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II Abstract

The neurotrophins were initially identified as a group of target-derived
neuronal factors but have since been shown to mediate a wide range of biological
functions including cell survival, maintenance, differentiation and apoptosis. These
diverse functions are mediated via two types of receptor: the tropomyosin-related
kinase (Trk) receptor tyrosine kinases which are traditionally known as the high-
affinity neurotrophin receptors, and the low-affinity p75 neurotrophin receptor
(p75NTR). The Trk receptors transmit positive signals such as enhanced growth and
survival, while the p75NTR is somewhat of a biological paradox in that it has been
shown to transmit both positive and negative signals. Increased expression of the
p75NTR has been observed post injury and in neurodegenerative conditions and its
expression has been associated with increased cell death. The aim of this study is
primarily to assess the role of the p7SNTR following neuronal insult in vivo and to
establish reliable models by which expression of the p7SNTR can be successfully

upregulated.

We found that administration of LPS or kainic acid upregulated p75NTR
expression. This increase in p7SNTR expression was associated with increased
apoptotic signalling as evidenced by increased activation of JNK. Concomitant
with increased p75NTR was an impairment in long-term potentiation (LTP). LTP
was induced in dentate gyrus following high-frequency stimulation of the perforant
path. Both LPS (300ul, 100pg/Kg i.p.) and kainic acid (Spl of 100uM i.c.v)
administration blocked expression of LTP; mean % change in EPSP slope in the last
5 mins of recording compared with the 5 min immediately prior to tetanic
stimulation was for LPS 100.72 + 3.49% (n=6, mean + SEM) compared with saline
(0.9% w/v) treated controls (118.21+ 2.91%); kainic acid 83.74 + 0.7314% (n=4,
mean = SEM) compared with saline (Spl, 0.9% w/v) 117.3+ 0.2977%.

Evidence suggests that the fate of a cell is dependent on the ratio of
expression of Trk receptors to p7SNTR. When co-expressed the p7SNTR enhances
TrkA survival signalling but when the ratio of p7SNTR expression is greater than
TrkA expression apoptotic signalling occurs. To isolate p75NTR signalling in vivo

genetically hypertensive (GH) rats which are deficient in NGF and TrkA were
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treated with LPS. LPS administration increased p75NTR expression in
normotensive (N) rats and was associated with a functional impairment as assessed
by the failure to successfully complete a novel object preference task. There was no
increase in p7SNTR in GH rats treated with LPS. This experiment failed to isolate
p75NTR signalling in vivo but once again demonstrated that p7SNTR expression

was associated with functional impairment.

To fully elucidate the role of increased p7SNTR expression in the functional
impairments observed a p75NTR functional inhibitor was co-administered with
kainic acid. Kainic acid administration impaired LTP in the rat hippocampus. This
kainic acid induced impairment was associated with increased expression of
p75NTR. Administration of the p7SNTR inhibitor REX failed to reverse the kainic
acid induced impairment in LTP indicating that the p7SNTR is not intrinsic to the
functional impairment observed. However, administration of the p7SNTR inhibitor
REX enhanced LTP in control animals suggesting that the p7SNTR may be
tonically supressing LTP.

These data demonstrate that neuronal insult increases p7SNTR expression
and this increase in expression is concomitant with increased JNK activation and
impairment in synaptic function. p7SNTR blockade does not reverse the impairment
in function caused by neuronal insult. However a role for the p75NTR in synaptic

plasticity has been elucidated.
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Chapter 1

General Introduction



1.1 Introduction

The neurotrophins were initially identified as a group of target-derived
neuronal factors but have since been shown to mediate a wide range of biological
functions including cell survival, maintenance, differentiation and apoptosis. These
diverse functions are mediated via two types of receptor; the tropomyosin-related
kinase (Trk) receptor tyrosine kinases which are traditionally known as the high
affinity neurotrophin receptors, and the low affinity p75 neurotrophin receptor
(p75NTR). The Trk receptors transmit positive signals such as enhanced growth and
survival, while the p75NTR is somewhat of a biological paradox in that it has been
shown to transmit both positive and negative signals. The ambiguity surrounding
the role of the p7SNTR still persists despite its discovery over 30 years ago. The
aim of this study is primarily to assess the role of the p7SNTR following neuronal
insult in vivo and to establish reliable models by which expression of the p7SNTR

can be successfully upregulated.

