is also happening in
vivo. However, in our animal model, we tested the hippocampus, not basal
forebrain. In order to confirm the role of PTEN in HPC neurons, cultured
hippocampal neurons were used to test proNGF-PTEN regulation. Up-
regulation of PTEN and blockage of Akt activation were observed in
hippocampal neurons, suggesting that PTEN can be regulated by proNGF in
both hippocampus and basal forebrain. By infusing PTEN inhibitor (bpv(pic))
into the hippocampus after seizure, neuronal loss was significantly reduced,
indicating that PTEN also plays an important role in proNGF-induced death
after seizure.

Our in vivo data indicates that PTEN plays an important role in the
interaction of survival signaling and death signaling. It has been shown that
PTEN is expressed widely in nervous system. Further data support that
proneurotrophins are important for apoptosis during development and under

the pathological conditions. However, the cellular mechanism of
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proneurotrophin-induced death is not fully addressed. The fact that PTEN
inhibitor can rescue hippocampal neurons after seizure strongly supports that
PTEN is one of the downstream factors of proNGF-induced apoptotic

signaling in the body.

VI. Conclusion

After nervous system injury, p75NTR expression levels can increase,
and this increase is correlated with the induction of apoptosis (Bagum et al.,
2001). Data from different labs support that p75NTR can mediate cell death
after injury (Ernfors et al., 1989; Armstrong et al., 1991; Kokaia et al., 1998;
Bagum et al., 2001). However, the identity of the ligand that induces this
signaling pathway has been a key question. Studies on proneurotrophins
have shed a light on this issue. In both in vitro and in vivo systems, it has
been shown that proneurotrophins could induce the cell death through the
p75-sortilin receptor complex (Lee et al., 2001; Nykjaer et al., 2004; Teng et
al., 2005; Volosin et al., 2006; Volosin et al., 2008).

Since the identification of the apoptotic function of proneurotrophins,
the study of interaction of survival and death signaling pathways has been
expanded. Previously, the interaction was focused on the dual-role of p75NTR
in both survival and death signaling pathways. Introducing proneurotrophins
into this system makes it more complete. Two systems: proneurotrophins-
p75NTR and mature neurotrophins-Trks, can be expressed and function in
the same cell and at the same time. The interaction between these two
systems can occur at different levels. As more information of proneurotrophin-
induced signaling is obtained, the crosstalk between two systems becomes an

important issue. It is likely the neurotrophin-induced effects are determined by
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the final balance between two systems. There could be multiple levels of
crosstalk between two signaling pathways and the final decision could vary
depending on the cell types and condition of cells.

The work in our lab indicates that proNGF induces death of CNS
neurons both by activating p75NTR-mediated apoptotic signaling and
suppressing Trk-mediated survival signaling. The phosphatase PTEN plays a
key role in suppressing the PI3K survival pathway (Fig. 26). In addition to the
interaction of Akt and PTEN, there may be more interaction points. Studying
these signaling pathway interactions will help to fully address the mechanisms
of proneurotrophin-induced cell death. Since proneurotrophins and p75NTR-
sortilin receptor complex have been shown to induce cell death under
pathological conditions, the further understanding of the relationship between
proneurotrophin and mature neurotrophin-induced cellular effects at molecular
level could facilitate the development of potential treatments of neuronal

diseases such as Alzheimer’s disease.
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VII. Figures and Legends:
Figure 9. The Trk receptors and p75NTR expression are highly
overlapped in the basal forebrain in vivo. The basal forebrain brain
sections from adult rat were stained with TrkA, p75NTR (A), TrkB, p75NTR
(B), or TrkC and p75NTR (C). Note that there is co-localization between all

three Trk receptors and p75NTR.
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Figure 10. ProNGF elicits death of basal forebrain neurons via p75NTR.
E16 BF neurons were cultured for 5 days before being treated with either
vehicle (imidazole), mature NGF (100ng/ml), proNGF (1ng/ml), or proNGF
(1Tng/ml) with blocking antibodies to either NGF (Sigma) or p75NTR (9651) or
the antibodies alone. The asterisk indicates significant difference from control

(p<0.05).
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Figure 11. Sortilin is necessary for death induced by proNGF. E16 BF
neurons were maintained for 5 days in culture in the presence of BDNF
(10ng/ml).
A. Cells were treated with proNGF (1ng/ml) for 30 min, then fixed and
immunostained for p75NTR, sortilin and labeled with Hoechst. The antibodies
were diluted 1:500 in PBS.
B. Cultured E16 BF neurons were treated overnight with proNGF (1ng/ml) or
proBDNF (1ng/ml) in the presence or absence of blocking antibodies to
p75NTR or sortilin. Cells were lysed and nuclei were counted.
C. Cultured BF neurons were treated overnight with proNGF (1ng/ml) or
proBDNF (1ng/ml) in the presence or absence of 4 or 40uM neurotensin.
Cells were lysed and nuclei were counted to determine the survival.
(The arrows in A indicate p75/sortilin positive apoptotic neurons, and the
arrowheads indicate p75/sortilin positive healthy neurons. The asterisks in B

and C indicate significant difference from all other treatments, p<0.05).
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Figure 12. ProNGF induces death in BF neurons in the presence of
BDNF. E16 BF neurons were cultured for 5 days in the presence of BDNF
(10ng/ml) before being treated overnight with either mature NGF or proNGF
alone or in the presence of blocking antibodies to NGF or p75NTR. The
number of apoptotic cells was counted and indicated as percentage of control.
The asterisk indicates the significant difference from all other treatments

(p<0.05).
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Figure 13. ProNGF induces neuronal death in neurons with
phosphorylated Trk receptor. E16 BF neurons were cultured on slide wells
for 5 days in the presence of BDNF (10ng/ml) and treated with BDNF and
proNGF. Neurons were double stained for (a) full length TrkB (TrkBi,) or (b) p-
Trk and p75NTR. The nuclei were stained with Hoechst to determine

apoptotic cells.
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Figure 14. BDNF and proNGF induce distinct signaling pathways in BF
neurons.
A. E16 BF neurons were cultured for 5 days before treatment with BDNF or
proNGF for 30 min. Cells were harvested for western blot analysis. P-Akt and
p-Erk were detected. Blots were stripped and reprobed for Akt or Erk.
B. Cultured BF neurons were treated with proNGF at different time points as
indicated. Cells were lysed for western blot and probed for p-JNK. The blot
was stripped and reprobed for total JNK.
C. Cultured BF neurons were treated with vehicle, mature NGF and proNGF
for 4 hours. Lysed samples were used for western blot analysis and probed

for cleaved caspase 3 and 6. The blot was stripped and reprobed for tubulin.
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Figure 15. Proneurotrophins induce the activation of caspase 3 in the
presence of BDNF. E16 neurons were cultured for 5 days in the presence of
BDNF. Cells were then treated with BDNF, proNGF or BDNF plus proNGF for
4 hours. Cleaved caspase 3 was detected by western blot analysis. The blot

was stripped and reprobed for tubulin.
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Figure 16. ProNGF causes apoptosis of BF neurons expressing p-Trk
but not expressing p-Akt or p-Erk in the presence of BDNF. E16 BF
neurons were cultured with BDNF for 5 days. BDNF was added again to
activate TrkB signaling 15 min prior to treatment with proNGF. Cultures were
labeled with Hoechst to identify apoptotic neurons and double-immunostained

for:

Top: P-Trk and P-Akt; Trk receptor can be activated in both healthy and
apoptotic cells. P-Akt is only activated in healthy cells.

Middle: P-Akt and P-Erk; both p-Akt and p-Erk can be induced only in healthy
cells.

