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Preface to ”Molecular Mechanism of

Alzheimer’s Disease”

The cause of Alzheimer’s disease (AD) remains debated more than a century after its discovery.

Amyloid beta remains a smoking gun at the scene, continuing to be associated with the disease.

The genetics of familial AD clearly point to mutations within amyloid beta sequences or near the

protease cleavage sites where amyloid beta is cut from the Alzheimer’s precursor protein (APP).

Likewise, in an extensive Icelandic genetic study, people protected from AD were found to have APP

mutations leading to a 40% reduction in amyloid beta. Further, amyloid beta, in an oligomeric form,

continues to be identified as being toxic to neurons, suggesting it is the cause of neuronal death,

while amyloid beta in plaques is not toxic. Plaques can be likened to a graveyard—they have no

opportunity to cause harm.

Evidence for amyloid beta being the cause has been sought through intervention with

therapeutic antibodies that can remove amyloid beta from those with AD or those who are

progressing towards AD. However, those antibody treatments, while removing amyloid beta, did not

change AD outcomes, causing many pharmaceutical developers and researchers to abandon amyloid

beta as a target. Because of the complexities, there are good reasons to look at how other agents play

into AD, such as tau protein, ApoE, responses to oxidative stress, folate status, sleep status, RNA, etc.

It can be argued that previously therapeutic antibody interventions were unsuccessful because

they were applied too late and the damage, such as neuronal death, that may have been caused

by amyloid beta, was irreversible. Therefore, testing such interventions much earlier is more

appropriate. While the early detection of AD has improved greatly, there is no evidence that

therapeutic antibody interventions can stop AD progression from the time of early detection.

It therefore seems that an intervention targeting amyloid beta should be tested on cohorts of

asymptomatic individuals, a proportion of who are expected to develop AD, but there are ethical

arguments against using this approach. Even if therapeutic antibodies were to succeed, they remain

a highly expensive and invasive intervention. Future hopes appear to lie with less invasive

interventions that may involve protective chemotherapies and nutraceuticals.

Large-scale, well-controlled epidemiology studies of prescription drug users have given some

insights. For example, in the Veterans Administration study, millions of ex-service personnel

on statins were monitored for AD progression. The study showed that simvastatin was unique

in providing protection against development of AD (and, coincidentally, Parkinson’s disease).

While subsequent studies have shown that simvastatin cannot cure AD, it does give hope that

additional therapeutic options can be found for prevention. The statins in cell culture reduce BACE

prenylation, which reduces BACE activity, leading to less amyloid beta; but perhaps not all statins

do this in the brain. Simvastatin is the most lipophilic statin, raising the possibility that it may have

effects in the brain.

The insights into AD are today coming from nontraditional approaches, including yeast,

although it was once considered that yeast, although a model eukaryote, had no role in assessing

AD, which was thought to be caused by brain plaques. Decades later, we know better, and many

yeast researchers are now using the “awesome power of yeast” to find what yeast can tell us about

AD and to rapidly test compounds that affect specific targets such as amyloid beta and tau.

This book, “Molecular Mechanisms of Alzheimer’s Disease”, includes contributions that cover

many aspects of current and ongoing studies in the early detection of AD and factors involved in AD.
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Abstract: Alzheimer’s disease is the most common form of dementia and is a significant burden for
affected patients, carers, and health systems. Great advances have been made in understanding its
pathophysiology, to a point that we are moving from a purely clinical diagnosis to a biological one
based on the use of biomarkers. Among those, imaging biomarkers are invaluable in Alzheimer’s,
as they provide an in vivo window to the pathological processes occurring in Alzheimer’s brain.
While some imaging techniques are still under evaluation in the research setting, some have
reached widespread clinical use. In this review, we provide an overview of the most commonly
used imaging biomarkers in Alzheimer’s disease, from molecular PET imaging to structural MRI,
emphasising the concept that multimodal imaging would likely prove to be the optimal tool in the
future of Alzheimer’s research and clinical practice.

Keywords: Alzheimer’s disease; positron emission tomography (PET); magnetic resonance
imaging (MRI)

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease that is responsible for 60–80% of all
cases of dementia worldwide. Recent epidemiological data indicate that approximately 5.7 million
Americans of all ages are living with AD in 2018 and 10.5 million people were suffering with
dementia in Europe in 2015. The prevalence of dementia in Europe ranges from 4.7% to 6.8% [1].
Estimated projections suggest that by 2025, the number of people over 65 with AD will reach 7.1 million
in the U.S., which is almost a 29 percent increase from the 2018 prevalence, and by 2050 the population
affected will grow to 13.8 million, posing a great burden on health systems [2]. Clinically, AD is
typically characterised by impairment in short-term memory to such an extent as to interfere with
activities of daily living, while later symptoms include impairment in the other cognitive domains,
such as language, orientation, judgment, executive functions, behavioural changes, and, ultimately,
motor difficulties.

The first criteria proposed for AD diagnosis were developed in 1984 and focused only on clinical
symptoms. However, the exceptional amount of research conducted since has helped clarify that
the phase of dementia in AD is preceded by a long preclinical phase of several decades that evolves
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through a continuum, with the prodromal stage of mild cognitive impairment (MCI), and ultimately
leads to dementia [3]. In this long preclinical phase, an early diagnosis can be made with the help
of biomarkers. Based on this evidence, the National Institute on Aging (NIA) and the Alzheimer’s
Association in 2011 published new guidelines incorporating biomarker tests in addition to clinical
symptoms, moving from a symptom-based definition to a biology-based definition of AD [4].

The biology of AD is characterised by two major protein abnormalities in the brain of affected
individuals: the extracellular accumulation of amyloid β (Aβ) plaques and intraneuronal deposits
of neurofibrillary tangles (NFTs). Insoluble Aβ plaques are formed of aggregated Aβ peptides that
derive from the abnormal cleavage of the amyloid precursor protein (APP) into hydrophobic Aβ

peptides. Aβ is thought to be the trigger or the driver of the disease process, mainly based on
evidence from familial AD cases, leading to the amyloid hypothesis of AD [5]. NFTs are composed of
hyperphosphorylated tau protein aggregates which accumulate in the neuron cytoplasm, leading to
destabilisation of microtubules and axonal transport [6]. Both proteinopathies can trigger oxidative
stress, microvascular dysfunction, and blood–brain barrier (BBB) disruption, and can induce the
activation of an inflammatory response within the brain, ultimately resulting in neuronal damage and
consequent neurodegeneration [3].

All these pathological changes that manifest at earlier or later phases of the AD continuum can
now be explored with the use of biomarkers, some of which are still only used in a research framework
and are awaiting clinical validation. Overall, the main biomarkers in AD can be broadly divided into
cerebrospinal (CSF) and imaging biomarkers. Research is ongoing in the field of blood biomarkers,
but large clinical studies are needed to assess their diagnostic potential [7]. In this review, we will
focus on imaging biomarkers, both those currently available in clinical practice and those that are
only part of the research framework [8]. Over CSF biomarkers that constitute an indirect measure of
the ongoing pathological processes, imaging ones have the advantage of providing information on
the in vivo pathological processes, giving a “window” to the changes happening in the brain at the
different stages of the disease, and are less invasive and troublesome for the patients. We will focus
on neurodegenerative imaging biomarkers (MRI and glucose metabolism), amyloid and tau imaging,
and the newest in vivo biomarkers for neuroinflammation and BBB dysfunction.

2. Imaging of Neurodegeneration

2.1. Structural Magnetic Resonance Imaging (MRI)

Atrophy seems to be an unavoidable, inevitable progressive component of neurodegeneration.
Brain tissue loss correlates well with cognitive deficits, both cross-sectionally and longitudinally in
AD [9]. Structural brain changes are accurately consistent with upstream Braak stages of neurofibrillary
tangle deposition [10,11] and downstream neuropsychological deficits [12]. Rates of change in
several structural measures, including whole-brain [13], entorhinal cortex [14], hippocampus [15],
and temporal lobe volumes [16], correlate closely with changes in cognitive performance, validating
atrophy in these regions as markers of AD. For atrophy markers to be useful clinically, the subtleties
should be known at the different stages of the disease, and their relationship with other imaging and
biological markers should be understood. Atrophy measures change with disease progression over AD
disease severity. Structural markers are more sensitive to change than are markers of Aβ deposition,
both in MCI and in the moderate dementia stage of AD [17]. However, studies have shown that in the
earliest forms of MCI, amyloid burden shows more abnormalities that are structural changes [18,19].
Atrophy is accompanied by microstructural changes, such as axonal loss and metabolite changes, all of
which are measured with techniques other than MRI.

Structural MRI is still one of the most widely used neuroimaging techniques in the diagnosis
of AD. T1-weighted scans are the most commonly used due to their ability to provide good contrast
between grey and white matter and to detect subtle changes in grey matter. MRI gives the best
spatial resolution of any clinical neuroimaging technique, so measures from an MRI include grey
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matter volume, cortical thickness, and volumetric measures of the hippocampus [20]. Measurements
of grey matter are usually done visually, but recently there has been increased use of automated
methods to calculate volume and cortical thickness [21,22] and subcortical segmentation of the
hippocampus [23,24]. However, with these recent advances in more methodological techniques,
visual reading is still the method most often used clinically to read an MRI. This shows the lack of a
standardised protocol or method for the diagnosis of AD but is of high interest for researchers [24,25].
Clinicians also use structural MRI to determine whether cognitive impairment is due to reasons other
than AD such as tumours or subdural hematomas [26].

Structural MRI studies have shown reduced hippocampal volume in individuals with amnestic
MCI, and its reduction is thought to be one of the most predictive and sensitive measures of AD [27];
however, studies have shown other neuropsychiatric disorders such as schizophrenia [28] and
depression [29] demonstrate a reduction in hippocampal volume as well. Figure 1, panel A, shows a
coronal structural MRI session where hippocampal atrophy is shown (left larger than right). Therefore,
the implementation of MRI-based biomarkers for clinical use requires validation across both clinical
and analytical techniques. The diagnostic and prognostic accuracy of neuroimaging markers are
dependent on both how the biomarker is measured (visual or quantitative) and which one is measured
(MRI, Amyloid PET, fluorodeoxyglucose (FDG)-PET, etc.) [30]. Variation in methods and scanners can
introduce noise and bias into the data which can impact the diagnostic accuracy.

 

Figure 1. Imaging biomarkers of neurodegeneration. Coronal structural MRI section (panel A) and
18F-fluorodeoxyglucose (FDG) PET (panel B) from a patient with Alzheimer’s disease (AD).

2.2. Fluorodeoxyglucose (FDG) PET

Glucose is the main source of energy used by the brain, which consumes around 25% of the
amount circulating the whole body. The cerebral glucose metabolism is regulated by transport through
the BBB, led by glucose transporters (GLUTs); GLUT1 is the main transporter on the BBB, while GLUT3
is the main transporter on neuron membranes, with a higher efficacy than GLUT1 [31]. GLUT1 is
also present on astrocytes, which can uptake glucose in response to neuronal secretion of glutamate
and produce lactate, another source of energy for neuronal activity [32]. The glucose consumption
rate in the brain can be displayed in vivo using the PET tracer 18F-FDG, which reaches the neurons
and enters the glycolytic process until the formation of FDG-6-phosphate, which will then stay
trapped in the cells, at the same rate as the glucose [31]. The glucose consumption is not only an
indicator of synaptic activity, whose loss is one of the main features of AD [33], but also reflects the
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excitatory glutamate release and recycling between astrocytes and neurons [34]. A reduction in the
glucose metabolism is recognised as a biomarker of neurodegeneration, appearing years before the
cognitive symptoms [33,35]. A pattern of reduced [18F]FDG uptake in posterior cingulate, hippocampi,
and medial temporal structures is typical in AD and MCI, with subsequent spreading to the whole
cortex as the disease progresses [33] (see Figure 1, panel B), while cerebellum, visual and primary motor
cortices, and basal ganglia nuclei are less affected [36]. A different pattern of hypometabolism can
be seen in other variants of AD, like posterior cortical atrophy and primary progressive aphasia [37].
It is interesting to note that the glucose hypometabolism is correlated with cognitive impairment and
its severity, while the results of studies evaluating the same correlation between amyloid load and
severity of cognitive impairment are less homogeneous [38,39]. The reduction in glucose metabolism
in regions like the precuneus and posterior cingulate has been demonstrated to be associated with
the severity of cognitive impairment [38]. A large study evaluated the baseline cerebral metabolic
rate for glucose (CMRgl) in 298 subjects from the ADNI cohort (142 aMCI, 74 pAD, and 82 controls),
correlating it with cognitive impairment severity; both the disease groups showed a reduction in
the CMRgl in posterior cingulate, precuneus, and frontal and parietotemporal cortices compared
with the cognitively intact subjects [40]. The CMRgl rate in the left frontal and temporal cortices was
significantly correlated with low Mini-Mental State Examination (MMSE) scores when evaluating
only the AD population [40]. In a different study, the pattern of regional hypometabolism appeared
to be associated with specific cognitive domains, with visuospatial ability impairment correlated
to a reduced metabolism in the posterior regions and impairment in language abilities with a left
hemisphere reduction [38]. Interestingly, the impact of cognitive reserve in AD has also been studied
with FDG-PET: Ewers et al. evaluated an ADNI cohort of cognitively normal subjects, classified as
preclinical AD or healthy control based on the biomarkers profile, and they found that a higher level of
education was associated with reduced FDG-PET in the amyloid-positive group [41]. This finding is in
line with the literature, supporting the theory that high cognitive reserve can compensate the biological
impairment, and highly educated subjects can show a degenerative profile worse than expected for
the symptoms [41].

The accuracy of FDG-PET compared to serial clinical evaluation relative to post mortem
pathological diagnosis was evaluated in a cohort of 44 subjects grouped as AD and not AD [42].
This study demonstrated that, in the diagnostic process, the FDG-PET is superior to clinical evaluation,
which reached the same diagnostic power only later on in the follow-up [42].

Several studies demonstrated that FDG-PET is also a good predictor of disease progression from
MCI to AD, according to a few longitudinal studies [43,44]. A longitudinal study aiming to establish
the sensitivity and specificity of FDG-PET in patients evaluated and followed up for dementia proved
an FDG-PET sensitivity of 93% in detecting progressive dementia and a specificity of 76%; it was also
able to distinguish patients with AD from patients with other degenerative diseases with a sensitivity
of 94% and a specificity of 73% for AD and 78% for other diseases [45]. It is also worth noticing that a
negative scan at baseline indicates an unlikely progression across 3 years [45]. The use of FDG-PET
in the clinical setting for the diagnostic process of MCI is more debated, with some studies showing
hypometabolism in the cortex and others being inconclusive in the identification of MCIs [31]. In 2015,
a Cochrane meta-analysis of 14 studies, for a total of 421 subjects, aimed to evaluate the effectiveness
of FDG-PET in identifying MCI subjects converting to dementia at the follow-up [46]. According to
the authors, the result of the meta-analysis did not support the use of FDG-PET in routine clinical use
in MCI subjects. A limitation of this meta-analysis was the poor methodological quality of some of
the studies, leading to risk of bias; therefore, more uniform protocols would be required to get to a
satisfactory conclusion [46]. However, the use of FDG-PET is of high value in the diagnostic process,
especially in the most difficult cases [37]. Few retrospective studies have actually demonstrated the
usefulness of the FDG-PET in clarifying the diagnosis and increasing the cholinesterase inhibitor
prescription; moreover, in atypical or uncertain cases, a repeated follow-up FDG-PET improved the
diagnostic power and management [37]. FDG-PET is a widely used imaging technique, both in research
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and clinical settings, with a high predictive value and diagnostic power for Alzheimer’s disease and
different types of dementia. Together with the other biomarkers, such as cortical atrophy and amyloid
and tau deposition, it is a fundamental tool for early diagnosis, selection criteria, and follow-up
evaluation in clinical trials.

3. Amyloid Imaging

Accumulation of Aβ fibrils in the form of amyloid plaques is a neuropathological hallmark for
autopsy-based diagnosis confirmation of dementia caused by AD [47]. Aβ deposition is thought to
precede cognitive symptoms in AD and is therefore a potential preclinical marker of disease [48].
There have been different approaches to noninvasively visualise amyloid deposition in human
brains with amyloid PET radiotracers. Typically, amyloid imaging agents bind to insoluble fibrillary
forms of Aβ 40 and Aβ 42 deposits, which are major components of compact neuritic plaques and
vascular deposits.

Clinical criteria for the suitable use of amyloid imaging in patients demonstrate the need to
integrate scanning with detailed clinical and cognitive evaluations. These criteria state that amyloid
imaging should only be used under certain circumstances such as in patients with persistent or
progressive unexplained cognitive impairment or unclear clinical presentations [49]. Amyloid imaging,
as stated by the clinical criteria, should not be used to determine severity of dementia or in patients
with probable AD and of typical age, with a family history of dementia, and/or with the presence of
the APOE4 allele [50,51]. 11C-Pittsburgh Compound B (PiB) was the first amyloid imaging PET agent
used in human subjects in 2002 [52]. However, the PiB compound is labeled with 11C, with a short
half-life of only 20 min, limiting its use. To overcome this problem, 18F-labeled Aβ tracers, with a
longer half-life of 110 min, are used to show reliable assessment of brain amyloid in a single 15-minute
scan. There are only three approved Aβ tracers for clinical use: 18F-Florbetapir [53], 18F-Florbetaben,
and 18F-Flutemetamol.

18F-Florbetapir was the first tracer approved for the detection of in vivo amyloid and the
first 18F-labelled tracer approved by the FDA since Fludeoxyglucose (FDG); subsequently, this has
become the most widely used amyloid tracer. Multicentre studies showed that a high Aβ burden on
18F-Florbetapir PET was associated with poor memory performance in healthy participants [54].
It has also been shown that approximately 50% of MCI patients had a high Aβ burden on
18F-Florbetapir PET [55]. In phase III studies, 18F-Florbetapir demonstrated high sensitivity and
specificity (92% and 100%, respectively) in detecting Aβ pathology with no tracer retention in control
subjects [56,57]. 18F-Florbetaben reveals a high affinity for fibrillary Aβ in brain homogenates,
selectively labelled Aβ plaques, and cerebral amyloid angiopathy in tissue sections from patients with
AD [58]. 18F-Florbetaben PET can also detect Aβ pathology in a wide spectrum of neurodegenerative
conditions such as frontotemporal lobar degeneration (FTLD). Cortical retention of 18F-Florbetaben
was higher in patients with AD than in healthy controls or patients with frontotemporal dementia [59].
18F-Flutemetamol, in phase I and II studies, was able to differentiate between patients with AD and
healthy controls [60,61]. The prediction of progression to AD in patients with MCI was improved
when combined with measures of brain atrophy [62]. The tracers discussed above have high affinity
and selectivity for fibrillar Aβ in plaques and other Aβ-containing lesions [63,64]. When Aβ PET
scans are visually read, cortical tracer retention is usually higher in patients with AD than in healthy
controls, particularly in the frontal, cingulate, parietal, and lateral temporal cortices. Both visual
and quantitative assessments of amyloid scans from different stages of disease progression reveal
a consistent pattern of tracer retention that coincides with amyloid deposition found post mortem
in patients with sporadic AD [65]. Longitudinal studies have shown that minute increases in Aβ

deposition can be measured using PET; however, these changes can only be seen in those who have
either have high or low burdens [66]. Acceptable Aβ loads in normal individuals have also been
observed, and approximately 7% of these individuals have an increase of Aβ within 2.5 years above
the threshold for “normal” levels [67].
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The pivotal use of Aβ imaging is facilitating differential diagnosis in patients who present with
atypical symptoms of dementia [68]. Clinical presentations of FTLD can be difficult to differentiate
from early onset AD. FTLD does not have Aβ pathology, and these patients, for the most part, show no
cortical retention of 11C-PiB—another amyloid tracer [69–71]. Therefore, using amyloid PET can help
differentiate between FTLD and AD. The patterns of Aβ deposition can also help differential diagnosis.
Patients with cognitively stable Parkinson’s disease (PD) have no cortical Aβ deposition; however,
Parkinson’s disease dementia (PDD) shows signs of Aβ deposition [72,73].

4. Tau Imaging

Tau imaging is the latest innovation in the early detection of neurodegenerative proteinopathies.
In the past few years, a number of first-generation tau-selective PET tracers have been developed.
18F-flortaucipir, 18F-THK5351, 18F-THK5317, and 11C-PBB3 have all been extensively used in research
studies but have yet to be used clinically. Through imaging studies, tau tracer retention shows an
affinity to not only known distributions of aggregated tau but also to mirror patterns of neuronal injury
detected by FDG-PET [74,75]. FDG uptake and 18F-THK5317 retention show a negative correlation,
primarily in frontal areas [76]. FDG also shows a mediating role in the association between tau
pathology and cognitive decline in AD [77].