1.2The Neurotrophins

In the early 1950’s Rita Levi-Montalcini and Viktor Hamburger discovered
that a mouse sarcoma tumour implanted close to the spinal cord of a developing
chicken in ovo secreted a soluble factor that induced hypertrophy and outgrowth of
dorsal root ganglion suggesting that targets contacted by neurons produce trophic
substances that support neuronal survival. This soluble factor was later termed nerve
growth factor (NGF). In 1982, Barde et al. succeeded in isolating a neuronal
survival factor from pig brain which was named brain-derived neurotrophic factor
(BDNF). Over twenty years later the neurotrophin family has grown to include
neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), neurotrophin-6 (NT-6) and
neurotrophin-7 (NT-7) which is found only in fish. All of the neurotrophins are
initially produced as pre-proneurotrophins precursors that are approximately 240-
260 amino acids in length. The pre-mRNA sequence directs the synthesis of the
protein to the endoplasmic reticulum (ER) attached ribosomes, leading to the
sequestration of the newly formed polypeptide chain into the ER where the signal
peptide is immediately cleaved. This cleavage leads to the formation of the pro-
neurotrophins which are transported to the Golgi in vesicles where they are either
cleaved by furin in the trans Golgi or by other pro-convertases in vesicles. It is

important to note that it has been recently determined that the pro-neurotrophins are



biologically active. Looking at survival and neurite outgrowth assays, Fahnestock et
al. (2004) found that proNGF exhibits neurotrophic activity similar to mature NGF
but it is five times less active. Several groups have reported a more ominous role for
the pro-neurotrophins and this will be discussed in further detail in section 1.2.1.2.
The mature neurotrophin is a homodimer that is formed by identical peptide chains
of roughly 120 amino acids each. The monomers cohere by non-covalent chemical
bonds and are stabilized by an inherent highly conserved cysteine knot motif. The
uniqueness of each of the neurotrophins is attributed to a specific pattern of charged
basic or acidic residues exposed on the surface. Peptide loops protruding from the
core (-sheets of the molecule also clarify the differences between each of the

neurotrophins.

1.2.1 Neurotrophin receptors
As mentioned in section 1.1 the biological functions of the neurotrophins are

mediated via two types of receptor: the Trk receptors and the p7SNTR.

1.2.1.1The Trk receptors

TrkA was originally characterized as a transforming onconogene in which
tropomyosin was fused to an unknown tyrosine kinase (Martin-Zanca et al., 1989).
The corresponding protoonconogene was shown to be a transmembrane protein
whose structure suggested that it was a receptor tyrosine kinase. The two other
members of the Trk family, TrkB and TrkC, were quickly isolated and all of the
genes were shown to be expressed in discrete neuronal populations. It later emerged
that these receptors could be activated by a specific neurotrophin, with NGF
preferring TrkA, BDNF and NT-4/5 preferring TrkB and NT-3 binding to TrkC.
Though initially described in human colon carcinoma, these receptors are expressed
in a wide variety of neuronal and non-neuronal cell types, such as the hippocampus,
cerebellum, neurons of the peripheral nervous system, arteries, tooth buds and the

submaxillary gland (See Roux and Barker, 2002)




Structure of the Trk receptors

All trk receptors are Type I transmembrane proteins that are members of the
receptor tyrosine kinase superfamily. The extracellular domains of the Trk receptors
contain two cysteine rich regions neighbouring a leucine rich repeat, followed by
two immunoglobulin like domains in the juxtamembrane region (Figure 1). Binding
studies and deletion work on each of the Trk receptors have shown that the
receptors interact with their ligands via the second immunoglobulin like domain
with the second leucine rich domain playing an ancillary role in ligand interaction.
Interaction of the Trk receptors with the core $-sheets of the neurotrophins provides
the majority of the binding energy. The specificity of neurotrophin binding is

derived from interactions with the ligands amino-termini.

Cysteine cluster -
Leucine-rich motifs
Cysteine cluster

%

Kinase domain

C-term tail

Figure 1.1 Structure of the Trk Receptors: Image taken from Roux and Barker
(2002).