Bottom: Cleaved caspase-3 and p-Akt; Cleaved caspase 3 can only be seen

in apoptotic cells, p-Akt is only in healthy cells.
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Figure 17. Activation of P13 kinase and MAP/Erk kinase pathways
protects BF neurons from death caused by proNGF. Cultured BF neurons
were infected with 50 MOI of adenovirus expressing either GFP or myc-
tagged constitutively activated ras (ras V12) for 36 hours. ProNGF was used
to treat both uninfected and infected neurons for 5 hours. Cells were labeled
with Hoechst to identify apoptotic nuclei. (A) The number of apoptotic cells
was counted and expressed as the percentage of total cells. The asterisk
indicates the significant difference from all other groups (p<0.05). (B) Cultured
cells were immunostained for p-Akt and myc. The cells were also labeled with

Hoechst to identify the apoptotic nuclei.
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Figure 18. Akt is more crucial for the protection of BF neurons from
proNGF-induced death than Erk. Cultured BF neurons were treated
overnight with PI3 inhibitor LY294002 (LY) (50uM) or Mek1 inhibitor PD98059
(PD) (10uM) alone or with proNGF (1ng/ml). The number of apoptotic
neurons was counted and indicated as the percentage of total cells. The
asterisk indicates the significant difference from control (p<0.05). The double
asterisk indicates the significant difference from treatment with proNGF alone

(p<0.05).
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Figure 19. ProNGF inhibits the phosphorylation of Akt and Erk, but not
Trk.
A. E16 BF neurons were grown in culture for 5 days, and treated with BDNF,
proNGF or both. Cells were lysed and analyzed by Western blot for activation
of different signaling proteins: p-Trk (top), p-Akt (middle) and p-Erk (bottom).
Blots were stripped and reprobed for total TrkB, Akt or Erk.
B. The amount of p-Trk, p-Akt and p-Erk relative to total TrkB, Akt and Erk,
respectively was quantified. Data came from three independent experiments.

The asterisks represent the significance difference from control (p<0.05).
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Figure 20. ProNGF increases the level of PTEN in BF neurons in the
presence and absence of BDNF.
A. E16 BF neurons were cultured for 5 days and then treated with proNGF for
different time points as indicated. Cells were lysed for western blot to probe
for p-PTEN and PTEN. Blots were stripped and reprobed for actin.
B. Cultured BF neurons were treated with BDNF alone, proNGF alone, BDNF
then proNGF or proNGF then BDNF for 30 minutes as indicated. Western blot
analysis was conducted to probe for PTEN. The blots were then stripped and

reprobed for total Erk.
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Figure 21. ProNGF induces PTEN via p75NTR-sortilin receptor complex.
BF neurons were treated with proNGF (1ng/ml, 30 minutes), anti-sortilin
antibody (A, 60 minutes), anti-p75NTR antibody (B, 60 minutes) or one of the
antibodies plus proNGF (60min+30min). The level of PTEN protein was
measured by western blot analysis. The blots were stripped and reprobed for

tubulin
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Figure 22. PTEN inhibitor reverses the inhibition of Akt phosphorylation
by proNGF and blocks the effect of proNGF in BF neurons in the
presence of BDNF.
A. E16 BF neurons were cultured in the presence of BDNF for 5 days. BDNF
was re-added prior to further treatment to assure that TrkB receptors were
activated. The cells were then treated with BDNF (10ng/ml), proNGF (1ng/ml)
or both in the presence or absence of PTEN inhibitor (bpv(pic), 5um). Western
blot analysis was performed to probe for p-Akt . Blots were then stripped and
reprobed for total Akt.
B. Cultured E16 BF neurons were treated overnight with proNGF (1ng/ml)
alone, proNGF plus bpv(pic) (5um) in the presence or absence of BDNF
(10ng/ml). A survival assay was performed to count the number of healthy
neurons in the culture and indicated as the percentage of total cells. The

asterisk indicates values different from control at p<0.05.



bpv(pic)

CON BDNF proNGF BDNF+ CON BDNF proNGF BDNF+
proNGF proNGF

AKE e S i D w— ——

bpv(pic)
CON BDNF proNGF BDNF+ CON BDNF proNGF BDNF+
proNGF proNGF
pErk a— — e - -

BB eEES==

120

1460 ~

m-BDMNF
= +BONF

60 -

% Neurgn Survival

20 -

control proNGF bpvipic)
+proNGF



81
Figure 23. Small interfering RNA of PTEN can block the up-regulation of
PTEN induced by proNGF and rescue BF neurons from proNGF-induced
apoptosis in the presence of BDNF.
A. PTEN siRNA can inhibit the increase of PTEN induced by proNGF. BF
neurons were pretreated with siRNA to PTEN for 30 min before treated with
proNGF (1ng/ml) for 30 min. Western blot analysis was performed to detect
PTEN protein level. The same treatments were conducted using scrambled
siRNA as a control.
B, C. Cultured BF neurons were treated overnight with proNGF (1ng/ml)
alone, control siRNA, siRNA to PTEN or siRNA combined with proNGF in the
presence (B) or absence (C) of BDNF (10ng/ml). The number of healthy
neurons was counted and indicated as the percentage of total cells. The

asterisk indicates values different from control at p<0.05.
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Figure 24. BDNF increases the non-active form of PTEN protein in BF
neurons.
A. BDNF increases phosphorylated PTEN protein in BF neurons. E16
neurons were cultured for 5 days before treatment with BDNF (10ng/ml) at
different time points as indicated. Cells were lysed for western blot analysis
and probed for p-PTEN and PTEN. Blots was stripped and reprobed for actin.
B. ProNGF inhibits BDNF-induced increase of p-PTEN. BF neurons were
treated with BDNF for 10 and 30min in the presence or absence of proNGF.
The level of p-PTEN and PTEN were measured using western blot analysis.

The blot was stripped and reprobed for tubulin.
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Figure 25. New protein synthesis is required for PTEN up-regulation.
A. BF neurons were treated with proNGF at different time points. The total
RNA was extracted and qPCR was performed to detect the level of PTEN
mRNA.
B. Cultured BF neurons were treated with proNGF (1ng/ml, 30min),
cycloheximide (1ug/ml, 60min), actinomycin-D (60min) or both. Western blot
analysis was performed to detect the level of PTEN. The blots were then

stripped and reprobed for tubulin.
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Figure 26. ProNGF induces PTEN up-regulation to block Akt activation
in cultured Hippocampal neurons
A. E18 hippocampal neurons were cultured and treated with proNGF
(1ng/ml) at different time points as indicated. Western blot analysis was
performed to detect the level of PTEN protein. The blots were stripped and re-
probed for tubulin.
B. E18 hippocampal cultured neurons were treated with BDNF (10ng/ml,
30min) then proNGF (1 ng/ml, 30min), or in reverse order at 5 min and 25
min, respectively. The level of p-Akt was measured by western blot analysis.

The blot was stripped and re-probed for tubulin.
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Figure 27. PTEN inhibitor rescues neuronal loss after seizure in vivo.
Adult rats were cannulated bilaterally in the dorsal hippocampus 1 week
before pilocarpine-induced seizure. After seizures, PTEN inhibitor (bpv(pic))
was infused into one side and saline into the contralateral side two times a
day for three days..
A. Double immunostaining for p75NTR and cleaved caspase 3 was performed
on hippocampal brain sections. There is a decrease in the number of cells
expressing both p75NTR and cleaved caspase 3 on the side with the inhibitor
relative to the control side in the same brain.
B. The number of cells expressing both p75NTR and cleaved caspase 3 was
counted in both hippocampal hemispheres. The average number of cells
coexpressing p75NTR and cleaved caspase 3 from three independent
experiments was calculated. The asterisk indicates the value significantly

different from control at p<0.05.
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Fig 28. Schematic of the interaction between the Trk-mediated and
p75NTR-mediated signaling pathways. PTEN can be up-regulated by
proNGF via the p75NTR-sortilin receptor complex and subsequently block

Trk-mediated survival signaling.
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Table 1. Co-localization between Trks and p75NTR in basal forebrain in
Vivo
Double immunostaining of p75NTR and Trk A or B or C was performed on
basal forebrain sections from adult rat. The number of cells expressing both
Trk receptor and p75NTR in both the medial septum and diagonal band was
counted and percentage of these cells against cells expressing only Trk

receptor or p75NTR was calculated.