Tau imaging could be very useful to predict progression of AD due to the relationship between
tau deposition, cognitive impairment, and neuronal injury. Tau imaging has the ability to assess the
regional distribution and density of tau deposits in the brain which could also help with disease staging.
While Aβ imaging studies indicate that total Aβ deposition in the brain is more important than regional
differences in predicting cognitive decline, tau imaging data suggest that the topographical distribution
of tau in the brain is more important than the total level of tau in the brain [78,79]. A combination of
tau and Aβ imaging could be highly beneficial in predicting cognitive decline and neurodegeneration.
Studies have demonstrated that high levels of cortical tau deposition in those with Aβ pathology
showed increased cognitive impairment in several domains [80,81].

Most, if not all, applications of tau and amyloid imaging are used for the same purpose: accurate
and early detection of AD pathology, disease staging, predicting disease progression, and use in
disease-specific clinical treatment trials. However, several groups have suggested that tau imaging
is better for disease staging and predicting progression than amyloid imaging [82,83]. These groups
have compared patients with AD and non-AD tauopathies and have found significant differences in
tracer retention between healthy controls, patients with AD, and patients presenting with atypical
AD [84,85]. Interestingly, clinical presentations of patients with atypical AD significantly matched their
tau deposits as assessed by 18F-flortaucipoir but not their Aβ burdens as assessed by 11C-PiB [86].

However, studies show that high levels of tau found in specific regions of interest (mesial and
temporal lobes) are not found alongside a high level of Aβ. Conversely, high levels of tau are highly
associated with high Aβ levels in the neocortex. This suggests that detectable levels of cortical Aβ

deposits precede levels of cortical tau deposition. Post mortem studies have shown tau deposits in the
mesial temporal cortex in elderly individuals, both healthy and with dementia [87]. These findings
suggest that hippocampal tauopathy is age related, and not dependent on but magnified by Aβ

pathology [74]; this is now known as primary age-related tauopathy (PART) [88].
The in vivo relationship between 18F-flortaucipir and grey matter intensity shows a negative

correlation as measured by MRI in healthy controls. Moreover, a study by Wang et al. [89] showed
that amyloid plaques affected the association between 18F-flortaucipir retention and cerebral atrophy.
Amyloid-positive patients showed a significant association between tau imaging and volume loss,
which suggests tau deposition and neuronal loss.

The best use of tau imaging would be a combination of amyloid imaging and selective tau imaging
to explain whether Aβ accelerates or causes the spread of tau outside the mesial temporal cortex.
This could also help elucidate whether this spreading into cortical areas corresponds clinically to the
development of MCI [74,90].
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Much like amyloid imaging, tau imaging can be used for differential diagnosis for
neurodegenerative Aβ-related conditions such as Dementia Lewy Body (DLB) and other tauopathies
such as progressive supranuclear palsy [91]. Also, approximately 40% of FTLD cases are caused by
hyperphosphorylated tau, labelled FTLD-tau. As stated previously, Aβ deposition is not a pathological
feature of FTLD; therefore, the tau imaging can help with correct diagnosis, especially for specific
forms of the disease [92].

A low hippocampal signal has been observed in some tau tracers which is compounded by the
unreliable and irregular tracer binding to the choroid plexus, which just lies above the hippocampus.
Researchers have suggested that the tracers bind to the aggregated tau in the choroid plexus [93]
despite the lack of in vitro autoradiographic studies showing a consistent failure of tracer binding [94].
Another theory suggests that the tracers actually bind to other β-sheet aggregated proteins, such as
iron or transthyretin [95,96]. At the moment, no tau tracers have been validated for clinical use [97],
and some researchers highlight the inconsistencies between the in vitro and in vivo binding profiles of
the tracers [98].

Something that is even more alarming is the doubt over tau selectivity from some PET tracers.
Studies show a there is “off-target” binding resulting from tracer binding to alternative targets.
Selegiline, a selective and irreversible inhibitor of monoamine oxidase B, also known as MAO-B,
can cause signal reductions in cortical and basal ganglia in 18F-THK5351 imaging. In fact, a single 5 mg
dose of selegiline can cause signal reductions of up to 50%. This suggests that a certain percentage of
tau binding seen in 18F-THK5351 is caused by MAO-B binding [99]. Newer second-generation tracers,
such as 18F-RO69558948, have shown less off-target binding [100] with two other tracers (18F-MK6240
and 18F-PI2620) showing no off-target binding [101,102].

5. Imaging of Neuroinflammation

Neuroinflammation refers to the innate inflammatory response of the central nervous system
(CNS) to any neuronal insult, such as infections, vascular lesions, trauma, and the presence of
abnormal protein aggregates [103]. Data from studies conducted in the last decades indicate that in
neurodegenerative diseases, and particularly in AD, neuroinflammation is not only an epiphenomenon
secondary to Aβ and tau abnormalities, but it is an essential part of the disease pathophysiology.
Results from genome-wide association studies indicate that many of the newly identified genetic
risk variants associated with AD involve genes that play an important role in immune function [104].
The cellular players of inflammatory response in the brain are primarily microglia and astrocytes.
Microglia activation and reactive astrocytosis can be evaluated in vivo by the use of PET imaging.
Thus, in vivo detection of neuroinflammation could represent a useful tool to further clarify the role
of immune response in AD pathology and to assess the effectiveness of novel treatments targeting
neuroinflammation [105].

5.1. Imaging Microglia

Microglia are mononuclear resident phagocytes ubiquitously distributed in the brain, where they
account for 10%–15% of non-neuronal cells [106]. Microglia are of myeloid lineage, originating
from progenitors formed in the yolk sac, and their differentiation occurs in the CNS [107].
Under physiological conditions, microglial cells scan the brain parenchyma continuously in order
to maintain the homeostasis and, in doing so, present in a ramified morphology. In this resting
state they also provide supportive factors to tissue integrity and secrete trophic factors that help
maintain neuronal plasticity [108]. Upon detection of any pathological triggers, mediated by membrane
receptors, microglia become activated and migrate to the area of the lesion. They change their shape
to an amoeboid one and start releasing proinflammatory cytokines, such as tumour necrosis factor-α
and interleukin-1β, and free oxygen radicals, such as nitric oxide and superoxide [109]. Both post
mortem and preclinical data indicate that in AD the accumulation of Aβ plaques is the main trigger
for neuroinflammation. Activated microglia surround Aβ plaques in an attempt to phagocyte them or
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degrade them through the secretion of proteolytic enzymes [110,111]. Although the initial microglial
activation aims at clearance of Aβ plaques and might exert a neuroprotective effect, its continuous
triggering and the inefficacy in the clearing process might lead to a vicious cycle of sustained chronic
inflammation, with an ultimately neurotoxic effect [112]. This dual function of microglia has been
exemplified in the M1/M2 theory, which postulates that microglia switch from a M1 proinflammatory
phenotype to a M2 anti-inflammatory one [113]. However, this theory seems to be over-simplistic,
and it is likely that microglial phenotype switching and its dual function are a dynamic process.

Once activated, microglia express the Translocator Protein 18 kDa (TSPO), formerly known
as peripheral benzodiazepine receptor (PBR). In physiologic conditions, TSPO expression is low
within the CNS, primarily confined to endothelial cells, ependyma, choroid plexus, olfactory bulb,
and glial cells. Following any brain injuries, TSPO expression on microglial outer mitochondrial
membrane markedly increases, making it a suitable marker of glial activation [114]. Over the last
decades, several TSPO radioligands have been developed, the most widely used being [11C]-PK11195.
This tracer was initially used as a racemate, but the R-enantiomer has a greater affinity for
TSPO than the S-enantiomer, and subsequent studies only used [11C]-(R)-PK11195 to investigate
neuroinflammation in vivo [109,115]. Although [11C]-(R)-PK11195 has been widely used in several
neurological diseases associated with neuroinflammation [116,117], this tracer suffers major limitations,
such as a poor signal-to-noise ratio due to high nonspecific binding, high plasma protein binding,
and the use of [11]C, which limits its use to PET research centers and hospitals with an on-site
cyclotron. These difficulties led to the development of second-generation TSPO ligands, with higher
TSPO affinity and better kinetics, such as [11C]-PBR28, [11C]-DAA1106, [18F]-DPA714, [18F]-FEPPA,
and [18F]-GE180. However, the binding affinity of second generation TSPO tracers is affected by a
single-nucleotide polymorphism (SNP) rs6971 in the TSPO gene, which causes an Alanine-to-Threonine
substitution in the protein. Based on this, individuals are classified into high-affinity binders (HABs),
mixed-affinity binders (MABs), and low-affinity binders (LABs), so that genotyping is essential for
appropriate tracer quantification [118].

In AD, Cagnin et al. were the first to report an increase in [11C]-PK11195 binding in the
temporal lobe [119], while other groups found no differences between AD patients and controls [120].
Using second-generation TSPO radioligands, other researchers have demonstrated a significant
increase in AD subjects with [11C]-DAA1106 [121], [11C]-PBR28 [122], and [18F]-FEPPA [123].
The relationship between microglial activation and amyloid deposition in AD has also been
evaluated, finding clusters of significant correlation in most cases [124,125]. Combined PET studies
provided evidence for a significant inverse correlation between microglia activation and glucose
metabolism in AD patients [126] as well as with hippocampal volume [127]. When looking at
cognitive function, the results are varied: some authors have found a significant inverse correlation
between TSPO binding and Mini-Mental State Examination (MMSE) scores [124,128], others found
no correlation [125], and another group found a positive correlation between the global cortical
index and MMSE score [122]. Using different cognitive measures, a negative correlation has been
observed between [11C]-PBR28 binding in the inferior parietal lobule and performance on Block
Design [123], as well as between [18F]-FEPPA binding in the parietal and prefrontal cortices and
visuospatial tasks [129]. A PET multitracer study has recently demonstrated significant widespread
correlation between levels of microglial activation and tau aggregation in both MCI and AD subjects,
suggesting that these pathologies increase together as the disease progresses. Moreover, microglial
activation and amyloid load were also correlated, with a different spatial distribution. The three
processes seem to be often found in similar areas of the association cortex [130]. Results are more
controversial in the MCI population: some studies have reported increased [11C]-PK11195 uptake
in 38% of MCI subjects, while others have shown no differences compared to healthy controls.
Similarly, using second-generation radioligands, Yasuno et al. showed significant increases in
[11C]-DAA1106 binding in the cerebellum, medial prefrontal cortex, parietal cortex, lateral temporal
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cortex, anterior cingulate cortex, and striatum in MCI [129], while Kreisl et al. found no differences
between MCI patients and controls using [11C]-PBR28 [122].

There are only few studies that have evaluated the longitudinal changes in microglial activation
in the AD continuum. Fan et al. demonstrated that microglial activation detected by [11C]-PK11195
increases in AD as the disease progresses, while it is reduced in MCI [131]. A recent study on prodromal
AD or MCI subjects using [11C]-PBR28 reported increased longitudinal binding in patients but not in
controls, on average equal to 2.5%–7.5% per year [132]. In a study of 64 AD patients, significantly higher
global cortical [18F]-DPA-714 binding has been demonstrated in slower decliners compared to fast
decliners, further substantiating the concept that early microglial activation could be protective [125].

5.2. Imaging Astrocytes

Astrocytes are star-shaped glial cells, conventionally divided in two categories: protoplasmic
astrocytes, located in the grey matter, and fibrous astrocytes, located in the white matter.
Their main function is to provide nutritional support to neurons and insulate synaptic
connections, regulating extracellular concentrations of ions and neurotransmitters. When activated,
astrocytes increase the expression of the glial fibrillary acidic protein (GFAP), and the process of
reactive astrogliosis aims at neuroprotection. In AD, it seems that astrocytes play an important role in
the clearance of Aβ, and after exposure to Aβ they can release cytokines, interleukins, and reactive
oxygen species, contributing to the neuroinflammatory process [106].

During neuroinflammation, monoamine oxidase B (MAO B) is up-regulated in reactive
astrocytes, and can be targeted in vivo using different PET tracers, such as [11C]-deuterium-L-
deprenyl-[11C]-DED- and [11C]-deprenyl-D2 [105]. In a study on AD subjects and amyloid-positive
MCI, increased [11C]-DED binding was observed in the frontal, parietal, and temporal cortices,
and regional correlation between [11C]-DED uptake and amyloid burden was reported [133].
Results from a multitracer PET study using [11C]-DED, [11C]-PIB, and [18F]-FDG in genetic and
sporadic AD patients showed divergent patterns of amyloid deposition and astrocytosis, with the latter
process being elevated in the early presymptomatic stages of the disease, and the former increasing
with disease progression [134]. Astrocytosis has also been imaged using ligands for the I2-imidazoline
receptor, such as [11C]-BU99008. Studies with this PET tracer are underway in AD and MCI subjects.

Figure 2 shows the chemical structures of some of the most commonly used PET tracers mentioned
so far [135].
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Figure 2. Chemical structure of some PET tracers. Panel A shows amyloid PET tracers, Panel B shows
Tau tracers. Microglial tracers are shown in Panel C, and 18F-FDG is shown in Panel D (structures
downloaded from [135]).

6. Imaging of Blood–Brain Barrier Dysfunction

The blood–brain barrier (BBB) is a highly functional, specialised barrier separating the
intravascular system from the neurons, representing a fundamental interface between circulating
cells in the bloodstream and the neuronal system. The BBB operates as part of the neurovascular unit
(NVU), a multilayer barrier formed by endothelial cells expressing tight junction proteins, a basal
lamina of extracellular proteins, astrocyte end-feet, and pericytes [136]. While low permeability is
the usual state of the BBB, where protein and cell transport is led by the tight junction proteins
(TJPs) and transporters [136], a breach in integrity and impaired function is a common finding
in several diseases [137]. In AD, the deposition of Aβ fibrils in the vessel elicits the release of
pro-inflammatory cytokines, contributing to BBB damage and an increase in its permeability [137];
moreover, cerebral amyloid angiopathy affects smooth muscle cells, pericytes, and endothelial cells,
increasing the damage [137]. The timing of the BBB disruption and AD progression has been widely
studied: an indirect measure of BBB breach is the CSF albumin index, demonstrating structural
disruption in Alzheimer’s and vascular dementia [138]. Post mortem studies reported BBB damage in
subjects with AD, demonstrating the accumulation of several proteins in the hippocampus and the
cortex and the degeneration of pericytes [139]. AD is also characterised by vascular changes in the
endothelial and smooth muscle cells, partially secondary to amyloid toxicity; around amyloid deposits
in the vessels, endothelial cells are less viable, and microvascular cerebral tissues showed reduced
mitochondrial content and a higher concentration of pinocytotic vesicles [140].

While in case of tumour, strokes, or inflammatory diseases like multiple sclerosis the breach in
the BBB permeability is to a major extent, in dementia it is more subtle and requires specific MRI
imaging sequences [136] since other imaging techniques (PET and CT) failed to demonstrate any
difference between patients with dementia and healthy controls [141,142]. A study conducted with a
PET tracer [68Ga]ethylene-diamine-tetraacetic acid ([68Ga]EDTA) did not demonstrate a difference in
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CNS permeability between a small group of AD subjects and healthy controls [142]. Similarly, a CT
study with meglumine iothalamate failed to show any difference in BBB abnormality between AD and
HC [141]. The measurement of BBB permeability with MRI is based on the use of paramagnetic contrast
agent Gadolinium-based compounds and the measurement of its leakage from the intravascular space.
The techniques used are either dynamic susceptibility contrast-enhanced MRI (DSC-MRI) or dynamic
contrast-enhanced MRI (DCE-MRI) [136]. Very few studies have been conducted on small cohorts
of AD or MCI patients. Degeneration of the BBB has been demonstrated in the hippocampus with
the ageing process; however, that has been seen to appear earlier in subjects with Mild Cognitive
Impairment when compared with cognitively intact subjects [139]. This evaluation was conducted
using a DCE-MRI; with this technique, grey and white matter regions were simultaneously analysed.
In a different MCI population compared to HC, DCE-MRI showed a lower contrast enhancement and
slower contrast decay, respectively indicating lower vascular volume and higher BBB permeability
in the hippocampi, suggesting impairment in the vasculature and possible BBB disruption [140].
Interestingly, the same difference was not seen in the cerebellum, but, considering that the cerebellum
is spared by AD pathology, this is not surprising [140].

To investigate if the leakage could contribute to AD, a pilot study with a dynamic
contrast-enhanced MRI was conducted on a population of MCI due to AD and early AD by Maastricht
ad Leiden Universities [143]. The imaging protocol was designed with a resolution able to separate the
vessel filling from the leakage. The authors also evaluated the relationship between BBB permeability
and cognitive performance. The results of the study demonstrated a significantly higher BBB leakage
rate in the patient group compared to the controls in the grey matter; the leakage volume was
significantly higher in the grey matter, in the normal-appearing white matter, and in the cortex [143].
Considering all the subjects together, the leakage volume in the deep gray matter was higher when the
MMSE was lower; a significantly higher leakage volume in the deep gray matter was found in the
MCI group when compared to the controls. The overall results of the study supported the theory of
BBB impairment as a contributing factor to the AD pathology, especially considering the association
with the cognitive performance and the early phases of the subjects enrolled [143]. A case control
MRI study was conducted on a cohort of 15 AD subjects and 15 healthy volunteers; for this dynamic
contrast-enhanced MRI, regions of interest in the deep grey matter, cortical grey matter, white matter,
CSF, and carotid and basilary arteries were selected [144]. In this study, the BBB permeability across
the two groups did not differ significantly; however, a difference was seen in the temporal pattern
after the injection, suggesting an early occurrence of the BBB permeability difference between healthy
control and AD subjects [144]. Others have demonstrated that BBB permeability is increased in major
dementia disorders but does not relate to amyloid pathology [145].

The evaluation of BBB damage and permeability is an interesting challenge, especially considering
the complexity of the analysis required; certainly, more studies are needed to develop a reliable MRI
protocol acquisition, and robust data results are necessary to be able to apply the technique on the
larger scale of the clinical setting.

7. Limitations and Future Perspectives

Early diagnosis of sporadic neurodegenerative conditions can be very difficult, especially when
patients present with nonspecific symptoms that can be attributable to any form of dementia or
neurodegenerative disease. Recently, the NIA-AA research framework criteria for AD have developed
the concept that diagnosis should be made based on the measurement of integrated biomarkers,
moving towards a more biological definition of the disease. These biomarkers not only concern the
presence of Aβ but also must include the tau status of the individual [146]. As the diagnostic criteria
for AD continue to develop, the use of amyloid and tau PET imaging is likely to be at the forefront of
use in clinical practice.

It is important to note, however, that PET imaging bears several methodological limitations,
from the poor resolution of the PET itself to the presence of brain atrophy, which is certainly a crucial
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feature to be considered in AD imaging. Particularly regarding the latter, unfortunately, there is a
lack of homogeneity in the approach to the atrophy [147]. Some studies’ approach considered the
partial volume effect, proportionate to the atrophy, applying partial volume correction; this has been
done with different toolboxes or codes [148,149] and for different tracers [148–152]. Some other studies
included the grey matter volume as a covariate in the analysis or excluded relative atrophy. The poor
spatial resolution of the PET is also a limitation, especially when analysing small areas or areas where
the cortical thickness and the voxel area have similar dimensions [147]. A possible solution is the use
of combined PET and MR, which allows a better anatomical accuracy and a partial volume correction
to the PET findings [153]. Another factor limiting broader and more routine use of PET imaging
is the methodological quantification of the signal. Different techniques have been used in research,
with various advantages and caveats to be considered. The standardised uptake value (SUV) technique,
applicable to static images, is simple and practical to use; however, it is subjective to different variables,
such as the tracer uptake time, dose measurement, and receiving body characteristics. More accurate
estimates certainly come from kinetic parameters analysis; this is, however, less practical to use,
requiring dynamic images and arterial input [154]. Despite the advances in imaging techniques,
no single biomarker is likely to be able to provide the diagnostic certainty needed for early detection of
neurodegenerative diseases. Identification or diagnosis requires a multimodal approach that combines
biochemical and neuroimaging markers of pathology and neurodegeneration [155]. These biomarkers
have now been incorporated into the new diagnostic criteria for the prodromal, preclinical, and overt
stages of AD [156,157]. Furthermore, AD-specific interventional trials have been able to implement
short-duration trials with smaller samples sizes due to the use of Aβ and/or tau biomarkers to confirm
target and treatment efficacy [158]. Interpretation of amyloid positivity through PET is done either
visually or quantitatively. Amyloid positivity is defined based on the presence of absence of tracer
uptake in brain cortical regions compared to the cerebellum due to a lack of amyloid accumulation
in this region. Visual analysis is usually performed using a binary scale while quantitative analysis
involves receiver operating characteristic analysis without prespecified cut-off values. This causes
data to over-fit which could result in sensitivity and specificity values that are overly optimistic [159].
Conversely, visual interpretation is dependent on the reader’s experience, and while most scans are
read by multiple readers to confirm positivity or negativity, this is against everyday clinical practice
and will have an effect on diagnosis.

