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A possible physiological role of Abeta as a crosslinker
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Abstract
Although soluble oligomers are regarded as the most toxic aggregates of Abeta, the amyloidogenic
nature of Abeta certainly is not accidental and should play a role in the still unknown physiological
functions of Abeta. The testable hypothesis put forward here postulates that short Abeta oligomers
can crosslink the neurotrophin receptor p75 with APP and other proteins and mediate a direct
cooperation between them. Support for this hypothesis comes from reports about similar effects of
p75 and APP and from the discovery that Abeta can specifically bind to the stalk domain of the
receptor. The binding site is adjacent to the transmembrane region of p75 (and probably extends
into it), similar to the homologous sequence of Abeta within APP which also binds Abeta. Stalkbound Abeta mono- and dimers may induce the formation of membrane-associated oligomeric
Abeta links between p75 receptors and APP, presumably catalyzed by gangliosides. Crosslinking of
p75 and APP by Abeta facilitates a spatially and temporally stabilized interaction between the
signal-transducing mechanisms of the two proteins upon p75 activation.
The hypothesized cooperation of p75 with proteins such as APP, prion protein PrPc and alphasynuclein integrates part of their functionality into the dual growth and function control which is
exerted by the neurotrophin receptors Trk and p75 and which modulates neuronal plasticity and
more. However, Abeta-driven crosslinking can go awry when toxic amyloid species (of whatever
kind) interfere with it or/and when the production of Abeta or a cooperation partner of p75 is
unbalanced. Due to irregular activation of the p75 receptor, the normally fine-tuned neurotrophin
receptor control system becomes dissociated and produces or increases degenerative effects. In
particular, an excess of Abeta oligomers and fibrils causes - among other effects - unphysiological
stimulation of p75 and APP and leads to aberrant neurite outgrowth, loss of synapses and neuronal
death. Such processes indicate a critical role of p75 in certain amyloidopathic diseases.
The binding of Abeta to the p75 stalk might provide a natural means of neutralizing toxic
aggregates of Abeta and other amyloidogenic proteins, without affecting the physiological roles of
p75 and Abeta. When activated p75 receptors and cooperating proteins undergo proteolysis and
endocytosis, the amino acid sequence between the alpha- and gamma-cleavage sites of p75 yields a
proteolytic fragment F which overlaps or contains the stalk binding site for Abeta. If bound to an
Abeta oligomer this fragment may direct the oligomer to degradation mechanisms while released F
could act as an Abeta scavenger. Evolution might have honed the binding properties of F and its
relative position within p75 in a way that permits the normal aggregation and function of
membrane-anchored Abeta and obstructs the binding of floating Abeta and other amyloidogenic
proteins to p75. In vitro experiments with a peptide fragment from F indicate that low
concentrations of this fragment prevent p75 activation and apoptosis upon application of aged Abeta
while p75 activation and short-term neurite outgrowth upon NGF stimulation remain largely
unaffected. Aggregate types of amyloidogenic proteins can easily be tested if they activate p75 and
if fragments of the p75 stalk prevent activation and apoptosis, and optimized derivatives of the
extended stalk of p75 might be useful for the treatment of various amyloidopathic diseases.

I. The neurotrophin receptor p75 and its ligands
The structure of the neurotrophin receptor p75
The neurotrophin receptor p75, which is expressed by many cell types, is a transmembrane protein.
Its extracellular part consists of a region with four cystein-rich domains (CRD) that serve as ligand
binding site, and the largely unstructured stalk which connects the CRD region with the
transmembrane domain. The intracellular part can be divided into the juxtamembrane and the "death
domain". The death domain contributes to the apoptotic signaling of p75 and is in differential forms
common to a class of "death receptors". p75 has a broad range of functions comprising trophic and
apoptotic effects.
Under certain circumstances, p75 activation leads to the cleavage of the extracellular domain by
alpha-secretases and the shedding of the resulting N-terminal fragment, and to the following
cleavage of the transmembrane domain by gamma-secretase. For the purposes of the present study,
the term "extended stalk" designates the stalk and its adjacent transmembrane segment up to the
gamma-secretase cleavage site (Figure 1).
Neurotrophins and their receptors
The main regular ligands of p75 are the neurotrophins; other regular ligands are the
proneurotrophins and Nogo which, however, require the cooperation of p75 with additional
receptors. The phylogenetically old neurotrophins are widely used within the animal kingdom, and
mammals express four types of them: the nerve growth factor NGF, the brain-derived neurotrophic
factor BDNF, the neurotrophin-3 NT3, and NT4/5 (NT4 and NT5 have been found to be identical).
The neurotrophins are signal proteins that are released from certain cell types into the extracellular
space and taken up by other or the same cells via the tropomyosin-related or tyrosine receptor
kinase Trk receptors and the p75 receptor (also called p75NTR or p75 LNTR). Trk receptors bind
their substrates in a relatively specific manner while p75 can bind all types of neurotrophins with
about equal affinity. TrkA binds mainly NGF and with lower affinity also NT-3, TrkB binds BDNF
and NT4/5, and TrkC binds NT-3.
Neurotrophins were investigated first in the nervous system of mice and rats where they promoted
growth and survival (hence the name "neurotrophin"). Later a number of other signal proteins with
comparable effects were identified and named "neurotrophic factors". Since then the neurotrophins
have been found in many types of tissues and cells and linked to a broad spectrum of effects.
Neurotrophin stimulation dimerizes the Trk and p75 receptors, alters their conformation and
initiates a transformation of associated membrane rafts (see III). Receptor activation leads to
interactions of the intracellular receptor domain with certain membrane-bound and cytosolic
proteins and thus triggers intracellular signal cascades which determine the receptor effects. While
the Trk receptors have a mostly neurotrophic character the receptor p75 can exert both neurotrophic
and apoptotic effects.
The neurotrophins influence proliferation, growth, survival, differentiation, cell-specific function
and regeneration. Depending on their spatial and temporal combination, the neurotrophins can act in
rather variable and complex, cell type-specific ways and facilitate an individual control of cell
populations within a complex cellular context. The variety of their effects makes it difficult to
develop a unified concept of their functionality.
Regular functions of p75 within the central nervous system
The cooperation of Trk receptors and p75 constitutes a dual growth and function control that aims at
the optimal integration of cells into their context (review Blöchl and Blöchl, 2007). This control is
achieved by a gradual shift of the workings of p75 during continued stimulation with neurotrophins,
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in contrast to the almost exclusively trophic function of the Trk receptors. The initially trophic
function of p75 turns into negative growth control which e.g. prunes outgrowing neurites or already
formed synapses. In this way p75 controls Trk-induced growth and matches the cellular shape with
the requirements of mature cell function and cellular context. Accordingly, p75 knockout mice show
a hypertrophy of cell numbers, cell size and other properties in certain brain areas. The stimulation
of p75 leads to the activation of sphingomyelinases and the production of ceramide that is essential
for both neuritogenic and apoptotic p75 signaling and that also contributes to the function shift of
p75 under continued stimulation. High concentrations of ceramide within a cell, for instance after
overstimulation of p75, can trigger apoptosis. There are two objects of p75-induced apoptosis, first
the elimination of cells that have become hypertrophic due to overstimulation with neurotrophins or
that do not express enough (survival-promoting) Trk receptors and are unable to achieve the correct
cell shape, and second the growth control of cell populations. During development, p75 might also
serve the programmed removal of tissue.
The described functionality of p75 affects mainly developmental and differentiation processes
within the nervous system. In many brain areas, p75 expression retreats to regions of high neuronal
plasticity towards the end of differentiation while in other areas such as in the NGF-dependent basal
forebrain p75 is expressed throughout life. In the mature brain, the p75 is involved in synaptic
plasticity and in the regeneration of damaged tissue where its expression is strongly upregulated and
where it participates in the repair of cell shape and neuronal connectivity.
Known pathogenic amyloid ligands of p75 and their effects via p75
The existing p75 knockout mouse lines (Exon III knockout and Exon IV knockout) still express
receptor fragments (von Schack et al., 2001; Paul et al., 2004). The Exon IV knockout mouse shows
serious defects that indicate a vital role of p75. It is therefore understandable that both receptor
deficiency and massive irregular stimulation by pathogenic ligands can harm tissues. Various
reports suggest that the p75 has a considerable pathogenic potential, i.e. that there are diseases that
are advanced by irregular activation of p75. Such diseases may include Alzheimer's disease (AD),
Parkinson's disease and Creutzfeldt-Jacob disease; the respective p75-activating ligands should be
aggregate species of Abeta, alpha-synuclein and PrPc.
The binding of aggregated Abeta and PrP106-126 (a synthetic neurotoxic fragment of PrPc) to p75
has been demonstrated (Yaar et al., 1997; Kuner et al., 1998; Della-Bianca et al., 2001). The "nonamyloid-component" of Abeta plaques, NAC, can also induce p75 activation and apoptosis
(Figures 3B,4B). The amino acid (aa) sequences of Abeta, NAC and PrP106-126 derive from the
following proteins: Abeta from amyloid precursor protein APP (695, 751 or 770 aa), NAC from
alpha-synuclein (140 aa) and PrPc106-126 from PrPc (209 aa, 23-231). APP and PrPc are expressed
by many cell types while alpha-synuclein is expressed only in the nervous system.
APP is a transmembrane protein with a short intracellular domain, and Abeta is generated from APP
in the amyloidogenic way by means of the enzymes beta-secretase (BACE1), which cleaves APP at
a distance of 28 aa from the cell membrane, and gamma-secretase, which cleaves it within the
transmembrane domain at different sites; the most important variants of Abeta have 40 or 42 aa. In
the non-amyloidogenic way, APP is cleaved by several alpha-secretases at a site between the
BACE1 cleavage site and the cell membrane (Figure 1). APP can trigger intracellular signal
cascades and cause trophic and apoptotic effects; an overview of APP processing and function can
be found in the reviews by Zheng and Koo (2006) and Thinakaran and Koo (2008). In particular,
APP participates in neurite outgrowth, cell adhesion and synapse formation. APP deficiency in APP
knockout mice is largely compensated for by the APP-related proteins APLP1 and APLP2;
nonetheless, APP knockout mice show certain neurological deficits (review Thinakaran and Koo,
2008).
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An overproduction of Abeta, which may have different causes, leads to the formation of oligomeric
and fibrillar aggregates that can damage the cells. p75 has been found to be responsible for Abetainduced apoptosis in certain cell cultures (e.g. Tsukamoto et al., 2003) and in a mouse line
(Sotthibundhu et al., 2008). Low concentrations of Abeta have mostly neurotrophic effects and
induce neurite outgrowth (e.g. Susen and Blöchl, 2005); however, these neuritogenic effects differ
slightly from neurotrophin-induced neuritogenic effects via p75. Such differences could be the
cause of aberrant neuronal connectivity reported from certain animal models of AD and partly
explain the memory loss in early AD. In recent years, a consensus has emerged that not fibrillar
aggregates of Abeta but short oligomers are responsible for AD (e.g. Kayed et al., 2003); such
oligomers may have direct toxic effects on the cell membrane, e.g. by pore formation. The
involvement of p75 in AD has been discussed in the review by Coulson (2006).
The non-aggregated prion protein PrPc, which has various neurotrophic effects, is an extracellular
protein and connected to the cell membrane by a glycosylphosphatidylinositol (GPI) anchor. Like
APP, PrPc possesses an alpha-secretase TACE cleavage site (at aa 111/112). The synthetic prion
fragment PrP106-126 has frequently been used to study the pathogenic potential of PrPc since its
homologous sequence within PrPc appears to be responsible for the aggregation and the neurotoxic
properties of the neurotoxic scrapie prion PrPSc, which is characterized by beta-sheet structures.
Although PrPc has no intracellular domain it has been attributed signaling functions that might be
mediated by as yet unknown interaction partners; some researchers postulate that PrPc interacts
with a receptor and modulates its signal transduction. An overview of PrPc functions is given in
recent reviews (Westergard et al., 2007; Sakaguchi, 2007; Zomosa-Signoret et al., 2008). Though
the synthetic fragment PrP106-126 binds to p75 nothing is known about an interaction between p75
and PrPc.
The activation of p75 by NAC suggests that alpha-synuclein (aSyn) might bind to p75. Most
researchers view aSyn as a cytosolic protein which in mature neurons is concentrated in
presynapses; it has chaperone effects and influences the transport and release of neurotransmitter
vesicles. However, the protein is also secreted (Lee et al., 2005; Fortin et al., 2005) and might
interact with receptors. The homologous sequence of NAC within aSyn is responsible for the
aggregation of aSyn. Aggregated NAC has been found in Abeta plaques, hence the name "nonamyloid-component". The formation of NAC is unclear; NAC within Abeta plaques might represent
a non-cleavable core complex. As with PrPc nothing is known about a direct interaction of aSyn and
p75. This makes it rather improbable that PrPSc and aggregated aSyn bind directly to p75 and
activate it but does not preclude an indirect interaction with p75 (see III.B,C).
Despite a lack of information it can be assumed that amyloid pathogenic ligands of p75 activate the
receptor in a continued and substantial way and modulate its signaling. Such irregular stimulation
alters the cell shape (and in particular the connectivity of the cell) and some cell functions (e.g. the
synaptic function) and may eventually lead to cell death.