Percentage in Trks population % Percentage in PTANTR population %

TrikAPTS 71 91

TrkE/P 7S 47 95

TrkC/PTE 42 95
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Table 2. ProNGF induces apoptosis of TrkB+ BF neurons. E16 BF
neurons were cultured on slide wells for 5 days in the presence of BDNF
(10ng/ml) before treatment overnight with vehicle, mature NGF or proNGF.
The number of neurons double labeled for TrkB and p75NTR in both healthy

and apoptotic populations is indicated as percentage of total.

Pro-NGF induces apoptosis of TrkB+ basal forebrain neurons

TrkB/p75 Vehicle NGF(4h) Pro-
NGF(4h)
% Healthy 96 92 61

% Apoptotic 4 8 39
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Table 3. ProNGF induced the death of p-Trk positive BF neurons, but not
the death of neurons with p-Akt. E16 BF neurons were cultured for 5 days
in the presence of BDNF. Cells were treated with BDNF or proNGF as
indicated, then double labeled with different combinations of antibodies
(diluted in the medium 1:500). The number of neurons stained with both
antibodies in both healthy and apoptotic populations was counted and
indicated as the percentage of total cells:

P-Trk and TrkB (percentage of TrkB+ neurons that also stained for p-Trk in
both healthy and apoptotic populations with the indicated treatments).

P-Akt and p-Trk (percentage of p-Trk+ neurons that also stained for p-Akt
that were either healthy or apoptotic with indicated treatments).

P-Akt and cleaved caspase 3 (no cells stained for both p-Akt and cleaved

caspase 3).
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Vehicle BDNF ProNGF BDNF+proNGF
P-Trk/TrkB
%% healthy 65/94 97/97 54/75 7272
% apoptotic 0/6 0/3 8/25 28728
P-Akt /P-Trk
% healthy 93/93 92/92 68/68 56/56
%% apoptotic 0/7 0/8 0/32 0/44
P-Akt /CC3 no double labeling. 100% of the P-Akt+ cells were healthy and

lacked cleaved caspase-3 (CC3) staining, and 100%6 of the CC3+
were apoptotic and lacked P-Akt labeling.




97

VIIl. References:
Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N, Cohen P,

Hemmings BA (1996 ) Mechanism of activation of protein kinase B
by insulin and IGF-1. Embo J 15:6541-6551.

Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PR, Reese CB,
Cohen P (1997 ) Characterization of a 3-phosphoinositide-dependent
protein kinase which phosphorylates and activates protein kinase
Balpha. Curr Biol 7:261-269.

Ali IU, Schriml LM, Dean M (1999 ) Mutational spectra of PTEN/MMAC1
gene: a tumor suppressor with lipid phosphatase activity. J Natl Cancer
Inst 91:1922-1932.

Arenas E, Persson H (1994 ) Neurotrophin-3 prevents the death of adult
central noradrenergic neurons in vivo. Nature 367:368-371.

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--1l. Reactive expression of the nerve growth factor gene in
astrocytes. Neuroscience 65:647-659.

Arevalo JC, Wu SH (2006 ) Neurotrophin signaling: many exciting surprises!
Cell Mol Life Sci 63:1523-1537.

Armstrong DM, Brady R, Hersh LB, Hayes RC, Wiley RG (1991)
Expression of choline acetyltransferase and nerve growth factor
receptor within hypoglossal motoneurons following nerve injury. J
Comp Neurol 304:596-607.

Ayer-LeLievre C, Olson L, Ebendal T, Seiger A, Persson H (1988 )
Expression of the beta-nerve growth factor gene in hippocampal
neurons. Science 240:1339-1341.

Backman SA, Stambolic V, Suzuki A, Haight J, Elia A, Pretorius J, Tsao MS,
Shannon P, Bolon B, Ivy GO, Mak TW (2001 ) Deletion of Pten in
mouse brain causes seizures, ataxia and defects in soma size
resembling Lhermitte-Duclos disease. Nat Genet 29:396-403.

Bagum MA, Miyamoto O, Toyoshima T, Masada T, Nagahata S, ltano T

(2001 ) The contribution of low affinity NGF receptor (p75NGFR)



98

to delayed neuronal death after ischemia in the gerbil hippocampus.
Acta Med Okayama 55:19-24.

Baker SJ, Reddy EP (1998 ) Modulation of life and death by the TNF
receptor superfamily. Oncogene 17:3261-3270.

Baldwin AS, Jr. (1996) The NF-kappa B and | kappa B proteins: new
discoveries and insights. Annu Rev Immunol 14:649-683.

Balendran A, Casamayor A, Deak M, Paterson A, Gaffney P, Currie R,
Downes CP, Alessi DR (1999) PDK1 acquires PDK2 activity in the
presence of a synthetic peptide derived from the carboxyl terminus of
PRK2. Curr Biol 9:393-404.

Balkowiec A, Katz DM (2000 ) Activity-dependent release of endogenous
brain-derived neurotrophic factor from primary sensory neurons
detected by ELISA in situ. J Neurosci 20:7417-7423.

Bamji SX, Majdan M, Pozniak CD, Belliveau DJ, Aloyz R, Kohn J, Causing
CG, Miller FD (1998) The p75 neurotrophin receptor mediates
neuronal apoptosis and is essential for naturally occurring sympathetic
neuron death. J Cell Biol 140:911-923.

Baratta J, Ha DH, Weiss JH, Yu J, Robertson RT (1996 ) Cholinergic
neurons from different subdivisions of the basal forebrain lack
connectional specificity for cerebral cortical target sites in vitro. Brain
Res Dev Brain Res 97:143-147.

Barbacid M (1994 ) The Trk family of neurotrophin receptors. J Neurobiol
25:1386-1403.

Barde YA, Edgar D, Thoenen H (1982 ) Purification of a new neurotrophic
factor from mammalian brain. Embo J 1:549-553.

Barker PA, Shooter EM (1994 ) Disruption of NGF binding to the low affinity
neurotrophin receptor p75LNTR reduces NGF binding to TrkA on PC12
cells. Neuron 13:203-215.

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.



99

Barrett GL, Bartlett PF (1994 ) The p75 nerve growth factor receptor
mediates survival or death depending on the stage of sensory neuron
development. Proc Natl Acad Sci U S A 91:6501-6505.

Basu T, Warne PH, Downward J (1994 ) Role of Shc in the activation of
Ras in response to epidermal growth factor and nerve growth factor.
Oncogene 9:3483-3491.

Bazenet CE, Mota MA, Rubin LL (1998 ) The small GTP-binding protein
Cdc42 is required for nerve growth factor withdrawal-induced neuronal
death. Proc Natl Acad Sci U S A 95:3984-39809.

Beattie MS, Harrington AW, Lee R, Kim JY, Boyce SL, Longo FM, Bresnahan
JC, Hempstead BL, Yoon SO (002 ) ProNGF induces p75-mediated
death of oligodendrocytes following spinal cord injury. Neuron 36:375-
386.

Bellacosa A, Testa JR, Staal SP, Tsichlis PN (1991 ) A retroviral oncogene,
akt, encoding a serine-threonine kinase containing an SH2-like region.
Science 254:274-277.

Bentley CA, Lee KF (2000) p75 is important for axon growth and schwann
cell migration during development. J Neurosci 20:7706-7715.