Multimodality imaging is the way forward in both research and clinical contexts in AD,
suggesting that a combined use of MRI and PET may increase the accuracy of diagnosis due to
the ability to detect pathological brain changes associated with AD in the earliest of stages (Tables 1
and 2). Moreover, in a research setting, and in particular in clinical trials with drugs targeting
biomarkers, multimodal imaging also has the added value of allowing the monitoring of potential
side effects of experimental drugs, which could be hindered by the cognitive impairment [160]. Even
though in the diagnostic process of a neurodegenerative disease the results of imaging techniques
have to be related to the clinical picture, there are some images with a very strong diagnostic power
on their own, such as hippocampal atrophy for AD or DaTScan for Lewy Body Dementia [161].
However, studies have shown that high amyloid load or grey matter atrophy is not enough to give
a clear predictive sign of AD, with many healthy individuals showing no signs of AD even with
the hallmarks of the neuropathological changes [162,163]. The lack of actual multitracer studies,
conducted longitudinally and exploring all the biomarkers at the same time-point, needs to be
addressed, together with a strictly homogenous methodological protocol, to better facilitate a more
detailed insight into disease pathology. Interest is now increasing in the use of plasma biomarkers for
global organ diseases, which may be relevant in neurodegenerative disease, especially considering the
link between nutrition, diet, and ageing. In particular, genomic, lipidomic, and proteomic biomarkers
are increasingly interesting [164]. In particular, the study of genomics, i.e., the calorie-sensitive gene
Sirt1, related to lipidomic and proteomic biomarkers, could be a sensitive tool in the assessment of a few
chronic diseases which have showed association with AD (such as obesity and diabetes) [165]. Also,
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plasma biomarkers, due to their easy access, hold potential in terms of early diagnosis. Plasma Aβ

levels seem to correlate with cognitive function and with CSF biomarkers [166], and the combination of
clinical, imaging, and plasma markers can predict progression in MCI subjects [167]. This once again
highlights the need for a clearer diagnostic route that does not rely solely on neuroimaging biomarkers.

Table 1. PET tracers in AD.

Target Tracer Clinical Correlates in AD Ref.

Amyloid-β

18F-Florebetapir
Has demonstrated high sensitivity and
specificity (92% and 100%, respectively) in
detecting Aβ pathology

[13,14]

18F-Florbetaben

High affinity for fibrillary Aβ, selectively
labelled Aβ plaques, and cerebral amyloid
angiopathy in tissue sections from patients
with AD

[15]

18F-Flutemetamol
In phase I and II studies, was able to
differentiate between patients with AD and
healthy controls

[17,18]

Tau protein

18F-flortaucipir,
18F-THK5351,
18F-THK5317,
11C-PBB3

Bind to neurofibrillary tangles with high
selectivity and high signal-to-background ratio.
Used for early detection of nerve fiber lesions
in patients with AD

[39]

Microglial activation

11C-PK11195
Used to investigate neuroinflammation in vivo.
There is an increase of binding in the temporal
lobe of AD patients.

[73,74]

11C-DAA1106,
11C-PBR28,
18F-FEPPA

Inverse correlation between microglia
activation and glucose metabolism in AD
patients as well as with hippocampal volume

[80,81]

18F-DPA-714
Showed significantly higher global cortical
binding in slower AD decliners compared to
fast decliners

[79]

Astrocytes
[11C]-deuterium-L-
deprenyl-[11C]-DED,
[11C]-deprenyl-D2

In AD and amyloid-positive MCI, increased
binding was observed in the frontal, parietal,
and temporal cortices and regional correlation
between 11C-DED uptake and amyloid burden

[59,86]

Glucose Metabolism 18F-FDG

Reduced uptake in posterior cingulate,
hippocampi, and medial temporal structures is
typical in AD and MCI, with a subsequent
spreading to the whole cortex as the disease
progresses. The reduction in glucose
metabolism in regions like precuneus and
posterior cingulate has been demonstrated to
be associated with the severity of the cognitive
impairment

[121,
126]
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Table 2. MRI correlates in AD.

Target Sequences Clinical Correlates in AD Ref.

Blood–brain barrier
(BBB)

Dynamic susceptibility
contrast-enhanced MRI
(DSC-MRI)

Degeneration of the BBB has been
demonstrated in the hippocampus with the
ageing process; however, that has been seen
to appear earlier in subjects with MCI when
compared with cognitively intact subjects

[91]

Dynamic
contrast-enhanced MRI
(DCE-MRI)

Significantly higher BBB leakage rate in AD
compared to controls in the grey matter; the
leakage volume was significantly higher in
the grey matter, in the normal-appearing
white matter, and in the cortex

[95]

Brain atrophy

Three-dimensional (3D)
T1-weighted
magnetisation-prepared
rapid acquisition
gradient-echo
(T1-MPRAGE) sequence

Structural brain changes are accurately
consistent with Braak stages of
neurofibrillary tangle deposition and
neuropsychological deficits. Rates of
change in several structural measures,
including whole-brain, entorhinal cortex,
hippocampus, and temporal lobe volumes,
correlate closely with changes in cognitive
performance, validating atrophy in these
regions as markers of AD.

[98–104]
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Abstract: Sleep disturbance is a common symptom in patients with various neurodegenerative
diseases, including Alzheimer’s disease (AD), and it can manifest in the early stages of the disease.
Impaired sleep in patients with AD has been attributed to AD pathology that affects brain regions
regulating the sleep–wake or circadian rhythm. However, recent epidemiological and experimental
studies have demonstrated an association between impaired sleep and an increased risk of AD.
These studies have led to the idea of a bidirectional relationship between AD and impaired sleep;
in addition to the conventional concept that impaired sleep is a consequence of AD pathology, various
evidence strongly suggests that impaired sleep is a risk factor for the initiation and progression of
AD. Despite this recent progress, much remains to be elucidated in order to establish the benefit of
therapeutic interventions against impaired sleep to prevent or alleviate the disease course of AD.
In this review, we provide an overview of previous studies that have linked AD and sleep. We then
highlight the studies that have tested the causal relationship between impaired sleep and AD and
will discuss the molecular and cellular mechanisms underlying this link. We also propose future
works that will aid the development of a novel disease-modifying therapy and prevention of AD via
targeting impaired sleep through non-pharmacological and pharmacological interventions.

Keywords: Alzheimer’s disease; sleep disturbance; sleep fragmentation; slow-wave sleep; amyloid
beta; tau; proteostasis; default-mode network; cognitive behavioral therapy for insomnia

1. Introduction

Sleep disturbance is a common symptom associated with Alzheimer’s disease (AD), which is
the leading cause of dementia worldwide [1]. More than 60% of patients with AD develop sleep
disturbance, which often occurs at the early stages of the disease or even before the onset of major
cognitive decline [2]. Impaired sleep in these patients has been attributed to the progression of AD
pathology to brain regions that regulate the sleep–wake or circadian rhythm (Figure 1) [3]. However,
various epidemiological studies have demonstrated the association between impaired sleep and an
increased risk of AD or AD-related pathology [3]. Multiple studies using animal models of AD have
also indicated that impaired sleep exacerbates memory decline and AD-related pathology (Figure 1) [4].
These recent findings suggest that sleep disturbance is a potential modifiable risk factor for AD and
could be a novel target for disease-modifying therapies to prevent the development of AD and/or
ameliorate the cognitive decline in patients with AD [3]. In this review, we will first provide an
overview on the epidemiological and experimental studies that have linked AD and sleep. We will
then describe experimental studies that have examined the causal relationship between impaired sleep
and AD, and will discuss the molecular and cellular mechanisms that might underlie this link. Finally,
we will propose future research directions, including the establishment of a novel disease-modifying
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therapy and the prevention of AD via targeting impaired sleep in patients with AD and cognitively
normal people.

 
Figure 1. Bidirectional relationship between Alzheimer’s disease (AD) and impaired sleep. Impaired
sleep is prevalent in patients with AD. Both epidemiological and experimental studies have led to
the recent concept of a bidirectional relationship between AD and impaired sleep. In addition to the
conventional concept that impaired sleep is a consequence of AD pathology affecting brain regions
regulating the sleep–wake or circadian rhythm, impaired sleep has been suggested as a risk factor for
the initiation and progression of AD.

2. Age-Related Sleep Alterations

Physiological sleep in mammals, including humans, is composed of rapid eye movement (REM)
sleep and non-REM (NREM) sleep. Human NREM sleep can be classified into three stages according
to its depth, namely stage N1, N2, and N3, using electroencephalogram (EEG) findings that are
characteristic of each stage [5]. Stage N3, the deepest NREM sleep, is characterized by a dominant
EEG activity that consists of high-voltage slow waves with a frequency range of 1–4 Hz and is thus
referred to as slow-wave sleep (SWS) [6].

The age-associated alterations in sleep architecture have been well characterized. The most
prominent changes are increased sleep fragmentation by intermittent nocturnal arousals and a reduced
amount of SWS, which is associated with shorter overall sleep duration and increased N1 and N2
duration [7]. Compared with these changes in NREM sleep, REM sleep is relatively spared except for a
decreased REM latency with age [7] until around 80 years old, after which its duration is also reduced [8].

3. Sleep Disturbance in Alzheimer’s Disease (AD)

3.1. Sleep Abnormalities in Patients with Alzheimer’s Disease (AD)

Patients with AD often experience difficulty falling asleep, repeated nocturnal arousals, early
arousals in the morning, and excessive sleepiness during daytime [9]. One or more sleep disorders,
including insomnia, circadian rhythm sleep–wake disorders, sleep-related breathing disorders (SRBD),
and sleep-related movement disorders, underlie these symptoms [10].

The most consistently reported changes in sleep architecture in patients with mild to moderate AD
are sleep fragmentation, which is due to an increased number and duration of intermittent nocturnal
arousals, a reduced amount of SWS, a resulting decrease in overall sleep duration, and an increase in
N1 [11]. These AD-associated changes in NREM sleep seem to be an exaggeration of sleep alterations
that are associated with normal aging, which become more pronounced with an increase in the severity
of AD [12]. In addition, sleep spindles and K complexes, which are the EEG markers of stage N2,
exhibit poorer formation, lower amplitude, shorter duration and smaller number [11]. These changes
are mostly similar to the age-associated change in these stage N2 markers, except for the spindle
formation, whose age-related change is still controversial [13]. Meanwhile, the total duration of REM
sleep, which is relatively spared in normal aging, is reduced in patients with AD due to a reduced
duration of each REM episode [14]. Other REM sleep variables, such as the number of REM episodes
and REM latency, are usually spared in AD [14].

The alterations in the diurnal rhythm of activity and sleep due to circadian rhythm dysregulation
are also present in patients with preclinical AD and symptomatic AD [15]. A disrupted circadian
rhythm can cause sundowning syndrome or nocturnal delirium [16], in which patients often become
agitated, restless or anxious in the early evening. These symptoms usually resolve during the daytime,
but greatly impair the quality of life of patients, families and caregivers [16].
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3.2. Sleep Disturbance as a Consequence of AD Pathology

Sleep alterations in patients with AD have been interpreted as a consequence of the progression of AD
pathology to brain regions that are involved in the regulation of the sleep–wake or circadian rhythm [3].
AD pathology affects galaninergic neurons in the intermediate nucleus of the hypothalamus [17].
This area is a homolog of the ventrolateral preoptic nucleus of rodents, which is selectively active during
sleep [18] and sends inhibitory projections to wake-promoting areas [19]. The number of remaining
galaninergic neurons in the intermediate nucleus of autopsied AD brains has been found to be negatively
correlated with the severity of ante-mortem sleep fragmentation evaluated within one year of death
by actigraphy [17], which suggests that galaninergic neuronal loss due to AD pathology leads to sleep
fragmentation in patients with AD.

AD pathology also affects the cholinergic neuronal network [14], which comprises the brainstem,
thalamus, basal forebrain and cerebral cortex. This network regulates the initiation and maintenance
of REM sleep [14]. The primary circadian pacemaker in the mammalian brain is the hypothalamic
suprachiasmatic nucleus (SCN), which is also affected by AD pathology. AD is associated with
a significant loss of vasopressin- and vasoactive intestinal peptide-expressing neurons, which are
involved in the maintenance of circadian function in the SCN [20–22].

Various transgenic or knock-in mouse models of AD also develop sleep abnormalities, such as increased
wakefulness [23–25], a decrease in NREM sleep [23,25] and REM sleep [23], circadian rhythm delay [24], or a
reduced amplitude of the circadian rhythm [25]. The sleep–wake patterns of APPswe/PS1dE9 transgenic
mice [26] are normal before Aβ deposition, but a tendency of increased wakefulness and decreased sleep
starts at the age when Aβ deposition is initially observed. Furthermore, these sleep abnormalities exacerbte
with age and increased Aβdeposition [23]. Furthermore, APPswe/PS1dE9 mice that are actively immunized
with Aβ, which decreases Aβ deposition in the brain, showed a normal sleep–wake pattern [23]. Taken
together, these findings suggest that sleep disturbance is caused not only by a neuronal loss in the brain
regions regulating sleep or circadian rhythm, but also by Aβ accumulation in the brain.

4. Sleep Disturbance as a Risk Factor of AD

4.1. Epidemiological Studies

Contrary to the conventional understanding that impaired sleep in patients with AD is a
consequence of AD-related pathology, multiple recent epidemiological studies have suggested
that sleep disturbance could be a risk factor for cognitive decline and AD. According to a recent
meta-analysis, sleep disturbance or sleep disorders, including short or long sleep duration, poor sleep
quality (difficulty in falling asleep or increased intermittent nocturnal arousal), circadian rhythm
abnormality, insomnia or SRBD, were associated with a significant increase in the risk ratio (RR) for
cognitive impairment (RR: 1.64, 95% CI: 1.45–1.87), preclinical AD (RR: 3.78, 95% CI: 2.27–6.30) and
AD diagnoses based on the ICD-9 (International Classification of Diseases, Ninth edition) or DSM-IV
(Diagnostic Statistical Manual, Fourth edition) (RR: 1.55, 95% CI: 1.25–1.93) [27].

In a prospective study that used actigraphy to quantitatively assess the sleep of 737
community-dwelling older adults without dementia, a higher level of sleep fragmentation due to
increased intermittent nocturnal arousal was associated with an increased risk of AD (hazard ratio
= 1.22, 95% CI: 1.03–1.44) [28]. Individuals with high sleep fragmentation (in the 90th percentile) at
baseline had a 1.5-fold higher risk of developing AD compared to those with low sleep fragmentation
(in the 10th percentile) during the 6-year follow-up period (mean = 3.3 years) [28]. In addition, in a
positron emission tomography (PET) study that examined the association between sleep variables
and amyloid beta (Aβ) deposition in older people without dementia, a self-reported shorter sleep
duration and poorer sleep quality were associated with significantly greater in vivo Aβ deposition in
the precuneus [29], which is affected by Aβ pathology in preclinical AD [30].

Although these studies indicate an association between impaired sleep and AD, epidemiological
observational studies conducted so far are limited in discerning the causal relationship between
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impaired sleep and AD, especially considering the relatively short follow-up periods compared to the
long disease course of AD [3]. For example, a subgroup meta-analysis for the effect of sleep disturbance
demonstrated that both short and long sleep duration were associated with a higher risk of cognitive
decline or AD [27]. Additional studies are needed to determine whether both short and long sleep
duration do indeed affect the disease course of AD, or whether either of these is a prodromal symptom
of AD or reflecting the comorbidities of AD, such as depression.

4.2. The Causal Relationship between Sleep Disturbance and AD Pathology

Various animal models of AD and sleep disturbance have been used to assess the causal
relationship between sleep disturbance and AD and the molecular or cellular mechanisms potentially
underlying this link. Kang et al. (2009) were the first to report that chronic sleep restriction accelerates
Aβ deposition in the brain using two transgenic AD mouse models (APPswe and APPswe/PS1dE9
mice) [31]. Other studies have also demonstrated that sleep deprivation or restriction in various AD
models exacerbates AD-related biochemical or pathological changes in mice brains, such as an increase
in Aβ or phosphorylated tau [32,33], an increase in insoluble phosphorylated tau and glial fibrillary
acidic protein levels [34], and an increase in Aβ40, Aβ42 and β-site amyloid-precursor-protein-cleaving
enzyme 1 (BACE1), which produce toxic Aβ species [35].

In these studies, sleep disturbance was induced in the mice either by intermittent gentle tactile
stimuli, resulting in total deprivation of sleep [31], by the platform-over-water technique, resulting in
elimination of REM sleep and a decrease in SWS [31–33,35], or by alteration of the light–dark cycle,
resulting in a disrupted circadian rhythm [34]. The limitation of these studies is that the resultant
sleep–wake patterns using the above methods are different from those observed in patients with
AD or in normal aging. In addition, these methods induce relatively high levels of stress in mice.
These acute or chronic behavioral stresses could aggravate the AD pathology via an increase in Aβ [36]
and might therefore be a confounding factor. In a recent study, we took advantage of a novel device
that induces impaired sleep closely resembling that of patients with AD (i.e., an increase in sleep
fragmentation and a decrease in the amount of SWS) without severe stress [37] and found that chronic
sleep fragmentation indeed aggravates Aβ deposition in the AD mice brain [38]. Notably, the severity
of Aβ deposition showed a significant positive correlation with the severity of sleep fragmentation [38].
Since all mice were subjected to sleep impairment by a unified protocol, our results strongly suggest
that the aggravation of Aβ pathology is more directly related to sleep impairment than the behavioral
stress, if any, that was induced by the device we used to induce sleep impairment. Considering
this point, our results are consistent with a previous epidemiological study that demonstrated an
association between sleep fragmentation and an increased risk of AD [28]. Thus, our evidence supports
the view that sleep disturbance in older people and patients with AD affects the disease course of AD.

5. Molecular/Cellular Mechanisms that Link AD and Sleep

5.1. Impaired Sleep Alters the Dynamics of Aβ and Tau in the Brain

The two major pathological hallmarks of AD are senile plaques, which are the extracellular
deposits that are mainly composed of insoluble Aβ, and neurofibrillary tangles (NFT), which are
the intracytoplasmic deposits that are mainly composed of hyperphosphorylated insoluble tau [39].
The dynamics of extracellular Aβ in relation to neuronal activity and the sleep–wake cycle have been
extensively studied using various in vitro and in vivo animal and humans. Several recent studies have
also examined the relationship between the dynamics of tau and sleep.

Extracellular Aβ in the central nervous system can be detected as a soluble form in cerebrospinal
fluid (CSF) in humans as well as in CSF or interstitial fluid (ISF) in mice. The soluble Aβ shows
diurnal fluctuation in both healthy young humans and mice, with an increase during wakefulness
and a decrease during sleep [31,40]. The amplitude of this diurnal fluctuation is decreased in the
CSF of older people without Aβ deposition and disappears in older people with Aβ deposition [40].
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In APPswe/PS1dE9 mice, the diurnal Aβ fluctuation in ISF disappears when mice develop Aβ

deposition [23]. These studies suggest that the dynamics of extracellular soluble Aβ is one of the
potential mechanisms linking sleep and an increased risk of AD. Therefore, the mechanisms that affect
the dynamics of soluble Aβ in ISF or CSF have been extensively studied.

Various studies have confirmed that Aβ production is regulated by neuronal action potential
firing. An increase in neuronal firing leads to an increase in the extracellular secretion of soluble
Aβ in an activity-dependent manner [41,42]. In vivo experiments have also demonstrated a direct
relationship between increased neuronal activity and increased production of extracellular soluble Aβ

in the brain, which was detected in the interstitial fluid (ISF) [43]. Furthermore, a sustained increase in
the neuronal activity by optogenetic stimulation induces an increase in soluble Aβ in ISF followed by
insoluble Aβ deposition in the projection area of the stimulated neurons [44]. Consistent with these
studies, extended wakefulness by total sleep deprivation results in an increased level of soluble Aβ

in the ISF or CSF [31,45]. Interestingly, specific disruption of SWS, but not sleep duration or sleep
efficiency, induces an increase in CSF Aβ [46]. This suggests that each sleep component may influence
the dynamics of extracellular Aβ in different ways.

The mechanism underlying the decrease in soluble Aβ during sleep is still controversial.
The interchanging convective flow of ISF and CSF in the interstitial space of the brain has been
reported to play a crucial role in the removal of the extracellular metabolites, including Aβ, in the
brain [47]. Furthermore, Xie et al. reported that natural sleep is associated with a 60% increase in
the interstitial space in the brain, which results in an increase in the clearance efficiency of interstitial
metabolites, including Aβ, by the increased convective flow of CSF and ISF [48]. The removal of
interstitial Aβ by this clearance system, named the glymphatic system, may be one of the mechanisms
underlying the decrease in CSF and ISF Aβ during sleep. Meanwhile, recent human studies have
analyzed Aβ turnover in CSF by radioactive labeling of Aβ [49,50]. These studies concluded that a
decreased production of Aβ due to reduced neuronal activity rather than the increased clearance of
Aβ is a necessary and critical factor for the decrease in CSF Aβ during sleep [49,50].

Extracellular soluble tau is another important component in ISF and CSF that is related to AD
pathology, while intracellular aggregated tau is a pathological hallmark of AD. Recent studies have
indicated that the total tau and phosphorylated tau in CSF are biomarkers that differentiate patients
with AD from healthy controls as well as those with mild cognitive impairments due to preclinical AD
from those due to other conditions [51,52].

