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and the prion protein

Gianluigi Forloni,* Alessandra Sclip, Tiziana Borsello and Claudia Balducci

Department of Neuroscience; Istituto di Ricerche Farmacologiche “Mario Negri”; Milano, Italy

Keywords: prion, Alzheimer, oligomers, neurodegeneration, therapy

The concept of “prion-like” has been proposed to explain the
pathogenic mechanism of the principal neurodegenerative
disorders associated with protein misfolding, including
Alzheimer disease (AD). Other evidence relates prion protein
with AD: the cellular prion protein (PrP¢) binds B amyloid
oligomers, allegedly responsible for the neurodegeneration
in AD, mediating their toxic effects. We and others have
confirmed the high-affinity binding between B amyloid
oligomers and PrP¢, but we were not able to assess the
functional consequences of this interaction using behavioral
investigations and in vitro tests. This discrepancy rather than
being resolved with the classic explanations, differencies in
methodological aspects, has been reinforced by new data
from different sources. Here we present data obtained with
PrP antibody that not interfere with the neurotoxic activity
of B amyloid oligomers. Since the potential role of the PrP¢
in the neuronal dysfunction induced by B amyloid oligomers
is an important issue, find reasonable explanation of the
inconsistent results is needed. Even more important however
is the relevance of this interaction in the context of the disease,
so as to develop valid therapeutic strategies.

Introduction

The concept of “prion-like” has been proposed to explain the
pathogenic mechanism of all the principal neurodegenerative dis-
orders associated with protein misfolding, including Alzheimer
disease (AD). The in vivo demonstration of the seeding mecha-
nism combined with the passage from one cell to another of the
pathological proteins in oligomeric form has alimented the prion-
like hypothesis.'* The concept of transmission is distinguishable
from that of infection,’ but it has also been proposed that the
pathogenic mechanism of prion diseases and the other neuro-
degenerative disorders overlap.®” The other information relating
prion protein to AD is that the toxic effect of 3 amyloid (AB)
oligomers may depend on their high affinity binding to cellu-
lar prion protein (PrP¢).® The causal role of amyloid deposits in
the pathogenesis of AD was formally proposed in the amyloid
cascade hypothesis 20 years ago by Hardy and Higgins (1992),°
' but the pivotal role of A is
substantially confirmed. This has driven therapeutic approaches

this has been recently revisited,
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focused on reducing the presence of A deposits in AD" brains
by various strategies. Unfortunately, however, clinical trials test-
ing the anti-amyloid treatments, including the recent ones based
on the anti-AP antibody, showed no significant effects on the
progression of AD."? The timing of the intervention is the main
reason for this failure, treatment being given too late to be effec-
tive. However it is also possible that the reduction of AP deposits,
when it occurred, is not sufficient alone to affect the AD.

ApB Oligomers

Since understanding the pathogenic mechanisms involving AR
is essential for effective therapies, identifying the AP species
responsible for the neuronal alterations in AD and their actions
is a key aspect. The role of soluble small aggregates, known as
oligomers, has been consolidated in the last decade as the prin-
cipal cause of the neurodegeneration in AD. This concept origi-
nally arose from the studies in the late nineties, showing that the
relation between amyloid fibrils and the neurotoxicity, previously
postulated,”® no longer holds. The presence of protofibrils and

oligomers as metastable intermediates in the fibrillogenesis'*"

correlates better with the neurotoxicity than the stable fibrils.!"
Walsh et al. (2002)'® showed that neuronal dysfunction can be
acutely produced by exposure of the neurons to naturally secreted
AP oligomers that inhibit long-term potentiation (LTP), a clas-
sic experimental paradigm for synaptic plasticity. The presence
at synaptic level of AP oligomers was specifically demonstrated”
as well as the abundance of these species in the AD brain.?*
Furthermore, some mutations of the amyloid precursor protein
(APP) gene, associated with AD, might specifically favor the for-
mation of AR oligomers.?>%