Bibel M, Barde YA (2000) Neurotrophins: key regulators of cell fate and cell
shape in the vertebrate nervous system. Genes Dev 14:2919-2937.

Bibel M, Hoppe E, Barde YA (1999 ) Biochemical and functional interactions
between the neurotrophin receptors trk and p75NTR. Embo J 18:616-
622.

Bierer LM, Haroutunian V, Gabriel S, Knott PJ, Carlin LS, Purohit DP, Perl
DP, Schmeidler J, Kanof P, Davis KL (1995) Neurochemical
correlates of dementia severity in Alzheimer's disease: relative
importance of the cholinergic deficits. J Neurochem 64:749-760.

Brady R, Zaidi SI, Mayer C, Katz DM (1999 ) BDNF is a target-derived
survival factor for arterial baroreceptor and chemoafferent primary
sensory neurons. J Neurosci 19:2131-2142.

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.



100

Bruno MA, Cuello AC (2006 ) Activity-dependent release of precursor nerve
growth factor, conversion to mature nerve growth factor, and its
degradation by a protease cascade. Proc Natl Acad SciU S A
103:6735-6740.

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.

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 |, 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.

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.

Chung JH, Eng C (2005) Nuclear-cytoplasmic partitioning of phosphatase
and tensin homologue deleted on chromosome 10 (PTEN)
differentially regulates the cell cycle and apoptosis. Cancer Res
65:8096-8100.

Chung JH, Ostrowski MC, Romigh T, Minaguchi T, Waite KA, Eng C (2006 )
The ERK1/2 pathway modulates nuclear PTEN-mediated cell cycle
arrest by cyclin D1 transcriptional regulation. Hum Mol Genet 15:2553-
2559.

Cleveland JL, Ihle JN (1995) Contenders in FasL/TNF death signaling. Cell
81:479-482.



101

Coffer PJ, Woodgett JR (1991 ) Molecular cloning and characterisation of a
novel putative protein-serine kinase related to the cAMP-dependent
and protein kinase C families. Eur J Biochem 201:475-481.

Cohen S (1960) Purification of a Nerve-Growth Promoting Protein from the
Mouse Salivary Gland and Its Neuro-Cytotoxic Antiserum. Proc Natl
Acad Sci U S A 46:302-311.

Conner JM, Culberson A, Packowski C, Chiba AA, Tuszynski MH (2003)
Lesions of the Basal forebrain cholinergic system impair task
acquisition and abolish cortical plasticity associated with motor skill
learning. Neuron 38:819-829.

Conover JC, Yancopoulos GD (1997 ) Neurotrophin regulation of the
developing nervous system: analyses of knockout mice. Rev Neurosci
8:13-27.

Coulson EJ, Reid K, Baca M, Shipham KA, Hulett SM, Kilpatrick TJ, Bartlett
PF (2000) Chopper, a new death domain of the p75 neurotrophin
receptor that mediates rapid neuronal cell death. J Biol Chem
275:30537-30545.

Currie RA, Walker KS, Gray A, Deak M, Casamayor A, Downes CP, Cohen P,
Alessi DR, LucocqJ (1999) Role of phosphatidylinositol 3,4,5-
trisphosphate in regulating the activity and localization of 3-
phosphoinositide-dependent protein kinase-1. Biochem J 337 (Pt
3) :575-583.

Dai X, Lercher LD, Clinton PM, Du Y, Livingston DL, Vieira C, Yang L, Shen
MM, Dreyfus CF (2003 ) The trophic role of oligodendrocytes in the
basal forebrain. J Neurosci 23:5846-5853.

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg ME

(1997 ) Akt phosphorylation of BAD couples survival signals to the
cell-intrinsic death machinery. Cell 91:231-241.

Davis BM, Goodness TP, Soria A, Albers KM (1998 ) Over-expression of
NGF in skin causes formation of novel sympathetic projections to trkA-
positive sensory neurons. Neuroreport 9:1103-1107.

Dechant G, Barde YA (1997 ) Signalling through the neurotrophin receptor
p75NTR. Curr Opin Neurobiol 7:413-418.



102

DiCicco-Bloom E, Friedman WJ, Black IB (1993 ) NT-3 stimulates
sympathetic neuroblast proliferation by promoting precursor survival.
Neuron 11:1101-1111.

DiStefano PS, Friedman B, Radziejewski C, Alexander C, Boland P, Schick
CM, Lindsay RM, Wiegand SJ (1992 ) The neurotrophins BDNF, NT-
3, and NGF display distinct patterns of retrograde axonal transport in
peripheral and central neurons. Neuron 8:983-993.

Domeniconi M, Hempstead BL, Chao MV (2007 ) Pro-NGF secreted by
astrocytes promotes motor neuron cell death. Mol Cell Neurosci
34:271-279.

Downward J (1998 ) Ras signalling and apoptosis. Curr Opin Genet Dev
8:49-54.

Edwards RH, Selby MJ, Garcia PD, Rutter WJ (1988 ) Processing of the
native nerve growth factor precursor to form biologically active nerve
growth factor. J Biol Chem 263:6810-6815.

Eide FF, Vining ER, Eide BL, Zang K, Wang XY, Reichardt LF (1996 )
Naturally occurring truncated trkB receptors have dominant inhibitory
effects on brain-derived neurotrophic factor signaling. J Neurosci
16:3123-3129.

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.

English J, Pearson G, Wilsbacher J, Swantek J, Karandikar M, Xu S, Cobb
MH (1999) New insights into the control of MAP kinase pathways.
Exp Cell Res 253:255-270.

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.

Ernfors P, Henschen A, Olson L, Persson H (1989 ) Expression of nerve
growth factor receptor mRNA is developmentally regulated and
increased after axotomy in rat spinal cord motoneurons. Neuron
2:1605-1613.



103

Ernfors P, Ibanez CF, Ebendal T, Olson L, Persson H (1990) Molecular
cloning and neurotrophic activities of a protein with structural
similarities to nerve growth factor: developmental and topographical
expression in the brain. Proc Natl Acad Sci U S A 87:5454-5458.

Fahnestock M, Michalski B, Xu B, Coughlin MD (2001 ) The precursor pro-
nerve growth factor is the predominant form of nerve growth factor in
brain and is increased in Alzheimer's disease. Mol Cell Neurosci
18:210-220.

Farinelli SE, Greene LA, Friedman WJ (1998 ) Neuroprotective actions of
dipyridamole on cultured CNS neurons. J Neurosci 18:5112-5123.

Finkbeiner S (2000 ) CREB couples neurotrophin signals to survival
messages. Neuron 25:11-14.

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.

Franke TF, Yang SI, Chan TO, Datta K, Kazlauskas A, Morrison DK, Kaplan
DR, Tsichlis PN (1995) The protein kinase encoded by the Akt
proto-oncogene is a target of the PDGF-activated phosphatidylinositol
3-kinase. Cell 81:727-736.

French SJ, Humby T, Horner CH, Sofroniew MV, Rattray M (1999 )
Hippocampal neurotrophin and trk receptor mRNA levels are altered by
local administration of nicotine, carbachol and pilocarpine. Brain Res
Mol Brain Res 67:124-136.

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.

Funakoshi H, Belluardo N, Arenas E, Yamamoto Y, Casabona A, Persson H,
Ibanez CF (1995) Muscle-derived neurotrophin-4 as an activity-
dependent trophic signal for adult motor neurons. Science 268:1495-
1499.



104

Gargano N, Levi A, Alema S (1997 ) Modulation of nerve growth factor
internalization by direct interaction between p75 and TrkA receptors. J
Neurosci Res 50:1-12.

Gille H, Kortenjann M, Thomae O, Moomaw C, Slaughter C, Cobb MH, Shaw
PE (1995) ERK phosphorylation potentiates Elk-1-mediated ternary
complex formation and transactivation. Embo J 14:951-962.