Signalling through the Trk receptors

Numerous studies have shown that the signalling via the Trk receptors
promotes survival, differentiation and outgrowth of many neuronal populations.
Upon ligand binding Trk receptors dimerize and become catalytically active which
results in autophosphorylation. There are 10 conserved tyrosines in the cytoplasmic

region of each of the Trk receptors, three of which are present in the autoregulatory



loop of the kinase domain. Phosphorylation of these residues leads to further
activation of the kinase. Phosphorylation of the other residues leads to the creation
of docking sites for adaptor proteins that couple the receptors to intracellular
signalling cascades, including the Ras/extracellular regulated kinase (ERK) protein
kinase pathway, the phosphatidylinositol-3-OH kinase (PI3K)/Akt kinase pathway
and phospholipase C-yl (PLC- y1), which culminate in the activation of
transcription factors. The various signalling pathways of the Trk receptors are

represented in Figure 1.2.
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Figure 1.2 Trk signalling pathways

Signalling through Ras

Activation of the Ras signalling cascade is essential for neuronal survival
and differentiation through activation of the mitogen-activated protein kinases
(MAPK)/ERK pathway. Numerous pathways lead from Trk receptors to the
activation of Ras the majority of which appear to involve the phosphorylation of the
Y490 tyrosine residue. Upon phosphorylation Y490 creates a recruitment site for
binding of the adaptor protein, Shc. When phosphorylated, Shc recruits the adaptor
protein, Grb2 and the son of sevenless (SOS) at the membrane which results in Ras
activation. The presence of Ras activation leads to the activation of downstream

signalling pathways that include PI3-kinase, Raf and p38MAP-kinase. Activation of




Erkl and Erk2 is preceded by the sequential phosphorylation by Raf of
MEK-1 and/or MEK-2 and their phosphorylation of ERK 1 and ERK 2. This Trk
receptor mediated stimulation of Ras through Shc and Grb-2/SOS results in
transient and not prolonged activation of Erk signalling. Prolonged signalling
through ERK appears to be mediated by another signalling pathway involving the
adaptor protein Crk, the G protein Rap-1 the protein tyrosine phosphatase Shp2 and
the serine threonine kinas B-Raf. The activation of this pathway depends on the
recruitment of Frs2 by phosphorylated Y490 (See Roux and Barker, 2002; See
Patapoutian and Reichardt, 2001).

Signalling through PI3-K

The PI3-K pathway is another important pathway in Trk-dependent survival.
The pathway can be activated through both Ras dependent and Ras independent
pathways. The Ras independent pathway involves the activation of the Shc/Grb2
adaptor protein complex. Binding to phosphorylated Y490 of Shc results in
recruitment of Grb2. Phosphorylated Grb2 provides a docking site for Gabl, which
in turn is bound by PI3-K. PI3-K can activate a number of signalling proteins. Akt
is just one of the signalling molecules activated by PI3-K and is known to be
involved in NGF mediated survival signalling (See Roux and Barker, 2002; See

Patapoutian and Reichardt, 2001).

Signalling through PLC-y

Phosphorylated Y785 on TrkA and similarly placed tyrosine residues on
other Trk receptors recruit PLC-y. The Trk kinase then phosphorylates and activates
PLC-y1, which acts to hydrolyse phosphatidylinositides to generate diaceylglycerol
(DAG) and inositol 1, 4, 5 trisphosphate (IP3). IP3 promotes the release of calcium
ions (Ca’") from internal stores. This increase in intracellular Ca®" results in the
activation of enzymes such as Ca’'- regulated isoforms of protein kinase C and
Ca**-calmodulin-regulated protein kinases (See Roux and Barker, 2002; See

Patapoutian and Reichardt, 2001).

1.2.1.2 p75NTR
During the late 1970’s binding studies of NGF to chick sensory neurons

identified that there were two NGF receptors. One of the receptors identified



displayed a fast rate of dissociation from NGF (kd 10° M) and was termed the fast
NGF receptor. In contrast the other displayed a slow dissociation rate, with a
dissociation constant of 107 M, and was subsequently named the slow NGF
receptor. The molecular weights were ascertained by cross linking experiments and
were found to be 75kDa and 140kDa respectively. The lower affinity receptor was
cloned from rat and human melanoma cells which were found to be highly
homologous. Resultantly, the receptor became known as the p75 NGF receptor
(p7SNGFR). The receptor has since been shown to bind all of the neurotrophins
with approximately equal affinity and is now known as the p75 neurotrophin

receptor (p7SNTR).