II. The two binding sites of p75 for Abeta. A novel therapeutical approach to
neurodegenerative diseases
Since p75 plays a potentially important role in Alzheimer's disease it seems natural to develop drugs
and procedures that might control the effects of amyloid aggregates via p75.
Known approaches to preventing p75-induced toxic effects of amyloid aggregates
As far as the causal factors of AD are linked to Abeta, they can be grouped in factors leading to the
pathological production and accumulation of toxic Abeta, and in harmful Abeta-driven mechanisms
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such as receptor-induced apoptosis, overreaction of the immune system, oxidative damage and
homeostatic imbalance e.g. of metal ions. Known approaches to preventing Abeta accumulation
and/or to inhibiting injurious mechanisms are the removal of accumulated Abeta by antibodies or by
active immunization, or the downregulation of Abeta production by suitable measures (e.g.
inhibition of beta- and gamma-secretase), or the attenuation of injurious effects of Abeta, or the
strengthening of neurotrophic mechanisms (e.g. by application or modification of neurotrophic
factors). In analogous ways, such approaches are applicable to all amyloidopathic diseases. An
overview of current approaches to neutralizing or removing toxic Abeta oligomers can be found in
the review by Walsh and Selkoe (2007). A disadvantage of such attempts is that they treat Abeta
aggregates and especially oligomers as principally detrimental and do not take into account the
potential physiological functions of Abeta oligomers. These approaches affect the receptor p75 only
indirectly; a direct way of using the Trk and p75 receptors to control Abeta toxicity is the
development of peptidic and non-peptidic substances that reduce the affinity of p75 for Abeta or
influence the signal transduction of neurotrophin receptors (see e.g. Pehar et al., 2006; Yaar et al.,
2007). Attempts to modify neurotrophin signaling have been reviewed by Longo and Massa (2004)
and Longo et al. (2007). They alter the normal functions of p75 (and Trk receptors) and are
problematic insofar as the functions of p75 significantly influence differentiation, mature function
and regeneration of neurons and as these functions are regulated in very complicated ways.
Nonetheless, they are an attractive option if one considers the influence of neurotrophins and their
receptors on neuronal plasticity; there are hints, for instance, that overproduction and toxic effects
of Abeta in cholinergic brain areas might be controlled by stimulation or upregulation of TrkA
receptors (see III.A). The complexity of neurodegenerative diseases, however, makes it doubtful
whether such a disease can be stopped by a single measure alone, especially in later phases with
increased inflammation.
The "upper binding site" of p75 for Abeta
It is generally assumed that Abeta specifically binds to p75 only in the CRD region of the receptor
that also binds the neurotrophins. Three publications reported a binding of Abeta to this region
(Yaar et al., 1997; Kuner et al., 1998; Yaar et al., 2002). According to them both Abeta monomers
and aggregates can bind there, with monomers having higher affinity to p75 than aggregates; in the
experiments of the mentioned research groups, p75-bound Abeta could be replaced by NGF. The
neurotrophin binds the p75 as a dimer and thereby dimerizes the receptor (Aurikko et al., 2005;
Gong et al., 2008). For the sake of brevity the designation "upper binding site" is used throughout
this study for the binding site for Abeta within the CRD region of p75.
The extended stalk of p75 has a specific binding site for Abeta.
Experiments with a mutant of p75 ("stalk mutant"), which lacks the CRD region, demonstrated that
"aged" Abeta can activate this mutant (Figure 2); Abeta is aged by dissolving powdered Abeta in
water or a suitable medium and by agitating the solution at room temperature over a certain time.
The fact that activation of wildtype p75 by Abeta can be totally prevented by certain fragments of
the p75 stalk (Figures 3,7) is here taken as evidence of the specificity of the binding of Abeta to the
p75 stalk. Such binding was not seen by Yaar et al.(1997) and Kuner et al. (1998) probably because
endogenous Abeta in the used cells masked the stalk binding site, and because (in the study of Yaar
et al.) the concentration of radioactively labeled Abeta monomers was too low to replace the p75bound, presumably membrane-anchored endogenous Abeta. Therefore two binding sites of p75 for
Abeta must be assumed, the upper binding site and the "stalk binding site". APP, too, has two
binding sites for Abeta, the homologous sequence of Abeta within APP (Shaked et al., 2006) and a
second site nearer the N-terminus of APP (Van Nostrand et al., 2002). The masking endogenous
Abeta in the cells used by Yaar et al. (1997) and Kuner et al. (1998) obviously did not activate p75
while aged Abeta activated both wildtype p75 and stalk mutant (Figure 2); hence it was aggregated
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Abeta that activated the stalk mutant, and monomers or non-beta-sheet oligomers that masked the
stalk binding site. Consequently, all forms of Abeta may bind to the stalk binding site, through
direct or indirect interaction. Yaar et al. (1997) suggested that p75 activation by aggregated Abeta is
caused by crosslinking. Apparently, such activation can be mediated by both Abeta binding sites of
p75.
Position of the stalk binding site within p75
The prevention of p75 activation by aged Abeta through the administration of two disjunct peptide
stalk fragments from the juxtamembrane stalk region of p75 indicates that these fragments overlap
with the stalk binding site for Abeta. The parallel alpha- and gamma-secretase cleavage sites within
p75 and APP and the idea of a membrane-anchored Abeta bridge between p75 and APP (see below)
suggests that at least part of the stalk binding site for Abeta is enclosed by the aa sequence interval
F between the two cleavage sites of p75. The binding site may stretch across the TACE cleavage
site of p75 since F and one of the tested stalk fragments (P2) that inhibit p75 activation by Abeta,
should be disjunct according to the report by Zampieri et al. (2005). If this is the case, TACE
cleavage of p75 should not be hindered by stalk-bound Abeta; alternatively, the (sequence- and
structure-dependent) location of the TACE cleavage site(s) might vary according to the binding of
proteins to p75. Under certain circumstances, p75 undergoes proteolysis by alpha- and gammasecretase and F is split off. It is unknown if F has a natural function upon p75 proteolysis or if it is
degraded. Similar to Abeta which is produced through consecutive cleavage of APP by beta- and
gamma-secretase, unbound F might be released from or remain anchored in the membrane (cf.
Bokvist et al., 2004) while Abeta-bound F should be degraded. Because of its affinity to Abeta, free
released F might serve as a scavenger for Abeta, direct bound Abeta to degradation mechanisms and
so contribute to the regulation of Abeta levels. As p75 activation by neurotrophins and Abeta
stimulates the expression of APP and the production of Abeta (see III.A), the neutralization of
excess Abeta by F might represent a kind of negative feedback regulation.
Interestingly, both p75 knockout mouse lines (Exon III and Exon IV knockout) express p75
fragments that still contain the stalk binding site for Abeta or the greater part of it and that should be
able to induce signal transduction and apoptosis (cf. Paul et al., 2004), e.g. through spontaneous
dimerization or stalk-crosslinking by amyloid aggregates.
Neutralization of amyloid aggregates through derivatives of the stalk binding site
The use of peptide fragments (or derivatives or mimetics) of the stalk binding site for the
neutralization of toxic proteins binding either directly or via Abeta to this site, is a novel
therapeutical approach. Such derivatives should on the one hand suppress the Abeta-induced p75
activation and on the other hand not significantly affect the neurotrophin-induced, physiological
p75 activation (Figure 3). The main reason for the latter property is the distance of the stalk binding
site from the neurotrophin ligand-binding site within the CRD region. At a concentration of 10 nM,
the stalk fragment P1 used in the experiments did not affect p75 activation by NGF whereas a
concentration of 100 nM slightly reduced it (Figure 3A), indicating perhaps a weak affinity of the
peptide to the upper binding site for Abeta or a certain stickiness of the peptide at this concentration.
The stalk binding site has been subjected to evolutionary optimization and should be tuned to the
regular physiological functions of p75 and Abeta, especially to the hypothesized Abeta-mediated
crosslinking of p75 with certain proteins. Accordingly, free F should not affect these functions, if it
has natural uses. Evolution should have adapted both the position of F within p75 and the binding
properties of F. The overlap of F within p75 and the Abeta-homologous sequence within APP with
the respective transmembrane domains of p75 and APP might aim at the exclusive or preferential
binding of membrane-anchored Abeta monomers (or oligomers) to the p75 stalk. This would require
soluble Abeta monomers to first interact with the membrane before binding to the p75 stalk and
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give membrane-anchored Abeta monomers a binding advantage over floating Abeta monomers. The
overlap serves also other purposes, such as the anchoring of Abeta monomers in the membrane, the
stability of an Abeta-mediated connection between p75 and APP and their associated rafts, and the
clustering of these rafts. As detailed in section III, the formation of such a connection should be
catalyzed by raft components and processes and not be liable to interruption by natural soluble
Abeta-binding proteins such as (perhaps) free F. From similar reasons, soluble derivatives of the
stalk binding site at sufficiently low concentrations need not prevent the binding of membraneanchored Abeta monomers to the p75 stalk or the oligomerization of p75-bound membraneanchored Abeta. In contrast, possible physiological functions of soluble Abeta might be impaired by
concentrations of stalk derivatives that exceed the concentration of naturally released F. Regarding a
therapeutical application of such stalk derivatives, it is of critical importance to determine suitable
concentrations of them, also because such derivatives might clot at higher concentrations. The
observation that low concentrations of stalk fragments (0.1 - 10 nM) suppressed higher
concentrations of aged Abeta (25-100 nM) indicates that relatively few binding faults on amyloid
aggregates are sufficient to prevent p75 crosslinking by such aggregates (see also Concluding
remarks, last paragraph).
Experiments
Materials, Methods and Figures can be found below the references. Abeta-mediated p75 activation
via the stalk binding site was demonstrated in MDCK cells that lack endogenous p75 and that have
been transfected with a p75 mutant comprising stalk, transmembrane and intracellular domains (aa
197-425, "stalk mutant"; cf. Figure 1). p75 activation was ascertained by determining the ratio of
activated Ras to the control (Blöchl et al., 2004). The Ras assay represents a reliable test of p75
activation; nonetheless this has been ignored, which may be one of the reasons why the role of p75
in amyloidopathic diseases has been investigated insufficiently and why the stalk binding site has
not been detected earlier. Stimulation of the cells with the stalk mutant with aged Abeta or NAC
induced clear Ras activation while stimulation with NGF elevated the background level only
slightly (to 172% of the control; one of four values was not in line with the others; the mean without
this value is 128%; Figure 2). Stimulation of control cells transfected with a p75 mutant lacking the
intracellular domain did not activate Ras. The peptide stalk fragment P1 that is homologous to aa
242-251 of the p75 sequence (at a concentration of 10 nM) slightly increased the background level
of activated Ras in cells with wildtype p75 and prevented wildtype p75 activation by Abeta (25 nM)
and NAC (100 nM) whereas NGF-induced Ras activation essentially remained unaffected (Figure
3B). Possible objections to this demonstration of a specific stalk binding site for Abeta might be the
potential presence of wildtype p75 in the MDCK cells with the stalk mutant, a blocking of the upper
binding site for Abeta by P1 in the cells with wildtype p75 and unspecific binding of Abeta to the
p75 stalk. The latter possibility can be excluded because of the virtually total prevention of p75
activation by the tested stalk fragments. The expression of wildtype p75 (in the cells with the stalk
mutant) was undetectable by the p75 antibody MC192 that is directed against the CRD region
(which is not present in the stalk mutant). Further, Abeta-induced Ras activation through the
presence of wildtype p75 should have been accompanied by an according NGF-induced Ras
activation which was not observed; besides, a slight expression of p75 should not really matter.
Blocking of the upper binding site for Abeta might indeed occur since P1 at 100 nM reduced Ras
activation by NGF (Figure 3A); such obstruction might be caused by clotting of P1. This objection,
however, cannot explain the Abeta-induced Ras activation via the p75 stalk mutant.
An Abeta concentration of 25 nM was sufficient to trigger moderate apoptosis after 48h stimulation
of the used cell cultures. The Ras binding site within the death domain of p75 can be specifically
blocked by a small peptide (ip75RBD), which was used to show that Ras activation is necessary for
p75-induced apoptosis (Egert et al., 2007), in agreement with the finding of Perini et al. (2002) and
Costantini et al. (2005b) that the death domain participates in Abeta-induced apoptosis via p75.
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Therefore, a suppression of Abeta-mediated p75 activation by the tested peptides indicates that the
peptides should prevent apoptosis as well. Such prevention was demonstrated for P1 in PCNA cells
with the MTT survival assay and in cerebellar neurons of the rat (stage postnatal day 2) with the
TUNEL apoptosis assay (Figure 4). To investigate a possible influence of the stalk fragment P1 on
the NGF-induced neurite outgrowth, P1 was applied to cerebellar neurons at a concentration of
1 nM. As the effects of p75 on neurite outgrowth change with continued stimulation from a
positively neurotrophic character to partly negative growth control (with neurite pruning; review
Blöchl and Blöchl, 2007), only short-term effects were investigated that were determined after a
stimulation of 2 minutes. For controls and NGF-stimulated cells, the results did not show significant
alterations relative to the control (Figure 5) whereas Abeta- and NAC-induced outgrowth was
suppressed by P1. Summarizing it can be said that peptide P1 prevents the Abeta-induced p75
activation and a resulting apoptosis while NGF effects via p75 seem to be largely unaffected.
However, P1 elevates sphingomyelinase activity by about 40% on average (Figure 6) which should
cause slight Ras activation and outgrowth in unstimulated cells and add to stimulation effects. This
might indicate that P1 has a slightly activating effect on sphingomyelinase and consequently that
the (dimerized) p75 stalk directly participates in sphingomyelinase activation (through the
homologous sequence of P1).
The second tested stalk fragment P2 consists of aa 230-239 of the p75 sequence and an appended
alanine. It halved the background level of activated Ras of the control, presumably by inhibition of
spontaneous p75 dimerization, and prevented Ras activation after stimulation with Abeta
(Figure 7A). While the TUNEL assay in cerebellar neurons ascertained the prevention of Abetamediated apoptosis by P2, the MTT survival assay showed no or a slightly reduced effect; this was
probably due to an experimental problem as p75-induced apoptosis requires activated Ras and P2
suppressed the Abeta-mediated Ras activation. The third tested peptide P3 consists of aa 196-253 of
p75 and additional 12 aa that resulted from the cloning procedure and are not related to p75. The
data obtained with P3 agree with the results for peptide P2 (Figure 7). P3 did not show a significant
elevation of sphingomyelinase activity (Figure 6). The results insinuate the possibility to derive
peptides from the stalk binding site that might unite the positive features of peptides P1 and P2.
Resources for the development of therapeutically effective stalk derivatives, and potential
applications of suitable derivatives
Peptide fragments of the stalk binding site of p75 that can neutralize toxic aggregates of Abeta
might be modified for the binding of aggregates of other amyloidogenic proteins, if such aggregates
interact with p75-bound Abeta or directly with p75 and activate p75 receptors by crosslinking them
(see Concluding remarks). Therefore, it should be possible to develop substances (named "antiamyloid stalk derivatives") that are derived from the extended stalk of p75 and that prevent or
greatly reduce the effects of certain toxic amyloid aggregates via p75 and simultaneously leave p75mediated NGF effects essentially unaffected. Beside a suitable substance base a standardized
selection assay is required for such development that tests if a substance meets simplified, testable
versions of the just defined criteria.
Appropriate substances for the development of anti-amyloid stalk derivatives include
- fragments (of reasonable length) of the extended stalk of p75 (or the approximate stalk binding
site for Abeta);
- derivatives of such fragments, especially derivatives with replaced, deleted, inserted or artificial aa
or with modified functional groups, covering also differential p75 stalk sequences;
- derivatives fused to other chemical compounds;
- derivatives optimized for properties like resistance to degradation or delayed clearance within the
human body;
- mimetics of these derivatives, if peptidic or (partly) non-peptidic.
8

The required selection assay tests if a substance matches the suitability criteria. The assay
comprises the following components:
a) suitable cell cultures expressing wildtype p75 in measurable quantities, but not the TrkA receptor;
suitable cells are e.g. cerebellar neurons from 2 day old rats, or PCNA cells, or MDCK cells
transfected with wildtype p75..
In such cultures p75 activation by amyloid aggregates and the prevention of this activation by a test
substance can be investigated by means of an appropriate Ras assay that determines the amount of
activated Ras. Further, the p75 activation by NGF (at the usual concentration of 100 ng/ml) can be
measured and how it is influenced by the test substance.
b) suitable cell cultures, transfected with a p75 mutant with full extracellular and lacking
intracellular domain, that is anchored in the cell membrane; such cells must not express wildtype
p75 that is detectable by the antibody MC192. The p75 mutant serves as a negative control if the
amyloid aggregates from a) indeed activate Ras via p75.
c) cell cultures, amyloid aggregates and test substance as in a).
Here the cultures are used to determine apoptosis and cell survival by TUNEL and MTT assays
respectively. Apoptotic stimulation with NGF may be used as a negative control that should not be
influenced by the test substance.
Prior to all tests, the culture medium has to be exchanged for serum-free, defined B18 medium
(Brewer and Cotman, 1989). Technical details can be taken from "Materials and Methods". Since
the death domain-mediated Ras activation by p75 is necessary for p75-induced apoptosis (Egert et
al., 2007), the results from a) may serve to control the results from c) and vice versa.
The selection assay permits for each amyloidogenic protein to determine if aggregates of this
protein can activate the p75 and trigger apoptosis and if derivatives of the extended stalk of p75
might prevent such p75 activation and apoptosis. In positive cases it is possible to determine a class
of substances that are derived from the extended stalk and that meet the selection criteria. The
theoretical model presented in section III predicts that these classes should be largely identical due
to the (direct or Abeta-mediated) binding of amyloid aggregates to the (same) stalk binding site of
p75; nonetheless, there might be optimizations specific to the respective amyloidogenic protein.
Anti-amyloid stalk derivatives might be used therapeutically when toxic aggregates of an
amyloidogenic protein cause damage by irregular activation of p75. Degenerative amyloidopathic
diseases involving the receptor p75 might include Alzheimer's and Parkinson's disease, prion
diseases, ALS, type 2 diabetes mellitus and other degenerative diseases but the present knowledge
about the role of p75 in degenerative diseases is too scant to prove that. A likely objection to this
therapeutical approach is that Abeta can bind to many molecules and any binding site might serve as
a source of anti-amyloid substances and that similar approaches obviously have failed. However,
the interaction of pathogenic amyloid aggregates with the Abeta stalk binding site of p75 might
represent a central amyloidopathic mechanism (see Concluding remarks), and its specific
prevention by anti-amyloid stalk derivatives should be worth a try.
Anti-amyloid stalk derivatives might also be used for the detection of amyloidogenic proteins and
their aggregates, e.g. for chromatographic purification or for the coating of wells in sandwich
ELISA tests. The production of simple anti-amyloid stalk derivatives should be much cheaper than
the production of antibodies. Starting from technical applications, stalk derivatives might be used
for the diagnosis of amyloidopathic diseases if such a disease can be diagnosed by determining the
concentration of amyloid aggregates in blood or cerebro-spinal fluid samples.
Degenerative amyloidopathic diseases cause immense personal suffering and considerable
economic losses. The presented therapeutical approach is directed against an injurious mechanism
that presumably is common to several such diseases, and the described resources may be used
freely. Hopefully, this will accelerate the development of effective and economic therapies.
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III. The Abeta-mediated interaction of p75 with amyloidogenic proteins and
their pathogenic aggregates
For several years the opinion has been voiced that most degenerative amyloidopathic diseases have
essential injurious mechanisms in common. The following hypothesis, named "cooperation model
of p75", attempts to describe such a mechanism as an Abeta-mediated, physiological cooperation of
p75 with certain partners that has gone awry in certain amyloidopathic diseases.
The role of membrane rafts in receptor signal transduction
The p75 receptor, APP and PrPc regularly associate with membrane rafts, i.e. they are embedded in
such rafts or located in the vicinity of rafts. Their signaling effects and a possible cooperation of
p75 with APP and PrPc are fundamentally influenced by rafts. Therefore a brief description of rafts
might benefit the understanding of the cooperation model.
Membrane rafts are very small membrane microdomains that contain mainly sphingolipids,
glycosphingolipids, cholesterol and saturated phopholipids and glycerophospholipids. Because of
possible artefacts due to different methods of isolating and purifying natural rafts, their chemical
composition is still under discussion (review Brown, 2006). The rafts can display different ordering
states: an unordered phase (liquid disordered phase, ld phase) with accidental trans-gauche
conformation of acyl chains and high mobility of lipids, a liquid ordered phase (lo phase) with
densely packed but mobile lipids, and a gel phase with densely packed parallel lipid acyl chains
(review Grzybek et al., 2005). The tight packing of sphingolipids and cholesterol causes a
separation of microdomains that are rich in these lipids; such microdomains are thicker than the
surrounding lipid matrix due to the long side chains of sphingolipids. Rafts are dynamic, continually
changing structures that can strongly differ in their composition of lipids, lipoproteins and proteins
and in their functionality.
Some receptor types are embedded in membrane rafts while others do not associate with them until
they are stimulated. Raft-associated receptors and GPI-anchored proteins usually are integrated into
suitable rafts within the Golgi apparatus. Conformational alterations of raft-associated proteins upon
ligand binding are possibly influenced by the lateral pressure profiles of rafts which are rather
different from pressure profiles in non-raft areas (Cantor, 1997; Niemelä et al., 2007). Stimulation
of raft-associated receptors induces a transformation of the surrounding rafts and an aggregation or
coalescence of the resulting rafts to a larger, stable signaling platform where the previously
distributed stimulated receptors are clustered. A reduction of cholesterol can reduce the clustering
drastically. Clustering reorganizes the receptors and their signal-transducing mechanisms in a way
that optimizes the signal transduction and resulting structural changes within or near the membrane
(cf. Gulbins and Li, 2005); it also may initiate or stabilize conformational changes of the receptors
and facilitate the transactivation of receptor-associating enzymes (Grassmé et al., 2007). Clustering
synergistically amplifies receptor effects and is presumably necessary for the generation of a
distinct signal. Certain receptor types, which in their unstimulated state do not associate with rafts,
can be translocated into rafts after stimulation, for instance the B cell antigen receptor (review
Gupta and DeFranco, 2007). The responsible mechanisms are still unclear; phosphorylation and
conformational adjustment of the activated receptors might increase their affinity to rafts.
Raft clustering and coalescence depends on the production of ceramide (reviews Cremesti et al.,
2002; Gulbins and Li, 2005), which can be effected e.g. by de novo synthesis or hydrolysis.
Stimulation of certain receptors activates sphingomyelinases that catalyze the hydrolysis of
sphingomyelin to ceramide and other products. Sphingomyelinase activation may build up in a
feedforward process (Zhang et al., 2007): After stimulation of the death receptor Fas little acid
sphingomyelinase is activated initially supporting the generation of superoxide by NADPH oxidase
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that in turn activates more sphingomyelinase and so increases sphingomyelinase activity and
ceramide production; sphingomyelinase and NADPH oxidase activity amplify each other. The basal
activity of Src kinases may initiate this process or participate in it (review Gupta and DeFranco,
2007). Ceramide production through sphingomyelinases leads to high local concentrations of selfaggregating ceramide molecules that replace cholesterol and form ceramide-rich microdomains. It
induces an enlargement of the originally very small rafts and their aggregation or coalescence (cf.
Johnston and Johnston, 2006; Probodh and Johnston, 2008). An increase in ceramide within a
membrane leaf can extend to the other leaf by flip-flop of ceramide molecules. Densely packed
ceramide causes negative membrane curvature, and ceramide-rich domains are thicker than the
surrounding raft areas and the lipid matrix outside the rafts. Such domains can recruit molecules
(e.g. Src kinases) that are required for the signal transduction, and/or expel inhibitory molecules
from the rafts; cholesterol, too, may play a role in the recruitment of signaling molecules. To
summarize, ceramide-rich microdomains serve the clustering of rafts and receptors and optimize the
molecular composition of rafts for signal transduction; ceramide can also contribute directly to
signal transduction by interacting with enzymes and ion channels (review Grassmé et al., 2007). In
particular, the ceramide resulting from p75 stimulation and sphingomyelinase activation causes p75
clustering and signal amplification and modulates the signal transduction of the receptor; besides, it
has various other effects such as an elevation of Abeta production through the stabilization of
BACE1 (Puglielli et al., 2003).
The formation of large signaling platforms by clustering and coalescence of membrane rafts
requires the breakdown of cytoskeletal barriers between the small elementary rafts and the
uncoupling of membrane rafts from the cytoskeleton; unstimulated rafts are kept in a dispersed state
by these barriers and by links to the actin cytoskeleton (review Gupta and DeFranco, 2007). The
unstimulated cell membrane is divided up into compartments with diameters ranging from 30 to 230
nm. The frontiers of such compartments (fences) are constituted by rows of transmembrane proteins
(fence posts or pickets) which are connected to the actin cytoskeleton below the membrane.
Transmembrane proteins can move freely and quickly within these corrals but need several
milliseconds to cross the barriers (hop diffusion). Activated raft-associated receptors induce a local,
transient detachment of the underlying meshwork of actin filaments from membrane components
involving actin de- and repolymerization and thus facilitate the aggregation and coalescence of
rafts. In the case of the B cell antigen receptor the uncoupling of membrane rafts and cytoskeleton is
effected by the dissociation of the protein Ezrin from rafts and cytoskeleton (Gupta et al., 2006).
Molecular composition and movement of small rafts and interactions of raft components with other
cellular components are very dynamic. Molecules that participate in receptor signaling have to be
arranged in a spatially and temporally stabilized layout to facilitate regulated interactions between
them and intracellular pathways. A recent investigation on GPI-anchored receptor clusters tracking
their movements within the membrane illustrates this dynamics and the necessity of stabilization for
the ordered process of signal transduction (Suzuki et al., 2007a; Suzuki et al., 2007b). Crosslinking
of CD59 receptors by means of antibody- or Fab-coated gold particles generates small receptor
clusters (with associated rafts or raft clusters) which alternate between periods of Brownian
movement (within corrals) and 0.57s long periods of fixation (STALLs). A STALL is initiated by
the G-protein Galphai2 and the Src kinase Lyn, which are recruited temporarily; the recruitment of
the G-protein presumably leads to the activation of Lyn and thereby induces the STALL by fixation
to actin filaments. During the STALL phase recruited PLCgamma2 catalyzes the production of IP3
which diffuses to the endoplasmatic reticulum and triggers the release of Ca2+ ; the addition of
many short individual signal bursts produces the protracted bulk signal. A large CD59 cluster
should recruit many Lyn molecules without extending their residency times and be immobilized
through many transient links to the actin cytoskeleton. The recruitment of Lyn to CD59 clusters
very probably depends on raft components, since cholesterol depletion virtually prevents Lyn
activation and the signaling process altogether; GM1 gangliosides too are recruited by the CD59
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clusters. In analogy to the spatial and temporal stabilization of raft-associated and cytosolic
signaling components, the interaction between different rafts has a time-critical aspect (Kusumi and
Suzuki, 2005); the stimulation of raft-associated receptors by ligands or crosslinking may stabilize
raft interactions and trigger raft coalescence.
In the present study, receptors (or receptor-like proteins) and their associated rafts are regarded as
functional units. Receptor activation and raft transformation work hand in hand to produce signal
transduction. If, for instance, the generation of ceramide by neutral sphingomyelinase is blocked
then NGF-stimulated p75 can neither induce neurite outgrowth nor apoptosis (Brann et al., 1999;
Brann et al., 2002). Conversely, forced raft transformation by cholesterol depletion or by ceramide
enrichment can induce the shedding of the Interleukin-Rezeptor IL-6R (Matthews et al., 2003) and
thereby trigger receptor effects (Vermes et al., 2002). Significant cholesterol depletion of rafts and
an overall increase in cellular ceramide by UV radiation of melanoma cells alter the composition of
rafts and induce ligand-independent Fas aggregation and caspase-8 activation (Elyassaki and Wu,
2006) leading to sphingomyelinase translocation and activation (Grassmé et al., 2003). This
indicates that the ability of transformed rafts to recruit signal-promoting and to expel signalinhibiting molecules can cause receptor aggregation and activation. Increased ceramide from rafts
may also enter the cell and interact directly with signaling enzymes of the raft/receptor-associated
signaling apparatus and start signal transduction; the application of ceramide (or of recombinant
sphingomyelinase, unpublished result of A. Blöchl) to neurons, for instance, can induce Ras and
ERK activation (Susen et al., 1999) and neurite outgrowth. Considering the influence of raft com
position on receptor aggregation and signaling it appears possible that in certain cases a forced
stabilization of raft interaction alone may suffice to start raft transformation, arrange the signal
mechanisms of associated receptors in functional order and cause receptor activation; such stabiliza
tion might be effected e.g. through the crosslinking of p75 stalks by Abeta (proto)fibrils, as the
activation of the p75 stalk mutant by aged Abeta suggests (Figure 2). A proximity-induced receptor
activation of this kind may require the receptor-associated signalosom to support the build up of raft
transformation, for instance by ROS generation (as is the case with Fas and most probably also with
p75). Neurotrophin-activated p75 dimers together with their associated transformed rafts might be
able to transactivate APP, that has been linked to them by Abeta, via activated Src kinases and ROS.