Since then, AB oligomers have been considered responsible for
the neuronal toxicity in AD, and this could explain the absence
of any topographic relationship between AR deposits and neuro-
nal cell death, as well as the memory decline. Thus, in transgenic
mice overexpressing mutated human APP gene, the cognitive
behavioral impairment precedes the formation of cortical amy-
loid plaques.?** Although intracellular accumulation of AR
could also explain these results, it is reasonable to assume that
the formation of oligomers precedes the development of amyloid
plaques and immediately produces the neurotoxic effect. The
neuronal damage induced by soluble aggregates confirms that
the best clinical-pathologic correlation in AD is between synap-
tic loss and cognitive decline.”® The nature and the size of the AR
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oligomer species involved in the neuronal dysfunction and the
cellular pathway mediating this effect have been widely debated.
The main components of senile plaques are the peptides AP 1-40
and AR 1-42. Both have self-aggregation capacity but with a
clear difference in favor of the longer sequence which in specific
conditions in vitro, can spontaneously aggregate within minutes.
Other AB peptide species present in the brain are AR 1-43, and
AR 1-37 or 1-38, and although a large part of the experimental
studies has been conducted using AR 1-42 solution, quite pos-
sibly a mixture of peptides forms the natural substrate of oligo-
mers. The influence of uncommon peptides is described well in a
recent paper where the N-terminally truncated pyroglutamylated
form of AR, also identified in AD brain, was proposed as the
seed of the nucleation of AR 1-42 solution.” As described in the
review by Benilova et al. (2012),%° to the native biological vari-
ability of AR species, we must add the various methodological
conditions used to produce these species, or to purify them from
brain tissue. Thus, we have AR oligomers with biological activ-
ity ranging from dimers (8 KDa) to large multimeric structures
(200-300 KDa). Specific neurotoxic capacity has been attributed
to the dodecamer peptide AP 56* (56 KDa) based on its appear-
ance in relation with the memory impairment in transgenic
mice,” but in a direct comparison with trimers purified from
cell culture AP 56* did not show a greater capacity to induce
memory impairment when injected ICV in rats.*? In the clas-
sical model, the senile plaques are considered to be in dynamic
equilibrium with the oligomers; they gradually concentrate in the
deposits which in turn act as the reservoir of oligomers that can
be released. However the progression from monomeric to oligo-
meric and successively through protofibrils to fibrils is complex.
In some cases oligomers did not generate fibrils (off pathway), in
other conditions it has been proposed that oligomers forme fibrils
through metastable intermediates®® in a process called “nucle-
ated conformational conversion.” In a standard preparation of
AP oligomers one occasionally finds species of the same size that
are neither toxic nor recognized by oligomer-specific antibodies,
indicating that AP oligomers can also possess size-independent
differences in toxicity.” Similar size and different toxicity has
been shown using B-sheet HypF-N oligomers and non-f3-sheet
AP oligomers. These studies suggest that the toxicity of small
amyloidogenic oligomers is governed primarily by the degree of
solvent exposure of hydrophobic residues and is weakly influ-

enced by their secondary structures.’¥

AR Oligomer Neurotoxicity

Keeping in mind the differences in size, species and biological
activity of synthetic or purified AR oligomers, there is likely to be
similar variability in the biological determinants of the neurotoxic
effect. To summarize the numerous data reported, the neurotox-
icity of AB oligomers can be mediated through three different
mechanisms, not mutually exclusive: unspecific perturbation of
cellular and intracellular membranes; the formation of amyloid
pores, as ion channels and finally, the specific interaction with
membrane receptors. The challenge is to understand the patho-
genic importance of these processes, not only the reproducibility
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of each specific event. The effects of various types of oligomer
have been studied in vivo and in vitro, and impairment of cogni-
tive function with the direct application of AR oligomer solutions
has been shown in vivo using natural oligomers from cells®® but
also with dimers isolated directly from AD brain.?” Similar results
have been obtained with synthetic AR oligomers in rats* and
mice;*! AB oligomers impair long- term potentiation (LTP)!"#3%42
and enhance long-term depression (LTD).** Both these activities
involve the NMDA receptors, the receptors are partially blocked
by oligomers to induce the inhibition of LTP, while the enhance-
ment of LTD might have different mechanisms, as summarized
by Selkoe and Mucke (2012).%