Despite its discovery almost 30 years ago the biological functions of the
p75NTR are still somewhat ambiguous. Initially, the receptor was believed to play
an ancillary role to the Trk receptors and to be biologically redundant on its own. It

is now emerging that the p7SNTR is important in its own right.

p75SNTR: Ligands

The p75NTR has been shown to bind each of the neurotrophins (NGF,
BDNF, NT-3 and NT-4) with approximately equal affinity (Sutter et al, 1979;
Rodriguez-Tebar et al., 1990; Ernfors et al., 1990). The p75SNTR has been shown to
bind the pro form of each of the neurotrophins with a higher affinity than that of the
mature forms (Hempstead ef al., 1991). A number of studies have shown that the
p75NTR is capable of binding ligands other than the neurotrophins. Tuffereau et al.
(1998) revealed that the p7SNTR is capable of binding the rabies virus. The receptor
has also been found to bind S-amyloid (Yaar et al., 1997) as well as prion peptides
(Della- Bianca et al., 2001).

p75NTR Structure

The p7SNTR was the first member of what is now the tumour necrosis factor
(TNF) superfamily of receptors. Like the Trk receptors it too is a type I
transmembrane protein (Figure 1.3). The extracellular domain of the receptor
consists of four cysteine rich loops, with six cysteines per loop. It is within these
cysteine loops that the neurotrophin binding domains are contained (Yan and Chao,

1991). The cytoplasmic domain features a death domain which consists of six o



helices and possesses a palmitoylation site at Cys 250 or 279. A number of studies
have indicated that this region does not have the capability of inducing apoptosis on
its own and requires the interaction of adaptor proteins. Contrastingly, it has been
suggested that the p7SNTR death domain has a prosurvival function (Khursigara et
al., 2001). In 2000, Coulson et al. identified a cytoplasmic juxtamembrane region of
the p7SNTR, which they named Chopper, to be essential for the initiation of neural
death.
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Figure 1.3 Structure of p7SNTR: Image taken from Roux and Barker (2002).

P75NTR Expression
Central Nervous System

The p75NTR is expressed in a wide variety of cells in the central nervous
system. Its expression appears in several neuronal populations as they differentiate,
including spinal motor neurons and brain stem motor nuclei, lateral geniculate
nucleus, medial terminal nucleus of the accessory optic tract, ventral and dorsal
cochlear nucleus, thalamic nucleus, amygdala, cortical subplate neurons and deep
nuclei of the cerebellum. Postnatally, expression of the p7SNTR is significantly
reduced in most tissue and is confined to the basal cholinergic neurons, motor

neurons and the cerebellar Purkinje neurons (See Roux and Barker, 2002).



Peripheral Nervous system

In the peripheral nervous system, there is p7SNTR expression in the
developing autonomic and sensory nervous system from the earliest stage of
development. In general there is a downregulation of p75SNTR expression in

adulthood (See Roux and Barker, 2002).

Non-neuronal expression of p75SNTR

Expression of the p7SNTR has been reported in a number of non-neuronal
cell types. Its expression has been observed on endothelial cells (Moser et al.,
2004), glial cells (Dowling et al., 1999), B cells of the immune system (Torcia et
al., 1996) and hair follicles (Botchkarev et al., 2003).

Expression under pathological conditions

An increasing number of studies have found that there is a significant
increase in p75NTR expression in certain pathological conditions including
mechanical damage, focal ischemia, stroke and epilepsy. Post mortem examination
of the brains of Alzheimer’s disease sufferers have shown that there is increased
p75NTR expression in the cerebral cortex of these patients. A study using a rat
epilepsy model found that increased expression of p7SNTR in the hippocampus
showed a strong positive correlation with a large number of apoptotic neurons
(Roux et al., 1999). The results of these studies have lead researchers to question the
function of the re-expression of the p7SNTR under certain pathological conditions

and whether or not it may be responsible for cell death.

Functions of the p75NTR

The functions of the p7SNTR have proved somewhat difficult to elucidate,
despite the fact that it was discovered over 20 years ago. It was believed for a
number of years that the receptor was biologically redundant however this has been
shown to be untrue. It is now known that the p7SNTR has a number of functions.
Firstly, it modulates Trk receptor signalling (Mamidipudi and Wooten, 2002; Bamji
et al., 1998; Yoon et al.,, 1998). Secondly, the receptor can initiate autonomous
signalling cascades that can regulate both cell survival and apoptosis earning its title

as a biological paradox. Thirdly, it can interact with a number of co-receptors




including sortilin and Nogo resulting in apoptotic signalling (Nykjaer et al., 2004;
Wang et al., 2002). Lastly, it has been shown to promote Schwann cell migration

(Anton et al., 1994).