A. Cooperation model for p75 and APP
This cooperation model says that Abeta-mediated crosslinking can induce a neurotrophin-controlled
direct cooperation of p75 and APP.
Facts and heuristic considerations hinting at a close cooperation of p75 and APP
p75 and APP show similar functionality, especially regarding neurite outgrowth and cell motility,
synapse formation and synapse function.
Neurite outgrowth, cell motility and cell migration
In neuronal differentiation, Trk and p75 receptors exert a dual growth control aiming at the optimal
integration of the cell into its cellular context. Simplifying it can be said that Trk receptors have an
almost exclusively neurotrophic character that can be supported or negatively controlled by p75.
The p75 is required for normal NGF-dependent neurite outgrowth from adult sensory neurons
(Kimpinski et al., 1999); as the (activating) p75-antibody MC192 suppresses this outgrowth the p75
is believed to act as a helper of TrkA in such neurons. p75 can also promote neurite outgrowth on its
own (Yamashita et al., 1999), which is of importance when the specific Trk receptor for a present
neurotrophin is not available or when the ratio p75/Trk is strongly in favor of p75. During continued
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stimulation, the growth-promoting phase of p75 activity is followed by negative growth control
which e.g. induces a pruning of primary neurites; such pruning uses elements of the Notch pathway
(Salama-Cohen et al., 2005). The influence of p75 on neurite outgrowth is particularly evident in
growth cones where the stimulated p75 increases number and length of filopodia (Gehler et al.,
2004). This effect is caused by the synergistic inactivation of Rho and activation of Ras; ceramide,
which is generated by sphingomyelinase upon p75 stimulation, is required as well (review Blöchl
and Blöchl, 2007). TrkA and p75 cooperate in growth cones such that p75 regulates number and
length of filopodia and the exploration of the environment by filopodia; upon contact with an NGF
source TrkA induces the stabilization of the contacting filopodium and a reorganization of the local
cytoskeleton that results in the turning of the growing neurite towards the contact and the
consolidation of the contact (Gallo et al., 1997). The repulsive response of neurites to inhibitory
guidance cues might involve p75 and Trk receptors in an analogous manner (cf. e.g. Tuttle and
O'Leary, 1998).
Like p75 and Trk receptors, APP and its cytosolic adapter protein FE65 can be found within growth
cones and synapses and colocalize with Mena, a protein regulating actin dynamics (Sabo et al.,
2003). Especially actin-rich lamellipodia show high concentrations of APP and FE65; filopodia, too,
contain APP and FE65 (Sabo et al., 2003). Together with filopodia, lamellipodia mediate the
crawling movement of growth cones towards chemically attractive objects. Lamellipodia activity at
dendritic tips is highly increased after application of recombinant sAPPalpha, the soluble shed part
of APP (Quast et al., 2003). The inhibition of APP expression distinctly reduces neurite growth in
embryonic cortical neurons (Allinquant et al., 1995) and leads to a loss of neurites in differentiated
PC12 cells (Luo et al., 2001) while addition of APP (soluble and membrane-bound) increases
neurite length and branching in PC12 cells without affecting neurite numbers (Milward et al., 1992;
cf. also Wallace et al., 1997). Neurite outgrowth in NGF-stimulated PC12 cells requires threonine
phosphorylation of the intracellular domain of APP (Ando et al., 1999). Like p75, APP can exert a
kind of negative growth control, for instance on the branching of neurites; this requires its interaction with the cytosolic adapter FE65 (Ikin et al., 2007). Altogether it may be assumed that the
activities of TrkA, p75 and APP in NGF-stimulated growth cones are fine-tuned to each other. In
agreement with the influence of p75 and APP on growth cone activity, the two proteins play a role
in cell motility and cell migration (e.g. Bentley and Lee, 2000; Sabo et al., 2001; Young-Pearse et
al., 2007).
The negative growth control exerted by p75 and APP probably uses some elements of Notch
signaling. Notch transfection inhibits neurite outgrowth in primary hippocampal neurons and leads
to neurite regression in differentiated neurons (Berezovska et al., 1999); in PC12 cells,
constitutively active Notch decreases neurite length and number upon NGF stimulation (Levy et al.,
2002). Stimulation of p75 by NGF or stimulation of Notch depresses the expression of Neurogenin3
and thus negatively regulates neurite formation, and also favors inhibitory GABAergic
synaptogenesis (Salama-Cohen et al., 2006). But although activated p75 can upregulate Hes1/5
mRNA (Salama-Cohen et al., 2005), Notch or Notch-regulating proteins do not bind to p75. APP,
on the other hand, is known to bind Notch1/2 (Fassa et al., 2005; Oh et al., 2005; Chen et al., 2006),
and the intracellular domain of Notch1 is a negative regulator of intracellular APP signaling (Kim et
al., 2007). Notch-regulating proteins such as Numb and Numb-like, too, bind to APP and its
intracellular gamma-secretase cleavage product (Roncarati et al., 2002). Similar to p75, APP can
upregulate Hes1 (Fischer et al., 2005). Taken together, these results suggest that the negative growth
control by p75 might partly rely on a direct cooperation of p75 with APP.
Synapse formation and synapse function
Developmental synaptogenesis and mature synaptic plasticity are regulated by neuronal activity and
by other factors that operate within larger spatial and temporal frames. The dual developmental
control by Trk and p75 receptors certainly influences the formation, stabilization and pruning of
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synaptic contacts. The dogma that p75 is not expressed in most areas of the brain may have been
caused by an inadequate sensitivity of earlier detection methods. Some recent studies (e.g. Counts et
al., 2004; Woo et al., 2005) suggest, however, that the p75 is active in neurite terminals of many
brain regions. The contradicting views may be reconciled by the concept that p75 expression
retreats to structures with high neuronal plasticity towards the end of development, while it is
upregulated extensively during regeneration.
The available information on p75 function at the synapse is fragmentary. Presynaptically, the p75
e.g. promotes the release of dopamine from substantia nigra neurons (Blöchl and Sirrenberg, 1996)
and of acetylcholine and glutamate from certain cholinergic neurons expressing different
neurotransmitter phenotypes (Huh et al., 2008). Postsynaptically, the p75 can induce dendritic
arborization (Gascon et al., 2005). However, p75 knockout mice display increased spine density and
greater dendritic complexity in pyramidal neurons of the hippocampus than mice with wildtype p75
while p75 overexpression reduces dendritic complexity and spine density (Zagrebelsky et al., 2005).
This indicates that p75 can exert a negative control on the number of synaptic contacts which could
be mediated by both morphogenetic properties of p75 and activity-controlled attenuation of
postsynaptic currents. Indeed, NMDA receptor-mediated currents in postsynapses of the basal
forebrain can probably be quickly reduced by activated p75 (Sandoval et al., 2007). p75 elevates the
expression of the NMDAR subunit NR2B and consequently the density of NMDAR with NR2B
(Woo et al., 2005). It also downregulates the expression of AMPA receptor subunit GluR2 and
upregulates GluR3 (Rösch et al., 2005) and thereby influences the density of AMPAR with such
subunits. Extended stimulation of p75 might cause an increased endocytosis and a shortage of
AMPAR and thus weaken AMPA- and NMDAR-mediated currents (see discussion in Rösch et al.,
2005) which could lead to spine loss. Morphogenetically, the p75 might influence the synaptic
structure through the Notch pathway since activated p75 upregulates Hes1/5 mRNA (Salama-Cohen
et al., 2005). Stimulation of the Notch pathway by p75 can also increase the number and strengthen
the influence of inhibitory GABAergic synapses (Salama-Cohen et al., 2006). Since the p75
regulates long-term depression (LTD) of glutamatergic synapses (Woo et al., 2005), which is linked
to NR2B-containing NMDAR (Liu et al., 2004; Massey et al., 2004), and as LTD can be suppressed
by the blocking of inhibitory GABAergic inputs (cf. Watanabe et al., 2007), LTD might be
influenced by a stimulation of the Notch pathway through p75; there are, however, other results by
(Pavlov et al., 2004) that regard metabotropic receptors and not GABA-A receptors as responsible
for LTD induction at later developmental stages. Long-term potentiation (LTP), which is linked to
NR2A-containing NMDAR (Liu et al., 2004; Massey et al., 2004), is not influenced by p75, in
contrast to TrkB. The neuroprotective effect of NMDA (through an BDNF autocrine loop) on
glutamatergic synapses reported by several research groups appears to have a TrkB-independent and
therefore p75-dependent component since it can be only partially suppressed by K252a, the
inhibitor of Trk kinase activity (Zhu et al., 2005). The p75 might counteract glutamatergic
overexcitation by a stimulation-dependent direct and an indirect postsynaptic depression (Sandoval
et al., 2007; Woo et al., 2005; Salama-Cohen et al., 2006). As massive stimulation of NMDAR
elevates the production of Abeta and inhibits alpha-secretase (Lesné et al., 2005), Abeta oligomers
might increase (prolonged) p75 activation (cf. Costantini et al., 2005a) and thereby attenuate
glutamatergic excitability.
The described synaptic effects of p75 are paralleled by synaptic effects of APP and Abeta. Young
APP knockout-mice show significantly elevated amplitudes of evoked excitatory postsynaptic
NMDAR and AMPAR currents which probably correlate with an increased synaptic density (Priller
et al., 2006); this was not observed in older mice, possibly due to an activity-controlled elimination
of synapses. Conversely, overexpression of APP reduces the excitatory neurotransmission by a
decrease in synapse density that is due to an elevated Abeta production (Kamenetz et al., 2003); the
authors hypothesized that endogenous Abeta might control neuronal hyperactivity through a
negative feedback mechanism. The absence of APP in APP knockout mice can be largely
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compensated for by its relative, APLP2, which is very similar to APP but lacks the sequence for
Abeta. APP and APLP2 knockout mice, who die soon after birth, show excessive nerve terminal
sprouting at neuromuscular endplates and functional deficiencies of the synapses such as a dramatic
reduction of presynaptic vesicles and defective neurotransmitter release (Wang et al., 2005). APP
also regulates the presynaptic expression and activity of the high-affinity choline transporter in
neuromuscular synapses (Wang et al., 2007). These findings are indications that APP and APLP2
strongly influence synapse formation and structure and presynaptic neurotransmitter release.
Overexpression of APP impairs the recycling of neurotransmitter vesicles in the presynapse and
induces a selective removal of AMPAR from the spine surface, thereby attenuating AMPARmediated currents and causing postsynaptic silencing (Ting et al., 2007); this effect is probably
mediated by excess Abeta. Pre-incubation of hippocampal and cortical neurons with Abeta (but not
acute application) reduces the surface expression of NR2B-containing NMDA receptors and the
number of NR2B-immunoreactive spines which inhibits NMDAR currents and NMDAR-dependent
LTP (Dewachter et al., 2007); this was also observed with transgenic mice. Abeta can interact with
several synaptic proteins, e.g. alpha-7-nicotinic acetylcholine receptors (Pettit et al., 2001), and
block their function, possibly to protect the neurons from overexcitation.
The cited results hint at a direct cooperation of p75 and APP in several respects.
First, p75 and APP may regulate presynaptic neurotransmitter release in a cooperative manner.
Second, both exert a negative control of synaptic complexity and spine density. As mentioned, the
p75-mediated negative control of neurite outgrowth uses the Notch signaling pathway. A
fundamental property of Notch is the delay or prevention of cell differentiation, and the suppression
of Notch leads to premature and excessive differentiation (Kageyama and Ohtsuka, 1999). APP
interacts with Notch and other elements of Notch signaling and regulation though the apparently
complex interaction is largely unknown. While a Notch gain-of-function has been reported (Merdes
et al., 2004) the binding of the Notch inhibitor Numb by APP and its release upon APP activation
might also lead to Notch inhibition (Roncarati et al., 2002). There seems to exist a mutual negative
regulation of Notch and Numb (Petersen et al., 2006; Merdes et al., 2004) which assigns a crucial
relevance to the actual levels of Notch and Numb and their intracellular distribution. Occam's razor
makes it probable that the negative control of synapse density by APP depends on the Notch
pathway. Considering the regulation of APP and Abeta by p75 (see next header) and the activation
of p75 by Abeta aggregates it is plausible that the negative synapse control by p75 and APP is
linked in a cooperative manner; a direct, Abeta-mediated cooperation of p75 and APP could explain
the negative growth control by p75 altogether.
Third, the mentioned attenuation of postsynaptic excitability and the protection from glutamatergic
excitotoxicity might - at least partly - depend on a cooperation of p75 and APP since both p75 and
Abeta can induce postsynaptic depression.
The reports by Shankar et al. (2007; 2008) that picomolar concentrations of naturally secreted Abeta
di- and trimers reduce dendritic spine density and inhibit LTP and enhance LTD, can be seen as a
confirmation of a cooperative negative control of synaptic function by p75 and APP. Since short
Abeta oligomers may activate the p75 via the upper binding site for Abeta and promote the
cooperation of p75 and APP via the stalk binding site these findings can be understood as an
overstimulation of normal functions of p75 and APP that are (at least in part) mediated by the
hypothesized cooperation of p75 and APP. Consequently, long-term overproduction of Abeta should
result in a loss of synaptic activity and complexity.
Mutual regulations of p75 and APP/Abeta
NGF stimulation of PC12 cells, which express TrkA and p75, causes an upregulation of APP
expression that depends on Ras (Cosgaya et al., 1996). When p75 is competitively blocked by an
excess of BDNF and thus cannot bind NGF, neither neurite outgrowth nor upregulation of APP nor
secretion of the strongly neurotrophic soluble form of APP, sAPPalpha, can be observed; activation
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of TrkA alone by crosslinking decreases APP expression but stimulates neurite outgrowth and
secretion of sAPPalpha (Rossner et al., 1998). The regulation of Abeta production by beta-secretase
BACE1 is similar; TrkA has a decreasing effect, even in cells without p75, while the p75 activation
by NGF stimulates it (Costantini et al., 2005c). The positive effect of p75 on Abeta production
depends on ceramide; sphingomelinase activation by stimulated p75 stabilizes BACE1 through
ceramide (Puglielli et al., 2003) whereas the formation of TrkA/p75 complexes prevents
sphingomyelinase activation through PKC activation (Plo et al., 2004) and thereby inhibits Abeta
production. p75 stimulation also activates Rac1 via Ras and thus promotes APP proteolysis by
gamma-secretase (Desire et al., 2005; Boo et al., 2008). Taken together, Ras activation by
stimulated p75 and p75-induced ceramide production should increase APP expression and Abeta
production. The lesion-induced upregulation of p75 certainly contributes to the strongly elevated
APP expression and Abeta production after brain traumata; induced APP and Abeta may serve the
regeneration of neurites (cf. Leyssen et al., 2005) by shedding of sAPPalpha and possibly also by
p75 stimulation through Abeta. The increase of Abeta production by p75 should have a
physiological reason that is linked to p75 activity; the hypothetical crosslinking of p75 and APP
(and other proteins) that consumes Abeta might provide such a reason. The upregulation of APP by
p75 is accompanied by an increase in Abeta production, and Abeta in turn can influence p75
expression since Zhang et al., (2003) observed an upregulation of p75 in primary human neurons
during application of aged Abeta that reached a maximum after 24 hours. It is unclear if this
upregulation was caused by the Abeta-induced stimulation and endocytosis of p75 or by Abetamediated regulation of gene expression or translation. The upper binding site of p75 for Abeta
might represent another means of p75 regulation by Abeta and APP. The binding of (non-activating)
Abeta monomers to this site might attenuate the upregulation of Abeta production (and of APP
expression) by p75 through competitive inhibition of neurotrophin binding to p75 though this
feedback mechanism could work only as long as p75 activation by Abeta oligomers and
(proto)fibrils is low, i.e. up to a certain threshold level of Abeta; above this threshold Abeta
consumption by p75 is elevated (see below). The binding of Abeta to the upper binding site may
substantially impair neurotrophin binding to p75 in AD.
Heuristic considerations
The essential difference between APP and APLP2 is the presence of the Abeta-homologous aa
sequence within APP, suggesting that the physiological potential of Abeta is the logical reason for
the existence of APP. As the amyloidogenic nature of Abeta certainly is not accidental, aggregates
of Abeta should have a physiological significance, and the idea of Abeta as a crosslinker of variable
length seems natural. APP as the source of Abeta should be a likely candidate for crosslinking by
Abeta, and it seems equally natural to presume that crosslinking would optimize the functional
cooperation by direct interaction. Such interaction could accelerate complex processes and do away
with regulative overhead. The p75 appears ideally suited for a cooperation with APP because of a
similar and complementary functionality of the two proteins as described above. This cooperation
should integrate part of the functionality of APP into the dual growth and function control by the
neurotrophin receptors Trk and p75. Due to rather different protein structures, it should not only
have synergistic-enhancing but also modulatory and complementary characteristics, and the
cooperation effects should reflect the combined potential of the two proteins. The described
synergies of p75 and APP comprise neurotrophic effects, negative growth and function control, and
neuroprotection and apoptosis. The neurotrophic properties of p75 and APP potentiate each other
and promote neurite outgrowth, establishing of cell contacts and presynaptic neurotransmission.
The negative growth and function control exerted by p75 and APP consists in a selective reduction
of neurites, synapses and spines and in a decrease of postsynaptic excitability and may rely on the
interaction of APP with Notch; it serves the stabilization and adaptation of neuronal structure and
activity. Cell protection through p75 should be enhanced by APP, which is known to be
neuroprotective, and for instance prevent the overexcitation of neurons. When cells are not or no
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longer suited to their tasks, perhaps due to a shortage of Trk receptors or to neurotrophin
overstimulation or to overproduction of Abeta, p75 and APP can trigger apoptosis and sacrifice
them to protect their cellular context. The regulative interdependence between p75 and APP/Abeta
is a necessary consequence of the hypothetic cooperation of p75 and APP. As this cooperation is
controlled by both neurotrophins and Abeta one might speak of Abeta as a secondary physiological
ligand of p75 and APP. The pathogenic effect of overproduced or mutant Abeta is only the other
side of its physiological significance.
Binding of Abeta to the p75 stalk and APP
The above reflections describe indications of a functional cooperation of p75 and APP but do not
explain how such cooperation might be realized. A direct interaction of the signaling mechanisms of
the two proteins requires a suitable spatial arrangement of these mechanisms and its temporal
stabilization. The cooperation model for p75 and APP postulates that a stimulated p75 dimer is
linked to an APP monomer or to an APP dimer by oligomeric Abeta; it might also be possible that a
p75 monomer is crosslinked with an APP monomer (see below). A hypothetical crosslinking
process is described in the following paragraph. The first prerequisite is that Abeta can bind to p75
and APP at suitable positions. Figure 2 shows that aged Abeta (and NAC) can activate the stalk
mutant of p75 and that this activation and a resulting apoptosis can be prevented by peptide
fragments of the p75 stalk. After its mostly intracellular generation by proteolysis of APP (and
following exocytosis), Abeta may remain anchored in the cell membrane (Bokvist et al., 2004; cf.
also Pillot et al., 1999). In areas of the cell membrane where unstimulated p75 and mono-, di- or
oligomeric Abeta colocalize, membrane-anchored Abeta may bind spontaneously to the p75 stalk
without activating the receptor; otherwise p75 would be constitutively activated in such areas. Abeta
can also bind to the homologous sequence of Abeta within APP and promote the dimerization of
APP and (at sufficiently high concentrations) subsequent cell death (Shaked et al., 2006, cf. also Lu
et al., 2003). APP homodimers may be the substrates of BACE1 dimers (Multhaup, 2006). As with
p75, mono- and dimeric Abeta might bind to APP without activating it.
Model of an Abeta-mediated crosslinking of p75 and APP
The crosslinking process
Since the Abeta-homologous sequence within APP reaches into the cell membrane and since part of
the produced Abeta remains anchored in the cell membrane, the idea suggests itself that such free
membrane-anchored Abeta interacts with the p75 segment that corresponds to the Abetahomologous segment of APP. This idea is supported by experiments demonstrating that two peptide
fragments from the juxtamembrane p75 stalk completely prevent the activation of wildtype p75 by
aged Abeta (Figures 3,7A). Stimulation of p75 by a natural ligand dimerizes the receptor, activates
it and initiates the transformation of the p75-associated membrane raft. The production of ceramide
by activated sphingomyelinase causes enlargement and coalescence of the participating p75associated rafts and yields a raft that is enriched in ceramide and certain signaling-promoting
molecules, among them GM1 gangliosides. These gangliosides can bind soluble or membraneanchored Abeta and are able to catalyze its oligomerization (Wakabayashi et al., 2005; Kim et al.,
2006; Yamamoto et al., 2007), which may proceed by a linear association of monomers (Losic et al.,
2006). In this way p75-associated Abeta mono- or dimers may be oligomerized up to a length
defined by the raft-contained GM1 microdomain. The resulting short oligomer may spontaneously
connect to the Abeta-homologous segment of an encountered APP molecule, or be linked to APPassociated Abeta with the help of GM1. A bridge formed in this process should be firmly anchored
in the cell membrane and connect p75 and APP and their associated rafts in a mechanically optimal
manner. Stimulation of p75 implies the activation of Src kinases and the production of ROS (see
below) and may activate crosslinked APP by this means. It should be noted that rafts have a crucial
influence on the crosslinking process.
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Alternative crosslinking-mechanisms might be that short membrane-associated Abeta-oligomers
may be recruited to rafts (Williamson et al., 2008) and directly connect p75 and APP (see also the
next paragraph) or that even unstimulated p75 may be linked to APP. Chemical crosslinking and
immunoprecipitation with a p75 antibody produced a band between 200 and 230 kD (Kuner et al.,
1998; Yaar et al., 2002) which according to Yaar et al. (2002) might represent a p75 trimer or
indicate the binding of a protein of about 150 kD to p75. The simplest explanation that this band
might represent TrkA/p75 complexes has never been confirmed. It also has not been examined if
this band might represent p75/APP complexes crosslinked by Abeta. If this should be verified then
Abeta crosslinking may occur without prior p75 activation and yield an inactive p75/APP complex
that might be activated by ligand-binding of the participating p75.
The length of the crosslinking Abeta oligomer
Short oligomers of Abeta are present in the normal human brain (Kuo et al., 1996; review Walsh
and Selkoe, 2007) and should represent physiologically active aggregates of Abeta. Soluble Abeta
oligomers can bind and activate the p75 at least via the upper binding site for Abeta (see e.g.
Costantini et al., 2005a). The Abeta-mediated cooperation of p75 and APP requires a suitable spatial
arrangement of the signaling mechanisms of the two proteins (and perhaps of raft-associated
structures too) which should be brought about by an appropriate size of the linking Abeta bridge and
correlate with a certain number of Abeta monomers. Oligomers that are too long or too big might
impair or prevent the interaction of the signaling mechanisms and have an effect that mimics APP
depletion. Recent studies about the correlation of memory impairment and Abeta oligomers (review
Walsh and Selkoe, 2007) might provide some information about suitable lengths of Abeta links
between p75 and APP. The report of Lesné et al. (2006) indicates that an impairment of the spatial
memory of certain transgenic APP mice may correspond to the presence of Abeta dodecamers; the
administration of such dodecamers disrupted memory in young transgenic rats. Injection of short
oligomers led to a reversible impairment of the short-term memory of rats (Cleary et al., 2005). The
incubation of hippocampal neurons with Abeta di- and trimers (but not acute application) caused
spine loss (Shankar et al., 2007; Shankar et al., 2008; cf. Dewachter et al., 2007), reduced LTP and
elevated LTD (Shankar et al., 2008). These results are compatible with the idea that administered
short Abeta oligomers increase both the activation of p75 (via the upper binding site for Abeta) and
its crosslinking to APP (via the stalk binding site). This should induce postsynaptic depression and
overstimulate the negative control of spine density that is exerted by p75 and APP.
If the cooperation model for p75 and APP proves to be right then Abeta oligomers have a
physiological function as crosslinkers, and therapeutical intervention in the formation and the
activity of such oligomers should prevent or reduce the cooperation of p75 and APP (and other
proteins) and its positive effects.
Breakdown and endocytosis of p75/Abeta/APP complexes
The endocytosis of clusters of Abeta-crosslinked p75/APP complexes should start with the shedding
of the extracellular protein domains. The truncated proteins and partly also the crosslinking Abeta
oligomers may then be taken up into early endosomes and processed (Urra et al., 2007). The
proteolytic fragments F corresponding to the p75 sequence between the alpha- and gamma-secretase
cleavage sites should direct the attached Abeta oligomer to degradation mechanisms. If degradation
is prevented or impaired then crosslinking oligomers might contribute to an intracellular
accumulation of Abeta aggregates. Crosslinking oligomers might also be cleared away in the
extracellular matrix (Yin et al., 2006) or be deposited in Abeta plaques. Fragments F of proteolyzed
p75 receptors that have not been crosslinked might act as Abeta scavengers if they are released outor inside the cell.