Similarly to Aβ, neuronal activity has been found to induce the extracellular release of tau in an
in vitro model [53]. Neuronal activity also induces the propagation of aggregated tau pathology in vivo
via the extracellular release of tau and uptake of released tau by nearby neurons [54]. Extracellularly
released tau is indeed detectable in the ISF of tau transgenic mouse models [55–58]. Multiple recent
studies have examined the in vivo dynamics of the extracellular tau in ISF and CSF in relation to
neuronal activity and the sleep–wake cycle. In tau transgenic mice with regulatable expression,
the half-life of extracellular soluble ISF tau was revealed to be 17.3 days [56]. This is remarkably longer
than that of Aβ, which shows diurnal fluctuation. Consistent with this finding, poorer sleep quality,
which was measured for six consecutive nights before CSF collection, was found to have a significant
negative correlation with an increase in CSF tau, while acute deprivation of SWS did not lead to CSF
tau elevation [46]. Meanwhile, a very recent study demonstrated that acute sleep deprivation leads
to a remarkable increase of tau in both mice ISF and human CSF [59]. Importantly, another recent
study that used a combination of sleep monitoring by single-channel EEG with PET imaging and CSF
analysis of both Aβ and tau revealed that a decrease in SWS, especially at the lowest frequencies of
1–2 Hz, was more associated with the accumulation of tau than that of Aβ [60].

Together, these studies suggest that impaired sleep affects the dynamics of both Aβ and tau,
which may lead to the exacerbation of AD-related pathology. Further studies are awaitedto determine
whether the dynamics of Aβ and tau are regulated via same mechanisms of production and clearance
and via similar components of sleep.
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5.2. Prolonged Wakefulness Induces Impaired Proteostasis, a Common Pathomechanism Underlying
Neurodegenerative Diseases

Proteins with proper functions are indispensable for living organisms. Intracellular and in vivo
protein quality is maintained in a homeostatic manner through the coordination of multiple intra- and
extracellular systems that regulate protein synthesis, folding, disaggregation, and degradation [61].
The resultant homeostasis of protein quality (Figure 2; left), which is called proteostasis, is of general
importance for maintaining human health.

Figure 2. Impaired sleep as a potential therapeutic target to restore proteostasis. Healthy proteostasis
is maintained through the coordination of various intra- and extracellular systems that regulate protein
synthesis, folding, disaggregation, and degradation (left). Increased synthesis of misfolded proteins,
dysfunction of protein refolding or degradation systems, or changes in extracellular environment can
lead to impaired proteostasis and result in the accumulation of misfolded and aggregation-prone toxic
proteins (right), which is a common pathomechanism underlying neurodegenerative diseases. Based
on recent studies that have indicated that impaired sleep leads to impaired proteostasis (middle; red
arrow), future studies that better examine the relationship between sleep and proteostasis could lead
to the development of novel therapeutics that restore healthy proteostasis via better quality of sleep
(middle; blue arrow).

Impaired proteostasis (Figure 2; right) is a common pathomechanism underlying neurodegenerative
diseases, such as AD, Parkinson’s disease (PD), dementia with Lewy bodies (DLB), amyotrophic lateral
sclerosis and Huntington’s disease [39]. Neurodegenerative diseases are characterized by selective
and progressive neuronal degeneration, which is accompanied by abnormal protein aggregates in the
regions of the central nervous system (CNS) that are characteristic of each disease [39]. Patients exhibit
slowly progressive neurological or psychiatric symptoms of various types, such as cognitive or motor
impairment, or involuntary movements, depending on the affected regions specific to each disease.
Recent studies have reported that impaired proteostasis and the resultant accumulation of misfolded
and aggregation-prone proteins (Figure 2; right) exhibit neurotoxicity and lead to neuronal dysfunction
followed by neurodegeneration [61].

Sleep affects proteostasis in the brain. A detailed transcriptomic study revealed that the most
abundant categories of genes that are upregulated in the mice brain during sleep are those involved in
macromolecule biosynthesis, such as structural components of ribosomes, translation initiation and
elongation factors and tRNA activators [62]. In addition, genes involved in intracellular transport,
such as vesicle-mediated protein trafficking, are also upregulated during sleep [62].

Among the multiple molecules/pathways involved in the refolding or degradation of misfolded
proteins to maintain proteostasis, such as chaperones, the ubiquitin–proteasome system and autophagy,
the relationship between sleep and the unfolded protein response (UPR) pathway has been studied
in detail. Prolonged wakefulness by sleep deprivation activates the UPR pathway, which is one
of the major mechanisms that prevent the accumulation of misfolded proteins and maintains
proteostasis [63]. When the endoplasmic reticulum (ER), a major site of protein folding and
post-translational modification, is overloaded and stressed by the accumulation of misfolded and
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potentially toxic proteins, the UPR is activated and triggers different levels of downstream pathways
according to the duration and the severity of the ER stress [64]. Mild or transient ER stress induces
adaptive or protective pathways, such as increased transcription of chaperones for proper protein
refolding, attenuation of general protein translation and removal of misfolded proteins for degradation
at the proteasome. When ER stress is not alleviated by these pathways, the pro-apoptotic signaling
pathway is activated, which leads to cellular injury or cell death [64]. Various studies have shown
that prolonged wakefulness by sleep deprivation for six hours or longer leads to the upregulation
of protective or adaptive pathways downstream of UPR activation in the rodent brain, such as the
increased production of BiP/GRP78, a major ER chaperone and a marker of UPR activation [63,65–67].
However, in the aged mice brain, six hours of sleep deprivation failed to induce the protective
pathways downstream of UPR activation, such as the upregulation of BiP/GRP78 or inhibition of
general protein translation. On the contrary, six hours of sleep deprivation did activate pro-apoptotic
signaling pathways [68].

These studies suggest that prolonged wakefulness by acute sleep deprivation is sufficient to at
least transiently impair proteostasis in the brain (Figure 2, middle; red arrow), and that aging impairs
the protective responses against impaired sleep, which could in turn lead to neurodegeneration.
Further studies on the role of sleep in the maintenance of proteostasis via the UPR and other pathways
could aid the development of novel therapeutics that can restore healthy proteostasis via better quality
of sleep and could represent disease modification strategies for neurodegenerative diseases (Figure 2,
middle; blue arrow).

5.3. Impaired Sleep May Aggravate the Propagation of AD-Related Pathology via Impaired Functional
Connectivity in the Brain

Functional connectivity in the brain is defined as inter-regional correlations in the neuronal
activation patterns of anatomically separate brain regions [69]. Functional connectivity reflects the
integrity of communication between two functionally related brain regions [70]. Independent component
analysis of the functional connectivity at the resting state, when individuals are awake but not focused
on their external environment, has identified several functional resting-state networks (RSNs) in the
cerebral cortex that exhibit increased activity, specifically at resting state [70]. The default mode network
(DMN) is one of the major RSNs and underlies most of the baseline brain activity at rest [71]. The core
regions of the DMN include the medial prefrontal cortex, posterior cingulate cortex, precuneus and
parietal cortex, all of which have structural interconnections and functional connectivity [72].

Intriguingly, a recent study demonstrated that functional connectivity in the brain shows a diurnal
patternand that nocturnal sleep restores morning-to-evening connectivity changes [73]. A lack of sleep
has been associated with a deficit in the recovery of functional connectivity on the following morning
within various networks, including the DMN [73]. Another study demonstrated that the significant
functional correlations between frontal and posterior areas of the DMN become non-significant during
SWS, which suggests that the integrity of the DMN is decreased during deep sleep [74]. These studies
indicate the potential importance of sleep on the maintenance of the DMN during arousal.

It has also been well established that all regions of the DMN are vulnerable to AD-related
pathology [75]. Indeed, DMN impairment is present in early symptomatic AD and progresses with
the disease course [76]. DMN impairment is even observed in preclinical AD, when AD-related
histopathology accumulates before overt clinical symptoms appear [76]. Furthermore, the carriers of
the ApoE ε4 allele, which is the most potent risk factor for AD, also show DMN impairment similar to
that of preclinical AD, even in the absence of Aβ deposition in the brain [77].

The precise mechanism underlying the relationship between the DMN and the progression
of AD pathology has yet to be fully elucidated. However, recent studies have strongly suggested
that misfolded neurotoxic proteins, such as Aβ and tau in the case of AD, are transmitted along
interconnected neural networks [78,79]. Consistent with this, it is plausible that misfolded toxic
proteins can be propagated from the brain regions that are initially affected by AD pathology to
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adjacent healthy brain regions [76]. This protein propagation via interconnected brain regions could
eventually lead to the gradual deterioration of the entire brain network from a semi-functional state to
a dysfunctional state as misfolded proteins accumulate over the years [76]. From this point of view,
the alterations in functional connectivity due to impaired sleep, especially at the preclinical or early
stages of AD, might be an additional pathomechanism underlying the progression of AD-related
pathology that results from impaired sleep.

5.4. Other Mechanisms that May Link Impaired Sleep and AD-Related Pathology

Inflammatory immune responses, blood–brain barrier (BBB) disruption, and oxidative stress are
known to affect AD-related pathology, which can also be induced by impaired sleep [3,80].

Acute and chronic sleep loss in humans result in the induction of both cellular and humoral
immunological responses. An increase in the number of circulating leukocytes (mainly monocytes and
neutrophils) and increased levels of proinflammatory cytokines, such as interleukin-1β (IL-1β) and
IL-6 and tumor necrosis factor-α (TNF-α), are observed after acute sleep deprivation or subacute sleep
restriction [81]. The resulting low-grade systemic inflammation could facilitate neuroinflammation
when sleep impairment is sustained, which could aggravate AD-related brain pathology [82]. Indeed,
chronic sleep loss in rodents has been associated with microglial activation and astrocytic phagocytosis
in the brain [83]. In addition, chronic low-grade inflammation has been proposed to underlie the BBB
breakdown following sleep loss observed in rodent models [84], which could also worsen AD-related
pathology [85]. Furthermore, sleep deprivation promotes oxidative stress in the rodent brain [86].
A recent prospective epidemiological study indicated that obstructive sleep apnea (OSA) in cognitively
normal older people is associated with increased Aβ deposition [87]. Besides the sleep fragmentation
itself due to OSA, which could affect Aβ dynamics (as discussed in Section 5.1), a combination of
hypoxemia, neuroinflammation, and oxidative stress could be additional mechanisms underlying the
exacerbation of AD pathology in patients with OSA.

6. Conclusions and Future Directions

Impaired sleep is prevalent in patients with AD, which often occurs in the early or even preclinical
stages of AD. Both epidemiological and experimental studies have led to the recent concept of a
bidirectional relationship between AD and impaired sleep (Figure 1). In addition to the conventional
concept that impaired sleep is a consequence of AD-related pathology, impaired sleep has been
suggested to be a risk factor for the initiation and progression of AD, at least in cognitively normal
older people and in patients with AD. Despite this recent progress, much remains to be elucidated
in future works that will aid the development of therapeutic interventions against impaired sleep to
prevent or alleviate the disease course of AD.

First, the essential components of “better sleep” that reduce the risk for AD need to be determined.
A recent study demonstrated that an acute inhibition of SWS is sufficient to affect Aβ dynamics in
humans [46]. While the importance of REM sleep in regulating NREM sleep has been established [88],
additional studies are crucial in obtaining a more comprehensive understanding of the roles and
interactions between the different components of sleep, including REM sleep, light NREM sleep and
SWS. Furthermore, the molecular and cellular mechanisms underlying the link between AD and these
different components of sleep remain to be determined. It would also be necessary to determine the
contribution of other sleep-related factors to AD-related pathology, such as the optimal duration of
sleep that reduces the risk of AD.

Second, potential therapeutic methods to achieve “better sleep” need to be investigated.
Recent meta-analyses have demonstrated the effect of non-pharmacological treatment by cognitive
behavioral therapy for insomnia (CBT-I) on primary chronic insomnia [89,90]. In addition, several
randomized control studies have shown that CBT-I is more effective than pharmacotherapy using
conventional hypnotics that target γ-aminobutyric acid (GABA)A receptor-mediated systems [91].
CBT-I provided via cost-effective and accessible ways, such as computerized and online platforms or
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video conferencing, has also shown therapeutic benefits [91]. While these non-pharmacologic methods
are recommended as first-line treatments for primary chronic insomnia [92], the recent development
of novel hypnotics with different mechanisms of action and potentially better safety, especially in
elderly patients, might provide better therapeutic opportunities compared to traditional hypnotics [93].
Whether these non-pharmacological and pharmacological treatments can also achieve “better sleep”
that reduces the risk for AD development and progression remains to be determined.

Furthermore, chronic short sleep is highly prevalent in both healthy young adults and adolescents,
especially in developed countries [94]. These people generally have insufficient sleep during weekdays
and use weekends to catch up on sleep, which leads to the subjective normalization of sleepiness.
However, several studies have demonstrated that weekend sleep is not sufficient to fully recover
the cognitive performance deficit induced by sleep insufficiency during weekdays [95–97]. Whether
the accumulation of sleep insufficiency that begins from adolescence or young adulthood affects the
molecular or cellular links between sleep and AD and whether this could lead to an increased risk of
AD development would be particularly important for the primary prevention of AD.

Last but not least, impaired sleep mainly due to sleep fragmentation and a decrease in SWS is
also prevalent in patients with various neurodegenerative diseases other than AD. Considering that
neurodegenerative diseases, including AD, share a common pathomechanism of misfolded protein
accumulation and impaired proteostasis, “better sleep” that reduces the risk for AD might also alleviate
the disease course of other neurodegenerative diseases. Elucidating the link between impaired sleep
and the dynamics of misfolded proteins that accumulate in each disease, such as α-synuclein in PD
and DLB as well as Aβ and tau in AD, could lead to the development of a novel disease-modifying
therapy that has far-reaching implications for neurodegenerative diseases in general.
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Abbreviations

AD Alzheimer’s disease
REM Rapid Eye Movement
NREM Non-Rapid Eye Movement
EEG Electroencephalogram
SWS Slow-wave Sleep
SRBD Sleep-related breathing disorders
SCN Suprachiasmatic Nucleus
RR Risk Ratio
ICD-9 International Classification of Diseases, Ninth Edition
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DSM-IV Diagnostic Statistical Manual, Fourth Edition
Aβ Amyloid β

BACE1 β-site amyloid precursor protein cleaving enzyme 1
NFT Neurofibrillary Tangles
CSF Cerebrospinal Fluid
ISF Interstitial Fluid
PD Parkinson’s Disease
DLB Dementia with Lewy Bodies
CNS Central Nervous System
UPR Unfolded Protein Response
ER Endoplasmic Reticulum
RSN Resting State Network
DMN Default Mode Network
TNF-α Tumor Necrosis Factor-α
OSA Obstructive Sleep Apnea
CBT-I Cognitive Behavioral Therapy for Insomnia
GABA γ-aminobutyric Acid
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Abstract: Background: Biomarkers are essential for identification of individuals at high risk of
mild cognitive impairment (MCI) for potential prevention of dementia. We investigated DNA
methylation in the APOE gene and apolipoprotein E (ApoE) plasma levels as MCI biomarkers in
Colombian subjects with MCI and controls. Methods: In total, 100 participants were included (71%
women; average age, 70 years; range, 43–91 years). MCI was diagnosed by neuropsychological
testing, medical and social history, activities of daily living, cognitive symptoms and neuroimaging.
Using multivariate logistic regression models adjusted by age and gender, we examined the risk
association of MCI with plasma ApoE and APOE methylation. Results: MCI was diagnosed in
41 subjects (average age, 66.5 ± 9.6 years) and compared with 59 controls. Elevated plasma ApoE and
APOE methylation of CpGs 165, 190, and 198 were risk factors for MCI (p < 0.05). Higher CpG-227
methylation correlated with lower risk for MCI (p = 0.002). Only CpG-227 was significantly correlated
with plasma ApoE levels (correlation coefficient = −0.665; p = 0.008). Conclusion: Differential APOE
methylation and increased plasma ApoE levels were correlated with MCI. These epigenetic patterns
require confirmation in larger samples but could potentially be used as biomarkers to identify early
stages of MCI.
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1. Introduction

Mild Cognitive Impairment (MCI) affects 3–20% of individuals older than 65 years,
with prevalence rates varying according to geographic regions [1–4]. Approximately 20% of elderly
individuals with diagnosed MCI would develop dementia [5,6]. Interestingly, although Hispanics
from Latin America (LA) have almost two-fold higher risk of developing Late-Onset Alzheimer’s
disease (LOAD) than Caucasian North Americans [7,8], the rates of MCI reported in individuals from
the United States (US) [9,10] are notably higher than among Hispanics in LA (20% vs. <10%) [11].
This could be attributed to underdiagnosis of MCI in many regions of LA and failure to identify
individuals at high risk for dementia. Additionally, numerous vascular risk factors associated with both
MCI and dementia occur in Hispanics at higher rates and often with insufficient treatment, including
hypertension, diabetes mellitus, smoking, sedentary lifestyle, hyperhomocysteinemia, obesity and
dyslipidemia [12–16]. Thus, from the public health perspective, it is critical to implement new strategies
to identify subjects at high risk for MCI to prevent and/or delay the development of dementia in this
highly susceptible population.

The study of genetic traits is important to investigate the early stages of complex diseases such
as AD. In fact, the ApoE-ε4 variant has been demonstrated to be the major genetic risk factor for AD
in the general population [17]. The apolipoprotein E (ApoE) has three isoforms, ApoE-ε2, ApoE-ε3,
and ApoE-ε4, with direct genetic correspondence to the ε2, ε3, and ε4 alleles. Besides the allelic variant,
increased plasmatic apolipoprotein E levels have been examined in relation to AD risk [18]. However,
reduced plasma apolipoprotein E levels have been considered a marker of progression of cognitive
impairment independently of the APOE genotype [19,20]. Moreover, subjects with different dementia
types and with one or two copies of the ε4 allele of the APOE gene exhibit decreased expression levels
of serum apolipoprotein E with regard to both earlier onset of symptoms and deposits of beta-amyloid
plaques [21–23].

Epigenetic modifications such as DNA methylation at CpG sites within the genome influence
protein expression levels [24]. Hypermethylated promoters are primarily associated with gene
expression inhibition [25]; however, in some instances, hypermethylation has been associated
with enhanced expression of some genes such as TREM2 in LOAD [26]. The APOE gene has a
bimodal methylation structure, with a hypomethylated CpG promoter and with comparatively
hypermethylated CpG sites located in the APOE exon 4 to 3′ UTR region. In AD brains, the APOE CpG
sites are differentially methylated in both a tissue-specific and an APOE genotype-specific manner [27].

Although the expression of APOE and its differential methylation levels in LOAD have been
explored, there are no studies in subjects with MCI in LA describing the relationships between
APOE methylation levels and apolipoprotein E differential expression. Therefore, we conducted this
research study to estimate the DNA methylation levels for the APOE gene (Chr19; exon four; from
44,909,188 to 44,909,373) (Figure 1) and plasma levels of apolipoprotein E (ApoE) in a sample of LA
subjects from Colombia with MCI; furthermore, we explored the relationships among APOE genotype,
DNA methylation of the APOE gene and the risk of MCI.
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Figure 1. Schematic map of the human APOE gene. (A) The APOE gene contains four exons, is on
the long arm of chromosome 19. (B) APOE gene structure (Red arrow) and the region evaluated in
this study (Red box), (C). DNA sequence of the region evaluated by the BSP methodology, CpGs
dinucleotides in red text and identification of each one in blue boxes. The genomic positions are
described in Table 2.

2. Results

2.1. Baseline Characteristics

Of the total 100 participants evaluated, 41 had MCI and 59 were controls (Table 1). The mean age
of the whole selected sample was 68.9 ± 9.5 years, and 71% (n = 71) were women with an age range of
43–91 years old. There was no statistically significant difference in the ApoE-ε4 distribution between
MCI and controls.

Table 1. Baseline characteristics of the selected sample according to individuals with mild cognitive
impairment and normal controls.

Baseline Characteristics
Whole Sample MCI Control p Value *

(n = 100) (n = 41) (n = 59)

Demographic data
Age, years

Average 68.9 ± 9.5 66.5 ± 9.6 70.5 ± 9.1 0.029
Range 43–91 43–91 50–88

Gender 0.008
Women, n (%) 71 (71.0) 35 (85.4) 36 (61.0)
Men, n (%) 29 (29.0) 6 (14.6) 23 (39.0)

Genetic traits
APOE-ε4 25 (25.0) 10 (24.4) 15 (25.4) 0.999

MCI, mild cognitive impairment. * p value of comparison between controls and individuals with MCI. The Student
t-test was used to calculate differences for average age and the Chi-square test for gender and APOE-ε4.

2.2. Plasma ApoE Levels and APOE Methylation

Table 2 shows the genomic position of each CpG sites and compares the genotype traits between
individuals with MCI and the normal control group. The plasma ApoE levels were higher among
those with MCI (p < 0.001). APOE methylation of CpGs 118 (p = 0.009), 165 (p = 0.040), 190 (p = 0.045),
198 (p = 0.010) and 227 (p < 0.001) were lower in MCI participants (CpGs = 118, 165, 190, and 198)
and only one was reversed (CpG-227). Comparisons between non-APOE-ε4 carriers and APOE-ε4
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carriers (Table 3) showed that only CpG-148 was differently distributed (p = 0.003), being higher among
APOE-ε4 carriers; the remaining CpG sites were similarly distributed (p > 0.05).