p75NTR: Interaction with Trk receptors

Studies in the early 1990’s showed that co-expression of p7SNTR with Trk
receptors produced high affinity binding sites for NGF and induced enhanced
activation of TrkA by NGF. Dissociation studies revealed that expression of
p75NTR, in the absence of TrkA, has a rapid rate of ligand association and
dissociation. TrkA in a similar study was shown to have slow ligand association and
dissociation. However, when both receptors are co-expressed the rate at which NGF
can associate with TrkA increases 25 fold (Mahadeo et al., 1994), thus producing
high affinity binding sites. Co-expression of the receptors also means that the TrkA
receptor can be activated by relatively low concentrations of NGF. Hantzopoulos et
al. (1994) found that a truncated variant of p7SNTR enhanced the ability of all the
neurotrophins to bind their specific Trk receptor (i.e. NGF to TrkA, BDNF to TrkB,
NT-3 to TrkC). Interestingly, the co-expression of p7SNTR with Trk receptors
attenuates the activation of the receptors by the other neurotrophins. In the presence
of p7SNTR NGF activates TrkA but its activation by NT-3 and NT-4/5 is greatly
attenuated. Likewise, BDNF mediated TrkB activation is not affected by p75NTR
expression but its activation by NT-3 and NT4/5 is reduced. The mechanism by
which p75NTR expression has these ligand specific effects is not greatly understood
but a number of hypotheses have been put forward. It has been suggested that the
attenuation in activity is due to a physical interaction between the receptors via
several adaptor proteins. Those most likely to be involved are ARMS (ankyrin
repeat-rich membrane spanning adaptors) (Kong et al, 2001) and Caveolin
(Bilderback et al., 1997) both of which have been demonstrated to interact with both
types of receptor. It has also been proposed by Roux and Barker (2002) that the
suppression of activity of specific ligands is due to receptor transmodulation in
which phosphorylation of specific serine and threonine residues within the
cytoplasmic domain of tyrosine kinase receptors results in inhibition of ligand
mediated receptor activation. This theory has been supported the work of MacPhee
and Barker (1997) who have shown an increase in serine phosphorylation of TrkA

following p7SNTR activation.



p75NTR can also influence signalling pathways initiated by Trk. Epa et al.
(2004) demonstrated that p7SNTR could bind Shec, an important adaptor protein
intrinsically involved in Trk signalling, stimulate its phosphorylation and thereby

augment Trk signalling and subsequently enhancing survival signalling.

Trk receptors are also capable of affecting p75NTR signalling and
expression. Rankin et al. (2005) reported that TrkA expression plays a role in the
modulation of p75NTR expression. They found that the expression of p7SNTR was
upregulated in the presence of NGF in PC12 cells and a mutated PC12 derivative
expressing mutated TrkA receptors. Using four mutated cell lines, they identified a
role for the individual tyrosine autophosphorylation site Y490 in regulating
p75NTR expression. The activation of Trk receptors have been shown to inhibit
p75NTR apoptotic signalling. Activation of Trk receptors suppresses the activation
by p75NTR of sphingomyelinase. The p75NTR mediated activation of
sphingomyelinase leads to the production of ceramide whose accumulation is
known to promote apoptosis and mitogenesis in different cell types through control
of many signalling pathways (Brann et al., 2002). TrkA activation has also been
shown to suppress p7SNTR initiated JNK signalling, which in the absence of Trk

promotes apoptosis.

P75NTR: Interaction with other receptors

As mentioned previously, the p7SNTR is capable of binding the unprocessed
forms of the neurotrophins. Upon binding proNGF the p75NTR was demonstrated
to induce apoptosis but the mechanism as to how it was binding and mediating the
effects were unknown. In 2004, Nykjaer and colleagues reported that the interaction
between the p75NTR and the neurotensin receptor sortilin was essential for
proNGF-induced neuronal cell death. p7SNTR has also been shown to interact with
the Nogo receptor (NogoR) and through this receptor complex activate RhoA
(Schweigreiter et al., 2004; Wang et al., 2002). RhoA activation mediated the
effects of CNS-derived myelin-based growth inhibitors that include Nogo, myelin-
associated glycoprotein (MAG) and oligodendrocyte myelin glycoprotein (OMgP)
thereby inhibiting neuronal outgrowth.
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p75NTR and Survival

