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Abstract

Alzheimer’s disease (AD)is characterized by memory troubles followed by aphasia apraxia and agnosia associated
with behavioral disturbances. Neuropathological lesions include senile plaques formed by AB peptide, neurofibrillary
tangles made of hyperphosphorylated tau and neuronal loss. The cause of AD is unknown but AB peptide could be
responsible for neuronal degeneration. PKR is a stress and pro-apoptotic kinase that controls protein translation via
the phosphorylation of the eukariotic initiation factor 2a (elF2a). Activated PKR accumulates in affected neurons in
AD brains and the phosphorylation of PKR can be induced by AB peptide. We have found increased levels of PKR in
the cerebrospinal fluid of AD patients and PKR level is a good predictor of the cognitive decline. In addition PKR can
modulate the levels of BACE1, an APP cleaving enzyme, and can influence tau phosphorylation. Altogether, PKR
represents a potential new biomarker and a valid new therapeutic target for neuroprotection in AD.
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Introduction

Alzheimer’s disease (AD) is becoming a major question of public
health in developed countries because of population aging. This
disease is clinically characterized by progressive memory disturbances
followed by aphasia, apraxia and agnosia associated with behavioral
symptoms. The dementia stage is very often preceded by a prodromal
phase called mild cognitive impairment (MCI) in patients with light
cognitive alteration and no repercussion of symptoms in the daily life. It
is clinically difficult to determine if the MCI phase is associated with AD
but this has been very much improved with the use of biological markers
of the cerebrospinal fluid. The pathology of AD is made of senile plaques
with accumulated A peptide, neurofibrillary tangles with abnormally
phosphorylated tau protein and synaptic and neuronal losses. The cause
of AD is not established but the AP peptide could be toxic to neurons
and other brain cells, leading to the amyloid cascade hypothesis [1]. The
cause of AP accumulation in sporadic forms of AD is not fully elucidated.
AP is formed after cleavage of APP (amyloid precursor protein) by p
secretase (BACEL) followed by the cleaving action of y secretase. AP
production is prevented when a secretase cleaves APP. According to the
amyloid cascade hypothesis the accumulation of A or oligomeric forms
of AP could be responsible for the deleterious consequences detected in
AD brains leading to neuronal loss and dementia. This accumulation
could be linked to an increased Ap production due to enhanced BACE1
and y secretase activities or to a reduced degradation [2]

PKR

PKR was identified as a protein kinase activated by double-stranded
RNA, which plays a major role in the defense against virus. PKR is a stress
and pro-apoptotic kinase also activated by interferon, TNFa, calcium,
AP peptide and other agents [3]. One of its main mechanisms of action
is to block protein synthesis by phosphorylation and inhibition of eIF2a,
thereby decreasing or preventing viral replication. However, PKR has
many other activators and targets. PKR is activated through a complex
mechanism which combines displacement of an N-terminal inhibitory
domain, dimerization, and autophosphorylation of the activation
loop on 2 residues (Thr-446 and Thr-451). PKR is implicated in the
production of inflammatory cytokines through NFkB activation and
cell apoptosis and can participate in the activation of the inflammasome.

PKR and Memory

Several recent reports have shown that PKR plays a role in memory
formation. In a conditional transgenic mouse strain in which PKR
was activated in hippocampus by the administration of a compound
AP20187, the authors have revealed that PKR activation and eIF2a
phosphorylation in CA1 hippocampal region, impaired late phase LTP
and memory consolidation [4]. In 2011, Zhu et al. have observed that
the lack of PKR in PKR-/- mice enhanced learning and memory in
several tasks by increasing network excitability [5]. In 2013, another
report has shown that the blockade of PKR enhances positive and
negative forms of cortex dependent taste memory [6]. Finally another
data reported that AP oligomers can lead to the production of TNFa
and to PKR-dependent memory impairment in mice and monkeys [7].