AP oligomers might induce internalization or desensitization
of NMDA and AMPA receptors, with the loss of dendritic spines.
Direct postsynaptic activation of o7 nicotinic acetylcholine
receptor (a7-nAChR) by AB oligomers was initially proposed,*
and then the activation of extrasynaptic NMDA receptors, %
particularly NR2B-mediated NMDA currents, was shown.
With the NMDA receptor interference induced by AR oligo-
mers, it was proposed that numerous intracellular signaling path-
ways like calcineurin/STEP/cofilin, p38 MAPK, and GSK-3f3
could be activated.®*#>% AB-induced hippocampal neuronal
dysfunction occurs through NMDAR-dependent microtubule
disassembly with neurite retraction and DNA fragmentation in
mature hippocampal cells.”! Together with a7n ACh, NMDA and
AMPA receptors, several others like insulin receptors,’’* RAGE
(the receptor for advanced glycation end products),”** the prion
protein,® the Ephrin-type B2 receptor (EphB2)°** and the amy-
lin 3-receptor subtype®® were proposed to specifically mediate

the deleterious effect of AR oligomers. In various experimental
29,59-61

46,47

conditions AR oligomers can induce tau phosphorylation.
This directly links the two major neuropathological hallmarks in
AD: the amyloid deposits and the fibrillary tangles made up of
hyperphosphorylated tau.

The Role of Cellular Prion Protein

Here we focus on the interaction of AR oligomers with PrP¢,
since we have confirmed only the high-affinity binding between
the two®>% but not the functional consequences shown by
Strittmatter’s group.® These authors identified PrP€ as ligand/
receptor of AP oligomers, while LTP analysis in vitro and behav-
ioral studies in vivo indicated that in the absence of PrP¢ A oligo-
mers induced no damage.®**® Using surface plasmon resonance
(SPR), the high-affinity binding of AP 1-42 oligomers for PrP¢
was confirmed, whereas a functional role of this association has
16366 \We approached this issue
by directly applying A oligomers in the brain, followed by behav-

been excluded by various studies.

ioral examination of memory deficits. The ICV application of AR
oligomers, 1 wM, induced cognitive impairment assessed by the
novel object recognition test: the treated mice did not distinguish
any more between familiar and novel objects. The monomeric solu-
tion as well as the AR fibers, in the same conditions, did not affect
their memory.* In PrP knockout mice, ICV AR oligomers induced
the memory deficit similar to that in normally expressing PrP¢

mice. The ICV application of antibody against Ap (4G8), 10 min
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Figure 1. Action of anti-PrP antibody (6D11) on the effects of AR oligomers. (A) Object recognition test. Two concentrations of 6D11 (0.08 and 0.25 j.g)
were administered 10 min before the ICV injection of vehicle (VEH) or AR oligomers (1.M). The effect of AR oligomers was similar in the presence or
absence of anti-PrP antibody. (B) Viability of murine hippocampal cell cultures exposed for 48 h to AR oligomers (1 M) with vehicle or 6D11 at 0.25,
0.50 and 2 ng/mL. The presence of PrP antibody did not interfere with the AR oligomers toxicity. *p < 0.01 vs. respective vehicle (Tukey’s test) for

before AR oligomers, completely antagonized the memory impair-
ment." In the same condition anti-PrP antibody (6D11) did not
affect the behavioral deficit induced by A oligomers, although at
a higher dose the antibody had per se a deleterious effect (Fig. 1A).
This suggests that AR 1-42 oligomers are responsible for cognitive
impairment in AD but PrP€ is not required for the effect.

Similar results were found when the toxicity was tested in
vitro. The exposure of cortical neurons to AR 1-42 solution at
1 wM reduced cell viability by 30-40% compared with the con-
trol condition, in cells expressing PrP¢ or in cells knockout for
PrP€. In this case too, we tested for interference by the anti-PrP
antibody, using 6D11, which should recognize the PrP domain
involved in the interaction with Af 1-42,® but this antibody did
not influence the toxicity of A 1-42 (Fig. 1B). In contrast there
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was a significant interaction between anti-PrP antibodies (6D11
and 6D13) and the deleterious effect of AR oligomers on LTP
in murine brain slices or in vivo rats.”” A high concentration of
the PrP antibody 6D11 infused for 2 weeks in double-transgenic
mice (APP/PS1) affected cognitive behavior in the radial arm
maze test.” However, the learning curves of the different animal
groups were very flat and strongly depended on the performance
at the first time point, making it difficult to interpret the results.