In some circumstances the p7SNTR is capable of mediating cell survival.
Kume et al. (2000) reported that NGF protects cultured cortical neurons that express
p75NTR but not TrkA against glutamate cytotoxicity. p7SNTR has been shown to
protect cortical and hippocampal neurons from calcium mediated hypoglycaemic
damage (Cheng et al., 1991). In the presence of NGF, p75NTR can rescue cells
from apoptosis by activating NFkB (Gentry et al., 2000). It has been reported that
the survival of Schwann cells was mediated via the death domain of the p75SNTR
and its interaction with the adaptor protein receptor interacting protein 2 (RIP2)
(Khursigara et al., 2001). p7SNTR signalling through PI3K/Akt has been shown
promote survival (Roux et al., 2001). More recently, small nonpeptide, monomeric
compounds were identified that interact with the p7SNTR (Massa et al., 2006).
These peptides promoted survival signalling through p75NTR and inhibited
proNGF-induced death.

Pp75SNTR and Apoptosis

The ability of the p75NTR to induce apoptosis was first reported by
Rabizadeh et al. (1993). Two cell lines, CSM 14.1 and R2 both of which had
undetectable levels of TrkA expression, were transfected with high levels of
p75NTR expression. They demonstrated that neurotrophin withdrawal induced
p75NTR mediated apoptosis. The level of apoptosis was somewhat reduced by the
addition of NGF and the application of a p7SNTR antibody. Barrett and Bartlett
(1994) employed the use of antisense oligonucleotides to down regulate the
expression of the p7SNTR in sensory neurons isolated from dorsal root ganglia.
Interestingly they observed that a downregulation in p7SNTR expression prevented
NGF mediated survival of sensory neurons from embryonic day 12 and 25 but
caused a significant increase in the number of neurons that survived from
embryonic day 19 and postnatal day 2. They postulated that the differential
expression of the NGF receptor TrkA was responsible for the different outcomes of
p75NTR. Frade et al. (1996) demonstrated that developmental cell death in the
avian retina could be reduced by the application of an antibody directed against the
extracellular domain of the p7SNTR. In contrast to the work of Rabizadeh, Frade's
group found that the application of an antibody directed towards NGF also reduced
developmental death suggesting that the p7SNTR-induced apoptosis in this instance
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was ligand-dependent. Subsequent studies by Frade and colleagues (1996) found
that mice lacking the NGF allele or with a p7SNTR™™" deletion had reduced
apoptosis in the developing spinal cord and retina when compared to controls. Mice

R deletion were subsequently found to have

with the same p75NT
supernumerary sympathetic neurons during the neonatal period (Bamji et al., 1998).
Using neonatal hippocampal cell cultures, Friedman (2000) demonstrated that the
p75NTR-induced apoptosis upon binding of each of the neurotrophins.
Neurotrophin binding resulted in a 30-40% loss of neurons when compared to
controls. Work carried out by Bono et al. (1999) suggests that NGF/p75NTR-
induced apoptosis is cell cycle dependent. Using neuroblastoma cells they reported
that NGF was pro-apoptotic on growing cells preferentially expressing p7SNTR and
was anti-apoptotic in quiescent cells, when TrkA expression was prevalent. Similar
to Barretts and Bartletts proposal this suggests that the pro-apoptotic signalling of
the p75NTR depends on a ratio of expression between it and Trk. As mentioned in
section 1.2.1.2, p75NTR expression is greatly reduced in all cell types in adulthood
and its expression can be induced by injury. A number of studies have reported that
this injury-induced expression is tightly correlated with the degenerative effects
observed following the trauma. p7SNTR mRNA and protein expression are
increased in rat motor neurons following sciatic nerve lesion (Ernfors ez al., 1989).
The expression of p75NTR was increased in the hippocampus following
pilocarpine-induced seizures and was tightly correlated with apoptosis (Roux et al.,
1999). Casha et al. (2001) reported that oligodendrocyte apoptosis is associated with
p75NTR expression following spinal cord injury. p7SNTR expression was also
associated with neuronal degeneration following experimentally-induced ischemia
(Greferath et al., 2001). The binding of B-amyloid to the p7SNTR has been shown
to induce apoptosis and has been suggested as a possible mechanism for

Alzheimer’s disease (Yaar et al., 1997; Perini et al., 2002).

p75NTR and the proneurotrophins

Like many growth factors the neurotrophins are synthesized as immature
precursors that a proteolytically cleaved by furin, matrix metalloproteinases
(MMP’s) and other proconvertases (Lee et al., 2001). It had been proposed that the
functions of these prodomains were simply to promote protein folding (Suter et al.,