18

Some properties and effects of the two Abeta binding sites of p75 in the context of the
cooperation model
An Abeta-mediated cooperation of p75 with certain partners promotes cell survival.
p75 can both support and promote the survival of cells (Roux et al., 2001; DeFreitas et al., 2001;
Bui et al., 2002; Zhang et al., 2003; Costantini et al., 2005a; Chu et al., 2007) and induce
programmed cell death. The same holds for APP (e.g. Xu et al., 1999; Nishimura et al., 2003;
Shaked et al., 2006); especially the soluble form sAPPalpha, which is generated through
extracellular alpha-cleavage of APP, has long been known to possess neuroprotective (e.g. Mattson
et al., 1993; Smith-Swintosky et al., 1994) and neurotrophic (Wallace et al., 1997) properties. If a
cooperation of p75 with APP and other proteins exists then the neuroprotective property of p75 may
be partly or largely due to these cooperation partners. Similar to sAPPalpha (Goodman and
Mattson, 1994), p75 can protect cells against Abeta toxicity. Zhang et al. (2003) observed such a
protective influence in primary human neuronal cultures. This neuroprotective effect required the
activation of PI3K but was independent of Akt. In primary neurons p75 was upregulated by
Abeta1-42, and overexpression of p75 protected the cells against a much higher Abeta
concentration. Abeta toxicity obviously depends here on the ratio of added Abeta to p75. The reason
may be that at lower ratios added Abeta activates p75 mainly via its upper binding site on p75
(because of better access and from steric reasons) and permits neuroprotective cooperations of p75
via its stalk binding site. High ratios involving beta-sheet-containing aggregates, however, cause a
crosslinking of p75 receptors via the stalk binding site, inhibit the stalk-mediated cooperations and
induce apoptosis. The prevention of stalk-mediated cooperations may also be the cause of the strong
apoptotic effect of p75 activation by proNGF/sortilin complexes. Costantini et al. (2005a) reported
a protective effect of p75 against soluble Abeta1-42 oligomers that can induce apoptosis in a p75independent manner; the neuroprotective effect again depends on PI3K activation. Apart from APP,
cytoprotective cooperation partners of p75 may also include the prion protein PrPc and alphasynuclein (see III.B,C). Both PrPc and extracellular aSyn can stimulate PI3K activity and may thus
strengthen the anti-apoptotic PI3K/Akt component of p75 signaling.
The differential specificity of the two Abeta-binding sites of p75
In unstimulated cells (lacking beta-sheet Abeta), p75 stalk-associated Abeta obviously does not
activate the receptor; such Abeta consists in membrane-associated mono- and perhaps also
oligomers. Certain soluble Abeta oligomers, however, can activate p75 and thus reduce their toxic
effects, which appear to be independent of p75 (Costantini et al., 2005a). Therefore such oligomers
are able to dimerize or multimerize the receptor, and the question is which binding site of p75
participates in this activation. If p75-mediated cytoprotection largely relies on the stalk-mediated
cooperations of p75 as suggested in the previous paragraph, then an activating stalk-crosslinking of
two or more p75 receptors by Abeta oligomers should prevent these protective cooperations (like
Abeta fibrils or proNGF/sortilin) and eventually lead to apoptosis. The observed reduction of
oligomer-induced cell death by p75 therefore suggests that oligomers without beta-sheet structures
are not able to connect p75 receptors via their stalks and activate them. The stalk binding site should
bind them (and monomers) in a strictly defined, asymmetric manner corresponding to asymmetric
binding interfaces of mono- and oligomeric Abeta. In contrast, the upper binding site should
accommodate different binding sites of oligomeric Abeta and permit the activation of p75 by Abeta
oligomers. The reason for that lies in the tertiary structure of the upper binding site which can
provide complex binding opportunities, whereas the stalk binding site is characterized by an aa
sequence interval of the essentially unstructured stalk.
The stalk-mediated p75 activation by aggregated Abeta requires beta-sheet structures.
Aggregated Abeta containing beta-sheet structures can activate the p75 independently of the
presence of APP (White et al., 1998), and clearly activates APP in APP-overexpressing cells
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(Shaked et al., 2006); therefore, stalk-mediated p75 activation and APP activation by aggregated
Abeta should be independent of Abeta-mediated cooperations. As non-beta-sheet oligomeric Abeta
cannot activate p75 via the stalk, beta-sheet Abeta should activate p75 via the stalk on the grounds
of its structure, and such activation is irregular and pathogenic. According to Lührs et al. (2005), a
single Abeta monomer within a beta-sheet aggregate structure has - apart from the first 16 aa and a
hinge region around aa 29 - a planar conformation with intersheet side-chain interactions, and the
aggregate contains a stack or stacks of parallel in-register beta-sheets. It remains to be investigated
which part of a stacked Abeta monomer can bind to the p75 stalk or to a p75-associated Abeta
monomer. Beta-sheet aggregates obviously offer many binding opportunities for p75, and the
probability that two p75 receptors are bound by an aggregate at a suitable distance from each other
should be low relative to the number of binding sites. If the distance is right then the rigidity of the
beta-sheet aggregate structure should ensure a spatially and temporally sufficiently stable contact
between the rafts of two neighboring bound p75 receptors and thus mediate proximity-induced raft
transformation and receptor activation. Since p75 and APP can be activated by aggregated Abeta
independently of each other, the coupling of the signaling transductions of p75 and APP resulting
from their cooperation should largely get lost. Accordingly, the effects of NGF and aggregated
Abeta on neurite outgrowth should display differences which are confirmed by a number of reports
about Abeta-induced aberrant neuronal connections and differential neurite outgrowth (e.g. Phinney
et al., 1999; Susen and Blöchl, 2005). As various species of amyloid aggregates interact with Abeta
(e.g. alpha-synuclein), it appears possible that such aggregates too bind to p75 or to p75-associated
Abeta and activate the receptor by crosslinking (see also Concluding remarks).
The Abeta-mediated crosslinking consumes Abeta and thereby regulates Abeta homeostasis.
The level of Abeta in the medium of primary neuronal cell cultures from p75 Exon III knockout
mice was halved relative to neurons with wildtype p75, and it correlated with an equal reduction of
cellular ceramide (Costantini et al., 2005c); this reduction was caused by decreased
sphingomyelinase activity resulting from the prevented binding of neurotrophins and
proneurotrophins to p75. As under normal conditions the p75-induced elevation of Abeta should be
balanced by a corresponding use of Abeta by p75, it may be concluded that p75 consumes a rather
large proportion of produced Abeta; according to the cooperation model (which is strongly
supported by this large consumption), the cooperations of p75 with APP and other proteins should
be responsible for that. When oligomeric and fibrillar Abeta is elevated and activates the p75 via its
upper binding site, then the resulting signal transduction may be a little bit different from
neurotrophin-induced signaling due to differential p75 conformations but the stalk-mediated
cytoprotective cooperations remain unaffected. Therefore, excess Abeta (up to a certain threshold)
can elevate Abeta consumption through these cooperations in a kind of negative feedback
mechanism, especially as it can upregulate p75 and boost neuroprotection by p75 (cf. Zhang et al.,
2003). Above a certain threshold of Abeta production, stalk crosslinking by beta-sheet Abeta (like
p75 activation by proNGF/sortilin) prevents such cooperations, reduces Abeta consumption by p75
and thus contributes to Abeta accumulation. The origin of an imbalance between production and
consumption of Abeta via p75, however, is a reduced ratio of TrkA activity to p75 activity and
consequently an insufficient inhibitory effect of TrkA on Abeta production, as the following
example demonstrates.
The transgenic AD11 mouse expresses some time after birth antibodies against NGF that neutralize
up to 50% of the endogenous NGF but not proNGF. As a consequence a degenerative disease
develops that shows organic damage and a time-course surprisingly similar to human AD (review
Capsoni and Cattaneo, 2006). In the interpretation by Capsoni and Cattaneo, the degenerative
phenomena are caused by an imbalance of TrkA and p75 activity; the reduction of NGF-induced
TrkA activity cannot be compensated for by (supposedly) amply available proNGF since TrkA
binds proNGF very weakly, whereas p75 can be activated by a proNGF/sortilin complex. Since
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TrkA inhibits Abeta production and p75 stimulates it (Costantini et al., 2005c) the regulation of
Abeta production becomes unbalanced and Abeta accumulates. The prevention of p75 activation by
proNGF should abolish this imbalance. Indeed, the AD12 mouse, which was obtained by crossing
the AD11 mouse with the p75 Exon III knockout mouse (Lee et al., 1992), shows no Abeta
accumulation (Capsoni and Cattaneo, 2006). The extracellular domain of the p75 mutant in this
mouse consists of the first CRD and the stalk and cannot bind neurotrophins and proneurotrophins
(von Schack et al., 2001). Taken together, the accumulation of Abeta within the AD11 mouse can be
seen as an imbalance of the TrkA- and p75-dependent regulation of Abeta production or as an
imbalance of p75-dependent production and consumption of Abeta. The supposed crucial role of
proNGF in Abeta accumulation in the AD11 mouse, however, raises the question if the strong
apoptotic effect of p75/proNGF/sortilin complexes (Nykjaer et al., 2004) should not cause
considerably more cell death than was observed.
The apoptosis of NGF-dependent cells following NGF withdrawal might rely on Abeta-induced p75
activation.
NGF-dependent PC12 cells die when they are deprived of NGF. Matrone et al. (2008a)
demonstrated that NGF withdrawal causes an upregulation of APP and Abeta (cf. also Araki and
Wurtman, 1998), and as the resulting apoptosis can be prevented by the neutralization of Abeta it is
the increase in Abeta and not p75 stimulation by neurotrophins and proneurotrophins that is
responsible for the observed death of PC12 cells (cf. also LeBlanc, 1995). Florez-McClure et al.
(2004) reported that cerebellar Purkinje neurons undergo autophagic-lysosomal apoptosis upon
serum withdrawal and that this apoptosis is mediated by p75 and can be prevented by NGF
administration. If this result may be applied to PC12 cells then the combined findings of Matrone et
al. and Florez-McClure et al. suggest that the apoptosis of PC12 cells upon NGF withdrawal is p75dependent and that Abeta-induced p75 activation plays a role in it. Alternatively, toxic Abeta
oligomers might kill the cells through other mechanisms before overstimulation of p75 by Abeta
oligomers or fibrils could do that. In a further study, Matrone et al. (2008b) examined the death of
rat hippocampal neurons upon NGF withdrawal. The neurons become dependent on NGF after
incubation with the neurotrophin. As with PC12 cells, NGF withdrawal upregulates APP expression
and Abeta production and thus causes apoptosis, whereas serum deprivation of cells not incubated
with NGF causes apoptosis without increase of APP and Abeta. The authors assume that p75 is
responsible for the upregulation of APP and Abeta upon NGF withdrawal and that the receptor is
activated by Abeta and thereby contributes to apoptosis (cf. also Sotthibundhu et al., 2008).
In PC12 cells, the suppression of the kinase function of TrkA by K252a, too, induces an
upregulation of APP and Abeta and apoptosis (Matrone et al., 2008a), indicating that NGF
withdrawal elevates Abeta production in PC12 cells through the loss of the inhibitory effect of TrkA
on Abeta production and that the p75 stimulation by remaining ligands suffices to increase Abeta;
such ligands may include Abeta aggregates. Costantini et al. (2005c) observed that TrkA-mediated
inhibition of beta-cleavage of APP occurs also in p75-deficient cells, i.e. that it is in part p75independent. The proportion of the inhibitory TrkA effect that is dependent on p75 includes the
inhibition of ceramide production by TrkA-associated p75 (Plo et al., 2004); p75-induced ceramide
production stabilizes BACE1 and increases beta-cleavage of APP (cf. Puglielli et al., 2003). NGFdependent PC12 cells and cholinergic neurons of the forebrain substantially express TrkA and p75,
and the two receptors can associate upon NGF stimulation, with TrkA suppressing the ceramide
production by associated p75. NGF deprivation of PC12 cells and partial NGF neutralization in the
AD11 mouse should reduce the ratio of TrkA to p75 receptors (since TrkA is rather specific for
NGF and p75 is activated by all neurotrophins and proneurotrophins and by aggregated forms of
Abeta; cf. Cooper et al., 1994; Venero et al., 1994; Zhou et al., 1995) and also the ratio of TrkA/p75
complexes to free p75; this should result in an imbalance between TrkA-dependent inhibition of
Abeta production and p75-dependent elevation of it. Eventually, beta-sheet-containing aggregated
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Abeta activates the p75 via both Abeta binding sites, prevents neuroprotective cooperations and
triggers apoptosis. Leaking proNGF may contribute to p75 activation and ceramide production in
the AD11 mouse but need not be crucial to the observed accumulation of Abeta; the observed death
of PC12 cells cannot be caused by proNGF stimulation of p75 since NGF-dependent PC12 cells
should not express (pro)NGF. The AD11 and AD12 mouse models clearly demonstrate that excess
ceramide production through p75 can increase Abeta production and cause AD-like symptoms. This
example also illustrates how the dual growth and function control by Trk and p75 receptors may
become dissociated and produce degenerative effects.
Correlating with an age-dependent elevation of the p75/Trk ratio as observed by several research
groups (Cooper et al., 1994; Bergman et al., 1999; Costantini et al., 2005c), Abeta production may
increase with age and lead to Abeta aggregation. An additional increase in Abeta production by
irregular p75 activation through beta-sheet Abeta should contribute to the build up of Abeta plaques.
However, plaques do not correlate well with cognitive impairment. Postmortem analysis of plaquecontaining brains from people with normal cognition demonstrated neuronal hypertrophy in certain
brain areas (Riudavets et al., 2007; Iacono et al., 2008). Regarding the dual growth and function
control by Trk and p75 receptors, this phenomenon might be analogous to the neuronal hypertrophy
observed in p75 knockout mice (Yeo et al., 1997; Naumann et al., 2002) and be due to a
compensatory upregulation of TrkA receptors or downregulation of p75 receptors. This suggests
that a therapeutical upregulation of TrkA receptors (e.g. by substances that only activate TrkA and
not p75) might be a direct approach to inhibiting overproduction and toxic effects of Abeta in the
cholinergic basal forebrain of Alzheimer patients.