Gimm O, Perren A, Weng LP, Marsh DJ, Yeh JJ, Ziebold U, Gil E, Hinze R,
Delbridge L, Lees JA, Mutter GL, Robinson BG, Komminoth P, Dralle
H, Eng C (000) Differential nuclear and cytoplasmic expression of
PTEN in normal thyroid tissue, and benign and malignant epithelial
thyroid tumors. Am J Pathol 156:1693-1700.

Ginty DD, Bonni A, Greenberg ME (1994 ) Nerve growth factor activates a
Ras-dependent protein kinase that stimulates c-fos transcription via
phosphorylation of CREB. Cell 77:713-725.

Gotz R, Koster R, Winkler C, Raulf F, Lottspeich F, Schartl M, Thoenen H

(1994 ) Neurotrophin-6 is a new member of the nerve growth factor
family. Nature 372:266-269.

Grewal SS, York RD, Stork PJ (1999) Extracellular-signal-regulated kinase
signalling in neurons. Curr Opin Neurobiol 9:544-553.

Grob PM, Ross AH, Koprowski H, Bothwell M (1985 ) Characterization of
the human melanoma nerve growth factor receptor. J Biol Chem
260:8044-8049.

Grupe A, Li Y, Rowland C, Nowotny P, Hinrichs AL, Smemo S, Kauwe JS,
Maxwell TJ, Cherny S, Doil L, Tacey K, van Luchene R, Myers A,
Wavrant-De Vrieze F, Kaleem M, Hollingworth P, Jehu L, Foy C,
Archer N, Hamilton G, Holmans P, Morris CM, Catanese J, Sninsky J,
White TJ, Powell J, Hardy J, O'Donovan M, Lovestone S, Jones L,
Morris JC, Thal L, Owen M, Williams J, Goate A (2006) A scan of
chromosome 10 identifies a novel locus showing strong association
with late-onset Alzheimer disease. Am J Hum Genet 78:78-88.

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.



105

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, Gienl 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, Hartikka J, Eckenstein F, Gnahn H, Heumann R, Schwab M (1985)
Nerve growth factor increases choline acetyltransferase but not
survival or fiber outgrowth of cultured fetal septal cholinergic neurons.
Neuroscience 14:55-68.

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.

Hettinger K, Vikhanskaya F, Poh MK, Lee MK, de Belle |, Zhang JT, Reddy
SA, Sabapathy K (2007 ) c-Jun promotes cellular survival by
suppression of PTEN. Cell Death Differ 14:218-229.

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.

Holgado-Madruga M, Moscatello DK, Emlet DR, Dieterich R, Wong AJ

(1997 ) Grb2-associated binder-1 mediates phosphatidylinositol 3-
kinase activation and the promotion of cell survival by nerve growth
factor. Proc Natl Acad Sci U S A 94:12419-12424.

Huang EJ, Reichardt LF (2001 ) Neurotrophins: roles in neuronal
development and function. Annu Rev Neurosci 24:677-736.

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.

Jaiswal RK, Moodie SA, Wolfman A, Landreth GE (1994 ) The mitogen-

activated protein kinase cascade is activated by B-Raf in response to



106

nerve growth factor through interaction with p21ras. Mol Cell Biol
14:6944-6953.

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.

Jing S, Tapley P, Barbacid M (1992 ) Nerve growth factor mediates signal
transduction through trk homodimer receptors. Neuron 9:1067-1079.

Jones PF, Jakubowicz T, Hemmings BA (1991a) Molecular cloning of a
second form of rac protein kinase. Cell Regul 2:1001-1009.

Jones PF, Jakubowicz T, Pitossi FJ, Maurer F, Hemmings BA (1991b)
Molecular cloning and identification of a serine/threonine protein kinase
of the second-messenger subfamily. Proc Natl Acad Sci U S A
88:4171-4175.

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 278:42161-421609.

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, Miller FD (2000 ) Neurotrophin signal transduction in the
nervous system. Curr Opin Neurobiol 10:381-391.

Kaplan DR, Martin-Zanca D, Parada LF (1991a) Tyrosine phosphorylation
and tyrosine kinase activity of the trk proto-oncogene product induced
by NGF. Nature 350:158-160.

Kaplan DR, Hempstead BL, Martin-Zanca D, Chao MV, Parada LF (1991b)
The trk proto-oncogene product: a signal transducing receptor for
nerve growth factor. Science 252:554-558.

Kauselmann G, Weiler M, Wulff P, Jessberger S, Konietzko U, Scafidi J,
Staubli U, Bereiter-Hahn J, Strebhardt K, Kuhl D (1999) The polo-



107

like protein kinases Fnk and Snk associate with a Ca 2+ ) - and
integrin-binding protein and are regulated dynamically with synaptic
plasticity. Embo J 18:5528-5539.

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.

Kew JN, Smith DW, Sofroniew MV (1996 ) Nerve growth factor withdrawal
induces the apoptotic death of developing septal cholinergic neurons in
vitro: protection by cyclic AMP analogue and high potassium.
Neuroscience 70:329-339.

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.

Klein R, Jing SQ, Nanduri V, O'Rourke E, Barbacid M (1991a) The trk
proto-oncogene encodes a receptor for nerve growth factor. Cell
65:189-197.

Klein R, Nanduri V, Jing SA, Lamballe F, Tapley P, Bryant S, Cordon-Cardo
C, Jones KR, Reichardt LF, Barbacid M (1991b) The trkB tyrosine
protein kinase is a receptor for brain-derived neurotrophic factor and
neurotrophin-3. Cell 66:395-403.

Kokaia Z, Andsberg G, Martinez-Serrano A, Lindvall O (1998 ) Focal
cerebral ischemia in rats induces expression of P75 neurotrophin
receptor in resistant striatal cholinergic neurons. Neuroscience
84:1113-1125.

Korsching S (1993 ) The neurotrophic factor concept: a reexamination. J
Neurosci 13:2739-2748.

Kwon CH, Zhu X, Zhang J, Knoop LL, Tharp R, Smeyne RJ, Eberhart CG,
Burger PC, Baker SJ (2001 ) Pten regulates neuronal soma size: a

mouse model of Lhermitte-Duclos disease. Nat Genet 29:404-411.



108

Kyrylenko S, Roschier M, Korhonen P, Salminen A (1999 ) Regulation of
PTEN expression in neuronal apoptosis. Brain Res Mol Brain Res
73:198-202.

Lachance C, Belliveau DJ, Barker PA (1997 ) Blocking nerve growth factor
binding to the p75 neurotrophin receptor on sympathetic neurons
transiently reduces trkA activation but does not affect neuronal survival.
Neuroscience 81:861-871.

Lachyankar MB, Sultana N, Schonhoff CM, Mitra P, Poluha W, Lambert S,
Quesenberry PJ, Litofsky NS, Recht LD, Nabi R, Miller SJ, Ohta S,
Neel BG, Ross AH (2000) A role for nuclear PTEN in neuronal
differentiation. J Neurosci 20:1404-1413.

Lamballe F, Klein R, Barbacid M (1991) trkC, a new member of the trk
family of tyrosine protein kinases, is a receptor for neurotrophin-3. Cell
66:967-979.

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.

Lee SB, Rhee SG (1995) Significance of PIP2 hydrolysis and regulation of
phospholipase C isozymes. Curr Opin Cell Biol 7:183-189.

Leslie NR, Downes CP (2004 ) PTEN function: how normal cells control it
and tumour cells lose it. Biochem J 382:1-11.

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.

Levi-Montalcini R, Meyer H, Hamburger V. (1954 ) In vitro experiments on
the effects of mouse sarcomas 180 and 37 on the spinal and

sympathetic ganglia of the chick embryo. Cancer Res 14:49-57.