1991) and regulate neurotrophin secretion (Rattenholl ez al., 2001). Sequencing of
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the proneurotrophins revealed that regions of the pro-domain were highly conserved
across species (Heinrich and Lum, 2000). These data lead to the speculation that the
proneurotrophins had a more complex biological function than originally thought.
As outlined the p7SNTR has conflicting biological functions in that it can induce
pro-survival and pro-apoptotic signalling pathways. It was observed that apoptotic
signalling via the p7SNTR required high concentrations of neurotrophins to be
present (Friedman, 2000). This finding suggested that perhaps there were other
more specific ligands for the p7SNTR that had yet to be discovered. In 2001, Lee et
al. reported that both proNGF and proBDNF are secreted and cleaved
extracellularly by plasmin and specific MMP’s. They also demonstrated that a furin
resistant proNGF was a high affinity ligand for the p7SNTR and was ten times more
potent than mature NGF in inducing apoptosis in a vascular smooth muscle cell line
that expressed p7SNTR but not Trk receptors. However, not all p7SNTR expressing
cells respond to proNGF (Nykjaer et al., 2004), suggesting that the presence of
other membrane proteins were required for the induction of cell death. Nykjaer and
co-workers reported that proNGF creates a signalling complex by binding to both
p75NTR and the neurotensin receptor, sortilin and that this signalling complex
induces neuronal cell death. ProBDNF was also shown to elicit neuronal apoptosis
in sympathetic neurons via the activation of a p7SNTR/sortilin receptor complex

(Teng et al., 2005).

Increased levels of proNGF have been observed in certain pathological
conditions and it has been proposed that the neurodegeneration observed in these
conditions may be as a result of proneurotrophins binding to p75NTR. Increased
levels of proNGF in the brain have been reported in Alzheimer’s disease
(Fahnestock et al., 2001). This Alzheimer’s disease related increase in proNGF has
been correlated with loss of cognitive function (Peng et al., 2004). When isolated
from the human brain affected by Alzheimer’s disease and introduced to neurons in
culture, proNGF-induced apoptosis was mediated by the p7SNTR (Pedraza et al.,
2005). Both proNGF and p75NTR expression are induced following spinal cord
injury and proNGF present in spinal cord lysates induced apoptosis in vitro (Beattie
et al., 2002). ProNGF is secreted following lesion of corticospinal neurons and
induces apoptosis via activation of the p75SNTR. This effect was ameliorated by

inhibition of proNGF binding to p7SNTR in vivo (Harrington et al., 2004). Kainic
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acid—induced seizures elicited production of proNGF by basal forebrain astrocytes
resulting inducing p75NTR activation and caspase activity (Volosin et al., 2006).
These data indicate that proneurotrophins are produced in the brain under

pathological conditions and can elicit apoptosis via activation of the p7SNTR.

It was reported in 2005 that the p7SNTR played an integral role in synaptic
plasticity in the form of long-term depression (LTD) (Résch et al., 2005). Later that
year it was detailed that the modulation of LTD by the p7SNTR involved proBDNF
binding to the receptor (Woo et al., 2005). It would appear that the full functional
consequences of the proneurotrophins binding to the p7SNTR receptor have yet to

be fully elucidated.

p75NTR Signalling
The pleiotrophic functions of the p7SNTR means that there are several
distinct signalling pathways that are activated downstream of the receptor

(Figurel.4). Therefore p7SNTR will be discussed in relation to each of'its functions.
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Figure 1.4 p7SNTR signalling pathways
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p75NTR mediated survival signalling

p75NTR mediated survival appears to involve the activation of nuclear
factor kappa-B (NFxB). Activation of NFkB in p75NTR signalling was first
reported by Carter et al. (1996). They reported that in cultures of Schwann cells,
NGF binding to p7SNTR resulted in an increase in NFkB DNA binding activity.
This p75NTR mediated increase in NFkB activity has been shown in a number of
cell types all of which report a promotion of survival following its activation
(Hamanoue et al., 1999; Gentry et al., 2000; Khursigara et al., 2001). Khursigara
and colleagues identified a role for the p7SNTR death domain in survival signalling.
They identified an interaction between the death domain of the p7SNTR and RIP2.
RIP2 is an adaptor protein with a serine threonine kinase and a caspase recruitment
domain (CARD). It is the CARD domain of RIP2 that binds to the p75NTR in a
ligand-dependent manner. They found that the interaction of RIP2 with p7SNTR
enhanced NFkB activity and blocked the apoptosis in Schwann cells that was

induced by NGF.

p7S5NTR has also been shown to activate AKT (Protein kinase-B (PKB)) via
a PI3-K/AKT dependent pathway (Roux et al., 2001). This pathway is an important
survival signalling pathway that is frequently activated downstream of the Trk
receptors. Its activation by p7SNTR was shown to be independent of Trk receptor

activation.

p75NTR and Apoptotic signalling

As with the majority of things concerning the p7SNTR, its apoptotic
signalling pathway cannot be confined to one particular pathway and a number of
pathways and molecules including c-jun N-terminal kinase (JNK) and ceramide

have been implicated in its cell death signalling.