B) Cooperation model for p75 and the prion protein PrPc
The cell-biological functions of PrPc can support cell survival, regulate reactive oxygen species
(ROS), trigger or modulate signaling cascades, and influence neurite outgrowth, cell adhesion,
myelination and synaptic function (reviews Westergard et al., 2007; Sakaguchi, 2007; ZomosaSignoret et al., 2008). A key point, however, that would permit a unified view of prion functionality,
is lacking. Such a viewpoint might be provided perhaps by the interaction of PrPc with receptors,
and indeed a model has been proposed which attributes the neurotrophic and apoptotic properties of
PrPc to the interaction with a hypothetic receptor; pathogenic PrPSc would impair the normally
trophic interaction with this receptor and so induce apoptosis. However, there is no information
about a direct interaction of p75 and PrPc or about an interaction through a natural proteolytic
fragment of PrPc.
The cooperation model for p75 and PrPc postulates that Abeta can also crosslink p75 and PrPc and
that such crosslinking may be initiated by both crosslinking partners. The crosslinking arranges and
stabilizes the rafts and signalosoms of the two proteins and thus facilitates the interaction between
them and cytosolic proteins.
A possible binding site for Abeta on PrPc
Colocalization of Abeta and PrPc within Abeta plaques and binding of Abeta to PrPc
An Abeta-mediated crosslinking of p75 and PrPc requires appropriate binding sites on the two
proteins. While p75 meets this requirement there is very little evidence of an interaction between
PrPc and Abeta. Schwarze-Eicker et al. (2005) found in transgenic mice overexpressing PrPc and
APP that PrPc is colocalized with aggregated Abeta in virtually all Abeta plaques and that PrPc
overexpression increases Abeta aggregation and plaque formation. Another study did not indicate a
cross-reactivity for PrPc and Abeta in plaques from tissue that was pretreated with proteinase K
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(Ferrer et al., 2001); however, this need not speak against a binding of short Abeta oligomers to
PrPc monomers. Brown (2000, herein Figure 2C) found that Abeta25-35 can bind to native PrPc; it
may be assumed that whole Abeta too is able to bind PrPc and perhaps better than Abeta25-35. The
binding site of Abeta on PrPc has not been investigated yet but there are hints at the likely position
of it if one supposes for the moment that a crosslinking of p75 and PrPc is possible.
The presumable position of the binding site of PrPc for Abeta
Like p75 and APP, PrPc has a TACE cleavage site (presumably at aa 111/112 of human PrPc).
Heuristically, it seems likely that the hypothetical crosslinking and cooperation of p75 and PrPc
would use the present TACE cleavage sites of the two proteins to terminate ligand-dependent signal
transduction and/or to initiate endocytosis of the signaling complex that remains after shedding. If
this is the case, Abeta should bind near or around the TACE cleavage site, and the crosslinking by
membrane-anchored Abeta should require a conformation of PrPc that has contact with the
associated membrane raft in the vicinity of the TACE cleavage site. An N-terminal part of PrPc (2390) contains a signal for the translocation of PrPc to rafts and maintains the raft-association of PrPc
even after deletion of its GPI anchor (Walmsley et al., 2003). The N-terminal 6 aa of PrPc seem to
be necessary for the observed constitutive endocytosis of PrPc (Sunyach et al., 2003). Deletion
mutants of PrPc such as PrP(del23-88) are not able to compensate for the toxicity induced by
expression of the prion-like protein Doppel in a PrPc-deficient mouse whereas PrP(del 32-80) and
PrP(del 32-93) suppress the neurotoxicity of PrP(del32-121) and PrP(del 32-134), which indicates a
crucial significance of segment 23-31 to certain neuroprotective functions of PrPc (review
Westergard et al., 2007). Together with the report of Walmsley et al. (2003) this suggests that a
hypothetic cytoprotective cooperation of PrPc with a receptor should involve the interaction of an
N-terminal segment with the membrane raft; this segment might also include the octarepeat region
upon the binding of copper (cf. Vassallo et al., 2005; Dong et al., 2007). An association of segment
23-90 with the membrane should expose segment 91-111 to TACE similar to the juxtamembrane
stalk segment of p75. If the segment 23-90 does not obstruct or if is removed by ROS-induced
"beta-cleavage" of PrPc (Watt et al., 2005), an Abeta bridge between p75 stalk and segment 91-111
might be formed in analogy to the crosslinking of the p75 stalk and APP. As suggested in II, the
stalk binding site of p75 for Abeta may stretch across the TACE cleavage site of p75; similarly, the
Abeta binding site of PrPc might contain the TACE cleavage site of PrPc. In a rough estimation,
segment 91-123 should encompass the Abeta binding site of PrPc.
The region 91-123 of PrPc controls neuroprotective and neurotrophic effects of PrPc.
A cooperation of p75 and PrPc should have a mostly neuroprotective and neurotrophic character.
This agrees with reports about anti-oxidative, anti-apoptotic and neurotrophic effects of PrPc and
with findings about the region of the putative binding site of PrPc for Abeta. The segment 95-123 is
indispensable for the anti-apoptotic effect of PrPc and may regulate SOD activity (Sakudo et al.,
2005b; cf. Brown, 2000). PrP mutants with deletions up to 106 develop normally while transgenic
mice with the deletion mutants PrP(del32-121) and PrP(del32-134) show degenerative phenomena
(Shmerling et al., 1998). Though it has not been elucidated how prion mutants lacking the segment
91-123 or certain subsections exert their apoptotic effects, oxidative stress is a likely apoptotic
factor. The C-terminal half of PrPc could be involved in the generation of ROS, since certain
mutations of PrP121-231 enhance the generation of hydroxyl radicals (Turnbull et al., 2003); the
region 91-123 might control such ROS generation through regulation of functions of the octarepeat
region. Not only deletion but also obstruction of the region 91-123 may lead to apoptosis after PrPc
activation if it prevents normal functions of PrPc. Such obstruction might be caused by proteins that
mask a sufficiently large part of this region or/and alter the conformation of it. Antibodies against
PrPc epitopes within the putative binding site of PrPc for Abeta should prevent binding of Abeta but
need not induce apoptosis; for instance, the antibody DR2 against 94-109 (used by Brown, 2000)
protects cerebellar neurons against PrP106-126 toxicity. Some antibodies, however, might impair
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the neuroprotective functions of PrPc and induce apoptosis, such as two antibodies against epitope
95-105 that caused extensive neuronal death in the hippocampus of mice while the binding of
corresponding monovalent Fab-antibodies to 95-105 was not toxic (Solforosi et al., 2004). There
might be another explanation for this observation: The affinity of these antibodies for a binding site
for Abeta might lead to a cross-reaction with the binding sites of p75 for Abeta and to a crosslinking
of p75 receptors or of p75 and PrPc and thus cause apoptosis through p75.
Possible mechanisms of PrP106-126-induced apoptosis
The synthetic prion fragment PrP106-126, which is homologous to segment 106-126 of human PrPc
and 105-125 of murine PrPc, has frequently been used to study aggregation propensity and toxic
effects of PrPSc. Its application to certain cell lines causes apoptosis. Della-Bianca et al. (2001)
demonstrated that this peptide associates with p75 in a direct or indirect way and induces receptor
activation and that ultimately the activity of NADPH oxidase is responsible for the observed
apoptosis. Several other research groups have provided evidence that PrP106-126-mediated
apoptosis involves known receptor signaling pathways (e.g. Corsaro et al., 2003; Carimalo et al.,
2005; Gavin et al., 2005; Pietri et al., 2006). It is still unclear how these pathways are activated
through PrP106-126.
Neuroectodermal 1C11 precursor cells can be differentiated into serotonergic or noradrenergic
neuron-like phenotypes; both precursor and differentiated cells express PrPc constitutively
(Mouillet-Richard et al., 2000). Crosslinking of PrPc by antibodies has no effect in 1C11 precursor
cells or during differentiation, in contrast with fully differentiated cells where distinct activation of
the Src kinase Fyn can be observed, especially in neurites (Mouillet-Richard et al., 2000). This
suggests that activating PrPc cosslinking in differentiated cells involves an interaction with a
protein, possibly a receptor, that is not expressed until full differentiation. The application of
PrP106-126 to 1C11 precursor cells is not toxic whereas differentiated cells undergo apoptosis; this
apoptosis requires the presence of surface PrPc, and PrPc and PrP106-126 can be coimmunoprecipitated (Pietri et al., 2006). Though no information is available about the presence of
p75 in differentiated 1C11 cells, it may be this receptor that mediates the PrP106-126-induced cell
death in these cells. While several research groups have shown that PrP106-126 can induce
apoptosis only in the presence of PrPc, and that low concentrations of PrPc are sufficient for that
(Brown et al., 1994; Fioriti et al., 2005; Pietri et al., 2006), this view has been contested by other
researchers (Gavin et al., 2005; Dupiereux et al., 2006) who reported PrP106-126-mediated
apoptosis also from PrPc-deficient cells. Della-Bianca et al. (2001) showed that the association of
PrP106-126 with p75 can be inhibited by a p75 antibody raised against an N-terminal epitope of
p75. If the Abeta binding site of PrPc overlaps with the region 106-126 of PrPc then PrP106-126
should be able to bind to Abeta, too, and aggregates of PrP106-126 might be able to bind to the
upper or/and the stalk Abeta binding site of p75 and to activate the receptor. PrP106-126 can also
bind to its homologous sequence within PrPc and dimerize PrPc (Brown, 2000).
The cited findings together with the cooperation model suggest three possible mechanisms how p75
might mediate PrP106-126-induced apoptosis; all three mechanisms might coexist in a cell and
even mix.
1) Highly aggregated PrP106-126 might (over)stimulate p75 directly without the cooperation of
PrPc.
2) PrP106-126 dimerizes PrPc, crosslinks p75 with dimerized PrPc and causes cell death through
p75 and oxidative stress.
3) PrP106-126 dimerizes PrPc, and Abeta mediates an activating crosslinking of PrPc dimers and
p75. Apoptosis is induced through p75 and oxidative stress.
ad 1) PrP106-126 does not readily interact with membranes under physiological conditions
(Henriques et al., 2008) and might therefore prefer the upper binding site to the stalk binding site.
This would allow cytoprotective cooperations of p75 and explain the relatively high concentration
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of PrP106-126 that is required for the induction of apoptosis. Mechanism 1 might also explain
reports that in certain cells PrP106-126 does not need PrPc to induce apoptosis (Gavin et al., 2005;
Dupiereux et al., 2006).
ad 2) The second alternative regards PrP106-126 as an artificial crosslinker of p75 and PrPc.
PrP106-126 would dimerize and activate PrPc and thereby cause a transformation of the PrPcassociated rafts that would lead to the recruitment of p75 through PrP106-126 and to the activation
of the receptor by components of the transformed PrPc-associated raft(s), in particular activated
Fyn. A problem arises here from the binding of a PrP106-126 aggregate to PrPc that is already
dimerized by another PrP106-126. A further problem is the weak affinity of PrP106-126 for
membranes under physiological conditions. Mechanism 2 involves an activation of p75 through
PrPc dimers and causes inhibition of cytoprotective p75 cooperations.
ad 3) This mechanism is similar to the preceding one except that Abeta mediates the crosslinking. It
could explain reports that PrP106-126 toxicity depends on PrPc expression.
The apoptotic effect of PrP106-126 through the mechanisms 2 and 3 involves an overstimulation of
p75 that might be enhanced by a delayed termination of p75 signaling. Such a delay could be
caused by the binding of PrP106-126 to its homologous sequence in PrPc that might prevent TACE
from cleaving PrPc (and regarding mechanism 2 perhaps also from cleaving p75). If p75 and the
prion deletion mutant PrP(del105-125) (Li et al., 2007) can be crosslinked by Abeta, the lacking
TACE cleavage site might partly explain the apoptotic effect of that mutant too. In both cases,
overstimulation of p75 and inhibition of anti-oxidative PrPc functions (cf. Brown, 2000) would lead
to oxidative stress via NADPH oxidase.
The process of Abeta-mediated crosslinking of p75 and PrPc
This process should be similar to the crosslinking of p75 and APP. The p75 stalk can bind a
membrane-anchored Abeta mono- or dimer that upon p75 activation may be oligomerized by the
p75-associated raft and linked to PrPc. Alternatively (in the presence of oligomers), a membraneassociated Abeta oligomer may connect the two proteins in a direct way, again assisted by rafts.
Crosslinking might also be initiated by activated PrPc di- or multimers and their rafts; in this case
the generation of ROS by PrPc-activated NADPH oxidase and activated Src kinase Fyn might start
the activation of p75 and the p75-associated raft. The possibility of PrPc-initiated crosslinking is
suggested by the existence of primary ligands of PrPc such as laminin that can trigger neurite outgrowth via PrPc. Overproduction of Abeta might lead to a crosslinking of p75 and PrPc monomers.
Aspects of the hypothetical cooperation of p75 and PrPc
The functionality of PrPc comprises core functions that derive from direct effects of the prion
molecule and its associated raft, and cooperative functions that integrate the core functions into
complex cellular activities such as neurite outgrowth, myelination, neurotransmission, synaptic
plasticity, cell adhesion and migration, cytoprotection, or into the functionality of cooperating
receptors. The core module includes the redox- and ion channel-related functions of PrPc, the
Fyn/PI3K-mediated signaling, the properties of the PrPc-associated raft and the direct influence of
prion signaling on the cytoskeleton, while the cooperative function complexes use specific
structural and functional adaptations of PrPc such as binding sites. The hypothetical Abeta-mediated
cooperation with p75 and possibly other receptors represents only one of various resources for the
integration of the PrPc core module into cellular function complexes. The following discussion
considers the involvement of the hypothetical cooperation of PrPc and p75 in some cellular
processes.
PrPc and ROS
Radical oxygen species (ROS) and nitric oxides can oxidize biomolecules and damage cells. This
may be useful under certain conditions, e.g. for the defense against microbes and for programmed
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cell death, but high concentrations of ROS cause oxidative stress and sensitize cells against certain
harmful stimuli. On the other hand, they can facilitate biochemical reactions and support
physiological processes (review Valko et al., 2007). Therefore the cell has to control production and
effects of ROS and to maintain a redox homeostasis. Reducing agents such as glutathione are as
important to this control as the regulation of ROS-generating enzymes such as NADPH oxidase.
This oxidase (reviewed by Bedard and Krause, 2007) is a transmembrane complex consisting of
several subunits which produces superoxide and releases it into the extracellular space where it can
be converted to H2O2 spontaneously or through superoxide dismutase (SOD). H2O2 in turn can
pass the cell membrane and enter the cell; while superoxide may have anti-apoptotic effects, H2O2
is frequently used as an apoptotic stimulus. Various receptors need ROS for their signal transduction
and generate them through isoforms of NADPH oxidase; in particular, neurite outgrowth in PC12
cells depends on NADPH oxidase (Suzukawa et al., 2000). The activity of the oxidase is influenced
by receptor activity, especially by activated Ras and Rac. Ras promotes the assembly of the
NADPH oxidase complex from its subunits (Serù et al., 2004), and Rac participates in its activation
(Suzukawa et al., 2000; review Bedard and Krause, 2007). An important regulator of NADPH
oxidase activity is PI3K (Yamamori et al., 2004; Hawkins et al., 2007), which controls the
phosphorylation of certain subunits of NADPH oxidase; NADPH oxidase activity in turn can
influence PI3K signaling (Cheung et al., 2007). PrPc expression correlates with elevated PI3K
activation, and the octarepeat region of PrPc appears to be necessary for PI3K activation (Vassallo
et al., 2005). Some PKC variants too participate in the control of NADPH oxidase activity (Catarzi
et al., 2005; Frey et al., 2006). The initiation of PrPc signaling probably depends on Src kinases,
especially Fyn. In differentiated 1C11 cells, PrPc can activate Fyn and thereby induce ROS
generation through NADPH oxidase and subsequently ROS-dependent activation of ERK1/2
(Schneider et al., 2003; Mouillet-Richard et al., 2007; cf. also Pietri et al., 2006).
Many researchers regard PrPc as a sensor that detects oxidative stress and contributes to its
reduction; high ROS levels upregulate PrPc and may thus be reduced (cf. Sauer et al., 2003). PrPc
knockout cells are sensitized against oxidative stress (Brown et al., 2002), and re-introduction of
PrPc promotes the expression of proteins with anti-oxidative and anti-apoptotic effects (Ramljak et
al., 2008) and abolishes such sensitization. Overexpression of PrPc, however, has been linked to
both protection against certain stimuli and sensitization to apoptotic stimuli (cf. Senator et al., 2004;
Dupiereux et al., 2008; Ramljak et al., 2008). A general anti-oxidative effect of PrPc would have to
make up for the activation of NADPH oxidase by PrPc. Such an effect may be realized indirectly,
e.g. by inhibition of BACE1 and a resulting reduction of Abeta production (Parkin et al., 2007) that
diminishes the Abeta-induced generation of H2O2 from cholesterol (cf. Ferrera et al., 2008) and the
ROS production through Abeta-activated microglia (cf. Qin et al., 2006). The direct anti-oxidative
effects of PrPc probably involve the copper-binding octarepeat region of PrPc (cf. Mitteregger et al.,
2007). PrPc decreases the toxicity of copper (Haigh and Brown, 2006) which catalyzes the
generation of hydroxyl ions from H2O2. ROS can induce a so-called beta-cleavage of PrPc near the
end of the octarepeat region which is copper-dependent (McMahon et al., 2001) and possibly
required for the direct anti-oxidative effect of PrPc (Watt et al., 2005). The binding of copper by
PrPc also modulates the intracellular levels of H2O2 (Nishimura et al., 2004) and of anti-oxidants
such as glutathione, and the activity of anti-oxidative enzymes such as glutathione reductase and
SOD (Rachidi et al., 2003). Mutants of PrPc with deleted N-terminal half cause apoptosis that is
probably due to oxidative damage, insinuating that the C-terminal half of PrPc engages in ROS
generation by NADPH oxidase. It is unknown how PrPc attunes its ROS-promoting and ROSdetoxifying properties to each other and to the redox state of the cell.
PrPc and calcium/potassium homeostasis
ROS are important regulators of the cellular calcium homeostasis (Touyz, 2005); they influence the
influx of calcium, the release of calcium from intracellular stores, and the activity of calcium pumps
26

(review Bedard and Krause, 2007). PrPc regulates the intracellular level of H2O2 upon copper
application (Nishimura et al., 2004) and mediates the calcium increase caused by H2O2; the
octarepeat region of PrPc and Src kinase Fyn are crucial to the latter process (Krebs et al., 2007).
The intracellular calcium level can be modulated by PrPc via voltage-gated calcium channels
(Whatley et al., 1995; Korte et al., 2003). PrPc also uses these channels to influence potassium
channels (Fuhrmann et al., 2006) and possibly interacts directly with potassium channels (Azzalin
et al., 2006). The application of PrP106-126 to neuronal cultures leads to the generation of ROS and
the release of calcium from the endoplasmic reticulum and ultimately to apoptosis (Ferreiro et al.,
2006).
p75 and ROS
It has not been investigated explicitly if p75 activates the NADPH oxidase, but there is indirect
evidence of that. As mentioned, sphingomelinase activity upon Fas stimulation is built up by
NADPH oxidase activity and vice versa (Zhang et al., 2007). Ceramide production by
sphingomyelinase is necessary for the neuritogenic and apoptotic functions of p75 in hippocampal
neurons (Brann et al., 1999; Brann et al., 2002). Stimulation of p75 by aggregated Abeta can cause
apoptosis (e.g. Yaar et al., 1997; Tsukamoto et al., 2003), and Abeta-induced neuronal apoptosis
requires the activation of neutral sphingomyelinase by NADPH oxidase (Jana and Pahan, 2004). It
may be concluded that activation of NADPH oxidase is required for sphingomyelin hydrolysis upon
p75 stimulation. The activation of Ras (Blöchl et al., 2004), Rac and PI3K (Roux et al., 2001) by
p75 contributes to the formation of a functional NADPH oxidase complex at the cell membrane and
to its activation. The activation of p75 is probably responsible for the overstimulation of NADPH
oxidase that underlies PrP106-126-induced apoptosis (Della-Bianca et al., 2001).
A cooperation of p75 and PrPc should activate NADPH oxidase and sphingomelinase in a
synergistic way. The p75 should also profit from the ability of PrPc to support the conversion of
superoxide to H2O2 and to provide ROS, which are needed for p75 signaling (Suzukawa et al.,
2000). Part of the calcium that is needed for cell survival or for neurite outgrowth could be provided
by PrPc via H2O2 (Krebs et al., 2007). The control of ROS by PrPc might be supported by antioxidative properties of crosslinking Abeta since soluble Abeta1-28 can efficiently reduce e.g.
hydroxyl ions in a cell-free system (Baruch-Suchodolsky and Fischer, 2008). A possible antioxidative function of crosslinking Abeta oligomers should benefit all Abeta-mediated cooperations
of p75 and decrease excess ROS generated via p75-activated NADPH oxidase and redox reactions.
Anti-apoptotic functions of PrPc support the anti-apoptotic function of p75.
PrPc may prevent apoptosis in several ways, e.g. via its anti-oxidative function, by direct inhibition
of the pro-apoptotic protein Bax, and through activation of survival-promoting PI3K. The antioxidative function reduces potentially apoptotic oxidative stress that can be caused by various
factors. This reduction may be effected by inherent detoxifying properties of PrPc or by the
influence of PrPc on anti-oxidative enzymes (e.g. SOD) and anti-oxidants (e.g. glutathione).
(Sakudo et al., 2005b) reported that PrPc upregulates SOD activity via the octarepeat region and the
N-terminal half of the hydrophobic domain and thus reduces oxidative stress. This effect can be
triggered by the binding of stress-inducible protein 1 (STI1) to PrPc (Sakudo et al., 2005a). Baxmediated apoptosis can be inhibited directly by PrPc. Normally Bax is neutralized by inhibitors.
When during Bax-mediated apoptosis these inhibitors are bound by other proteins then Bax is
activated and able to induce the formation of pores in the outer mitochondrial membrane; these
pores release cytochrome c from the space between outer and inner mitochondrial membrane which
initiates pro-apoptotic mechanisms. Intracellular PrPc inhibits conformational change of Bax and
thus prevents apoptosis (Roucou et al., 2005). The anti-Bax function of PrPc depends on its
octarepeat region (Bounhar et al., 2001). PI3K and Akt are known for their survival-promoting
effects (e.g. Orike et al., 2001) that include the stimulation of members of the anti-apoptotic Bcl-2
27