109

Levi-Montalcini R, Skaper SD, Dal Toso R, PetrelliL, Leon A (1996) Nerve
growth factor: from neurotrophin to neurokine. Trends Neurosci 19:514-
520.

Lewin GR, Barde YA (1996) Physiology of the neurotrophins. Annu Rev
Neurosci 19:289-317.

Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, Puc J, Miliaresis C,
Rodgers L, McCombie R, Bigner SH, Giovanella BC, Ittmann M, Tycko
B, Hibshoosh H, Wigler MH, Parsons R (1997 ) PTEN, a putative
protein tyrosine phosphatase gene mutated in human brain, breast,
and prostate cancer. Science 275:1943-1947.

Liepinsh E, llag LL, Otting G, Ibanez CF (1997 ) NMR structure of the death
domain of the p75 neurotrophin receptor. Embo J 16:4999-5005.

Liu F, Wagner S, Campbell RB, Nickerson JA, Schiffer CA, Ross AH

(2005) PTEN enters the nucleus by diffusion. J Cell Biochem
96:221-234.

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.

LuY, Lin YZ, LaPushin R, Cuevas B, Fang X, Yu SX, Davies MA, Khan H,
Furui T, Mao M, Zinner R, Hung MC, Steck P, Siminovitch K, Mills GB

(1999 ) The PTEN/MMAC1/TEP tumor suppressor gene decreases
cell growth and induces apoptosis and anoikis in breast cancer cells.
Oncogene 18:7034-7045.

Maccario H, Perera NM, Davidson L, Downes CP, Leslie NR (2007 ) PTEN
is destabilized by phosphorylation on Thr366. Biochem J 405:439-444.

Maehama T, Dixon JE (1998 ) The tumor suppressor, PTEN/MMAC1,
dephosphorylates the lipid second messenger, phosphatidylinositol
3,4,5-trisphosphate. J Biol Chem 273:13375-13378.

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



110

binding. Implications for multi-subunit polypeptide receptors. J Biol
Chem 269:6884-6891.

Maisonpierre PC, Belluscio L, Friedman B, Alderson RF, Wiegand SJ, Furth
ME, Lindsay RM, Yancopoulos GD (1990) NT-3, BDNF, and NGF in
the developing rat nervous system: parallel as well as reciprocal
patterns of expression. Neuron 5:501-509.

Martinou |, Desagher S, Eskes R, Antonsson B, Andre E, Fakan S, Martinou
JC (1999) The release of cytochrome ¢ from mitochondria during
apoptosis of NGF-deprived sympathetic neurons is a reversible event.
J Cell Biol 144:883-889.

McCormick F (1994 ) Activators and effectors of ras p21 proteins. Curr Opin
Genet Dev 4:71-76.

Melander T, Staines WA, Hokfelt T, Rokaeus A, Eckenstein F, Salvaterra PM,
Wainer BH (1985) Galanin-like immunoreactivity in cholinergic
neurons of the septum-basal forebrain complex projecting to the
hippocampus of the rat. Brain Res 360:130-138.

Middlemas DS, Meisenhelder J, Hunter T (1994 ) Identification of TrkB
autophosphorylation sites and evidence that phospholipase C-gamma
1 is a substrate of the TrkB receptor. J Biol Chem 269:5458-5466.

Miranti CK, Ginty DD, Huang G, Chatila T, Greenberg ME (1995) Calcium
activates serum response factor-dependent transcription by a Ras- and
Elk-1-independent mechanism that involves a Ca2+/calmodulin-
dependent kinase. Mol Cell Biol 15:3672-3684.

Mowla SJ, Pareek S, Farhadi HF, Petrecca K, Fawcett JP, Seidah NG, Morris
SJ, Sossin WS, Murphy RA (1999 ) Differential sorting of nerve
growth factor and brain-derived neurotrophic factor in hippocampal
neurons. J Neurosci 19:2069-2080.

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.



111

Myers MP, Pass |, Batty IH, Van der Kaay J, Stolarov JP, Hemmings BA,
Wigler MH, Downes CP, Tonks NK (1998 ) The lipid phosphatase
activity of PTEN is critical for its tumor supressor function. Proc Natl
Acad Sci U S A 95:13513-13518.

Nakatani K, Sakaue H, Thompson DA, Weigel RJ, Roth RA (1999
Identification of a human Akt3 (protein kinase B gamma ) which
contains the regulatory serine phosphorylation site. Biochem Biophys
Res Commun 257:906-910.

Newton AC (1995) Protein kinase C: structure, function, and regulation. J
Biol Chem 270:28495-28498.

Nilsson AS, Fainzilber M, Falck P, Ibanez CF (1998 ) Neurotrophin-7: a
novel member of the neurotrophin family from the zebrafish. FEBS Lett
424:285-290.

Nomoto H, Takaiwa M, Mouri A, Furukawa S (2007 ) Pro-region of
neurotrophins determines the processing efficiency. Biochem Biophys
Res Commun 356:919-924.

Nordberg A (1992) Neuroreceptor changes in Alzheimer disease.
Cerebrovasc Brain Metab Rev 4:303-328.

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.

Omori N, Jin G, Li F, Zhang WR, Wang SJ, Hamakawa Y, Nagano |, Manabe
Y, Shoji M, Abe K (2002 ) Enhanced phosphorylation of PTEN in rat
brain after transient middle cerebral artery occlusion. Brain Res
954:317-322.

Patapoutian A, Reichardt LF 2001 ) Trk receptors: mediators of
neurotrophin action. Curr Opin Neurobiol 11:272-280.

Patel L, Pass I, Coxon P, Downes CP, Smith SA, Macphee CH (2001 )
Tumor suppressor and anti-inflammatory actions of PPARgamma
agonists are mediated via upregulation of PTEN. Curr Biol 11:764-768.

Pawson T, Nash P (2000 ) Protein-protein interactions define specificity in
signal transduction. Genes Dev 14:1027-1047.



112

Pedraza CE, Podlesniy P, Vidal N, Arevalo JC, Lee R, Hempstead B, Ferrer |,
Iglesias M, Espinet C  (2005) Pro-NGF isolated from the human brain
affected by Alzheimer's disease induces neuronal apoptosis mediated
by p75NTR. Am J Pathol 166:533-543.

Peng S, Wuu J, Mufson EJ, Fahnestock M (2004 ) Increased proNGF levels
in subjects with mild cognitive impairment and mild Alzheimer disease.
J Neuropathol Exp Neurol 63:641-649.

Perandones C, Costanzo RV, Kowaljow V, Pivetta OH, Carminatti H,
Radrizzani M (2004 ) Correlation between synaptogenesis and the
PTEN phosphatase expression in dendrites during postnatal brain
development. Brain Res Mol Brain Res 128:8-19.

Planchon SM, Waite KA, Eng C (2008 ) The nuclear affairs of PTEN. J Cell
Sci 121:249-253.

Prescott ED, Julius D (2003 ) A modular PIP2 binding site as a determinant
of capsaicin receptor sensitivity. Science 300:1284-1288.

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.

Rattenholl A, Lilie H, Grossmann A, Stern A, Schwarz E, Rudolph R

(2001a) The pro-sequence facilitates folding of human nerve growth
factor from Escherichia coli inclusion bodies. Eur J Biochem 268:3296-
3303.

Rattenholl A, Ruoppolo M, Flagiello A, Monti M, Vinci F, Marino G, Lilie H,
Schwarz E, Rudolph R 2001b) Pro-sequence assisted folding and
disulfide bond formation of human nerve growth factor. J Mol Biol
305:523-533.

Reichardt LF (2006 ) Neurotrophin-regulated signalling pathways. Philos
Trans R Soc Lond B Biol Sci 361:1545-1564.