The p75SNTR activation of JNK has been shown by a number of groups.
Friedman (2000) reported that the ligand-dependent p75NTR activation resulted in
the death of hippocampal neurons was mediated via JNK signalling. Similarly,
Yoon et al. (1998) demonstrated that NGF-induced apoptosis could be blocked by
an alkaloid that inhibited the JNK pathway. In oligodendrocytes, the mechanism of
JNK activation by p75NTR is dependent on the activation of Rac GTPase
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(Harrington et al., 2002). NGF, but not BDNF or NT-3, was shown to prolong the
activation of Rac and this prolonged activation was positively correlated with the
ability of NGF to induce apoptosis. Rac does not directly interact with the p7SNTR
but there are a number of adaptor proteins that do. The TNF-Receptor-Associated
factor (TRAF) 6 has been shown to interact with the p7SNTR via the neurotrophin
receptor interacting factor (NRIF) (Gentry et al., 2004; Casademunt et al., 1999). It
has been reported that NRIF itself is involved in p7SNTR mediated apoptosis since
NRIF knockout mice are resistant to p7SNTR-induced apoptosis (Linggi et al.,
2005). p53 is known to be activated downstream of JNK. Aloyz et al. (1998)
demonstrated that p53 is activated downstream of p7SNTR activation and that when
its levels are reduced or absent that p7SNTR-induced death of sympathetic neurons

is inhibited.

Ceramide-induced apoptosis has also been associated with p75NTR.
Ceramide can be generated by the condensation of palmitoyl CoA and serine or by
the hydrolysis of sphingomyelin by either acid or neutral sphingomyelinase. The
involvement of ceramide in p75NTR signalling was first identified by Dobrowsky
et al. in 1994. The addition of NGF to T9 glioma cells that expressed p75NTR and
not TrkA resulted in an increase in ceramide levels. Further studies found that this
elevation in ceramide was responsible for the death of oligodendrocytes (Casaccia-
Bonnefil ez al., 1996). In 2002, Brann ef al. reported that the NGF-induced death of
cultured hippocampal neurons was mediated via ceramide. The neutral
sphingomyelinase inhibitor, sycphostatin, inhibited NGF-induced ceramide
generation and neuronal death. Sycphostatin was also shown to inhibit NGF-
induced JNK phosphorylation suggesting a role for ceramide generated by neutral

sphingomyelinase in the diverse neuronal responses induced by p75NTR.

p75NTR mediated neuronal death has also been associated with the
activation of caspases. Troy et al. (2002) used pilocarpine to induce seizures in
order to upregulate the expression of the p7SNTR. They elucidated a role for
caspase-3 in the neurotrophin induced p7SNTR mediated neuronal death that was
observed following seizure. The cytoplasmic juxtamembrane region of the p75NTR
or “Chopper” as it is known was shown to require the activation of caspase-2, -3

and -8 for execution of cell death (Coulson et al., 2000).
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1.3 The Hippocampus

The hippocampus is a structure found in the subcortical brain and forms part
of the limbic system. The anatomist Giulio Cesare Anzari first used the term
hippocampus having noted that its curved structure resembled that of a seahorse.
Structurally, the hippocampus consists of four regions within two c-shaped
interlocking cell body layers. These regions are the dentate gyrus, the hippocampus
proper which consists of areas CAl, CA2 and CA3, the subicular complex and the
entorhinal cortex. Within the hippocampus are three major excitatory pathways. The
first is the perforant path, which consists of axons from the entorhinal cortex that
synapse with granule cells of the dentate gyrus. Secondly, there are a group of axons
which have been designated the mossy fibres of the dentate granule cells which
synapse with pyramidal cells of the CA3 region. Finally, the CA3 pyramidal cells

synapse with the CA1 neurons to form the Schaffer collateral pathway.

At the beginning of the 1900’s Vlad