The Strittmatter group,®® has shown that the functional con-
sequences of the AP 1-42 oligomers-PrP¢ interaction are medi-
ated downstream by the activation of Fyn signaling. The timing
(a large part of the effects are studied with exposure of only min-
utes) and the quantitative effect associated with the ABo/PrP</
Fyn mechanism, in terms of synaptic dysfunction, interaction
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with NMDA receptors, and toxicity leave doubts about the rele-
vance of this phenomenon. Furthermore, as the authors mention,
a physical interaction of PrP¢ with Fyn is unlikely since PrP¢
is attached extracellularly to the membrane with a GPI anchor,
while Fyn is inside the cell. In vivo experiments showed that
the epileptic status of the APPSwe/PSenDE9 mice was strongly
attenuated when PrP¢ was nullified. This may indicate an inter-
action between the expressed transgene and PrP€, but the epilep-
tic discharge is closely related to these specific transgenic mice.
Other APP single, double and triple transgenic mice, like most
AD patients, do not show this condition.

A different mechanism of interaction between PrP¢ and AP
oligomers was proposed by You et al. (2012).”” They showed that
PrP€ can be a key regulator of NMDAR activity. They hypoth-
esized that PrP¢, in its copper-loaded state, binds to the NMDAR
complex to allosterically reduce its glycine affinity, thereby
increasing desensitization. When copper is chelated or when
PrP€ is absent or functionally compromised (by GPI anchor
cleavage or binding to AR oligomers, for example), glycine affin-
ity is enhanced, reducing receptor desensitization and produc-
ing pathologically large, steady-state currents that contribute to
neuronal damage. Other studies have shown a role of PrP¢ in the
AP 1-42 oligomers neurotoxicity,”””! while the influence of PrP¢
was excluded in an in vivo investigation of cognitive behavior in
J20 mice,”* confirming the differences. As mentioned above, this
scientific dispute should proceed to the physopathological mean-
ings that have still to be established.

We have described here the complexity of A oligomer forma-
tion and the multiple possibilities of their interaction with the
cellular membranes and proteins. This issue has been addressed

in specific studies>”

and discussed in a previous review.” The
results indicate that PrP€ is only one of the numerous entities
potentially interacting with AP oligomers and may have an essen-

tial role in their toxicity only in specific conditions.

Conclusions

As recently pointed out by Westaway and Jhamandas (2012)7
taking in account of the potential negative synergistic effect of
AR oligomers-PrP€, there is also ample data in favor of a neuro-
protective effect of PrP<.7-# Rial et al. (2012)*" showed that the
overepression of PrP¢ in transgenic mice prevented cognitive dys-
function and the apoptotic neuronal cell death induced by AB1-
40. In terms of the relevance of the findings, the neuroprotective
activity of PrP¢ in various experimental conditions must be eval-
uated together with the enormous differences in the epidemiol-
ogy of the diseases that seem to exclude the direct links between
AD and prion-related encephalopathies as the essential role of
PrP¢ proposed in both conditions might indicate. However,
independently from the real functional consequence of the AR
oligomers-PrP¢ interaction, the high affinity of this binding
has been widely confirmed. Nieznaski et al. (2012)%* tested the
capacity of recombinant PrP 23-231 to interfere with the AB1-42
fibrillogenesis. At low concentrations (0.1-1wM) and low molar
ratio (1/20 to 1/100) the prion protein co-incubated with AB1-42
inhibited the formation of oligomers and fibrils and prevented
the toxicity of AB1-42 in cell cultures. As the authors point out,
two domains (95-110 and N-terminal basic residues) of PrP are
required for the anti-amyloidogenic effect and both are included
in the N-terminal N1 fragment (residues 23-110/111) released
from the membrane-anchored PrP¢.® The NI fragment had
neuroprotective activity in vivo in rat retina ischemia model,*
and also in primary cultured neurons exposed to AP oligomers.®
Thus, although the physiopathological consequences of the AB1-
42-PrPC interaction remain to be clarified we can reach a com-
mon point of view on the possible therapeutic prospects.
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