Rhee SG (2001) Regulation of phosphoinositide-specific phospholipase C.
Annu Rev Biochem 70:281-312.

Rodriguez-Tebar A, Dechant G, Barde YA (1990) Binding of brain-derived
neurotrophic factor to the nerve growth factor receptor. Neuron 4:487-
492.



113

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.

Rogaeva E, Meng Y, Lee JH, Gu Y, Kawarai T, Zou F, Katayama T, Baldwin
CT, Cheng R, Hasegawa H, Chen F, Shibata N, Lunetta KL, Pardossi-
Piquard R, Bohm C, Wakutani Y, Cupples LA, Cuenco KT, Green RC,
Pinessi L, Rainero |, Sorbi S, Bruni A, Duara R, Friedland RP,
Inzelberg R, Hampe W, Bujo H, Song YQ, Andersen OM, Willnow TE,
Graff-Radford N, Petersen RC, Dickson D, Der SD, Fraser PE,
Schmitt-Ulms G, Younkin S, Mayeux R, Farrer LA, St George-Hyslop P

(2007 ) The neuronal sortilin-related receptor SORL1 is genetically
associated with Alzheimer disease. Nat Genet 39:168-177.

Rosenthal A, Goeddel DV, Nguyen T, Lewis M, Shih A, Laramee GR, Nikolics
K, Winslow JW (1990 ) Primary structure and biological activity of a
novel human neurotrophic factor. Neuron 4:767-773.

Roux PP, Barker PA (2002 ) Neurotrophin signaling through the p75
neurotrophin receptor. Prog Neurobiol 67:203-233.

Saal LH, Gruvberger-Saal SK, Persson C, Lovgren K, Jumppanen M, Staaf J,
Jonsson G, Pires MM, Maurer M, Holm K, Koujak S, Subramaniyam S,
Vallon-Christersson J, Olsson H, Su T, Memeo L, Ludwig T, Ethier SP,
Krogh M, Szabolcs M, Murty VV, Isola J, Hibshoosh H, Parsons R,
Borg A (2008 ) Recurrent gross mutations of the PTEN tumor
suppressor gene in breast cancers with deficient DSB repair. Nat
Genet 40:102-107.

Salehi AH, Roux PP, Kubu CJ, Zeindler C, Bhakar A, Tannis LL, Verdi JM,
Barker PA 2000) NRAGE, a novel MAGE protein, interacts with the
p75 neurotrophin receptor and facilitates nerve growth factor-
dependent apoptosis. Neuron 27:279-288.

Salmena L, Carracedo A, Pandolfi PP 2008 ) Tenets of PTEN tumor
suppression. Cell 133:403-414.

Sano T, Lin H, Chen X, Langford LA, Koul D, Bondy ML, Hess KR, Myers JN,
Hong YK, Yung WK, Steck PA (1999 ) Differential expression of



114

MMAC/PTEN in glioblastoma multiforme: relationship to localization
and prognosis. Cancer Res 59:1820-1824.

Sarret P, Krzywkowski P, Segal L, Nielsen MS, Petersen CM, Mazella J,
Stroh T, Beaudet A (2003 ) Distribution of NTS3 receptor/sortilin
mRNA and protein in the rat central nervous system. J Comp Neurol
461:483-505.

Scheid MP, Lauener RW, Duronio V. (1995) Role of phosphatidylinositol 3-
OH-kinase activity in the inhibition of apoptosis in haemopoietic cells:
phosphatidylinositol 3-OH-kinase inhibitors reveal a difference in
signalling between interleukin-3 and granulocyte-macrophage colony
stimulating factor. Biochem J 312 (Pt 1) :159-162.

Schweigreiter R 2006 ) The dual nature of neurotrophins. Bioessays
28:583-594.

Scoville WB, Milner B (1957 ) Loss of recent memory after bilateral
hippocampal lesions. J Neurol Neurosurg Psychiatry 20:11-21.

Seidah NG, Benjannet S, Pareek S, Savaria D, Hamelin J, Goulet B, Laliberte
J, Lazure C, Chretien M, Murphy RA (1996 ) Cellular processing of
the nerve growth factor precursor by the mammalian pro-protein
convertases. Biochem J 314 (Pt 3) :951-960.

Seiler M, Schwab ME (1984 ) Specific retrograde transport of nerve growth
factor (NGF ) from neocortex to nucleus basalis in the rat. Brain Res
300:33-39.

Semba K (2000) Multiple output pathways of the basal forebrain:
organization, chemical heterogeneity, and roles in vigilance. Behav
Brain Res 115:117-141.

Snider WD (1994 ) Functions of the neurotrophins during nervous system
development: what the knockouts are teaching us. Cell 77:627-638.

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



115

encodes a functional receptor for brain-derived neurotrophic factor and
neurotrophin-3 but not nerve growth factor. Cell 65:885-893.

Stambolic V, Suzuki A, de la Pompa JL, Brothers GM, Mirtsos C, Sasaki T,
Ruland J, Penninger JM, Siderovski DP, Mak TW (1998 ) Negative
regulation of PKB/Akt-dependent cell survival by the tumor suppressor
PTEN. Cell 95:29-39.

Steck PA, Pershouse MA, Jasser SA, Yung WK, Lin H, Ligon AH, Langford
LA, Baumgard ML, Hattier T, Davis T, Frye C, Hu R, Swedlund B, Teng
DH, Tavtigian SV (1997 ) Identification of a candidate tumour
suppressor gene, MMAC1, at chromosome 10g23.3 that is mutated in
multiple advanced cancers. Nat Genet 15:356-362.

Stephens RM, Loeb DM, Copeland TD, Pawson T, Greene LA, Kaplan DR

(1994 ) Trk receptors use redundant signal transduction pathways
involving SHC and PLC-gamma 1 to mediate NGF responses. Neuron
12:691-705.

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.

Takashima A, Noguchi K, Michel G, Mercken M, Hoshi M, Ishiguro K, Imahori
K (1996) Exposure of rat hippocampal neurons to amyloid beta
peptide (25-35) induces the inactivation of phosphatidyl inositol-3
kinase and the activation of tau protein kinase l/glycogen synthase
kinase-3 beta. Neurosci Lett 203:33-36.

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.

Trim N, Morgan S, Evans M, Issa R, Fine D, Afford S, Wilkins B, Iredale J

(2000 ) Hepatic stellate cells express the low affinity nerve growth
factor receptor p75 and undergo apoptosis in response to nerve growth
factor stimulation. Am J Pathol 156:1235-1243.



116

Troy CM, Friedman JE, Friedman WJ (2002 ) Mechanisms of p75-mediated
death of hippocampal neurons. Role of caspases. J Biol Chem
277:34295-34302.

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.

Van der Zee CE, Ross GM, Riopelle RJ, Hagg T (1996 ) Survival of
cholinergic forebrain neurons in developing p75NGFR-deficient mice.
Science 274:1729-1732.

Vazquez F, Sellers WR (2000) The PTEN tumor suppressor protein: an
antagonist of phosphoinositide 3-kinase signaling. Biochim Biophys
Acta 1470:M21-35.

Verdi JM, Birren SJ, Ibanez CF, Persson H, Kaplan DR, Benedetti M, Chao
MV, Anderson DJ (1994 ) p75LNGFR regulates Trk signal
transduction and NGF-induced neuronal differentiation in MAH cells.
Neuron 12:733-745.

Vetter ML, Martin-Zanca D, Parada LF, Bishop JM, Kaplan DR (1991)
Nerve growth factor rapidly stimulates tyrosine phosphorylation of
phospholipase C-gamma 1 by a kinase activity associated with the
product of the trk protooncogene. Proc Natl Acad Sci U S A 88:5650-
5654.