Table 2. Results of ApoE plasma levels and APOE methylation of CpGs sites and comparison between
individuals with mild cognitive impairment and normal controls.

Variables
Genomic

Position (hg38)

Whole Sample MCI Control p Value *
(n = 100) (n = 41) (n = 59)

ApoE plasmatic
Levels, mcg/mL - 103.2 ± 26.5 113.8 ± 26.4 86.0 ± 15.7 <0.0001 †

Global methylation - 91.9 ± 3.0 92.8 ± 2.6 91.6 ± 3.1 0.154 †

Methylation by
CpG sites

CpG118 chr19:44,909,208 85.6 ± 5.1 89.6 ± 4.1 84.7 ± 4.9 0.009 †

CpG130 chr19:44,909,220 88.9 ± 7.1 89.0 ± 3.9 88.9 ± 7.6 0.484
CpG133 chr19:44,909,223 87.9 ± 10.1 85.7 ± 13.3 88.4 ± 9.3 0.620
CpG148 chr19:44,909,238 94.2 ± 4.2 94.9 ± 3.4 93.9 ± 4.4 0.255
CpG162 chr19:44,909,252 89.7 ± 6.1 90.9 ± 3.9 89.3 ± 6.7 0.361
CpG165 chr19:44,909,254 92 ± 5.2 94.5 ± 2.3 91.2 ± 5.6 0.040 †

CpG182 chr19:44,909,272 95.2 ± 8.2 93.3 ± 11.7 95.9 ± 6.6 0.324
CpG190 chr19:44,909,280 93.8 ± 5.8 96.4 ± 2.3 93.0 ± 6.3 0.045 †

CpG198 chr19:44,909,288 90.8 ± 7.9 96.2 ± 3.1 89.3 ± 8.2 0.01 †

CpG213 chr19:44,909,303 95.1 ± 6.7 96.6 ± 6.8 94.7 ± 6.7 0.212
CpG215 chr19:44,909,305 90.7 ± 11.5 91.3 ± 12.9 90.5 ± 11.2 0.272
CpG227 chr19:44,909,317 97.7 ± 2.3 95.6 ± 2.5 98.4 ± 1.8 <0.0001
CpG243 chr19:44,909,333 91.9 ± 10.4 92.5 ± 11.9 91.6 ± 9.9 0.157
CpG252 chr19:44,909,342 90.4 ± 6.2 90.0 ± 6.1 90.6 ± 6.4 0.833

MCI, mild cognitive impairment. * p value of comparison between controls and MCI. † Student t-test was used to
calculate differences; U-Mann–Whitney for variables with non-parametric distribution.

Table 3. Values of ApoE plasma levels and APOE methylation of CpGs sites according to
APOE genotype.

Variables
Non-APOE-ε4 Carriers APOE-ε4 Carriers

p Value *
(n = 70) (n = 25)

ApoE plasma levels, mcg/mL 106.0 ± 31.3 103.0 ± 26.2 0.738 †

Global methylation 92.2 ± 2.2 91.6 ± 3.3 0.557 †

Methylation by CpG Sites
CpG118 84.5 ± 6.0 85.8 ± 4.5 0.428 †

CpG130 90.9 ± 6.5 88.0 ± 7.3 0.079
CpG133 84.8 ± 11.9 89.9 ± 7.0 0.087
CpG148 96.2 ± 2.9 93.3 ± 4.4 0.003
CpG162 90.8 ± 3.1 89.4 ± 7.0 0.447
CpG165 89.7 ± 4.3 92.6 ± 5.4 0.076 †

CpG182 94.2 ± 10.1 95.4 ± 7.7 0.474
CpG190 95.0 ± 2.0 94.1 ± 3.1 0.316 †

CpG198 91.1 ± 4.6 91.4 ± 5.6 0.860 †

CpG213 95.6 ± 5.2 94.8 ± 7.4 0.872
CpG215 93.0 ± 8.1 89.6 ± 12.7 0.650
CpG227 97.5 ± 2.4 98.0 ± 2.1 0.482
CpG243 95.0 ± 3.6 90.0 ± 12.3 0.363
CpG252 89.9 ± 3.5 90.5 ± 7.3 0.200

* p Value of comparison between controls and individuals with MCI. † The Student t-test was implemented for
calculating differences. The remaining quantitative variables were analyzed by using U-Mann–Whitney as they
followed a non-parametric distribution.
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2.3. Plasma ApoE Levels and APOE Methylation Levels as Risk Factors for MCI

Logistic regression models adjusted by age and sex (Table 4) demonstrated that the increment on
plasma ApoE levels (OR = 1.07; 95% CI = 1.02–1.13; p = 0.003), CpG-165 (OR = 1.20; 95% CI = 1.01–1.43;
p = 0.045), and CpG-190 (OR = 1.52; 95% CI = 1.06–2.19; p = 0.042) can be considered risk factors for
MCI. Higher CpG-227 methylation (OR = 0.49; 95% CI = 0.31–0.78; p = 0.002) correlated with lower
risk for MCI.

Table 4. Adjusted logistic regression models to examine the association of plasma ApoE levels and
APOE methylation with mild cognitive impairment.

Variables
Risk for Mild Cognitive Impairment

Odds Ratios 95% Confident Interval p Value

Plasma ApoE levels 1.07 1.02–1.13 0.003
APOE methylation -

CpG 118 1.25 0.96–1.62 0.092
CpG 165 1.20 1.01–1.43 0.045
CpG 190 1.52 1.06–2.19 0.023
CpG 198 1.30 1.01–1.67 0.042

CpG 227 * 10.05 1.50–67.30 0.017

Models were adjusted by age and sex. * As CpG227 followed a non-parametric distribution, we divided it into four
quartiles and <25th percentile was considered as the risk reference.

2.4. Correlation between Plasma ApoE Levels and APOE Methylation Levels

The direct comparisons of plasma ApoE levels and APOE methylation are shown in Figure 2.
We observed a trend for CpG-165 and CpG-19 but the association with plasma ApoE levels was not
significant (p > 0.05). Moreover, we found a negative significant association between plasma ApoE
levels and CpG-227 (p = 0.008).

Figure 2. Correlation between Plasmatic ApoE levels and APOE Methylation CpGs. The correlation
coefficient and p values for (A–C) were calculated using Pearson’s test; and for (D) we used the
Spearman’s rank correlation.
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3. Discussion

In the present study, we examined the association between plasma ApoE levels and APOE
methylation in 14 CpGs in Chr19, exon IV; from 44,909,188 to 44,909,373 between participants with MCI
and control subjects from Bogotá, Colombia, South America. Our key findings were: (i) individuals
with MCI had increased plasma ApoE levels in contrast with healthy cognitive controls; (ii) rather
than considering global methylation levels, we found that diverse APOE CpGs were differentially
methylated when comparing participants with MCI and control subjects; (iii) after adjustment by age
and sex, increments in ApoE plasma levels and CpG-165, CpG-190 and CpG-198 were found to be
associated with increased risk of MCI, whereas lower CpG-227 methylation was related with lower
risk; and (iv) only CpG-227 showed a significant correlation with plasma ApoE levels. Although
confirmatory studies in larger samples are required, we suggest that assessment of MCI should include
plasma ApoE levels and APOE methylation levels in order to identify individuals at high risk of
developing dementia [28].

Previous studies have shown that decreased serum ApoE levels [28] and hypomethylation in the
CpG-252 [26] (cg18799241) are risk factors for the development of dementia. We also found an inverse
relationship in which higher plasma levels of ApoE were associated with MCI risk. Our findings might
be due to differences in methylation patterns between cell types, with neurons holding higher global
levels of DNA methylation [27] and with methylation variations in peripheral blood mononuclear
cells related with shortening telomere length [29]. On the other hand, it should be noted that our study
examined the possible pathophysiological process involved in a pre-dementia phase and thus our
findings may suggest that high concentrations of ApoE would generate a more significant burden
of amyloid beta deposition. This is supported by the fact that ApoE protein has a removal effect on
amyloid beta [30]. However, this hypothesis cannot be verified with our current research model.

We report that serum ApoE and CpG regions were differentially methylated in MCI patients in
contrast with the control group. We found both decreased and increased DNA methylation associated
with MCI. Whether the increased DNA methylation of the APOE CpG-165, CpG-190 and CpG-198 is a
cause or a consequence of cognitive decline remains to be studied. Foraker et al. [27] suggested an
enhancer role of CGI that can be altered by DNA methylation and can modulate gene expression of
both APOE and TOMM40 with possible implications in ApoE expression and mitochondrial function.
Additionally, these alterations in DNA methylation within genes that are essential for the mitochondrial
function could contribute to structural changes in protein and mRNA instability [31]. Our findings
support this view, as we found that CpG-227 was correlated with plasma ApoE levels. Despite no
statistically significant association, CpG-165 and CpG-190 showed a tendency in relation to ApoE
plasma levels.

Liu et al. [32] suggested that hypermethylation levels at multiple CpGs in the APOE genomic
region are associated with delayed recall during cognitive aging. A previous study of our group [33]
found an absence of differences in global LINE-1 DNA methylation in LOAD subjects; however,
this does not imply lack of alterations in DNA methylation for specific loci and their contribution
to exonization events and lately in the epigenetic modifications of the landscape [31]. Consequently,
global APOE DNA methylation can be useful to complement locus-specific subanalysis. In the same
way, the ability to detect DNA methylation in patients with MCI could be enhanced by new approaches
focused on specific cell-analysis, such as distinct cerebral cortex layers [27] and correlation with in vivo
brain flow biomarkers [34–38].

Yu et al. [39] found that APOE CGI exhibits transcriptional enhancer or silencer activity, the mean
percentage of methylation APOE CGI tends to be directly proportional with APOE expression, although
it did not reach the cutoff value of statistical significance.

To the best of our knowledge, we found no previous studies analyzing the methylation pattern in
this specific locus in subjects with MCI and its correlation with APOE transcriptional activity; therefore,
the underlying mechanisms of transcriptional regulation of APOE and correlation with CpG 227 will
need to be studied in a larger sample of patients with higher statistical significance.
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Developing countries do not usually have advanced diagnostic methods that can be implemented
to identify patients at high risk for MCI. Thus, the study of peripheral blood DNA methylation
promises to be a useful pre-clinical biomarker of MCI.

4. Materials and Methods

4.1. Study Design and Population Sample

Participants from a cohort of Colombian patients enrolled at the Memory Clinic of the National
University of Colombia agreed to participate in this research. Inclusion criteria were: (i) individuals
free of dementia at baseline assessment; and (ii) available data of plasma ApoE or APOE methylation
levels. Exclusion criteria were: a history of schizophrenia, manic-depressive disorders, schizoaffective
disorder, drug/dependence abuse, severe brain trauma or significant disability or unstable medical
conditions (i.e., chronic renal failure, chronic hepatic disease, or severe pulmonary disease) and thyroid
disease with no hormonal substitution. From a total of 100 participants, 41 had plasma ApoE levels,
and 59 had APOE methylation data available (only 18 participants had both genetic phenotypes).
Informed consent was obtained from both the participants and their closest relatives. This study was
approved by the ethics committee of the National University of Colombia Act 011-107-15 (01/07/2015).
All participants, or their closest relatives, gave written informed consent before participating in
this study.

4.2. Medical Evaluation

A clinical neurological assessment was performed and all available data were registered,
such as personal clinical history, mental and neurological examination, cognitive screening tests,
neuropsychiatric inventory, functional scales and blood tests, e.g., lipid profile, glucose, thyroid
function, vitamin B12 and folate levels, hepatic and renal function, serology VDRL, and complete
metabolic panel. For those participants with abnormal cognitive tests, brain magnetic resonance image
(MRI) was obtained and reviewed in consultation with our multidisciplinary team during follow-up.

4.3. Neuropsychological (NP) Evaluation

We used the Neuronorma Colombia (Neuronorm-Col) diagnostic NP battery for cognitive
assessment [40–48]. Neuronorm-Col consists of language tests (Boston Naming Test and Token
Test), visuoconstructive skills (Rey–Osterrieth Complex Figure), attention and executive functions
(WAIS-III Digit Retention Tests, Corsi Cubes, Trail Making Tests A and B (TMT A and B), Digit–Symbol
Test (SDMT), Stroop Color–Word Test, Tower of London test, Win-Dingo Card Sorting Test and Verbal
Fluency), and memory (Free and Cued Selective Reminding Test) [40–48].

4.4. Diagnostic Classification of the Participants

4.4.1. Mild Cognitive Impairment

MCI was diagnosed by consensus of a multidisciplinary group that included neurologists,
neuropsychologists and neuroscientists, according to the criteria of Petersen et al. [4] modified from
the Cognitive assessment test study described by Estrada-Orozco et al. [40]. Differential diagnosis
of other related cognitive disorders was based on information from complete neuropsychological
testing, medical and social history, activities of daily living, reported cognitive symptoms, and
neuroimaging findings. Global cognitive functioning was assessed with the Neuronorm-Col diagnostic
neuropsychological battery [40–46] and other functional scales [47,48]. NP criteria for MCI included
scores 1.5–2.0 SD below education- and age-corrected values on at least two individual tests within a
cognitive domain.
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4.4.2. Normal Performance in Healthy Subjects

Criteria for normal performance were: (1) no more than one test score lower than expected within
a cognitive domain; and (2) no more than two scores lower than expected across domains, with the
threshold corresponding to 1.0 standard deviation (SD) below age-adjusted control means. Moreover,
medical and social history, activities of daily living, reported cognitive symptoms, and neuroimaging
findings were reviewed to classify the subjects as healthy normal controls.

The control group was composed of cognitively healthy subjects who were selected based
on the performances obtained in the screening scales and in the Neuronorma-Colombia battery,
a neuropsychological battery normalized to our population in the context of the Spanish Multicenter
Normative Studies (NEURONORMA project) [40–46] The cognitive domains evaluated in this battery
were: attention (TMT A, TMT B, SDMT, Stroop Test, and Verbal and Direct Visual Span), memory
(Grober & Buschke Test, Rey–Osterrieth Complex Figure Evocation), language (Boston Naming Test,
Token Test, Verbal Fluency), visual-constructional skills (Rey–Osterrieth Complex Figure Copy),
and executive functions (Verbal Phonological Fluency, Tower of London, Interference Stroop Test,
and Wisconsin Card Sorting Test).

The following scores were considered normal for the screening tests: Montreal Cognitive
Assessment (MOCA) [49], >24; INECO Frontal Screening (IFS) [50], >17.5; Yesavage scale [51],
<5; Neuropsychiatric inventory (NPI) [52], <4; and Modified Lawton scale [47], 14–14. In the
Neuropsychological tests [40–47,49–54], the cutoff point was one standard deviation (<1 SD) below the
mean according to Petersen criteria [4]. Therefore, subjects with scores below the mean or <1 SD in
two or more tests evaluating the same cognitive domain were discarded as controls [4].

4.5. DNA Extraction and Bisulfite Treatment

Genomic DNA was isolated from blood from patients and controls using the kit ReliaPrep
Blood gDNA Miniprep System™ (A5082-PROMEGA, Fitchburg, WI, USA) following the protocol
recommended by the company. DNA was Quantified in a spectrophotometer NanoDrop2000c
ThermoScientific and then saved at 4 ◦C. Subsequently, the isolated DNA was bisulfite-converted
using the EZ DN Methylation-Direct Kit (D5021–ZymmoResearch, Irvine, CA, USA). We then
evaluated the methylation status of the APOE-CGI (APOE-ExonVI-CpG118 to CpG252) located in
Chr19:44,909,188–44,909,373.

4.6. Bisulfite Sequencing PCR (BSP)

The APOE-CGI primers sequences from APOE-F-(5′-TGGAGAAGGTGTAGGTT-3′) and
APOE-R-(5′-TTATTAAACTAAAATCCACCCC-3′) were designed following the parameters proposed
by Clark et al. [55]. and modified from Tusnady et al. [56]. Each amplification reaction contained 200 ng
of DNA, 20 pmol of each primer, 10% dimethyl sulfoxide, two mM dNTP, and 0.125 U of Taq DNA.
Both primers were used in a final concentration of 200 nmol/L. Specificity of the assay for converted
DNA was verified with the inclusion of unconverted genomic DNA as a control (non-converted DNA
Human Methylated & Non-Methylated DNA set D5014 Zymo Research) [57]. Conditions for BSP assay
were 95 ◦C for 5 min, 40 cycles of 95 ◦C for 30 s, 58.2 ◦C for 30 s, and 72 ◦C for 45 s and standardized
in a thermocycler C1000 touch (Bio-Rad, Hercules, CA, USA) Then, the products were purified and
sequencing in a ABI PRISM 3500 (Applied Biosystem, Foster City, CA, USA). Methylation percentage
for each sample was calculated by analysis with ESME (Epigenetic Sequencing Methylation analysis
Software, USA) [33,58].

4.7. Apolipoprotein Plasma Levels

Genotyping for APOE ε2, ε/3 and /ε4 allelic variants was determined as previously described,
and ApoE plasma levels [26] were measured [28] using ELISA technique (Thermofisher-Invitrogen
Human Apo E (AD2) ELISA Kit, CA, USA).
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4.8. Statistical Analysis

The continuous variables are presented as mean and standard deviation (±) while categorical
ones are summarized as frequencies and percentages (%). Global methylation level was calculated
averaging each of the CpG sites. We compared the ApoE plasma and APOE methylation levels between
participants with MCI and control group. Those APOE methylation CpGs following a non-parametric
distribution were analyzed using the U-Mann–Whitney test for determining statistically significant
differences; for the remaining traits, we used a t-student test. For categorical variables, we used
Chi-square test. The plasma ApoE and APOE methylation levels were compared according to the
APOE allelic variants. To determine the risk association of plasma ApoE levels and APOE methylation
with MCI, we performed multivariate-adjusted models accounting for age and sex. Regression models
were performed in those genetic phenotypes with significant average differences. Finally, CpG sites
found as risk factors for MCI were correlated with plasma ApoE levels using Pearson’s correlation or
Spearman’s rank tests when appropriated. Data management and statistical analysis were performed
using SPSS version 23 (statistical package for social science). Statistical significance was accepted at
p < 0.05 for two-tailed tests.

5. Limitations

The present study must be interpreted within the context of its potential limitations. First, the
population sample presents a risk of selection bias because analyzed individuals attended a specialized
care center for patients with memory complaints. However, selection bias was minimized by local
radio and television announcements in an effort to recruit healthy subjects. Second, the small sample
size limits the generalization of the findings. Third, although unlikely, it is possible that peripheral
cellular populations with normal DNA methylation levels could mask the detection of more substantial
methylation changes [59].

6. Conclusions

We found that, depending on the CpG region, decreased or increased DNA methylation levels,
as well as increased plasma ApoE levels, are potential biomarkers for MCI. These findings might have
implications for clinical practice given that these peripheral blood genetic phenotypes could be used
for the early diagnosis of MCI. Moreover, if a high-risk profile for vascular cognitive impairment is
identified [14], clinical intervention strategies to treat and control modifiable risk factors [16] associated
with MCI progression can be intensively implemented to prevent or delay the development of
dementia [14,16]. Further studies are needed to confirm these findings and to clarify the risk-association
of DNA methylation from different tissues with MCI and neuropsychological profile, and to determine
whether the clinical intervention of controlling modifiable risk factors found in dementia can modify
the DNA methylation pattern and reduce the risk for MCI progression.
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Abstract: Prolyl isomerases (Peptidylprolyl isomerase, PPIases) are enzymes that catalyze the
isomerization between the cis/trans Pro conformations. Three subclasses belong to the class: FKBP
(FK506 binding protein family), Cyclophilin and Parvulin family (Pin1 and Par14). Among Prolyl
isomerases, Pin1 presents as distinctive feature, the ability of binding to the motif pSer/pThr-Pro that
is phosphorylated by kinases. Modulation of Pin1 is implicated in cellular processes such as mitosis,
differentiation and metabolism: The enzyme is dysregulated in many diverse pathological conditions,
i.e., cancer progression, neurodegenerative (i.e., Alzheimer’s diseases, AD) and metabolic disorders
(i.e., type 2 diabetes, T2D). Indeed, Pin1 KO mice develop a complex phenotype of premature aging,
cognitive impairment in elderly mice and neuronal degeneration resembling that of the AD in humans.
In addition, since the molecule modulates glucose homeostasis in the brain and peripherally, Pin1
KO mice are resistant to diet-induced obesity, insulin resistance, peripheral glucose intolerance and
diabetic vascular dysfunction. In this review, we revise first critically the role of Pin1 in neuronal
development and differentiation and then focus on the in vivo studies that demonstrate its pivotal
role in neurodegenerative processes and glucose homeostasis. We discuss evidence that enables us
to speculate about the role of Pin1 as molecular link in the pathogenesis of type 3 diabetes i.e., the
clinical association of dementia/AD and T2D.