family to inhibit their pro-apoptotic relatives. Both p75 and PrPc activate PI3K and thus induce
neuroprotective effects (Roux et al., 2001; Vassallo et al., 2005). The PI3K level is lower in PrPc
knockout cells than in cells with wildtype PrPc, and PI3K activation seems to require the binding of
copper to the octarepeat region (Vassallo et al., 2005). The hypothetical cooperation of p75 and
PrPc should enhance their PI3K-mediated neuroprotective effects synergistically. Recently, a link
has been demonstrated between PrPc and sphingosine-1-phosphate (S1P) signaling (Schmalzbauer
et al., 2008). S1P has cytoprotective properties and can be seen as antagonist of pro-apoptotic
ceramide (cf. Takabe et al., 2008). If PrPc signaling involves the S1P pathway then a cooperation of
PrPc and p75 may attenuate the pro-apoptotic signaling of p75.
Apoptotic effects of mutant PrPc and PrPSc may involve p75.
Potentially apoptotic effects of PrPc include e.g. unphysiological ROS generation, calcium increase
and p75 stimulation. Mutations of PrPc might create favorable conditions for pro-apoptotic
activities, for instance by enhanced ROS production, or by increased aggregation propensity, or
(indirectly) by elevated ligand binding with ensuing overstimulation of p75. If the cooperation
model for p75 and PrPc is correct then PrPSc-induced apoptosis may involve p75 in similar ways as
described above for PrP106-126. PrPc by itself should not exert pro-apoptotic effects under normal
conditions, neither in developmental nor in mature stages. While the consequences of prionoses are
especially dreadful, the incidence of Creutzfeldt-Jacob disease is extremely rare compared to other
amyloidopathic diseases. The risk of spontaneous prion degeneration might be linked to the
hypothetical binding site for Abeta on PrPc and the amyloidogenic nature of Abeta (see also
Concluding remarks).
PrPc and neurite outgrowth, cell adhesion and cell migration
Neurite outgrowth requires ROS (Suzukawa et al., 2000) and elevation of intracellular calcium
(review Mattson, 1992), and PrPc can provide both. Since ROS interact directly and indirectly with
the cytoskeleton (Moldovan et al., 2006), PrPc should be able to influence the cytoskeleton through
generated ROS and thereby facilitate skeletal modifications that are required for neurite outgrowth,
cell adhesion and cell migration (cf. Schröder et al., 2007, and Shinohara et al., 2007). Ligands of
PrPc such as laminin, NCAM and STI1 can trigger neurite outgrowth via PrPc (Graner et al., 2000;
Santuccione et al., 2005; Lopes et al., 2005) and promote cell survival (Santuccione et al., 2005;
Sakudo et al., 2005a); all three ligands also facilitate cell adhesion and cell migration. PrPc is also
necessary for the correct myelination of nerve fibers in spinal cord and peripheral nerves (review
Sakaguchi, 2007). Soluble recombinant rPrPc can trigger differentiation and synaptogenesis in
hippocampal neuronal cultures, which can be prevented by inhibition of Src kinase Fyn and PKC,
partly also by inhibition of PI3K (Kanaani et al., 2005); the authors therefore regard soluble rPrPc
as a neurotrophic factor that stimulates an unknown receptor. Alternative explanations are that
soluble rPrPc might aggregate and attach to rafts (cf. Walmsley et al., 2003) and then act like
activated GPI-anchored PrPc, or that rPrPc might crosslink membrane-associated PrPc and then
activate a receptor.
If a neuritogenic receptor is required for PrPc-induced neurite outgrowth then it may be activated
through PrPc-associated rafts and Src kinase Fyn. In the context of the cooperation model, this
implies that an Abeta-mediated cooperation of p75 and PrPc may be initiated by both proteins and
that the receptor p75 may be activated by other proteins than neurotrophins. It further suggests that
PrPc might represent a kind of node within a network of neurotrophic receptors and proteins and
thus mediate the remarkable tolerance of the cell for mutations and loss of certain receptors and
proteins. Generally, it may be presumed that p75 is not the only receptor with a stalk that is primed
for crosslinking, and that other receptors might also be integrated into cooperative networks.
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The influence of PrPc on synapse formation and synaptic function
In the adult organism, PrPc is highly expressed within pre- and postsynapses of the central nervous
system and within neuromuscular endplates (review Zomosa-Signoret et al., 2008). Various reports
suggest that PrPc influences synaptogenesis and neurotransmission (reviews Westergard et al.,
2007; Zomosa-Signoret et al., 2008). Application of recombinant PrPc (rPrPc) increases the number
of synapses in hippocampal neuronal cultures (Kanaani et al., 2005) and stimulates the release of
acetylcholine from the neuromuscular endplate (Re et al., 2006). Glutamatergic transmission in the
hippocampus is enhanced by PrPc (Carleton et al., 2001). Knockout of PrPc reduces afterhyperpolarization (Colling et al., 1996), probably by diminished calcium influx through L-type
voltage-gated calcium channels (Fuhrmann et al., 2006). PrPc may also regulate copper homeostasis
at the synapse (Herms et al., 1999). PrPc knockout mice display certain cognitive defects that can
be redeemed by re-introduction of wildtype PrPc (Criado et al., 2005). The role of PrPc in
synaptogenesis and synaptic function probably depends on redox properties of PrPc, its influence on
calcium/potassium homeostasis and the resulting cytoskeletal modifications (cf. review Hidalgo and
Donoso, 2008). Presynaptic neurotransmitter release may be regulated by a neurotrophin-controlled,
synergistic cooperation of p75, APP and PrPc.

C) Cooperation model for p75 and alpha-synuclein (aSyn)
aSyn is a soluble protein with 140 aa that is present in the central nervous system in large quantities;
in the adult organism, it is found almost exclusively within presynaptic terminals. Its functions are
only partially known and discussed controversially. A number of reports ascribe aSyn a role in
synthesis, storage and release of dopamine (review Sidhu et al., 2004). Similar to APP and PrPc,
aSyn deficiency is not fatal but results in functional and morphological differences to control mice
(e.g. Abeliovich et al., 2000). This suggests that aSyn may serve to optimize and fine-tune
neurotransmission and synaptic plasticity.
Most researchers agree that aSyn aggregates play a crucial role in Parkinson's disease. However, the
toxicity of aSyn aggregates within intracellular Lewy bodies has been doubted (e.g. Tanaka et al.,
2004; Kramer and Schulz-Schaeffer, 2007); at present short oligomers of aSyn are regarded as
culprits in Parkinson's disease. Many researchers regard aSyn as an essentially cytosolic protein and
intracellular mechanisms as responsible for the toxic effects of aSyn aggregates. However, part of
aSyn is secreted in both constitutive (Lee et al., 2005) and regulated (Fortin et al., 2005) ways; it
can be detected in the cerebrospinal fluid and in the blood (Borghi et al., 2000; El-Agnaf et al.,
2003). Theoretically, secreted aSyn might interact with receptors and modulate their signal
transductions.
The cooperation model for p75 and aSyn postulates that short oligomers of Abeta can crosslink p75
and membrane-associated extracellular aSyn and mediate a direct cooperation between the two
proteins. This interaction influences neurotransmitter release and synaptic plasticity and can exert
both anti-apoptotic and apoptotic effects. The hypothetic cooperation might provide a link between
intra- and extracellular aSyn effects.
Plausibility and mechanism of an Abeta-mediated crosslinking of p75 and aSyn
Interaction of aSyn and Abeta; structure and membrane association of aSyn
aSyn can associate with Abeta and promote its aggregation; this association depends on the NAC
region of aSyn and the hydrophobic region of Abeta (Yoshimoto et al., 1995). Jensen et al. (1997)
found two segments of aSyn that can bind Abeta (1-56 and 57-97). The second segment contains the
NAC sequence of aSyn (61-95); NAC has been found in Abeta plaques and possibly represents a
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degradation product of aSyn. The two Abeta-binding segments of aSyn approximately coincide with
the parts of membrane-bound aSyn that form antiparallel helices with a hinge between them (for the
interaction of aSyn with membranes see the review by Beyer, 2007); according to another report,
the N-terminal part of aSyn (ca. 1-97) forms a single bent helix. The helices are curved in a way
that suggests an adaptation to the curvature of certain vesicles. Soluble aSyn has a largely unfolded
structure, and the negatively charged C-terminal tail of aSyn (ca. 98-140) stays unfolded even after
membrane association of aSyn and keeps away from the membrane. While experiments with
artificial membranes demonstrated a strong propensity of aSyn for membrane association, little
aSyn has been found in brain extracts (see references in Fortin et al., 2005). The enrichment of
synapses with aSyn seems to be effected by a rapid exchange between synapses and not by tight
association with synaptic vesicles (Fortin et al., 2005); upon vesicle discharge, aSyn separates from
the membrane and disperses. The association of soluble aSyn with biological membranes is rapidly
reversible and not driven by electrostatic attraction (Kim et al., 2006).
p75 participates in the regulation of aSyn expression.
Since hippocampal neurons express aSyn relatively late, after developmental synaptogenesis, it
apparently is not required for neurite outgrowth and synaptogenesis (Murphy et al., 2000). The
regulation of aSyn expression, however, clearly involves neurotrophic factors such as NGF and
basic fibroblast growth factor through the Ras/ERK and the PI3K pathway (Clough and Stefanis,
2007). NGF stimulation also elevates the expression of tyrosine hydroxylase (TH), the rate-limiting
enzyme of dopamine synthesis, via the Ras pathway (Suzuki et al., 2004). It may be concluded that
p75 participates in the regulation of aSyn expression by activating Ras/ERK (cf. Susen et al., 1999;
Blöchl et al., 2004). The upregulation of aSyn through Ras/ERK is counteracted by a negative
feedback mechanism which reduces ERK phosphorylation through increased aSyn (Iwata et al.,
2001); the mechanism relies on the binding of the N-terminal part of aSyn to several ERKs
(ERK1/2, p38MAPK, SAPK/JNK). In addition, overexpression of aSyn downregulates TH activity
(but not the TH protein level) and thus dopamine synthesis (Perez et al., 2002). aSyn may
negatively regulate the expression of p75 by inhibition of PKCdelta (Kaul et al., 2005; cf. Rankin et
al., 2008). Inflammatory myelin diseases might be linked to p75 through upregulation of aSyn
(Papadopoulos et al., 2006).
aSyn probably does not interact directly with p75.
Data presented here (Figure 2) demonstrate that NAC (directly or indirectly) binds to the p75 stalk
and activates the receptor. The same stalk fragments that prevent p75 activation by aged Abeta also
inhibit p75 activation by aggregated NAC (Figure 3B). The interaction of NAC and p75 may
insinuate that aSyn too might be able to interact with p75, but as there is no evidence of an
interaction between aSyn and p75, an indirect interaction should be more plausible.
Abeta seems to promote the generation of Lewy bodies (Pletnikova et al., 2005). Since Abeta binds
to both p75 and aSyn, an Abeta-mediated crosslinking of the two proteins appears possible. Such
crosslinking might be realized in analogy to the crosslinking of p75 and APP or PrPc. GM1
gangliosides and aSyn can specifically interact and induce a partly helical conformation of aSyn
that promotes oligomerization and obstructs fibrillogenesis (Martinez et al., 2007). The affinity of
aSyn for GM1 might contribute to the presynaptic localization of aSyn in membrane rafts (Martinez
et al., 2007). As GM1 gangliosides are able to oligomerize both Abeta and aSyn they may also
catalyze the association of p75-associated Abeta and aSyn or the connection of p75-associated
Abeta with aSyn-associated Abeta. Because of a possible oligomerization of aSyn through GM1,
p75-associated Abeta might also be linked to aSyn oligomers, which raises the question of a
physiological function of such oligomers.
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Functional aspects of the hypothetical crosslinking of p75 and aSyn
Aggregated extracellular aSyn may be endocytosed via p75 and trigger apoptosis.
Sung et al. (2001) studied the influence of aggregated aSyn on certain cell cultures. Both freshly
dissolved and aggregated aSyn caused apoptosis; aggregated aSyn had a stronger apoptotic effect
and was endocytosed more rapidly suggesting that the apoptotic effect of freshly dissolved aSyn
might have been caused by some aggregated aSyn contained in the solution. The uptake of added
aSyn into the cells depended on Rab5A since the additional overexpression of inactive Rab5A
reduced both apoptosis and endocytosis of aSyn. Endocytosed aSyn formed granular cytosolic
aggregates with a composition similar to Lewy bodies. Digestion of the extracellular domains of
membrane proteins by trypsin prevented aSyn uptake, and chemical crosslinking together with aSyn
co-precipitation yielded a protein of about 60 kD, indicating that aSyn needs the help of a
membrane protein for its uptake. The effects of added aSyn also included a marked appearance of
microvilli or filopodia and the production of ROS as observed with activated p75. Application of
aSyn (at least within the first 60 minutes) did not lead to a mobilization of intracellular calcium that
would be expected from membrane permeabilization by pore formation. The described phenomena
are compatible with the idea that aggregated aSyn activates the p75 and induces endocytosis of p75
and aSyn. While Sung et al. (2001) did not observe typical signs of apoptosis, El-Agnaf et al.
(1998) reported apoptosis upon addition of aggregated aSyn and NAC. An uptake via p75 may not
be the only way for aSyn of entering the cell since a rapid uptake of aSyn and beta- and gammasynuclein has been described that apparently did not require endocytosis (Ahn et al., 2006). Danzer
et al. (2007) produced hetero-oligomers of aSyn that too were taken up very quickly and that
promoted intracellular aSyn aggregation.
The disposal of extracellular aSyn oligomers via the p75 might be a valuable side effect of a
crosslinking of p75 and aSyn; such oligomers might be neutralized and packed into Lewy bodies
and bind radicals (cf. Tanaka et al., 2004). High aSyn overexpression may lead to an increase in
aggregated extracellular aSyn, to oxidative stress (cf. Tabner et al., 2002) and eventually to
apoptotic signaling via p75. This would agree with some reports that aSyn overexpression sensitizes
cells to apoptotic stimuli (e.g. Saha et al., 2000; Zhou et al., 2000); see also discussion in
Hashimoto et al., 2002). Aggregated aSyn may also damage the cell membrane, e.g. by pore
formation. The toxic effects of aggregated extracellular aSyn have largely been neglected, but intraand extracellular aSyn may be equally responsible for certain synucleinopathies.
The apoptotic effect of aged NAC via p75 and its prevention by stalk fragments of p75 (Figure 4B)
suggest that aggregated NAC binds directly or indirectly to the p75 stalk and thereby dimerizes or
multimerizes p75 receptors. Similar to Abeta and PrPSc, single fibrils of aggregated aSyn consist of
stacks of aSyn molecules with planar segments (36-61 and 68-98) that are in-register (Chen et al.,
2007); the rest of each aSyn molecule has a less ordered structure. It may be assumed that
aggregated NAC has a comparable beta-sheet structure, with unstructured N-terminal tails (61-67).
Like NAC, aggregated aSyn might bind to the p75 stalk or to p75-associated Abeta and activate the
receptor. Such binding would prevent the neuroprotective cooperations of p75 and favor apoptosis.
It is unclear if aSyn oligomers without beta-sheets might be able to activate the receptor, or if
fibrillar aSyn might activate p75 via its upper binding site for Abeta.
Anti-apoptotic and anti-oxidative effects of extracellular aSyn
The reports about the effects of overexpression of aSyn are controversial; some researchers
observed neuroprotection against oxidative stress while others saw a sensitization to it or even
apoptosis (e.g. Saha et al., 2000; Zhou et al., 2000). Zourlidou et al. (2003) assumed that the effects
of overexpressed aSyn depend on the applied stimulus. The hypothesis presented here assigns a
crucial role to the degree of overexpression that should correlate with differential aggregate
formation and effects. In agreement with some research groups (Sung et al., 2001; Seo et al., 2002;
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Albani et al., 2004), aSyn application at nanomolar concentrations as well as moderate
overexpression of aSyn should have anti-apoptotic effects while micromolar concentrations with
heavy aSyn aggregation should lead to apoptosis in the manner described in the previous paragraph.
Intracellular aSyn, which should in part be absorbed aSyn, can reduce the activity of pro-apoptotic
proteins, e.g. the activity of p53 (Alves Da Costa et al., 2002), of caspase 3 (Li and Lee, 2005), of
PKCdelta and Bad (Kaul et al., 2005) and of JNK (Hashimoto et al., 2002); additionally, an
inhibition of PKCdelta may diminish NGF-induced upregulation of p75 (Rankin et al., 2008) and
thereby decrease the risk of p75-mediated apoptosis. Nanomolar extracellular aSyn can stimulate
the survival-promoting PI3K/ERK pathway (Seo et al., 2002), and aSyn overexpression elevates the
level of anti-oxidative glutathione (Hsu et al., 2000). Non-beta-sheet extracellular aSyn, which may
cooperate with p75 without activating the receptor, should not exert toxic effects via p75 but may
competitively reduce the cytoprotective cooperations of p75 with APP and PrPc (see further below).
To exert anti-apoptotic and/or anti-oxidative effects via p75, crosslinked aSyn would have to exert
such effects either by itself or through modulation of p75 signaling. Since monomeric aSyn can
prevent the oxidation of membrane lipids (Zhu et al., 2006) and protect the cell membrane against
oxidative damage, aSyn might catch ROS and, after having been oxidized and perhaps
oligomerized, be disposed of via p75 and packed into Lewy bodies. Crosslinked aSyn might also
detoxify an excess of ROS produced by p75-activated NADPH oxidase; superoxide generated by
NADPH oxidase together with a suitable metal such as Cu2+ can induce the self-oligomerization of
aSyn (Paik et al., 2000; Lee et al., 2003). The anti-oxidative effect of aSyn very probably depends
on the unstructured C-terminal part of aSyn (Nielsen et al., 2001; Albani et al., 2004). The binding
of Ca2+ to the C-terminal tail of aSyn facilitates the association of the tail with the cell membrane
and the formation of potentially toxic annular oligomers and further aSyn aggregation (Lowe et al.,
2004; Tamamizu-Kato et al., 2006). Therefore, p75-induced endocytosis of aSyn/Ca2+ could have
an anti-oxidative and anti-apoptotic effect. It is interesting in this context that a C-terminal part of
aSyn migrates to the nucleus upon application of H2O2 (Xu et al., 2006). Low chronic oxidative
stress through H2O2 upregulates aSyn (Quilty et al., 2006) and consequently extracellular aSyn and
may thus induce neuroprotective activities of p75.
The anti-apoptotic effect of extracellular aSyn might be linked to the preference of aSyn for
membrane areas enriched in phosphatidylinositol-4,5-biphosphate (PIP2), the substrate of PI3K
(Narayanan et al., 2005); this preference is further increased in the presence of extracellular Ca2+.
Since membrane-association of aSyn should be a prerequisite of Abeta-mediated crosslinking of
aSyn and p75, such crosslinking could add PIP2 to the p75-associated raft. PI3K is activated upon
p75 stimulation and transforms PIP2 into phosphatidylinositol-3,4,5-triphosphate which then may
lead to the activation of survival-promoting Akt (see review of PI3K by Rameh and Cantley, 1999).
This should strengthen the anti-apoptotic PI3K/Akt component of p75 signaling.
Effects of aSyn/p75 on intracellular calcium homeostasis, neurotransmission and synaptic plasticity
The preference of aSyn for PIP2-enriched membrane areas can also induce the release of
intracellular Ca2+ via p75, mediated by the activation of PLCgamma through the product of PI3K,
phosphatidylinositol-3,4,5-triphosphate. PIP2 also influences the reorganization of actin filaments
(Sakisaka et al., 1997). Liu et al. (2004) reported that stimulation of hippocampal neurons by
glutamate increases aSyn clustering, potentiates neurotransmitter release and increases the number
of active synaptic boutons; these effects depend on NO production. Conversely, suppression of aSyn
by antisense nucleotides and knockout techniques prevents the glutamate-induced potentiation of
neurotransmission and the resulting increase in presynaptic terminals. Since glutamate application
triggers neurotrophin release (e.g. Blöchl and Thoenen, 1995) and consequently p75 stimulation,
crosslinked p75 and aSyn may elevate intracellular Ca2+ and enhance the effect of glutamateinduced calcium influx and thus promote neurotransmitter release and synaptic plasticity.
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A priming, compensating and coordinating effect of the activity-controlled aSyn mobility
Fortin et al. (2005) reported that aSyn is released from synapses, disperses rapidly and is taken up
elsewhere. Rab5A mediates the uptake of aSyn by neurons (Sung et al., 2001), and clathrin is
necessary for the aSyn uptake by microglial cells (Liu et al., 2007); presumably other cell types,
too, are able to endocytose extracellular aSyn. The review of Haydon (2001) describes how the
cross-talk between neurons and glia modulates neuronal excitability and synaptic transmission:
Synaptic signaling may cause elevations or oscillations of intracellular Ca2+ within astrocytes that
can spread to other astrocytes via gap junctions and induce the release of glutamate; in this way,
Ca2+ alterations may induce long-range signaling within the nervous system. The uptake of aSyn
by astrocytes, too, might influence their intracellular Ca2+ levels and the mentioned long-range
communication within astrocytes and between astrocytes and neurons. The activity-controlled
mobility of aSyn together with its modulation of neurotransmitter release (Liu et al., 2004; Liu et
al., 2007) should influence and coordinate synaptic plasticity. It further suggests a priming and
compensating effect of extracellular aSyn which may level out differences in the ability of
individual neurons to release neurotransmitter vesicles, caused for instance by differential
expression of involved proteins. These functions of aSyn might explain the abundance of aSyn
within the central nervous system. To a lesser extent, PrPc may exert a similar influence on
neurotransmission and synaptic plasticity as it can be released from the plasma membrane and taken
up by other cells (e.g. Stahl et al., 1990; Fevrier et al., 2004). If the proposed cooperation hypothesis
is right then p75 participates in these communicator roles of aSyn and PrPc.
Extracellular aSyn competes with other partners of p75 for cooperation with the receptor.
The stalk binding site for Abeta on p75 can accommodate only one crosslinking at a time. The
Abeta-mediated crosslinking of aSyn excludes other cooperation partners from such binding and
thus reduces their influence. Under normal conditions, the various cooperations of p75 are balanced
and optimize synapse shape and structure and synaptic function; this balance is established by
mutual expression regulation and other mechanisms and may be cell type-specific. The
overexpression of one cooperation partner impairs this balance and produces "deficiency
symptoms" caused by insufficient cooperative activity of one or more p75 partners. An excess of
aSyn can have consequences for cellular processes such as neurite outgrowth, cell adhesion, cell
migration, Notch expression and neurogenesis or cell survival:
- Neurite outgrowth and cell migration: APP and PrPc support neurite outgrowth, cell adhesion and
cell migration. A substantially diminished cooperation of p75 with them due to overexpression or
external addition of aSyn should reduce such activities, as reported by Takenouchi et al. (2001) for
neurite outgrowth. aSyn should not directly influence neurite outgrowth as Abeliovich et al. (2000)
did not observe impaired neurite formation in aSyn knockout mice.
- Notch expression and Notch effects: p75 and APP induce the Notch pathway. If p75 activates this
pathway via APP then a diminished cooperation with APP should downregulate this pathway and
decrease e.g. the number of neuronal precursors in the adult brain, possibly by premature
differentiation due to a lack of Notch (cf. Kageyama and Ohtsuka, 1999), or by impaired survival of
neuronal precursors (cf. Mason et al., 2006). Overexpression of aSyn decreased Notch1 and Hes5
expression and reduced neurogenesis in murine embryonic stem cell cultures and in the
hippocampus of transgenic mice (Crews et al., 2008); it also impaired neurogenesis in the olfactory
bulb of adult mice (Winner et al., 2004) and gliagenesis in embryonic cell cultures (Schneider et al.,
2007).
- Survival: As mentioned, high overexpression of aSyn may cause an increase in aggregated
extracellular aSyn (cf. Lee et al., 2005). This would impair the cytoprotective cooperation of p75
with APP and PrPc, and continued stimulation of p75 with high concentrations of aggregated aSyn
would lead to apoptosis.
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Similarities of aSyn and PrPc
The influence of extracellular aSyn on the intracellular Ca2+ level, its role in the detoxification of
ROS, and its anti-apoptotic properties recall comparable properties of PrPc. Their respective Nterminal, middle and C-terminal segments might even have some functional analogies. If the
synaptic cooperations of p75 with APP, PrPc and aSyn aim at the optimization of neurotransmission
and synaptic plasticity then it seems reasonable and necessary that aSyn and PrPc support the
neurotrophic functions of p75 in analogous ways.