PKR and AD

In 2002, we have demonstrated that the pro-apoptotic and
stress kinase PKR that can phosphorylates elF2a, accumulates in
degenerating neurons of AD brains. Activated PKR accumulations were
sometimes associated with neurofibrillary tangles [8]. In addition we
have also shown that PKR could be activated in vitro by AP peptide
leading to neuronal death. This neurotoxicity could be reduced by
primary neuronal cultures from PKR-/- mice exposed to AP peptide
[9]. Subsequently, we have revealed that the AP peptide-induced
PKR activation in neural cell cultures was linked to caspase 3 activity
associated with the release of ER calcium produced by AP peptide
[10,11]. Recently we found that levels of the PKR activator PACT
correlates with activated PKR levels in AD brains and transgenic mice
[12].
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Cellular stresses can activate PKR and several of these stresses are
observed in senescent cells and aging is the major risk factor for AD. Aging
can also enhance PKR expression [13] and could render neurons more
vulnerable to the initial molecular changes leading to AD pathological
lesions. PKR gene polymorphisms were recently associated with AD
[14]. The time of occurrence of the lesions in AD brains is not known
but they could start several years before the onset of clinical signs marked
by memory disturbances. The analysis of the levels of activated PKR and
elf2 o in human body fluids such as CSF or blood has represented an
interesting way to detect early biological changes in patients affected by
Mild Cognitive Impairment (MCI) or Subjective Cognitive Impairment
(SCI) occurring before MCI. We have shown that phosphorylated PKR
could also be a good blood biomarker linked to the cognitive decline in
AD patients but some overlaps were found between the PKR levels found
in AD patients and in controls [15]. Therefore we decided to analyze the
levels of phosphorylated PKR and total PKR in the CSF of AD patients and
neurological controls. In a prospective study the CSF levels of AR 1-42,
tau, phosphorylated 181 tau, phosphorylated PKR and total PKR were
assessed in 45 AD patients, 11 patients with Mild Cognitive Impairment
(MCI) and 35 neurological controls. The mean level of phosphorylated
PKR was increased by 300 % in AD patients compared to controls. The
phosphorylated PKR levels were also enhanced in MCI patients. In AD
patients the levels of total and phosphorylated PKR correlated with the
levels of phosphorylated 181 tau [16]. We have followed our patients for
a period of 2 to 3 years and used a mixed linear model to explore the
usefulness of PKR as a predictive biomarker [17]. The results showed
that phosphorylated PKR levels were associated with longitudinal MMSE
scores during the follow-up period. Patients with high CSF phosphorylated
PKR levels have had a more rapid cognitive decline. Altogether PKR
accumulated in AD brains and is released into the CSF and could be a
good diagnostic and prognostic marker and further confirmatory studies
will be needed in the future. PKR can also be part of the pathophysiological
pathways associated with AD brain lesions.

PKR and BACE1

So far very little has been done on the possible control of BACE1
expression and AP production by PKR activation. The cleavage of APP
by BACEI is the key step limiting enzyme for AP production [18].
BACEL levels are increased in AD brains and AD transgenic mice

exposed to acute energy inhibition. PKR can generally block protein
translation via the phosphorylation of eIF2a on serine 51 but this
activation can, for some specific nRNAs with particular Open Reading
Frame (ORF), including BACEL, induce an increased translation. A
recent report in 2008 has shown that BACE1 expression is increased
by the phosphorylation of elF2a [19]. Because the levels of BACE1
are controlled by the elF2a phosphorylation and because PKR can
modulate this phosphorylation, we have explored if activated PKR that
is increased in AD brains could be responsible for augmented neuronal
degeneration and enhanced BACE1 levels. We have shown that BACE1
levels correlated with phosphorylated eIF2a levels in AD brains and in
the brain of APP/PS1 transgenic mice. In addition in neuroblastoma
cell cultures exposed to oxidative stress, we have revealed that
phosphorylated PKR, elF2a and BACEL levels were increased and
that the pharmacological inhibition of PKR reduced BACE1 levels in
exposed cells [20]. These findings suggest that the activation of PKR
could control the levels of BACEI in stressed cells.

PKR and tau

Phosphorylated tau is the main component of neurofibrillary
tangles. Tau can be phosphorylated by many kinases including GSK3p.
In the brain of AD patients we have reported a co-localization of
phosphorylated tau and PKR [8]. We have analyzed the links between
PKR, GSK3p and tau protein [21]. In AD brains the two activated
kinases co-localized with phosphorylated tau. In neural cell cultures, Ap
induced the phosphorylation of PKR, GSK3p and tau phosphorylation.
The pharmacological inhibition of PKR reduced GSK3 and tau
phosphorylations suggesting that PKR could indirectly controlled the
abnormal formation of tangles.

Conclusion

All these findings suggest that PKR and eIF2a could play a role
in the events leading to abnormal molecular signals at the origin of
neurodegeneration in AD as well as in memory disturbances. PKR is
a potential biomarker of this disease and is also a molecular target in
AD. The inhibition of PKR activation could modify the pathological
pathways linked to neuronal demise and afford neuroprotection in AD
[22-24] (Figure 1).
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Figure 1: PKR activation by inflammatory signals, ApoE4 expression or AB toxicity could trigger in AD brains the reduction of memory performance. In addition
previous reports have shown that abnormal molecular signals leading to inflammation, neuronal death, A production and tau phosphorylation could also be triggered
by the activation of PKR as well as some other eiF2a kinases. Previous data have also demonstrated that the levels of phosphorylated PKR are increased in AD brains
and in the CSF of AD patients. PKR is now a good candidate as putative diagnostic and prognostic biomarker as well as a valid pharmacological target to induce
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