Keywords: Alzheimer’s disease; brain glucose metabolism; neuronal differentiation; neuronal
degeneration; Prolyl isomerases; Pin1; type 2 diabetes; type 3 diabetes

1. Introduction

Prolyl isomerases (Peptidylprolyl isomerase, PPIases) are a class of enzymes that catalyze the
cis/trans isomerization of the peptide bond between the preceding amino acid and the proline residue
(Pro) [1–3]. The presence of Pro’s unusual structure lowers the free energy difference and allows
these conformational changes [4]. The catalytic activity of PPIases modulates enzyme activity, protein
stability and cellular localization by mediating conformational changes of substrates [3,5–9]. Three
distinctive groups belong to the class of PPIases: the FKBP (FK506 binding protein), the Cyclophilin and
the Parvulin families (Peptidylprolyl cis/trans isomerase NIMA-interacting 1 (Pin1) and Par14) [1,3,7,8].

With respect to other PPIases, the distinctive feature of Pin1 is that the Serine (Ser) or
the Threonine (Thr) that precedes the Pro residue is phosphorylated accounting for the correct
enzyme-substrate recognition [3,9]. The proline-directed kinases phosphorylate Pin1 substrates and
induce Pin1-dependent post-phosphorylation conformational changes that impact key proteins. These
changes influence cellular functions such as mitosis, differentiation and metabolism. Deregulation
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of Pin1 substrates has been implied in the onset of various diseases, i.e., cancer, neurodegenerative
disorders and metabolic syndromes including type 2 diabetes (T2D) [2–4,10–12].

Expression of Pin1 increases significantly in cell types that undergo active cell division [4,13],
depending on cell type, availability of specific substrates, and biological context. Pin1 seems to play a
dual role, promoting cell proliferation or even, at the opposite, cell death depending on the biological
context. Different capacities result from the adoption of diverse mechanisms of regulation, i.e., gene
transcription and protein phosphorylation.

Pin1 serves as molecular “switch” that modulates enzyme activity or an entire signaling
pathway [14]. Deeper understanding of function and regulation of Pin1 is essential to appreciate fine
mechanisms of signal transduction and integration that are triggered by the propyl isomerase.

In this review, we will discuss the pivotal role of Pin1 in physiological i.e., the neuronal
development as well as in neurodegenerative conditions i.e., the Huntinton’s, the Parkinson’s, the
temporal lobe epilepsy (TLE) and the Alzheimer’s (AD) diseases.

Then, with regard to AD, important features of the disease phenotype are reduced brain utilization
of glucose and impaired glycolytic enzyme activities owing to defective insulin signaling [15].
Therefore AD is deemed as “type 3 diabetes” (T3D) [16] and regarded a metabolic disease. de la
Monte defines AD “as a brain form of diabetes in which insulin resistance and deficiency develop
either primarily in the brain, or due to systemic insulin resistance disease with secondary involvement
of the brain” [17]. Interestingly, in patients with AD, Pin1 seems involved not only in neuronal
degeneration but also in brain impaired glucose metabolism. Therefore, Pin1 may be at the crossroad
between AD and T2D-associated dementia, contributing to the clinical relationship of these two
conditions in the T3D.

2. Pin1 Characterization: Structure, Regulation and Subcellular Localization

Pin1 is a ubiquitous enzyme, with high similarity across species (Homo sapiens, Xenopus laevis, and
Danio rerio) that suggests conserved function in vertebrates [4]. X-ray crystallography and solution
nuclear magnetic resonance (NMR) studies in extracts of human brain tissues show that Pin1 is
a monomeric enzyme of 163 amino acids. Pin1 consists of two functional domains, the WW- at
the N-terminus and the PPIase-domains at the C-terminus, covalently fastened by a flexible linker
(amino acids 38–53) of 15-residues [9,18]. The linker allows the domains to rotate independently
of each other [19,20]. The PPIase domain catalyzes specifically the cis/trans isomerization of
pSer/pThr-peptidyl-prolyl bonds. The WW domain (type IV) binds, but does not catalyze, similar
epitopes [20,21]. Upon Pin1 binding of the specific substrate to the previous phosphorylated S/T-P
motifs by proline directed kinases, the two functional domains of Pin1 interact partially with each
other in a substrate-dependent manner [20,22,23]. Recognition of the substrate determines a loss of
flexibility of residue side-chains in the region between the catalytic loop and the inter-domain surface.
The reduced flexibility leads to increased contacts between the two functional domains [23].

Both E2F (E2 factor) [24], a protein involved in the cell cycle regulation, and N1ICD (Notch
Intracellular Domain) [25], a protein that regulates Pin1 generating a positive loop in breast cancer cells,
are able to activate transcription of Pin1 upon binding. On the contrary, AP4 (Activating Enhancer
Binding Protein 4), the brain-selective transcription factor [26], down regulates Pin1 transcription, and
the proteasome is responsible of the protein degradation following its ubiquitination [4,27].

Protein kinases regulate the capability of Pin1 to bind substrates. Steps for binding are
phosphorylation of S/T-P motifs of substrates by kinases first, and secondly, phosphorylation of
specific Ser residues in the Pin1 WW domain. Phosphorylation at the Ser16 residue modulates the
ability of Pin1 to bind its substrates in a substrate-dependent manner [3]. In particular, phosphorylation
by PKA (Protein kinase A) [28] and Aurora A [29] kinases inhibited the binding of Pin1 to its substrate
resulting in mitotic block [28] or progression to G2/M phase [29]. Conversely, both Ser/Thr-kinase
RSK2 (ribosomal protein S6 kinase 2) [30] and COT (Cancer Osaka Thyroid) [31] increased the binding
of Pin1 to substrates leading to tumor progression.
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Other kinases induce post-translational modifications of Pin1 in different Ser residues. The
phosphorylation on Ser71 by DAPK1 (Death-associated protein kinase 1), a known tumor suppressor,
inhibited Pin1 catalytic activity during the cell cycle progression [32]. MLK3 (Mixed Lineage Kinase 3)
is a MAP3K (Mitogen-activated protein kinase kinase kinase) phosphorylated Pin1 on Ser138, thus
increasing its activity to drive cell cycle progression [33]. Phosphorylation on Ser65 by PLK1 (Polo-like
kinase 1), a regulator of mitotic checkpoints, stabilized Pin1 structure, reducing its ubiquitination and
consequently degradation [27].

As to the exact subcellular localization of Pin1, this is not unique. Pin1 subcellular localization
seems to vary upon post-translational modification of different Ser residues and different cellular
contexts. When the Ser16 residue was phosphorylated and Pin1 modulation was associated with
mitotic arrest, Pin1 was found in the nucleus [28,29]. When the same residue was phosphorylated in
mouse embryonic fibroblasts and breast cancer cells [30,31], Pin1 was detected out of the nucleus. When
Pin1 was phosphorylated on Ser138 enhancing tumorigenesis, Pin1 trans-located into the nucleus [33].

Subcellular localization of Pin1 seems to vary in different cell types, tissues and health status.
Pin1 localized in the nucleus of cell lines such as SH-SY5Y, but also in the cytoplasm of primary neuron
cultures or tissues [4]. Pin1 presented a cytoplasmic localization in axons from cultured DRG (dorsal
root ganglia) neurons [34], but it was localized in both compartments at comparable levels in primary
cultured mouse cortical neurons [35] and embryonic NPCs (neural stem/progenitor cells) [36]. Ibarra
and co-workers found that Pin1 was preferentially localized in the cytoplasm of a number of neuronal
cells, but there was nuclear localization in some cases or even nuclear exclusion of Pin1 in some other
cases (i.e., in embryos and in adult brain of zebrafish) [4]. In brains from autopsies, PIN1 was found to
localize in the nucleus of normal neurons, but both in nuclei and cytoplasm in brains from patients
suffering frontotemporal dementias (FTD) [37] or AD [38–40]. In AD patients, Pin1 localized also
exclusively in the cytoplasm of neurons of certain brain regions i.e., the hippocampus [38–40].

A sound explanation for the varying cell localization of Pin1 is a dynamic regulation of the
enzyme in different cell-types, developmental stages and pathological conditions. Such dynamic
regulation might depend on phosphorylation of Pin1 and generation of different isovariants [4].
Indeed, Pin1 showed a number of different phosphorylated isovariants [28–33] that were detectable
combining bi-dimensional (2D) denaturant gel electrophoresis followed by western blotting analysis
in the zebrafish model at different developmental stages [4].

3. Physiological Role of Pin1 in In Vivo Brain Development

There is a bulk of evidence demonstrating the effects of Pin1 on specific substrates and/or
signaling pathways in cell lines. On the contrary, in vivo evidence is limited. We focused on
studies performed in in vivo models of mouse and zebrafish to highlight the role of Pin1 in
neuronal development.

3.1. Pin1 Expression during Embryogenesis in the Zebrafish

The expression of Pin1 is tightly regulated during embryogenesis. Levels of expression vary
during stages of embryogenesis and across different regions of the embryo [4]. Pin1 mRNA was
already detected at 1–2 cell-stages, indicating a maternal heredity. Its levels decreased during the
next developmental steps. As to regional distribution, analysis of Pin1 mRNA/protein level and
distribution provided inconsistent results. In whole mount in situ hybridization (WISH), mRNA
levels of Pin1 were higher in head regions (cerebellum, ventricular zone of the diencephalon and
thelencephalon) and lower in trunk and tail regions. Levels of Pin1 protein were not different between
trunk and head regions [4] in immunofluorescence assays.
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3.2. Pin1 Regulates Neuronal Cortical Differentiation: Modulation of the Wnt/β-Catenin Pathway

In 2012, it was demonstrated that Pin1 regulates differentiation of cortical neurons by affecting
the Wnt/β-catenin pathway [36]. Pivotal in neurogenesis [36,41], the Wnt/β-catenin pathway works
on the two main steps of the neural stem/progenitor cells (NPCs) development: the expansion
phase, stimulating proliferation; and the neurogenic phase, regulating the timing and the area of the
neuronal differentiation [36,42]. There was no doubt that the β-catenin functionality is regulated by
phosphorylation, but the exact mechanism was unclear for long time until β-catenin was identified
as specific substrate of Pin1 in NPCs. The researchers used a proteomic approach, glutathione
S-transferase (GST)-pull down strategies followed by Electrospray Ionization-Mass Spectrometry
(ESI-MS) analysis [36] to demonstrate that Pin1 regulates β-catenin functionality by modulating its
conformation after the phosphorylation in the Ser246-Pro motif [36,43]. This occurred in the later
phases of neuronal differentiation both in NPCs and mouse brain (Figure 1).

Figure 1. Pin1 modulation of Wnt/β-catenin pathway. Panel A. Inactivation of the Wnt/β-catenin
pathway. In the absence of Wnt stimulation, levels of β-catenin decrease in the cytoplasm owing
to ubiquitination and degradation by the proteasome. Both casein kinase 1α (CK1α) and glycogen
synthase kinase-3β (GSK-3β) phosphorylate β-catenin to assemble a complex of proteins (named
“destruction complex”). The complex includes scaffold protein axin, adenomatous polyposis coli
(APC) and β-transducin repeat-containing E3 ubiquitin protein ligase (β-TrCP). Once phosphorylated,
β-catenin is recognized by β-TrCP, ubiquitinated and then degraded. Panel B. Activation of the
Wnt/β-catenin pathway. A Wnt ligand binds a Frizzled (Fz) receptor and coreceptors LRP5/6 activating
the protein Dishevelled (Dvl) mostly by phosphorylation. This modification triggers the recruitment of
axin to the phosphorylated tail of LRP and leads to the inhibition of the degradation pathway. Pin1
binds the β-catenin phosphorylated on the Ser246-Pro motif thus downregulating its binding with
APC. By doing so, Pin1 catalyzes conformational stabilization of cytoplasmic β-catenin, which gets
into the nucleus to regulate the transcription of Wnt target genes.

In NPCs and embryonal mouse cerebral cortex, Pin1 and β-catenin co-localized in both cytosol
and nuclei [36].

In Pin1 KO NPCs from embryonal and adult brain, the percentage of differentiated neurons was
significantly lower than in WT NPCs [36,44] as evident by using specific markers for neurons and
glia cells [36]. Pin1 deficiency did not affect the NPCs proliferation in BrdU assay experiments, but it
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inhibited specifically cell differentiation into migrating immature neurons at embryonal stage E15.5.
These results were consistent with the higher level of Pin1 expression in NPCs at later developmental
step. Consistent with this finding, Pin1 KO mice showed an impaired motor activity during the
neonatal stage, and this was the result of a specific inhibition of the differentiation of the upper layers
neurons in the motor cortex. The authors performed experiments to stimulate/inhibit the signaling in
order to confirm the role of Pin1 in the regulation of the Wnt/β-catenin pathway. They observed a
rescue of Pin1 KO NPCs phenotype by using constitutively active S33Y β-catenin mutant or NPCs
overexpressing Pin1. On the contrary, the truncated TCF4 (DN-TCF4), a dominant-negative mutant of
the β-catenin activity, blocked the signaling and resulted in reduced neuronal differentiation [36].

3.3. Pin1 Regulation of Axonal Guidance by Modulation of Microtubule Assembly and Buffering Sema-3A
Stimulation

During development of the CNS (central nervous system), axonal growth is tightly regulated
by many extracellular mediators that are secreted or bound to cell membranes. The binding of
these molecules to their receptors at the active growth cones triggers signaling cascades that modify
dynamics of microtubules and result in axonal growth, turn, stop, or retraction [34,45]. Mechanisms of
the signaling cascade are not fully understood.

Collapsin response mediator protein 2 (CRMP2), a tubulin heterodimer-binding protein that
supports microtubule assembly and axon growth, plays a pivotal role in the cascade [46–48].
The binding affinity of CRMP2 to tubulin regulates the dynamic equilibrium of microtubule
assembly-disassembly through phosphorylation by CDK5/GSK-3β (cyclin-dependent kinase
5/glycogen synthase kinase-3β) or Rho kinase [48,49]. In turn, stimulation of growing axons by
Sema3A (semaphorin-3A) activates CDK5 [50]. The gene encoding CMRP2 presents two alternative
splicing isoforms that differ in their N-terminus: CRMP2B and CRMP2A, a ~100 amino acids longer
isoform. The latter was localized in axons rather than dendrites [51,52] and is likely modulated
by conformational changes [53]. Balastik and co-authors contributed to the comprehension of this
tightly regulated pathway, demonstrating that Pin1 binds and stabilizes CRMP2A. They observed
that Pin1 is driven towards the growth cone after stimulation with Sema3A both in vitro and in vivo
conditions [34]. Using a proteomic approach, combining GST-pull down followed by SDS-PAGE and
tandem mass spectrometry (LC-MS/MS) experiments, they were the first to identify CRMP2A as
major target of Pin1 in postnatal neurons. Pin1 stabilized CRMP2A previously phosphorylated by
CDK5 selectively in distal axons [34]. Then, they found reduced level of CRMP2A at the growth cone
in different experimental models: primary cortical neurons derived from Pin1 KO mice, cell lines
knocked down (KD) for Pin1, or after using the specific Pin1 inhibitor (Juglone). In these experiments,
Pin1 KO neurons had significantly shorter axons and this phenotype was completely reverted by over
expression of CRMP2A. Therefore, they provided robust evidence on the relationship between Pin1
and CRMP2A [34].

Treatment with different concentrations of Sema-3A, and not with lysophosphatidic acid (LPA), a
bioactive phospholipid in the Rho-kinase pathway, induced CRMP2 signaling via phosphorylation [54]
and collapse of the growth cone both in WT and Pin1 KO primary dorsal root ganglia (DRG) neurons.
This observation was associated with a change of Pin1 level and distribution in the growth cone of Pin1
WT. The change was dependent on the stimulation by Sema-3A. These observations confirmed that the
catalytic action of Pin1 is specific for the Sema-3A signaling pathway in the vicinity of the growth cone
where it co-localizes with CRMP2A [34]. Balastik et al. reported also that Pin1 KO embryos present
selective defects of the axon growth that affect several regions of peripheral and CNS, like stunted
neurite process and lack of arborization, probably owing to the impaired CRMP2A signaling [55,56].
The authors hypothesized that this uneven neuronal phenotype characterized by axonal defects might
be due to compensatory mechanisms put in place for Pin1 deficiency by other members of the CRMP
family to rescue reduction of CRMP2A. Indeed, Pin1 expression levels were negatively correlated with
susceptibility to neurofibrillary degeneration in different regions of mouse and human brain [34,44].
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To confirm in vivo the interplay between Pin1 and Sema-3A signaling, Balastick et al. used
a zebrafish model of motor neuron development. Silencing of Sema-3A signaling by using KD of
Neuropilin1 (NRP1) induced defects of the motor neuron growth [57,58]. Defects of the motor neuron
growth were partially rescued in the simultaneous KD of NRP1 and Pin1. In Pin1 KD silencing of
Sema-3A (NRP1 KD) produced a milder phenotype of motor neuron growth defects owing to the
reduced stabilization of phosphorylated CRMP2A by Pin1. This would further support the notion that
Pin1 regulates the Sema3A-driven axonal guidance. Indeed, Pin1 stabilizes CMRP2A selectively in
distal axons and buffers low-level Sema3A stimulation both in vitro and in vivo [34].

4. Role of Pin1 in Neurodegenerative Disorders

The control of mitotic entry and progression is accompanied by the formation of specific
phosphoepitopes such as MPM-2 (mitotic protein monoclonal 2), that are formed on Ser or Thr
residues next to a Pro residue. Pin1 modulates function and/or dephosphorylation of some of these
phosphoproteins, that are mostly recognized by the specific monoclonal antibody MPM-2 [59]. The
induction of MPM-2 epitopes is a common feature in a number of neurodegenerative disorders (i.e.,
AD, FTD with Parkinsonism, progressive supranuclear palsy, corticobasal degeneration, Down’s
syndrome, and Pick’s disease) [44]. Therefore, the presence of MPM-2 epitopes suggests the likely
involvement of Pin1’s catalytic activity in the pathogenesis of these heterogeneous conditions.

4.1. Huntington’s Disease

Pin1 was reported to contribute also to the neurodegeneration seen in a mouse model of
Huntington’s disease. The expression of mutant Huntingtin (mHtt) determined the phosphorylation of
p53 on a Ser46 residue that made it a target site for binding and modulation by Pin1 [60]. The authors
hypothesized that this interaction caused the dissociation of p53 from the apoptosis inhibitor iASPP,
promoting the p53 activation cascade in striatal neurons. The authors demonstrated that inhibition of
Pin1, by using the specific inhibitor PiB, protected in vitro neuronal cells from mHtt-induced apoptosis.
Therefore, inhibition of Pin1 might represent a therapeutic target for the treatment of Huntington’s
disease [60].

4.2. Parkinson’s Disease

Lewy bodies (LBs) are aggregates of proteins that represent the histological hallmark of the
Parkinson’s disease (PD). α-synuclein, a presynaptic neuronal protein of unknown function, is the
major constituent of LBs. Post-mortem histochemical analysis of patients’ brain revealed the detection
of Pin1 in the 50–60% of LBs [61]. Pin1 interacted indirectly and co-localized with α-synuclein in
intracellular inclusions. Indeed, Pin1 bound the phosphorylated form of synphilin-1 mediated by
casein kinase II (CKII) (player in cell cycle progression) and modulated the interaction between
α-synuclein and synphilin-1. In neurons from substantia nigra or locus ceruleus of patients with PD,
Pin1 had higher affinity for α-synuclein-synphilin-1 complex than for tau protein (in patients with AD
it has the opposite affinity) and did not co-localize with the latter in LBs. Again, we face an example of
the diverse modulation of Pin1 depending upon cellular types and biological contexts [61].

4.3. Temporal Lobe Epilepsy

In epileptic mice and patients with TLE, Pin1 was down-regulated as well, suggesting the
involvement of the protein also in this disease [62]. Pin1 modulates an important neuronal protein,
gephyrin [63], a postsynaptic scaffolding protein that favors the clustering of GABA(A) receptors at
inhibitory synapses and that is down expressed in TLE patients [64]. Based on immunofluorescence,
Pin1 localized in cytoplasm and cytoplasmic membranes of neurons from hippocampus and
neocortex of epileptic patients and pilocarpine-induced epileptic mice [62]. Pin1 expression was
down regulated in the hippocampus and cortex of mice with spontaneous recurrent seizures (SRS),
compared to controls following the epileptic seizures. The authors performed immunoprecipitation
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experiments that demonstrated the interaction of Pin1 with NMDAR subunits 2A/2B (NR2A/2B)
containing NMDA receptors (NMDARs) and not α-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptors (AMPARs). The authors speculated that Pin1 influenced competitively the
formation of synapse-associated protein-95/NR2B (PSD95/NR2B) complex thus, negatively affecting
NMDAR-mediated synaptic transmission and spine morphology. The reduced expression of Pin1
caused the decreased surface trafficking of NMDARs by promoting NMDARs internalization with
the net result of reduced neuronal hyper-excitability. Nevertheless, the fine mechanism by which Pin1
modulates NMDARs internalization remains unclear (Figure 2).