IV. Concluding remarks
Any amyloid aggregates that can interact with Abeta may interfere with Abeta-mediated
cooperations of p75 and cause pathogenic activation of the receptor.
The postulated function of Abeta as a crosslinker of p75 and APP, PrPc, aSyn and perhaps other
proteins assigns Abeta a special role among the amyloidogenic proteins. The Abeta-linked partners
of p75 must provide a binding site for Abeta and meet other structural and functional conditions and
restrictions to be capable of cooperating with p75. As such cooperations must agree with the
principal nature of p75 functionality, the properties of the respective partners of p75 should
harmonize with p75 and each other and have certain features in common such as an anti-apoptotic
and anti-oxidative aspect. These restrictions may influence their aggregation propensity and, due to
the mediating role of Abeta, imprint an Abeta-like amyloidogenic character on them. PrPc is an
example for that, as no physiological function of its amyloidogenic property is known and as its
aggregated forms seem to be solely toxic. The special role of Abeta might be linked to the fact that
Alzheimer's disease is the most frequent neurodegenerative disease and often associated with
symptoms of other neurodegenerative conditions.
Proteins that are able to interact with membrane-anchored Abeta mono- or oligomers are potential
cooperation partners of p75; so the receptor might have partners in addition to the described ones.
Fibrillar aggregates of such amyloidogenic candidate partners should have a similar structural
organization as e.g. PrPc (stacks of partly planar in-register molecules) and be able to crosslink p75
receptors via their stalks or stalk-associated Abeta. Besides, if toxic aggregates of an amyloidogenic
protein can interact with p75-associated Abeta even though this protein is not a cooperation partner
of p75, they might be capable of crosslinking and activating p75 receptors. These considerations
might be relevant to all amyloidopathic diseases that involve the receptor p75 in its apoptotic aspect
or/and that are caused by toxic and Abeta-interacting aggregates of an amyloidogenic protein.
Appropriate stalk derivatives of p75 might neutralize such aggregates, too. In the following, two
examples of amyloidopathic diseases are described which might involve irregular apoptotic
activation of p75.
A transgenic mouse with a mutant of superoxide dismutase SOD1 (SOD1G93A) represents an
animal model of amyotrophic lateral sclerosis (ALS). In the progress of the disease, p75 is
upregulated in spinal motoneurons (Copray et al., 2003). Although SOD1 is regarded as a cytosolic
protein it is also secreted into the extracellular space (e.g. Santillo et al., 2007; Gomes et al., 2007)
and might interact with receptors. Sedel et al. (1999) reported that stimulation of p75 by NGF can
induce apoptosis in motoneurons; in ALS, the p75 may e.g. cause motoneuronal death via the
reactive production of NGF by astrocytes (Pehar et al., 2004; Pehar et al., 2005; Pehar et al., 2007).
Nogo can both promote the disease and (in the form of Nogo-66 derivatives) reduce motoneuronal
death via the Nogo receptor NgR (Teng and Tang, 2008). A possible explanation for this seemingly
paradox behavior might be that Nogo and NgR on the one side prevent the neuroprotective
cooperations of p75 when NgR associates with p75, and that the binding of NgR to p75 on the other
side also suppresses the irregular activation of p75 by extracellular beta-sheet aggregates of SOD
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when such aggregates appear in the course of the disease. In both ALS patients and an ALS mouse
model a significant increase of APP and Abeta has been found in certain muscle groups which
might damage neuromuscular synapses (Koistinen et al., 2006). This suggests that irregular
activation of p75 by oligomeric and aggregated Abeta takes place and negatively influences muscle
innervation. Such elevation of APP and Abeta was not observed in the brains of SOD1G93A mice
(Turner et al., 2004a). Overexpression of the C-terminal fragment C100 of APP in SOD1G93A mice
accelerates the onset of ALS and aggravates SOD1 aggregation (Li et al., 2006). If toxic SOD
aggregates induce apoptosis via the p75 stalk then they should also activate the p75 mutant in the
p75 Exon III knockout mouse (cf. Küst et al., 2003) or p75 receptors with the neurotrophin binding
site neutralized by a cyclic peptide (Turner et al., 2004b), whereas the application of antisense
peptide nucleotides against p75 should delay the onset of ALS and attenuate the course of the
disease (Turner et al., 2003). The latter reports indicate that extracellular SOD1 aggregates are able
to activate the p75 via its stalk; such aggregates may either be secreted or come from dead neurons.
Plaques of amylin are characteristic of type 2 diabetes mellitus. As in neurodegenerative diseases,
oligomers are considered to be responsible for the loss of beta cells (review Haataja et al., 2008).
Human amylin is toxic to hippocampal (May et al., 1993) and cortical neurons (Tucker et al., 1998)
and can trigger apoptosis in undifferentiated PC12 cells (MacGibbon et al., 1997). The addition of
synthetic aggregated amylin to cultured islet beta cells causes cell death that can be prevented by
Abeta1-40 (Bai, 2008). As with Abeta and aSyn, the aggregation of amylin may be catalyzed by
GM1 gangliosides (Kurganov et al., 2004). The mutual suppression of amylin and Abeta (Bai, 2008;
Yan et al., 2007) indicates a link between type 2 diabetes and Alzheimer's disease (Yan et al., 2007)
and in particular an interaction between amylin and Abeta. Diet-induced insulin resistance in a
transgenic APP mouse increases the production of Abeta and leads to Abeta amyloidosis (Ho et al.,
2004). The neurotrophins and their receptors Trk and p75 participate in the innervation and the
development of islet beta cells (Polak et al., 1993; Persson-Sjögren et al., 2005). Apoptosis in
chronic pancreatitis has been linked to p75 upregulation (Zhu et al., 2003). Cell cultures of human
beta cells express NGF, TrkA and p75; NGF is anti-apoptotic in an autocrine way, and NGF
withdrawal induces apoptosis by the inhibition of the PI3K pathway (Pierucci et al., 2001). The
cited facts and the cooperation model presented here suggest that p75 is present in the islets and that
aggregated amylin may activate the receptor via stalk-associated Abeta and thus induce apoptosis; if
this is correct then the p75 is part of an injurious mechanism in diabetes. Aggregated amylin might
also activate p75 in the brain and thus upregulate Abeta production. In view of neuromodulatory
effects of amylin on cholinergic neurons of the basal forebrain (Jhamandas et al., 2003) a
physiological cooperation of p75 with amylin is conceivable.
The structure of Abeta and the position of its homologous sequence within APP suggest that the
anchoring of Abeta in the membrane is a crucial property of Abeta that together with the
amyloidogenic nature of Abeta hints at crosslinking as a principal function of Abeta. The release of
Abeta from the membrane serves various purposes, e.g. the stimulation of p75 via its upper binding
site (for postsynaptic depression, synaptic pruning, protection against overexcitation, neurite
regeneration, survival signaling), the signaling to other cells such as microglia, or the sealing of
wounds. Excess Abeta that is not used up by one of such purposes is degraded or partly neutralized
by fibrillization. Chronic overproduction, however, would exaggerate the physiological effects of
membrane-anchored and extracellular Abeta and overload the degradation mechanisms and thus
lead to pathological conditions.
At present membrane damage, oxidative stress and synaptic impairment through amyloid
aggregates are regarded as primary injurious mechanisms in neurodegenerative diseases. The
cooperation model extends the spectrum of harmful mechanisms and views Abeta as a central
mediator of unphysiological or apoptotic p75 activation in various amyloidopathic diseases.
Although p75 is not the actual cause of degenerative diseases it can critically promote them,
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especially as it is upregulated with age and under pathological conditions and then increases Abeta
production. With progressing disease, inflammation aggravates deleterious effects of p75 and
engages additional apoptotic receptors such as TNFR and Fas.
Why just the receptor p75 is suited to an Abeta-mediated cooperation with APP, PrPc and aSyn
While the Trk receptors essentially have a neurotrophic nature, p75 can have both neurotrophic and
apoptotic effects. This seemingly paradoxical behavior of p75 becomes understandable if it is seen
as an optimization tool. The receptor aims at the optimal morphological and functional integration
of the cell into its context. On the one hand, it can induce neurotrophic effects on its own and
support and negatively control Trk effects; on the other hand it eliminates unsuited or redundant
cells by apoptosis. The functionality of APP, PrPc and aSyn has also an optimizing character;
though their loss is not fatal it leads to morphological and functional deficiencies in the long run.
The postulated Abeta-mediated cooperation of p75 with these proteins is part of the optimizing role
of p75. It integrates components of their functionality into the dual neurotrophin receptor control,
especially the modulation of neurotransmitter release, and permits a comprehensive, efficient and
economic modulation of synaptic function and plasticity. As a logical consequence, the
neurotrophin receptors are involved in the regulation of the expression of these proteins (Cosgaya et
al., 1996; Zawlik et al., 2006; Clough and Stefanis, 2007).
The optimizing nature of p75 also comprises cooperations of the receptor that under certain
circumstances restrict or abolish its neuritogenic and neuroprotective properties, and the question
arises if such cooperations too involve Abeta-mediated crosslinking. The interaction of the Nogo
receptor NgR with p75, which is induced by myelin-derived proteins, causes growth cone collapse
via Rho activation (which unfortunately can prevent the regeneration of severed axons), and sortilin
enhances the apoptotic function of p75. NgR is a GPI-anchored protein and sortilin a
transmembrane receptor. Both proteins possess a cleavage site for certain metalloproteases,
presumably also for TACE (Walmsley et al., 2004; Nyborg et al., 2006); sortilin is also cleaved by
gamma-secretase (Nyborg et al., 2006). The association of NgR with p75 is mediated by the
C-terminal segment that is determined by alpha-cleavage, while the corresponding N-terminal part
does not bind to p75 (Walmsley et al., 2004). The application of TACE leads to alpha-cleavage of
p75 and NgR (Ahmed et al., 2006). These findings are compatible with an Abeta-mediated
crosslinking of p75 and NgR. Such a crosslinking could also explain the binding of NgR to two
chimeras of p75 that were generated by the exchange of the stalk or of the transmembrane domain
of p75 for the corresponding region of Fas (Domeniconi et al., 2005) and that in contrast with
wildtype p75 are no longer able to induce inhibition of neurite outgrowth through NgR and myelinassociated glycoprotein (MAG). If p75-bound Abeta is anchored in the membrane it presumably
binds to both stalk and transmembrane domain of p75 and consequently also to the two chimeras.
NgR binds to the Abeta-homologous sequence within APP and to Abeta itself, and addition or
overexpression of NgR reduces the production of Abeta (Park et al., 2006), which according to the
authors relies on an inhibition of APP proteolysis. However, the interaction of NgR with p75 should
prevent ceramide production by p75 (by activation of PKC, cf. Plo et al., 2004; Domeniconi et al.,
2005) and thus decrease the stimulating effect of p75 on Abeta production as well. An Abetamediated crosslinking of p75 with NgR and sortilin would suppress the neuroprotective
cooperations of p75 in a trivial way (by the occupation of the stalk binding site for Abeta), though
such suppression should also happen when NgR and sortilin associate with p75 in different (but
unknown) ways. As NgR causes only acute growth cone collapse but not chronic inhibition of
neurite growth (Chivatakarn et al., 2007), and as MAG can inhibit neurite outgrowth not only via
NgR but also via gangliosides and membrane rafts (Fujitani et al., 2005; Mehta et al., 2007; cf. also
Yang et al., 1996; Vinson et al., 2003), it would be interesting if the ectodomain of MAG can
interact with the p75 stalk through Abeta-crosslinking and thus e.g. competitively inhibit the
neuritogenic cooperation of p75 with APP. In later stages of AD with extensive upregulation of p75,
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the binding of NgR/MAG to p75 may be competitively inhibited by p75-activating Abeta
oligomers, which should lead to aberrant neurite sprouting even within white matter (cf. Phinney et
al., 1999).
As mentioned, the cooperation with p75 requires some structural and functional adaptations of the
cooperation partners. On the other hand, the different nature of these partners extends the range of
possible effects and offers new ways of cellular integration and optimization. Corresponding to the
respective partner, cooperation effects might be rather localized as with the receptor-like APP with
its influence on the cytoskeleton, or aim at the general redox state of the cell as with the GPIanchored and releasable PrPc, or influence a wider cellular context as with the soluble and mobile
aSyn that might coordinate synaptic plasticity. Differential expression of cooperation partners in
different cell types may lead to cell type-specific patterns of p75 effects. Theoretically, the spectrum
of p75 cooperations in different cell types and at different cell stages might be rather varied.
Overexpression of a cooperation partner may disturb the balance and lead to degenerative effects.
As the p75 stimulation by proNGF/sortilin demonstrates, the independent signaling of p75 has a
strong apoptotic component which is held in check by the interaction of p75 with Trk receptors and
Abeta-mediated cooperations. The effects of these cooperations depend on many, often cell typespecific factors, such as the usage of the neurotrophin and Abeta binding sites on p75, the
differential expression of p75 and cooperation partners and the interactions of such partners with
other proteins; besides, they are influenced and modified by ceramide that is produced upon p75
activation. The result of this complex teamwork is an unusually broad range of p75 effects and an
accordingly difficult analysis of such effects. This viewing angle, however, also offers the
possibility to explain effects of p75 that have not or not sufficiently been understood such as
neuroprotection against and apoptosis by aggregated Abeta.
Generalization of the presented cooperation model
The number of amyloidogenic proteins might include further potential crosslinkers or cooperation
partners. In analogy to the example of the Abeta-mediated crosslinking of p75 and APP, oligomers
of such crosslinkers would connect certain receptors with suitable partners which would modulate
the signal transduction of the crosslinked receptors and exert effects of their own. Nonamyloidogenic stalk crosslinkers might also exist. The usual neglect of the normally unstructured
receptor stalk is not justified since a distinct receptor stalk domain could indicate the existence of a
crosslinking mechanism.
In a cell-biological view, the crosslinking of receptors with cooperation partners brings several
advantages:
- A single extracellular signal protein is sufficient to trigger the responses of two or more signaling
proteins and to synchronize, colocalize, coordinate and amplify their functions. The expression
ratios of the partners and other regulative mechanisms lead to cell type-specific effects.
- The cooperation extends the functionality of the receptors and their cooperation partners.
- It reduces regulation and energy costs.
- It makes complex processes simpler and safer.
- It can accelerate time-critical processes (such as synapse formation in short-term memory).
In special cases, the crosslinking of a receptor with a cooperation partner might be initiated by both
proteins. Theoretically, a certain protein might be a partner of several receptors and activate them
upon aggregation through ligands of its own. PrPc, for instance, can be aggregated by various
ligands and possibly activate crosslinked receptors via activated Fyn kinase. Receptor networks
with shared cooperation partners might explain the observed tolerance of the cell for receptor
mutation and deficiency.
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Amyloidogenic stalk crosslinkers have the advantage that they can form links of varying length and
therefore crosslink proteins which need different working distances due to the complexity and size
of their signalosoms and rafts. Individual oligomeric links can be manufactured "just in time"
quickly and economically, whereas primary ligands such as neurotrophins have to be produced
within the cell and secreted ready for use. Stalk crosslinking should be limited to raft-associated
proteins and involve the direct participation of rafts. The binding site of the crosslinker should be
adjacent to or overlap with the transmembrane domain of the receptor in order to ensure the
anchoring of the oligomeric link in the membrane and to effect a mechanically optimal fixation of
the receptor and its partner and their rafts. In contrast, primary ligands, e.g. neurotrophins,
aggregate their receptors via binding sites at greater distances from the cell membrane and need
complex interactions with the receptor to effect a stable fixation (and conformational changes). On
the other hand, primary ligands have an immediate signaling effect while signaling through nonpathogenic stalk crosslinking needs to be triggered by the binding of primary ligands. Besides,
crosslinking is prone to interference from pathogenic amyloid aggregates.
Physiological crosslinking by amyloidogenic proteins requires certain oligomers, and this causes a
principal dilemma with respect to the neutralization of toxic crosslinker aggregates as precisely
short oligomers can be especially toxic. If present in excess they can act as primary ligands and
activate e.g. the p75 (via the upper binding site of p75 for Abeta) and impair p75 cooperations due
to crosslinks that are too long. Inhibitors of amyloid aggregates may impair physiological
crosslinking by the neutralization of required mono- and oligomers; this in particular holds for
substances that prevent oligomerization completely. An intermittent therapeutical use of such
inhibitors or an alternating use of two different inhibitors that neutralize all aggregates or only
aggregates with beta-sheet structures might attenuate counterproductive effects. Inhibitors, which
neutralize mono- and/or short oligomers, are confronted with the additional problem that such
mono- or oligomers may circulate in the blood. Further side effects are possible if a receptor stalk
crosslinker should interact with a primary ligand of another receptor (as might be the case with
Abeta/amylin); in this case, an inhibitor of toxic crosslinker aggregates might neutralize this ligand
or be neutralized by it. According to Feng et al. (2008), many inhibitors of amyloid aggregates have
a propensity for aggregation themselves and become ineffective or even harmful in concentrations
above a certain, often very low threshold. However, this need not depreciate all such inhibitors
since stalk-mediated receptor activation by beta-sheet aggregates requires appropriate distances
between bound receptors, which results in a low activation efficiency of such aggregates relative to
the number of offered binding sites. Slight impurities of an array of binding sites may further reduce
the activation efficiency and yield a useful neutralization of aggregates at rather low inhibitor
concentrations (cf. Figure 4, ratio inhibitor/Abeta = 1/1000 at 0.1 nM inhibitor). A therapeutical
success might already be achieved if the administered inhibitor dose is just high enough to
neutralize the daily increase and a certain extra quantity of the toxic aggregates; in addition,
minimal dosage should make it easier for the body to degrade the neutralized aggregates.
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Materials and Methods
Materials
Cells
PCNA: a gift from E.M. Shooter
MDCK-tet off: Clonetech
Chemicals
Media, antibiotics and fetal calf serum (FCS): New England Biolabs
Peptides (P1 and P2): JPT Peptide Technologies
Beta-2.5S NGF: Alomone Labs
Abeta1-42, NAC and other chemicals: Sigma
Glutathione-sepharose: Amersham Pharmacia Biotech
TUNEL assay: terminal desoxynucleotide transferase (TdT; 25U/µl) and buffer: Roche; biotin-16dUTP: Roche; HOE33258: Sigma
MTT assay: methylthiazoletetrazolium: Sigma
ImmunoFluor: Chemicon
Enhanced chemiluminescence (ECL): Amersham Pharmacia Biotech
NBD-C6-sphingomyelin: Molecular Probes (NEB)
Antibodies
p75-extracellular (MC192): Boehringer Mannheim (now Roche); dilution 1:500
p75-intracellular: Santa Cruz; 1:500
Anti-pan Ras (AB3): Chemicon; 1:500
Anti-mouse HRP: Dianova; 1:10 000
Phalloidin-Alexa 488: Molecular Probes (NEB); 1:1000
Cy3-extravidin: Molecular Probes (NEB), 1:1000
Buffers
PBS: 8.1 mM Na2HPO4; 138 mM NaCl; 2.7 mM KCl; 1.47 mM KH2PO4
MPBS: PBS with 10 mM HEPES, pH7.4; 1 mM sodium pyruvate; 1 mg/ml BSA; 10 mM glucose
Lysis and binding to GST-RBD: 50 mM Tris-HCl, pH7.4; 100 mM NaCl; 2 mM MgCl2; 10 % (w/v)
glycine; 1% (v/v) Nonidet P40; 1 mM PMSF; 50 µM aprotinin; 1 mM Na3VO4
Laemmli buffer (4-fold concentrated): 250 mM Tris-HCl, pH 7.6; 8% (w/v) SDS; 40% (v/v)
glycerol; 0,04% (w/v) pyronine Y; 20% (v/v) mercaptoethanol
TUNEL assay: Blocking solution: 10% (w/v) sucrose; 0.5% (v/v) Nonidet P40; 5 % skim milk;
100 mM glycine dissolved in PBS. Reaction buffer: 20 µl 5xTdT buffer; 2.5 mM CoCl2; 50U TdT;
2 µl biotin-16-dUTP in 100 µl H2O