Virolle T, Adamson ED, Baron V, Birle D, Mercola D, Mustelin T, de Belle |

(2001 ) The Egr-1 transcription factor directly activates PTEN during
irradiation-induced signalling. Nat Cell Biol 3:1124-1128.
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-



117

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 (001) Complete ablation of the neurotrophin receptor p75NTR
causes defects both in the nervous and the vascular system. Nat
Neurosci 4:977-978.

Wang CY, Mayo MW, Baldwin AS, Jr. (1996 ) TNF- and cancer therapy-
induced apoptosis: potentiation by inhibition of NF-kappaB. Science
274:784-787.

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 X, Bauer JH, Li Y, Shao Z, Zetoune FS, Cattaneo E, Vincenz C

(2001) Characterization of a p75 (NTR) apoptotic signaling
pathway using a novel cellular model. J Biol Chem 276:33812-33820.
Watson FL, Heerssen HM, Bhattacharyya A, Klesse L, Lin MZ, Segal RA
(2001 ) Neurotrophins use the Erk5 pathway to mediate a retrograde
survival response. Nat Neurosci 4:981-988.
Whitehouse PJ, Price DL, Struble RG, Clark AW, Coyle JT, Delon MR
(1982 ) Alzheimer's disease and senile dementia: loss of neurons in
the basal forebrain. Science 215:1237-12309.
Whiteman DC, Zhou XP, Cummings MC, Pavey S, Hayward NK, Eng C
(2002 ) Nuclear PTEN expression and clinicopathologic features in a
population-based series of primary cutaneous melanoma. Int J Cancer
99:63-67.

Wick W, Furnari FB, Naumann U, Cavenee WK, Weller M (1999) PTEN
gene transfer in human malignant glioma: sensitization to irradiation
and CD95L-induced apoptosis. Oncogene 18:3936-3943.

Wiesmann C, Ultsch MH, Bass SH, de Vos AM (1999 ) Crystal structure of
nerve growth factor in complex with the ligand-binding domain of the
TrkA receptor. Nature 401:184-188.



118

Willnow TE, Petersen CM, Nykjaer A (2008 ) VPS10P-domain receptors -
regulators of neuronal viability and function. Nat Rev Neurosci 9:899-
909.

Wong ST, Henley JR, Kanning KC, Huang KH, Bothwell M, Poo MM (2002 )
Ap75 (NTR) and Nogo receptor complex mediates repulsive
signaling by myelin-associated glycoprotein. Nat Neurosci 5:1302-
1308.

Wu H, Friedman WJ, Dreyfus CF (2004 ) Differential regulation of
neurotrophin expression in basal forebrain astrocytes by neuronal
signals. J Neurosci Res 76:76-85.

Xu J, Yeon JE, Chang H, Tison G, Chen GJ, Wands J, de la Monte S

(2003 ) Ethanol impairs insulin-stimulated neuronal survival in the
developing brain: role of PTEN phosphatase. J Biol Chem 278:26929-
26937.

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, Tucker KL, Barde YA (1999) Neurotrophin binding to the p75
receptor modulates Rho activity and axonal outgrowth. Neuron 24:585-

593.

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.

Yang J, Siao CJ, Nagappan G, Marinic T, Jing D, McGrath K, Chen ZY, Mark
W, Tessarollo L, Lee FS, Lu B, Hempstead BL (2009 ) Neuronal
release of proBDNF. Nat Neurosci 12:113-115.

Yao R, Cooper GM (1995) Requirement for phosphatidylinositol-3 kinase in
the prevention of apoptosis by nerve growth factor. Science 267:2003-
2006.

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.



119

Yeiser EC, Rutkoski NJ, Naito A, Inoue J, Carter BD (2004 ) Neurotrophin
signaling through the p75 receptor is deficient in traf6-/- mice. J
Neurosci 24:10521-10529.

Yeo TT, Chua-Couzens J, Butcher LL, Bredesen DE, Cooper JD, Valletta JS,
Mobley WC, Longo FM (1997 ) Absence of p75NTR causes
increased basal forebrain cholinergic neuron size, choline
acetyltransferase activity, and target innervation. J Neurosci 17:7594-
7605.

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.

Zampieri N, Xu CF, Neubert TA, Chao MV (2005) Cleavage of p75
neurotrophin receptor by alpha-secretase and gamma-secretase
requires specific receptor domains. J Biol Chem 280:14563-14571.

Zha J, Harada H, Yang E, Jockel J, Korsmeyer SJ (1996 ) Serine
phosphorylation of death agonist BAD in response to survival factor
results in binding to 14-3-3 not BCL-X (L) . Cell 87:619-628.

Zhao H, Shimohata T, Wang JQ, Sun G, Schaal DW, Sapolsky RM, Steinberg
GK (2005) Akt contributes to neuroprotection by hypothermia

against cerebral ischemia in rats. J Neurosci 25:9794-9806.



120

VITA

WENYU SONG
1972 Born April 6" in Lanzhou, China
1990 Graduated from Lanzhou 1% High School, Lanzhou, China
1994 B.S in Plant Physiology, Lanzhou University
2001 M.S in Plant Science, Lanzhou University
2001-2005 Teaching Assistant, Rutgers University, Newark, NJ
2003 M.S in Biology, Rutgers University, Newark, NJ

2009 Ph.D in Biology, Rutgers University, Newark, NJ



	preliminary of thesis.pdf
	thesis main body
	1.1 Neurotrophins
	PI3K/Akt signaling pathway
	MAPK/Erk signaling 
	PLC-(1 signaling
	1.3 P75 neurotrophin receptor (NTR) and its signaling pathways  
	2. Proneurotrophins 
	2.2 Proneurotrophins and cell death
	3.3 PTEN and apoptosis

	4. Basal forebrain cholinergic neurons, Alzheimer’s disease and proneurotrophins 
	6. Retrograde transport of neurotrophin signaling

	4. Small interfering RNA experiment: PTEN small interfering RNA (siRNA) with a 5’ thiol on the sense strand was purchased from Dharmocon RNAi Technologies. Sequences for the sense strand were: GATGGCTGTCATGTCTGGGAG. The siRNA was mixed with Penetratin1 and heated for 15 min at 65(C and incubated for 1 hour at 37 (C. Before treated cells with siRNA, the sequences were heated at 65(C for 15 min. 
	        ProNGF causes the loss of BF neurons in the presence of BDNF. From our previous data, we found that most p75NTR positive cells also express Trk receptors. Can proNGF induce the death of BF neurons when Trk signaling is activated? To address this question, BF neurons were grown for 5 days in the presence of BDNF (10ng/ml) from the time of plating before overnight treatment with vehicle, mature NGF or proNGF. ProNGF, but not mature NGF, caused a loss of 40% of BF neurons, suggesting that the activation of TrkB signaling does not protect BF neurons from proNGF-induced death. Treating cells with a blocking antibody to p75NTR protected neurons from death, suggesting that proNGF induced the death of BF neurons via p75NTR (Fig. 12).
	3. Mature and proneurotrophins induce distinct signaling pathways in BF neurons:    
	5. ProNGF suppresses BDNF-induced survival signaling through PTEN:
	        PTEN inhibitor reverses the inhibition of Akt phosphorylation by proNGF.  In order to understand the potential role of PTEN in proNGF-induced apoptosis, we treated cultured BF neurons with a PTEN inhibitor, bpv(pic), to inhibit PTEN activity. After bpv(pic) treatment, proNGF no longer inhibited BDNF-induced Akt phosphorylation, suggesting that PTEN is involved in blocking PI3 kinase pathway (Fig. 22A). However, proNGF still inhibited Erk activation in the presence of bpv(pic), suggesting that Erk was not the target of PTEN protein (Fig. 22B)
	Survival and death signaling in BF neurons
	PTEN and proneurotrophin-induced death signaling