Figure 2. Pin1 regulation of NMDAR complex and synaptic plasticity. Synaptic activation of
NMDAR stimulates Ca2+/Calmodulin-dependent protein Kinase II (CaMKII) and casein kinase II
(CK2) activity. CK2 phosphorylates the PDZ (postsynaptic density-95(PSD-95)/Discs large/zona
occludens-1) ligand of NR2B. Pin1 binds and stabilizes probably the conformational change of NR2B
phosphorylated disrupting the interaction between NMDAR on the cell surface and the PDZ domains
of PSD-95. This leads to destabilization and internalization of surface NMDAR that influences, in turn,
synaptic transmission and spine morphology. NR2A; NR2B; AMPA; F-Actin; Contarctin; CaMKII,
Ca2+-Calmodulin dependent protein Kinase II; CK2, casein Kinase 2; PSD-95 presents three PDZ
domains, SH3 (Sarc homology 3 domain) and GK (guanylate kinase-like domain) domains; Pin1; GKAP,
Guanylate kinase associate protein; Shank, shank protein.

In this disease too, Pin1 with its modulation might represent a target to modulate neuronal
hyper-excitability [62].

4.4. Pin1 and Alzheimer’s Diseases (AD)

AD is the most frequent form of dementia in the elderly causing progressive cognitive decline
and memory loss. AD is characterized by widespread apoptosis of neurons and increased deposition
of extracellular plaques and intracellular neurofibrillary tangles (NFTs) within the brain. NFTs are
aggregates of microtubules that result from the hyperphosphorylation of tau protein. They are markers
of AD: the amount of NFT deposits is correlated with the degree of neurodegeneration [65]. The
plaques are primarily comprised of aggregated amyloid-β-peptide (Aβ) derived from the increased
processing of the amyloid precursor protein (APP) [66].

Elderly Pin1 KO mice develop a complex phenotype of premature aging characteristics: namely,
reduced body size, telomere instability, decreased germ-cell proliferation rate, cognitive impairment
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and neuronal degeneration that resembles human AD [44,67–70]. Of note, Pin1 KO mice show
anomalous behavior and enhanced tau accumulation in the brain. These evidences support the
argument that Pin1 dysfunction/deficiency is a pivotal determinant of the AD progression [3].

Level of Pin1 expression increased during neuronal differentiation and remained high during
the lifespan [14,44]. In neuronal cells of AD patients, Pin1 was downregulated and the degree of
downregulation was inversely correlated with the neuronal loss, since loss the protective ability of the
enzyme against degeneration [44]. Pin1 regulated the cis/trans conformational changes of tau and APP
proteins after their phosphorylation by kinases, such as GSK-3β [71]. Pin1 catalyzed the conformational
switch of tau and APP proteins from the dysfunctional cis-toward the functional trans-structure.
As consequence, tau could be dephosphorylated and degraded [39,70,71]. The accumulation of
phosphorylated tau in Thr231-Pro motif was an early event in patients affected by mild cognitive
impairment (MCI) [71]. In fact, Pin1 co-localized with phosphorylated tau and modulated the assembly
of tau and tubulin into microtubules [72]. Pastorino and co-workers demonstrated that Pin1 drove
the processing of APP and the formation of nonamyloidogenic βamyloid (Aβ) plaques. Indeed, the
over-expression of Pin1 reduced Aβ secretion from cell cultures [70].

Pin1 modulated the APP processing toward the healthy nonamyloidogenic form by catalyzing
cis-to trans-isomerization of the phosphorylated Thr668-Pro motif of APP [70] both directly and
inhibiting the phosphorylation of APP in that motif induced by GSK-3β activity [73].

Pin1 inhibited GSK-3β activity trough the binding to a phosphorylated Thr330-Pro motif and
catalyzing substrate isomerization [73]. This became evident in H4 neuroglioma cells transfected with
WT or mutated construct GSK-3β T330A that did not affect the basal activity of the enzyme. In H4 cells,
transfected with the mutated T330A GSK-3β, Pin1 was not able to bind and inhibit GSK-3β activity,
thereby increasing the level of toxic amyloidogenic APP processing [73]. It has been speculated that the
initial steps of tau phosphorylation have a neuronal protective role against the toxicity exerted by Aβ

deposits [74,75], but they become detrimental when the excessive phosphorylation of tau causes the
accumulation of NFTs [75]. Thus, the fine regulation of this post-translational modification is central in
the pathogenesis of AD.

Alternatively, Pin1 may modulate APP processing to inhibit the phosphorylation of Thr668-Pro
motif of APP performed by GSK-3β [73,76] Processing was observed in Pin1 WT or KD cells transfected
both with WT or the mutated T330A GSK-3β constructs [73]. When Pin1 KD cells were transfected
with both WT and mutated T330A GSK-3β, they showed comparable levels of pThr668, while Pin1 WT
cells showed reduced levels of pThr668 only when transfected with WT GSK-3β construct. Therefore,
the presence of Pin1 was needed for APP degradation following its binding to the Thr330-Pro motif of
GSK-3β, resulting in its inhibition that then reduced phosphorylation of Thr668 [73].

In a molecular model, Pin1 was critical to regulate the active and stable conformation of Akt
protein [77], that is an important player in cell survival, growth, migration and proliferation. The Akt
signaling cascade is one of the survival pathways activated by neurotrophins through the binding to the
tyrosine kinase (Trk) family of receptors. In post mortem studies of AD brains, Pin1 and neurotrophins
expression levels were reduced in parallel [14]. As Angelucci and Hort hypothesized, another way for
Pin1 to determine the fate of neuronal cell survival/death in neurodegenerative disorders might be
related to the balance between expression of Pin1 and of neurotrophins (i.e., the brain derived growth
factor, BDNF). Pin1 and neurotrophins can modulate the response of p53 [14,78,79], that acts not only
as tumor suppressor, but also as a player in neuronal differentiation process [14,80], toward some
transcriptional targets. The authors hypothesized that Pin1, modulating Akt and p53 conformation
stability, influenced the signal transduction pathways activated by neurotrophins through the Trk
receptors binding [14]. In neurodegenerative conditions, the reduced Pin1 expression level determined
the reduced activity of neurotrophins-Trk signal transduction pathway causing an increased induction
by p53 of neuronal death [14].

Furthermore, Pin1 influenced synaptic plasticity by regulating protein ubiquitination and
degradation of postsynaptic density (PSD) proteins. By using a proteomic approach, Xu and
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collaborators demonstrated the association between Pin1 and Shank proteins at dendritic rafts of
neuronal cells and PSD isolated from the synaptosome fractions obtained from the frontal cortical
tissues of AD patients and controls [81]. Shank proteins have an “organizing role” in dendritic rafts
and PSD. In cultured cortical neurons from Pin1 KO and control mice, Xu and collaborators verified the
role of Pin1 in synaptic plasticity, inhibiting both Pin1 (with PiB treatment) and proteasome activity (by
using MG132, carbobenzoxy-Leu-Leu-leucinal peptide). Ubiquitinated proteins in the PSD increased
after the simultaneous treatment with PiB and MG132. This deregulated pathway determined an
enhanced degradation of Shank3 and other PSD proteins, with a consequent alteration in PSD structure
from AD brains. Pin1 modulated the NMDA receptor-mediated turnover of Shank proteins. In this
regard, Tang and co-workers who studied Pin1 modulation in TLE patients [62], hypothesized that
reduced Pin1 activity caused not only misfolded proteins, but also the generation of aberrant synapses
contributing to the progression of pre-clinical AD [81].

Despite the role of Pin1 in the pathogenesis of AD, none of the PIN1 polymorphisms have been
conclusively associated with delayed AD onset [26,65].

5. Pin1 Links Brain Impaired Glucose Metabolism and Neuronal Degeneration in AD

We speculate that post-translational modulation of Pin1 links AD among neurodegenerative
disorders with peripheral and brain impaired glucose metabolism. Pin1 KO mice developed neuronal
characteristics of premature aging similar to those observed in human AD i.e., age-related cognitive
decline [44,68–70], but also peripheral (in both liver and muscle) and brain impairment of glucose
metabolism and altered insulin signaling that resulted in overt glucose intolerance [3].

Autopsy studies in AD brains and intracerebral injected mice with streptozocin (STZ)
demonstrated that brain insulin resistance and impaired insulin signaling occur early in the natural
history of the disease, even before main clinical and histological characteristics develop. Main
features in AD brains and STZ treated mice were cognitive impairment, structural deficits of neuronal
cytoskeleton, loss of synaptic connections and increased neuronal apoptosis. Therefore, AD emerged
as metabolic brain disease characterized by neuroinflammation and impaired energetic metabolism
that lead to neuronal damage [16].

5.1. Type 3 Diabetes

The presence of defective insulin signaling and reduced glucose intake in the brain might be
therefore early features that precede the diagnosis of overt cognitive deficits [16].

In post mortem brains (i.e., cerebral cortex, hippocampus and hypothalamus), the expression levels
of insulin, insulin-like growth factor (IGF) 1, and IGF1 receptors were in AD patients significantly lower
than in healthy age-matched individuals [82]. mRNA expression of IGF-2 tended to be different as
well. Expression levels were correlated with the degree of cognitive impairment (Braak stages) in AD
patients. Differential regional distribution of insulin, IGFs and their receptors was confirmed in primary
neuronal cultures from rat fetal brains. Impairment of brain insulin signaling was induced in fetal rat
by gestational exposure to ethanol. In this model, there was reduced production of insulin and IGFs as
well as reduced expression of their receptors in different areas of the CNS. Reduced synthesis of growth
factors in the brain could account for the increased neuronal death. Steen and de la Monte hypothesized
that brain insulin resistance manifested as the inability to compensate for reduced secretion of insulin
and IGFs with overexpression of their receptors [82]. They speculated a new type of diabetes that
they named “type 3 diabetes” [16,17]. T3D would be characteristic of AD patients, affecting glucose
metabolism exclusively in the brain or more broadly [75]. The reduced expression of insulin and IGF-1
receptors might explain the insulin resistance registered in the AD brain, thereby affecting negatively
the insulin transduction pathway. Insulin/IGF-1 signaling upon binding to receptors activates the
auto phosphorylation of receptors at Tyr residues and the activation of docking proteins, named
insulin receptor substrates (IRS-1-4) and responsible for signal transduction. The intracellular signal
determines the activation of mitogenic functions through MAPK/extracellular signal-regulated kinase
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(MAPK/ERK) and metabolic functions through the phosphatidyl-inositol-3-kinase/Akt (PI3K/Akt)
pathway that phosphorylates and inactivates GSK-3β. Given the impaired insulin/IGF-1 signal
transduction, the expression level of IRS-1 was reduced in tissues from AD brains with respect to
controls [82]. As consequence, the decrease of phospho-Akt and the increase of active form of GSK-3β,
responsible for tau hyperphosphorylation, increased the apoptotic stimulus and caused mitochondrial
dysfunction, thereby increasing mitochondrial-mediated apoptosis and oxidative stress [82].

Insulin and IGFs levels were reduced in brain tissues of AD patients and this was associated with
the reduced synthesis of tau [82,83]. Growth factors stimulated tau protein expression in neuroblastoma
cells [83]. The condition of brain insulin resistance was characterized by reduced levels of insulin
and IGFs, no compensatory hyper-expression of their receptors and therefore a reduced transduction
pathway [16,17,82]. de la Monte and collaborators speculated that the brain insulin resistance accounts
for most of the molecular, histological and biochemical damages found in AD patients and develops
before the onset of the clinical AD phenotype [17].

Therefore, insulin resistance that manifests in patients with T2D as peripheral hyperinsulinemia
and increased release of IGF1, defective binding to receptors, impaired insulin signaling in muscle,
adipose tissue and liver, could also be characterized in the brain by reduced release of insulin and IGFs
and results as well in impaired insulin signaling in the brain. In both cases, impaired signaling causes
reduced glucose utilization as determined by clamp and positron emission tomography studies. To
further support commonalities in the pathogenesis of T2D and T3D, there is evidence from clinical
trials using anti-diabetic dugs (namely analogs of glucagon like peptide 1, GLP1) in patients with
T2D and/or AD that demonstrate the amelioration of the cognitive performance in parallel with the
improvement of the glucose metabolism [17].

5.2. Pin1 and Insulin Pathways

Pin1 modulated peripheral glucose metabolism influencing independently both insulin secretion
and sensitivity. β-cell-specific Pin1 KO (βPin1 KO) mice [84] developed glucose intolerance owing
to reduced insulin secretion but preserved peripheral insulin sensitivity. βPin1 KO mice presented
reduced β-cell mass as compared to controls suggesting that Pin1 affects β-cells proliferation. Cultured
Pin1 KO β-cells had reduced intracellular Ca2+ response to glucose- and KCl, despite preserved
cellular ATP and insulin content. The mechanism by which Pin 1 influenced Ca2+ response implied
salt inducible kinase 2 (SIK2) and p35 protein. Pin1 interacted with SIK2, a protein belonging to the
AMP-activated protein kinase (AMPK) family that is a key player for insulin secretion. The binding of
Pin1 with SIK2 enhanced SIK2 kinase activity that, in turn, promoted p35 protein degradation and
down-regulation of the p35-CDK5 (Cyclin-dependent kinase-5) complex activity, a negative regulator
of Ca2+ influx [84].

Experiments in KO mice, primary human endothelial cells and peripheral blood monocytes
(PBMCs) of T2D patients demonstrated that hyperglycemia caused Pin1 upregulation and the latter, in
turn, mediated vascular-damage occurring in diabetic patients [85]. Hyperglycemia was associated
with reduced methylation of the Pin1 gene promoter [85], and that is another finding commonly
observed also in patients with AD. Indeed, Arosio and collaborators found upregulated Pin1 gene
expression in PBMCs of late onset AD patients and significantly reduced percentage methylation of
Pin1 gene promoter. In PBMCs of these patients, Pin1 quantity and activity tended to be reduced
as well [86]. To explain this apparent divergent behavior, Wang [87] suggested that Pin1 reduction
contributes first to the accumulation of hyperphosphorylated tau in AD patients, but successively Pin1
is over expressed to compensate for the increased formation of Aβ plaques.

AMPK is the major sensor for cellular energy status. Phosphorylation/dephosphorylation
cycles of the α subunit control the activation state of AMPK. In presence of nutrients deficiency,
the AMP/ADP molecules bind CBS domain of the γ subunit determining a conformational change
of AMPK that protects the α subunit from dephosphorylation by protein-phosphatase 2C (PP2C).
Pin1 regulated negatively AMPK, binding its CBS domain in the γ subunit. By doing so, it inhibited
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the binding of AMP/ADP to the γ subunit of AMPK. Therefore, Pin1 KO mice were resistant to
high-fat-diet (HFD) induced obesity [88,89], with the activity level of AMPK in muscle significantly
higher than in WT mice [88]. In that interaction with AMPK, Pin1 may represent a therapeutic target
also to treat obesity and diabetes.

Indirect evidence in diabetic db/db treated by GLP1-analog demonstrated that PIN1 modulates
insulin signaling also at the central level [72,90], being both an insulin receptor substrate-1 (IRS-1)
and Akt binding partner [77,89]. About the role of Pin1 on IRS-1 signaling cascades, two hypotheses
were formulated. Pin1 isomerase-activity may favor IRS-1 phosphorylation [91], or alternatively
the isomerization of IRS-1 may prevent its dephosphorylation by the protein Tyr phosphatase [3].
Although Pin1 interacted with IRS-2, it did not influence its phosphorylation, likely because of a
less efficient binding [89,92]. Pin1 isomerization activity induced a reduced response to insulin
(insulin resistance), as demonstrated by its association with stress-induced c-Jun N-terminal kinase
(JNK) and/or ribosomal protein S6 kinase (S6K), through the modulation of Ser-phosphorylation of
IRSs [3,69,93]. In particular, Pin1 increased JNK kinase activity and the phosphorylation level of S6K.
In HFD conditions, the Pin1 expression level increased determining the hyper-activation of JNK and
S6K. Thus, in this metabolic condition the positive effect of Pin1 on IRS-1 and insulin cascade was
abolished causing, instead insulin resistance.

Together with upstream kinases and protein phosphatases, Pin1 influenced the equilibrium
between active and stable Akt versus the inactive and unstable form [77]. This modulation represents
another way for Pin1 to influence the insulin transduction signaling. In fact, insulin promoted neuronal
cytoskeletal dynamics via Akt phosphorylation [94]. Activation of insulin signaling leads usually to
the activation of PI3K/Akt pathway. Akt, after being activated through its phosphorylation mainly at
Thr308 residue, phosphorylates GSK-3β at Ser9 and inactivates GSK-3β kinase activity [95]. GSK-3β
is one of the first enzymes involved in the regulation of glycogen synthase but is also the major
protein kinase regulating tau phosphorylation in the brain [96,97] (Figure 3). GSK-3β is inactivated if
phosphorylated in Ser9 residue by PI3K/Akt pathway. Its activity was found to be increased in insulin
resistance conditions, suggesting that this kinase is pivotal in the regulation of peripheral and brain
glucose utilization [75].

 

Figure 3. Pin1 in the metabolic pathway acts as a negative regulator of AMPK and modulates the Akt
active form. Insulin promotes neuronal cytoskeletal dynamics via Akt phosphorylation. Activation of
insulin signaling leads usually to activation of phosphatidyl-inositol-3-kinase/Akt (PI3K/Akt) pathway.
After being activated through its phosphorylation mainly at Thr308 residue, Akt phosphorylates
glycogen synthase kinase-3β (GSK-3β) at Ser9 and inactivates GSK-3β kinase activity. GSK-3β is also
the major protein kinase regulating tau phosphorylation in the brain. Pin1 modulates all these players
involved in the signaling cascade.
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5.3. Pin1 and GSK-3β(Glycogen Synthase Kinase-3β) Modulation

Hence, Pin1 modulates insulin signaling by acting on Akt [77] and GSK-3β [73] activities. In
brain extracts of elderly diabetic db/db mice, Akt activity was down-regulated and GSK-3β activity
increased leading to the enhanced phosphorylation of tau protein and formation of NFTs [90]. It may
be speculated that, more generally, the oxidative damage occurring in the diabetic brain results in
impaired phosphorylation of tau protein and Pin1 modulation is implied. Oxidative modification of
Pin1 at Cys113 residue was associated with reduced catalytic activity and expression in hippocampus
of patients with MCI and AD too [72,98–100].

The mutual interaction between GSK-3β and Pin1 become evident also in experimental models
of hereditary hemochromatosis, whereas homozygous patients carrying the HFE hemocromatosis
mutation have enhanced risk of diabetes (“bronze diabetes”) if untreated. In SH-SY5Y cells carrying
H63D mutation of the HFE gene and in H67D transgenic mice, phosphorylation of Pin1 on Ser16
was increased and resulted in decreased enzyme activity. The treatment with Trolox, an antioxidant,
rescued Pin1 activity in both models [101]. In the in vitro model, tau phosphorylation was increased
paralleling GSK-3β activity [99], while Pin1 activity was consequently reduced [101]. Conversely, the
inhibition of GSK-3β activity by lithium was associated with the increase of Pin1 activity, reinforcing
the notion that GSK-3β and Pin1 interact with each other’ to influence the ability of Pin1 to modulate
its substrates such as tau protein [101,102].

6. Conclusions

The prolyl isomerase Pin1 plays a central role in the switching of proline-directed phosphorylation
signaling: it induces the isomerization of the cis/trans configuration of protein substrates that are
phosphorylated. As molecular “switch” that turns on or off enzyme activities or entire signaling
pathways, Pin1 modulates many cellular functions both in physiological processes and pathological
conditions (i.e., cancer, neurodegenerative and metabolic diseases). Pin1 exerts different and even
opposite effects in vivo that are cell specific, depend upon specific protein substrates and are associated
with phosphorylation of distinctive Pin1 binding sites.

Among the various regulatory functions, Pin1 controls neuronal differentiation during brain
development by stabilizing β-catenin and synaptic plasticity/degradation of postsynaptic density
proteins. Pin1 protects against oxidative damage of neurons, thereby protecting them from
neurodegeneration. Indeed, impaired Pin1 function is associated with neurodegeneration and cognitive
dysfunction in patients with AD. But Pin1 is also a master regulator of neuronal energy metabolism
and interferes particularly with the cell insulin signaling. Because of these dual major roles on
neuroprotection and metabolism, we and others speculate that impaired Pin1 function is one of
the pivotal molecular links between neurodegeneration and impaired glucose metabolism, both
manifesting in patients with dementia. Therefore, we report evidence supporting this hypothesis.
There is large overlap between Pin1 and insulin signaling pathways within the brain, with Pin1
influencing insulin signaling.