Methods
Cloning of wildtype p75 and mutants
PCR fragments of p75wt (complete, natural p75 sequence), p75tm (complete extracellular domain
and transmembrane domain of p75) and p75st (stalk domain – 7 aa, transmembrane domain and
complete intracellular domain of p75) were obtained using the following primers:
N-terminal primer:
p75wt: CGCCATGAGGAGGGCAGGTG
p75tm: CGCCATGAGGAGGGCAGGTG
p75st: GGGGGATCCATGCCAAGGTCTACGC
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C-terminal primer:
p75wt: GTTCACACTGGGGATGTGGCA
p75tm: CTATGCGGCGAAAGCAATATAGGCCAC
p75st: GTTCACACTGGGGATGTGGCA
The PCR fragments of p75wt and p75tm were cloned blunt end into the EcoRV site of the vector
pTREhyg2 (Clontech), which carries the inducible tetracyclin promoter. p75st was cloned into the
BamHI – EcorV sites of the vector. All constructs were verified by sequencing.
Cell culture (see also Blöchl et al., 2004; Susen and Blöchl, 2005)
MDCK cells (Madin Darby Canine Kidney type II), stably transfected with pUHD15-1 and
pSV2neo plasmid and therefore expressing the tet off-repressor of the tetracyclin promoter, were
cultured in Dulbecco modified Eagle’s medium (DMEM) supplemented with 10% FCS, 2 mM
glutamine, and puromycin(1 µg/ml). The cells were transfected with one of the p75 constructs by
electroporation. Addition of doxycyclin (10 µg/ml) to the medium inhibits the expression of the
cloned genes, and omission of doxycyclin induces their expression. Clones were selected by
treatment of the transfected cells with 750 µg/ml hygromycin B and 10 µg/ml doxycyclin (to
suppress expression of the transfected gene).
After successful selection, cells were grown in Dulbecco modified Eagle’s medium (DMEM)
supplemented with 10% FCS, 2 mM glutamine, and the antibiotics hygromycin B (50 µg/ml),
puromycin(1 µg/ml) and doxycyclin (10 µg/ml). For experiments, cells were seeded in a
concentration of 5x105 per 60 mm dish and used for experiments on the second day in culture. Eight
hours prior to experiments, the medium was exchanged for serum-free conditioned medium (B18;
Brewer & Cotman, 1989) without antibiotics.
PCNA cells are fibroblast cells stably transfected with wildtype p75. Routinely, cells were grown in
DMEM supplemented with 10% FCS and 2 mM glutamine and selected in HAT-medium. For
experiments, cells were seeded at a concentration of 5x105 per 60 mm dish (for the Ras assay) or
1000 per well of a 96 well plate (for the MTT assay) and used for experiments on the second day in
culture. Eight hours prior to experiments, the medium was exchanged for B18 medium.
Primary cerebellar neuronal cultures were obtained from 2 day old rats as described previously
(Blöchl et al., 2004; Susen & Blöchl, 2005). In brief, the rats were decapitated, the cerebellum was
dissected in ice-cold MPBS, the meninges were removed and the cells separated by trypsin
(0.025%) and DNase (60 µg/ml) digestion (5 min, 37 °C). Cells were recovered by centrifugation at
800g (5 min) and dissolved in DMEM supplemented with 10% FCS and 2 mM glutamine. To
remove non-neuronal cells, cells were preplated for 2h on non-coated culture dishes (Nunc);
unattached neurons were then recovered from the medium by centrifugation (800 g, 5 min), seeded
on poly-D,L-ornithin-coated coverslips (10 mm diameter) in serum-free conditioned medium (B18)
at a concentration of 104 per coverslip and used on the second day in culture.
Preparation of aggregated Abeta1-42 ("aging")
Abeta was dissolved (under sonication) at a concentration of 2 mg/ml in 20% DMS. Undissolved
peptide particles were removed by centrifugation at 14000g. The supernatant was snap-frozen and
stored at -80°C. For each experiment an aliquot was thawed, diluted in PBS to 25 µM and incubated
with slow agitation for 4h at 37°C.
Ras pulldown assay (according to de Rooij and Bos, 1997)
The Ras pulldown assay is based on the binding of activated, GTP-bound Ras to the Ras binding
domain of Raf kinase (RBD); inactive, GDP-bound Ras has a very low affinity to that site. Since
Ras has an intrinsic hydrolytic activity it is essential to keep cells and samples at 4°C throughout the
whole experiment.
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Cells were immediately put on ice after the stimulation period, rinsed once with ice-cold PBS and
lysed in RBD-binding buffer. Non-lysed cells and nuclei were removed by centrifugation at 15000g
for 3 min. 15 µg of protein from the lysates were used to detect the total amount of Ras (GTP- and
GDP-bound forms) by western blotting. 800 µg protein of the lysate were mixed with 50 µl RBD
coupled to glutathione-S-transferase (GST) and bound to glutathione-sepharose, and incubated for
30 min at 4°C with agitation. The complex of glutathione-sepharose/GST-RBD and Ras-GTP was
precipitated by centrifugation at 10000g, the precipitates were washed five times and dissolved by
boiling in Laemmli buffer. The components were separated by a 12% SDS-PAGE and Ras was
detected by western blotting using an anti-pan Ras (mouse) antibody for the first and anti-mouse
horse radish peroxidase for the second antibody and ECL for detection. The specific bands were
analyzed densitometrically, and the ratio of Ras-GTP to the total amount of Ras in the lysate was
calculated. The values were normalized to the ratio of Ras-GTP to total Ras of the unstimulated
control without any treatment (=100%).
Toxicity assays
To evaluate a possible toxic effect of the tested peptide and a possible effect of the tested peptide on
the toxicity of Abeta, two different types of assays were used: the MTT assay, which determines the
number of living cells, and the TUNEL assay, which visualizes apoptotic cells.
For the MTT assay PCNA-cells were seeded on 96-well plates at a concentration of 2000 cells per
well. For calibration of the MTT assay, cells were seeded on some wells at concentrations between
1000 and 8000 per well and grown without any further treatment. All samples were analyzed as
quadruplicates. On the day after seeding, the tested peptide and/or aged Abeta were added at the
given concentrations. Two days later, the medium was exchanged for fresh medium (supplemented
again with peptide or Abeta). The MTT assay was performed on day 5. Cells were incubated for one
hour at 37°C with 500 µg/ml MTT. The reaction was stopped by adding SDS dissolved in HCl at a
final concentration of 1% SDS and 1 mM HCl. The extinction of the solution was measured at
OD570 nm versus a reference at OD640 nm. The number of living cells was evaluated according to
the calibration curve.
The TUNEL assay was used to determine the Abeta-induced apoptosis of cerebellar neurons of two
day old rats. At this developmental stage, the cells express p75 but not TrkA, which would be
stimulated by NGF as well. Cells were seeded on poly-D,L-ornithin-coated coverslips and used for
experiments on the following day. The tested peptide and/or NGF, Abeta or NAC were added at the
given concentrations and the cells were incubated for another two days. Afterwards the cells were
fixed for 30 min with 4% paraformaldehyde and 1% succrose dissolved in PBS. After rinsing with
PBS, unspecific binding sites were blocked with blocking solution for 30 min. 20 µl TUNEL
reaction buffer was added and the cells were incubated for 1.5 hours at 37°C in a wet chamber.
After rinsing the cells three times with PBS, incorporated biotin-16-dUTP was marked by
incubation of the cells for 30 min at room temperature with Cy3-coupled extravidin (in a wet
chamber). To remove unbound Cy3-coupled extravidin, cells were rinsed three times with PBS; the
first washing buffer was supplemented with HOE33258 dissolved in PBS to mark nuclei (10 min
incubation). The stainings were preserved with Immunofluor and analyzed under the microscope.
Five sections of each coverslip were photographed and the ratio of TUNEL-positive cells to all
HOE33258-stained cells was calculated.
Neurite outgrowth (see also Blöchl et al., 2004; Susen and Blöchl, 2005)
Primary cerebellar neuronal cultures of postnatal P2 rats were seeded on poly-D,L-ornithin-coated
coverslips. On the next day, cells were incubated with 10 nM test peptide for 1h and then stimulated
with NGF (100 ng/ml), Abeta (25 nM) or NAC (100 nM) for 2 min. Susen and Blöchl (2005) have
demonstrated that Abeta and NGF induce significant growth cone formation and outgrowth of small
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primary and secondary neurites within two minutes. After stimulation the cells were fixed in 4%
paraformaldehyde dissolved in PBS, containing 1% sucrose. Nonspecific antibody binding and
autofluorescence were blocked with blocking buffer. Actin fibres were stained using Alexa 488coupled phalloidin. From each coverslip, 5 areas were photographed, and growth cones at soma and
neurites and primary and secondary processes with a length <2 µm were counted.
Sphingomyelinase activity (see Egert et al., 2007)
The activity of sphingomyelinase was measured by enzymatic cleavage of NBD-C6-sphingomyelin.
25 µg of cell lysates were incubated for 1h with 3 µM NBD-C6-sphingomyelin in a buffer
containing 25 mM Tris at pH7.4 and 10 mM MgCl2. Lipids were extracted with a CHCl3:CH3OH
(2:1) mixture and separated via thin layer chromatography using a CHCl3:CH3OH:NH3 mixture of
70:30:3. Quantification of the spots was performed with the program TINA 2.09 (Raytest,
Sprockhövel, Germany).
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Figures

Figure 1: Structure of APP695 and p75

Both APP and p75 have an extracellular, a transmembrane and an intracellular domain. Abeta1-40
and Abeta1-42 derive from APP by cleavage with beta- and gamma-secretase and correspond to
aa 597-636 and 597-638 respectively. If cleaved by alpha-secretase instead of beta-secretase, an Nterminal part, sAPPalpha, is shed that acts as a neurotrophic signal. The short intracellular domain
of APP mediates signal transduction.
The extracellular domain of p75 consists of 4 cysteine-rich domains, the CRD region, that contains
a binding site for neurotrophins and other ligands, and the so-called stalk domain. The extended
stalk covers the stalk and the adjacent part of the transmembrane domain up to the intramembrane
cleavage site of gamma-secretase (aa 190-264). The binding of neurotrophins to p75 induces
activation of the receptor and signal transduction through the intracellular domain.
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Figure 2: Stimulation of wildtype and stalk mutant of p75
by aggregated Abeta1-42 and NAC

MDCKwt: wildtype p75 (aa 1-425)
MDCKst, "stalk mutant": stalk (- 7 aa), transmembrane and intracellular domain (aa 197-425)
MDCKtm: extracellular and transmembrane domain (aa 1-273)
The activation of p75 induces activation of Ras (Blöchl et al., 2004; Susen and Blöchl, 2005).
Therefore, the ratio of stimulation-induced activated Ras to activated Ras in unstimulated controls
can be used as a measure of p75 activation.
MDCK cells were stably transfected with constructs carrying either wildtype p75 (yielding
MDCKwt cells), or the extracellular and the transmembrane domain of p75 (MDCKtm), or the
(with 55 instead of 62 aa) slightly truncated stalk, the transmembrane and the intracellular domain
of p75 (MDCKst). The three cell lines were stimulated with NGF (100 ng/ml), aged Abeta (25 nM),
or aged NAC (100 nM) for 2 minutes, and activated Ras was determined with the Ras assay.
NGF, Abeta and NAC stimulated the wildtype receptor about equally in MDCKwt cells, while in
cells with the stalk mutant (MDCKst) only Abeta and NAC induced a clear Ras activation but not
NGF. The p75 mutant without intracellular domain could not be stimulated by any of the agents
showing that the observed Ras activation had been induced by p75 stimulation. These results
demonstrate that certain forms of Abeta and NAC bind to the stalk region of p75 and activate the
truncated receptor.
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Figure 3: Influence of stalk fragment P1 on p75 activation

3A) Dose-dependent influence of P1 on stimulation-induced activation
of wildtype p75

The peptide P1 corresponds to aa 242-251 of p75 and has the aa sequence Pro-Val-Val-Thr-ArgGly-Thr-Thr-Asp-Asn (PVVTRGTTDN).
For these experiments PCNA cells were used which express p75 but not TrkA; hence NGF can
stimulate these cells only via p75. Cells were incubated with given concentrations of P1 (abscissa)
for 1h and then stimulated with NGF (100 ng/ml, grey columns) or Abeta (25 nM, black columns)
for 2 min. After stimulation the Ras pulldown assay was carried out to evaluate Ras activity.
The effects of P1 treatment and/or stimulation with NGF or Abeta were normalized relative to the
unstimulated and non-incubated control (= 100%, leftmost white column). Without P1 incubation
(P1 = 0 nM), NGF and Abeta stimulated Ras activation equally. P1 up to 10 nM did not influence
NGF-induced Ras activity but 100 nM reduced NGF-induced Ras activation by 26%. Abetainduced Ras activity was completely inhibited at all concentrations. The slight increase of the basal
levels of activated Ras in unstimulated cells (white columns) might be due to an influence of P1 on
sphingomyelinase activity (see Figure 6).
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3B) Influence of P1 on NGF-, Abeta- or NAC-induced
activation of p75

Same conditions as described in A). A P1 concentration of 10 nM completely inhibited the
activation of p75 by Abeta (25 nM) and NAC (100 nM) while Ras activation by NGF (100 ng/ml)
remained unaffected.
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Figure 4: Influence of stalk fragment P1 on Abeta-induced cell death

4A) Influence of P1 on PCNA cell viability

The experiments were performed with PCNA cells using an MTT assay. All values were calculated
as ratios to unstimulated controls that were not treated with P1 (=100%, leftmost white column).
Over a stimulation period of 4 days moderate cell death of about 23% was induced by aged Abeta
(100 nM, black columns). 0.1 nM and 1 nM P1 inhibited this cell death completely while no effect
on unstimulated cells could be observed. The inhibitory effect of the peptide on Abeta-induced cell
death was slightly reduced at P1 concentrations of 10 and 100 nM.
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4B) Influence of P1 on neuronal apoptosis

Cerebellar neurons from two day old rats, expressing p75 but no TrkA, were incubated with P1
(10 nM) for 1h. Then NGF (100 ng/ml), Abeta (25 nM) or NAC (100 nM) were added and the cells
were kept in culture for another 48h. The number of apoptotic cells was determined by TUNEL
staining.
There was a background of apoptotic cells of about 15% (unstimulated control cells without P1,
leftmost white column). NGF, Abeta and NAC increased the number of apoptotic cells, with NGF
having the smallest effect. While P1 had no significant effect on apoptosis background levels and
did not influence NGF-induced apoptosis, it completely inhibited the apoptotic effect of Abeta and
NAC.
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Figure 5: Short-term effects of P1 on growth cone and neurite formation

After 24h in culture, cerebellar neurons of 2 day old rats were incubated with 10 nM P1 for 1h and
then stimulated for 2 min with NGF (100 ng/ml), Abeta (25 nM) or NAC (100 nM); afterwards
stimulation-induced neurite outgrowth was evaluated. For each value at least three different
preparations from independent experiments were analyzed with 10 evaluated cells per preparation.
Neurite and growth cone formation in unstimulated or NGF-stimulated cultures were largely
unaffected while Abeta- or NAC-induced neurite and growth cone formation were almost
completely suppressed by P1. The slight elevation in the unstimulated controls should be due to
elevated sphingomyelinase activity (see next figure).
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Figure 6: Effects of P1 and P3 on sphingomyelinase activity

P3 corresponds to aa 196-253 of p75, with appended extra 12 aa that resulted from the cloning
procedure and that are not related to p75.
PCNA cells were incubated for 1h with 10 nM P1 or P3 and then stimulated with Abeta (25 nM) for
2-30 minutes. Lysates were incubated for 1h with 3 µM NBD-C6-sphingomyelin, and sphingomyelinase activity was analyzed by measuring the amount of produced ceramide (see Methods).
The results were normalized relative to the unstimulated and non-incubated controls (= 100%,
leftmost white column). Abeta induced a time-dependent increase in sphingomyelinase activity in
non-incubated (white columns). P1 (gray columns) elevated sphingomyelinase activity about
equally in stimulated and non-stimulated cells but Abeta did not increase this activity significantly.
This P1-induced increase might indicate a direct activating effect of P1 on neutral sphingomyelinase. Sphingomyelinase activity was essentially unaffected by peptide P3.
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Figure 7: Influence of P2 and P3 on Abeta-induced p75 activation
7A) Influence of P2 on p75 activation

The peptide P2 corresponds to aa 230-239 of p75 with an appended alanine, and has the aa
sequence Ala-Asp-Met-Val-Thr-Thr-Val-Met-Gly-Ser-Ala (ADMVTTVMGSA).
PCNA cells were incubated for 1h with given concentrations of P2 (abscissa) and then stimulated
with Abeta for 2 min (25 nM, black columns). After stimulation the Ras pulldown assay was
performed to evaluate Ras activity. The effects of P2 treatment and/or stimulation with Abeta were
normalized relative to the unstimulated and non-incubated control (= 100%, leftmost white
column). P2 inhibited Abeta-induced Ras activity at all concentrations and even decreased the basal
levels of activated Ras in unstimulated cells (white columns).
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7B) Influence of P3 on p75 activation

RN22 Schwannoma cells were incubated for 1h with P3 (ca. 10 nM) and then stimulated with NGF
(100 ng/ml) or Abeta (25 nM) for 2 min. After stimulation the Ras pulldown assay was performed
to evaluate Ras activity. The effects of P3 treatment and/or stimulation with NGF or Abeta were
normalized relative to the unstimulated and non-incubated control (= 100%, leftmost white
column). P3 inhibited Abeta-induced Ras activity completely but did not influence NGF-induced
Ras activity.
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