Therefore, Pin1 may also represent a treatment target to prevent the onset of brain impaired
glucose metabolism that is deemed by some researchers as one of the first hints in the pathogenesis of
the AD. It may be effective to prevent the onset of or delay the neurodegenerative process, since acting
as isomerase, Pin1 catalyzes the conformational switch of tau and APP proteins from the dysfunctional
cis-toward the functional trans-structure and enhances tau dephosphorylation and degradation.
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Abstract: Microribonucleic acids (miRNAs) play a pivotal role in numerous aspects of the nervous
system and are increasingly recognized as key regulators in neurodegenerative diseases. This study
hypothesized that miR-34c, a miRNA expressed in mammalian hippocampi whose expression
level can alter the hippocampal dendritic spine density, could induce memory impairment akin
to that of patients with Alzheimer’s disease (AD) in mice. In this study, we showed that miR-34c
overexpression in hippocampal neurons negatively regulated dendritic length and spine density.
Hippocampal neurons transfected with miR-34c had shorter dendrites on average and fewer filopodia
and spines than those not transfected with miR-34c (control mice). Because dendrites and synapses
are key sites for signal transduction and fundamental structures for memory formation and storage,
disrupted dendrites can contribute to AD. Therefore, we supposed that miR-34c, through its effects
on dendritic spine density, influences synaptic plasticity and plays a key role in AD pathogenesis.

Keywords: miR-34c; dendritic spine; Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by memory loss and
cognitive decline due to extracellular accumulation of beta-amyloid peptide and intracellular accumulation
of tau; it is also a consequence of dysfunction and loss of synapses [1]. From a pathological
perspective, although neurofibrillary tangles and extracellular amyloid accumulations—defined as neuritic
plaques—are the main hallmarks of AD, synaptic loss is the best predictor of clinical symptoms of AD [1].

Microribonucleic acids (miRNAs) are small noncoding RNAs composed of 19–25 nucleotides,
which mediate the post-transcriptional regulation of gene expression. These non-coding RNAs
function by binding to the 3′ untranslated regions of target messenger RNAs (mRNAs) (within
the RNA-induced silencing complex), silencing their target mRNAs, and downregulating protein
translation [2]. Each miRNA contains seed sequences crucial for recognizing and binding to target
mRNAs. Some miRNAs participate in key neuronal functions, such as cell signaling, transcription,
and axonal guidance [3]. More than three miRNAs, including miR-124, miR-34, and miR-132, are key
to hippocampal function [4,5]. miR-124 expression in the medial prefrontal cortex could partially
rescue the behavioral deficits associated with frontotemporal dementia [6]. Zovoilis et al. found that
miR-34c was upregulated in AD patients [7] Bhatnagar et al. showed that there was a strong correlation
between the expression level of miR-34c and scores of mini-mental state examination [8]. Other studies
have observed that miR-132 is downregulated in patients with mild cognitive impairment [9], and the
miR-132 level is reduced in AD-affected brains [10]. Therefore, miR-124, miR-34, and miR-132 are
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regarded as memory miRNAs, which play a key role in neurodegenerative diseases such as AD,
Parkinson’s disease, and Huntington’s disease [5].

miR-34 is a markedly conserved miRNA of the let-7 family, with an identical seed sequence of
orthologues in flies, Caenorhabditis elegans, mice, and humans [11]. The miR-34 family consists of three
members: miR-34a, miR-34b, and miR-34c. Of these, miR-34a and miR-34c have identical seed sequences,
whereas the seed sequence of miR-34b is similar, but not identical. This suggests that miR-34a and miR-34c
share similar mRNA targets, whereas those of miR-34b might be slightly different [12]. Although miR-34b
and miR-34c are co-transcribed from the same chromosome, they differ in amount and may regulate
different targets in a particular brain region [13]. In mice, miR-34a is ubiquitously expressed, with its
highest levels appearing in the brain, whereas miR-34b and miR-34c are expressed mainly in the brain,
lungs, testes, and ovaries [14].

The miR-34 family is essential for normal brain development [14]; miR-34 has been linked
to neurogenesis, spine morphology, neurite outgrowth, neurodegeneration, and hippocampal
memory formation [15]. In zebrafish, the repression of miR-34 led to developmental defects in
the neuronal system with an enlargement of the hindbrain during early embryonic development [16].
Moreover, miR-34/449 controls mitotic spindle orientation during mammalian cortex development [17].
Furthermore, miR-34 has been implicated in brain disorders and aging; in Drosophila, loss of miR-34
decreased survival and accelerated brain aging and degeneration, whereas miR-34 upregulation
extended survival and diminished neurodegeneration due to human pathogenic polyglutamine
disease protein [11]. In addition to being present in neurons, miR-34 is expressed in glial cells [4].

Zovoilis et al. showed that miR-34c was elevated in the hippocampi of AD patients, aging mice,
and APPPS1-21, a model of amyloid pathology linked to AD. The researchers demonstrated that miR-34c
constrained memory consolidation, and miR-34c-mediated memory impairment was regulated, at least
in part, by decreased hippocampal sirtuin-1 (SIRT1) levels [7]. Similarly, the expression of another
miR-34 family member—miR-34a—was elevated in APPswe/PSΔE9 (AD mouse model) mice compared
with control mice [18]. However, a contradictory correlation between miR-34 and cognitive function
was also observed. A study that used Adeno-associated virus-delivered sponges in mice revealed that
miR-34 inhibition impaired reference memory during the Morris water maze [4]. In Drosophila, loss of
miR-34 accelerated brain aging and late-onset brain degeneration. miR-34 mutant flies were born with
typical brains but showed dramatic vacuolization with age, whereas miR-34 upregulation extended their
median lifespan and mitigated neurodegeneration [11]. Because AD is a neurodegenerative disorder
associated with aging, we were unsure why loss of miR-34 accelerated brain aging in Drosophila while
its overexpression caused memory impairment in mammals. Dickson et al. observed that miR-34a
inhibited expression of endogenous tau, a crucial intraneuronal aggregate of AD [19]. In addition,
Wu et al. found that overexpression of miR-34c downregulated tau expression in gastric cancer cells [20],
although the researchers did not perform experiments to test cognitive function or analyze tau proteins in
neural cells, the results were confusing in that the decreased tau expression associated with miR-34a and
miR-34c overexpression contradicted AD pathogenesis. Therefore, miR-34 seems to play a mutual role
in neurodegeneration; it can be protective or causative. For this reason, we wanted to study the role of
miR-34c in memory function in mammals.

Dendritic spines are tiny protrusions along dendrites that constitute major postsynaptic sites for
synaptic transmission [21]. These spines are highly dynamic structures that can undergo remodeling
even in adults. Spine remodeling and new synapse formation, termed “plasticity”, underlie the basis
for learning and memory [22]. Loss or alteration of these structures was described in patients with
neurodegenerative disorders such as AD [23], and synaptic reduction is the feature most closely related
with decline in memory and cognition [24]. In one study, the density of neocortical synapses revealed
highly powerful correlations with cognitive alterations in AD—the lower the mental status scores,
the greater was the loss of synapses [25]. In another study, only weak correlations were observed
between psychometric indices and plaques and tangles [26]. Thus, AD is primarily considered to be a
synaptopathy [27].
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Based on previous reports regarding the importance of particular hippocampal miRNAs in
memory function, we studied the influence of miR-34c on memory function and compared dendritic
spines between hippocampal neurons overexpressing miR-34c and controls, given that dendritic spines
are the fundamental elements of synapses that form the basis of learning and memory.

2. Results

2.1. Overexpression of miR-34c Caused Memory Impairment

Using the Morris water maze task, we found that mice overexpressing miR-34c exhibited markedly
increased latency compared with vector-transfected (control) mice (Figure 1A), indicating that the
mice overexpressing miR-34c exhibited memory impairment. We used quantitative polymerase chain
reaction (PCR) to measure the expression level of miR-34c in the hippocampi of miR-34c and control
mice. The miR-34c expression level of the miR-34c-transfected mice was five times higher than that of
the control mice (Figure 1B).

Figure 1. Overexpression of miR-34c caused memory impairment. (A) Escape latencies of mice
overexpressing miR-34c and control vector (vec) mice (n = 16 in each group) in the Morris water
maze. The asterisks represent the level of statistical significance calculated by a two-way analysis of
variance (*** p < 0.001, **** p < 0.0001); (B) Hippocampal miR-34c expression levels were determined
by quantitative PCR in mice transfected with miR-34c construct or mice transfected with the control
vector and calculated using a two-tailed Student’s t-test (*** p < 0.001).

2.2. Expression Level of miR-34c in the Hippocampus

The miR-34c construct was transfected into primary hippocampal cells to investigate the role of
miR-34c in neuronal morphology. The transfection efficiency of miR-34c was identified on the seventh
day of culture (DIV7) through immunofluorescence staining. Cells that co-expressed green fluorescence
(from green fluorescent protein GFP+/− mice) and red fluorescence (from miR-34c-transfected cells)
were selected, and neural dendrites were confirmed using the microtubule-associated protein 2 (Map2)
antibody, which stained the soma and dendrites, but not the axons (Figure 2A). The expression levels
of miR-34c in the transfected and control cells were detected using reverse transcription PCR (RT-PCR).
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Of the hippocampal primary cells, the expression of miR-34c was nearly four times higher in the
miR-34c-transfected cells than in the control cells (Figure 2B).

Figure 2. We observed that miR-34c was expressed in cultured hippocampal neurons. (A) Transfection
of miR-34c was identified on DIV7 through immunofluorescence staining. Cells co-expressing green
fluorescence (from GFP+/− mice) and red fluorescence (from miR-34c-transfected cells) were selected,
and neural dendrites were confirmed using the Map2 antibody. Scale bar = 50 μm; (B) The expression
level of miR-34c in the cultured hippocampal cells transfected with the miR-34c construct or control
vector were detected using RT-PCR and calculated using a two-tailed Student’s t-test.

2.3. Overexpression of miR-34c Reduced Dendritic Length and Branch Numbers

To investigate the effect of miR-34c on neuronal morphology, we measured the total dendritic
length, dendritic main shaft, and dendritic branch numbers of the hippocampi two days after
transfection. In the earlier stage—DIV 7—it appeared that miR-34c suppressed the outgrowth and
branching of dendrites; however, this result was nonsignificant (Figure 3A). In the later stage—at
DIV 14—the total dendritic length of neurons with miR-34c overexpression had a shorter dendritic
length than did the neurons transfected with the control vector (Figure 3B). The numbers of dendritic
shafts and branches were slightly decreased in the miR-34c-overexpression group; however, this result
was nonsignificant. Therefore, miR-34c partially inhibited dendritic outgrowth but did not affect
dendritic branching.
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Figure 3. We observed that miR-34c affected the dendritic length of hippocampal neurons.
Immunostaining with GFP, red fluorescent protein, and the Map2 antibody was performed on (A) DIV
7 (Scale bar = 100 μm) and (B) DIV 14. The total dendritic length, shaft number, and branch number
of miR-34c hippocampal neurons and vector-transfected (vec) hippocampal neurons (n = 18 in each
group) were counted under a fluorescence and confocal microscope (20× magnification) and calculated
using a two-tailed Student’s t-test (* p < 0.05). Scale bar = 100 μm.
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2.4. Effects of miR-34c Overexpression on Neurite Protrusion Density

Protrusions of neurites develop at an early stage of neuronal development and later differentiate
into mature spines. This process requires electrical signals from other neurons. The density of
protrusions reflects not only the morphological state of the neurons, but also the physiological function.
Therefore, we investigated the status of these protrusions by categorizing them into spines and
filopodia, and measured the total protrusions, defined as the summation of spines and filopodia.
Spines were defined as short extensions from the membranes of dendrite, with mushroom-like heads
or extensions with an obscure neck. Filopodia were slender protrusions mostly twice longer as
spines, and were identified as protrusions without an apparent shallow head; they were considered
the immature form of protrusions. On DIV7, when the protrusions had not developed completely,
neurons transfected with miR-34c had a significantly lower spine density and total number of
protrusions (Figure 4A). On DIV14, the neurons transfected with miR-34c exhibited declines in spines
and filopodia, as well as in total protrusions compared with the controls (Figure 4B).

2.5. Effects of miR-34c Overexpression on Protrusion Density in Various Dendritic Areas

To gain a better understanding of the effects of miR-34c on dendritic protrusion, each dendrite
was divided into three equal segments of 40 μm for further analysis, starting from the soma as the
proximal segment and followed by the middle and distal segments. The results revealed various
density patterns in the spines and filopodia (Figure 5A). Spine density and total protrusions in all three
segments of the miR-34c-transfected cells remained lower than those in the controls (Figure 5B,D).
In addition, the reductions in spine density and total protrusions were proportional to their distance
from the soma, meaning that in the miR-34c-overexpressing neurons, the farther the dendrites were
from the soma, the lower was the number of spines. By contrast, no such change was observed in
the filopodia along the dendrites (Figure 5C). Based on these findings, we assumed that miR-34c
participated in the formation (turnover) of dendritic protrusions and may have acted as a negative
regulator in the maturation of dendritic protrusions from filopodia into spines. While the spine density
increased with the distance of dendrites from the soma in the control group, the miR-34c-transfected
cells exhibited reduced spine density away from the soma.
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Figure 4. We observed that miR-34c lowered dendritic spine density and total protrusion density.
Quantification of the protrusion density of neurites including mature spines, immature filopodia,
and the summation of both using immunostaining on the (A) DIV 7 (Scale bar of upper panel = 100 μm;
lower panel = 5 μm) and (B) DIV 14 in miR-34c and vector-transfected (vec) cells (n = 28 in each group)
was conducted under 100× magnification and calculated using a two-tailed Student’s t-test (* p < 0.05,
** p < 0.01). Scale bar of upper panel = 100 μm; lower panel = 5 μm.
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Figure 5. We observed that miR-34c exerted a negative effect on spine density along the dendrites.
(A) Low- and high-power fields (20× in upper panels and 100× in lower panels) were used for counting.
Scale bar of upper panel = 100 μm, lower panel = 20 μm. Quantification of the densities of (B) spines,
(C) filopodia, and (D) total protrusions was conducted by dividing each dendrite into three equal
segments of 40-μm in length, starting from the soma as the proximal segment (0–40 μm) and followed
by the middle (40–80 μm) and distal (80–120 μm) segments, and calculated using a two-tailed Student’s
t-test (* p < 0.05, ** p < 0.01).

3. Discussion

The present study showed that mice overexpressing miR-34c exhibited significant memory
impairment and hippocampal dendritic spine loss. In our study, miR-34c partially inhibited dendritic
outgrowth as the total dendritic length was shorter. In addition, miR-34c resulted in reduced numbers of
dendritic spines and total protrusions at an early stage (DIV 7). Subsequently, the miR-34c-transfected
cells exhibited loss of filopodia and spines; in these cells, the farther the dendrites were from the soma,
the lower was the number of spines; however, no such change was observed among filopodia. A study
on the acoustic and visual cortices of autopsied AD patients revealed a marked decrease in the number
of dendritic spines and loss of distal spines. However, the branches of the apical part of the dendritic
tree and basal arborizations appeared to be equally affected by spine depletion [28]. The hippocampus
contains two types of dendrites on pyramidal cells: apical and basal dendrites. Apical dendrites can be
further divided into distal and proximal parts. Pyramidal cells segregate their inputs by using proximal
apical dendrites, which project radially to local pyramidal cells and interneurons, while distal apical
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dendrites form non-local synapses by receiving inputs from distant cortical and thalamic locations [29].
CA1 neurons receive inputs at the distal tuft from the entorhinal cortex through the perforant path and
from the thalamic nucleus reuniens, whereas the basal and apical dendrites receive inputs from the CA3
through the Schaffer collaterals. Based on the finding of more prominent distal dendritic spinal loss in the
miR-34c cells in our study, we assumed that miR-34c might disrupt the perforant path from the entorhinal
cortex of the memory circuit in mammalian brains.

Dendritic abnormalities in AD are widespread and occur in early stages of the disease;
such abnormalities can be divided into (1) dystrophic neurites, (2) dendritic complexity reduction,
and (3) dendritic spine loss. Marked dendritic spine loss is the final major dendritic abnormality found
in AD patients, and the cortex and hippocampus are the two areas most affected by spine loss [30,31].
In APPxPS1-KI (an AD mouse model), an alteration of spine morphology occurred before reduction of
synapses and neuronal density. The researchers observed a reduction in spine length and enlargement its
neck, giving the spines a more “stubby” appearance [32].

Filopodia are the smallest structures protruding from dendrites [33]. Filopodia-like protrusions
are highly unstable and can form and be removed within hours, whereas larger mushroom-type spines
are more likely to remain stable for months to years. In both cell culture and in vivo, filopodia can
form, stabilize, and grow into larger spines; this suggests that they represent an early stage of spine
formation [34]. Transitions in spine size and stability—from immature and unstable filopodia to
mature and stable spines—accompany the maturation and strengthening of synaptic contacts on
spines [33]. An in vivo imaging study on the rodent neocortex demonstrated that small spines were
NMDAR-dominated and highly motile, whereas large spines were AMPAR-dominated and highly
stable. These findings led to the hypothesis that small thin spines are learning spines, whereas larger
mushroom spines are memory spines [35]. Changes in the shapes of spine heads (morphogenesis) were
actin-dependent and likely regulated by synaptic stimulation in response to a variety of stimuli [36].
In the present study, in the miR-34c-transfected mice, the number of spines were decreased compared
with the control mice at an early stage and the filopodia remained unaffected, whereas immature
filopodia and mature spines were lost at a later stage; thus, we speculated that miR-34c might disrupt
the maturation of spines at an earlier stage and eventually destroy all dendritic spines, thereby affecting
learning and memory consolidation.

Studies by Zovoilis and Bhatnagar et al. showed that miR-34c was increased in AD patients’
brains and they pointed out one specific target—SIRT1—that contributed to memory decline [7,8].
Codocedo et al. later proved that SIRT1 overexpression was sufficient to change dendritic morphogenesis
in the hippocampi and offer certain resistance against the cytotoxic damage induced by Aβ and avoid
neuritic dystrophy [37]. Hence, the causal relationship between miR-34c and changes in dendritic spines in
our study can be verified. Future research is required to investigate the pathogenic mechanism underlying
the association between miR-34c and dendritic spine loss and to search for other possible miR-34c targets.

Structural changes in spines were driven by remodeling of the actin cytoskeleton [38]. Small Rho
GTPases were deemed as central regulators of cell cytoarchitecture and played key roles in modulating
cell migration, neurite outgrowth, survival, and synapse formation in neurons [39]. Cell division cycle
42 (Cdc42), ras-related C3 botulinum toxin substrate 1 (Rac1), and ras homolog family member A
(RhoA) are the most frequently studied members of the small Rho GTPase family [40]. Rac and Rho are
crucial to the maintenance of dendritic spines and branches in hippocampal pyramidal neurons [41] and
appear to be critical in the formation and maintenance of memory [42]. Activation of Rac1 facilitated the
formation of dendritic spines and increased spine head volume. By contrast, RhoA activation prevented
spine formation and induced spine shortening [43]. As mentioned, miR-124, miR-34, and miR-132 are
regarded as memory miRNAs. Both miR-124 and miR-132 have been reported to be associated with
changes in dendritic spines through Rho GTPases, which underlie the stabilization of memory. In one
study, miR-124 reduced the expression of Rho GTPs, thereby inhibiting axonal and dendritic branching
via Rac1 and Cdc42 signaling, respectively [44]. Moreover, miR-132 activated Rac1 and promoted
spine formation [45]. Thus far, no relationship between miR-34 and Rho GTPases in neurons has
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been reported. Since SIRT1 activators (RES) could modulates the dendritic arborization through the
inhibition of Rho-associated protein kinase (ROCK) [37]—downstream effector of Rho GTPases—this
served as indirect evidence for the association between miR-34c and Rho GTPases. Besides, one study
investigated the roles of miR-34 and Rho GTPases in cancer cells; Huang et al. demonstrated
that two key mechanisms involved in cancer metastasis—epithelial-to-mesenchymal transition and
mesenchymal-to-amoeboid transition—were coupled through two miRNAs, namely miR-200 and
miR-34, both of which inhibited RhoA and Rac1 [46]. This implies that Rho GTPase-dependent
cytoskeletal changes might occur in the dendritic spines of miR-34-expressing hippocampal neurons,
and thus underlie memory impairment.

Because postsynaptic density protein 95 (PSD-95) is the hallmark of a mature and stable
glutamatergic synapse associated with memory consolidation [33], miR-34c might be associated
with PSD-95. Bustos et al. designed an epigenetic editing strategy by using a zinc finger construct to
control Dlg4/PSD-95 expression in the hippocampus and validate PSD-95 as a key player in plasticity
and memory. PSD-95-6ZF-VP64 transduction could increase PSD-95 levels and recover learning and
memory deficits in aged and AbPPswe/PS-1 (AD model) mice [47]. Whether synaptic changes in
memory miRNAs are also related to PSD-95 requires further investigation.

4. Materials and Methods

4.1. Animals

C57BL/6JNarl (B6) mice were kept in a ventilated room under controlled conditions with a
12-h/12-h light/dark cycle and a maintained temperature of 22 ± 2 ◦C. The animals were given
access to food and water ad libitum. This study was approved by the University Institutional Animal
Care and Use Committee of National Cheng Kung University (NCKU) (Project code-106073, date of
approval-23/12/2016). The experimental procedures for handling the mice were in accordance with
the guidelines of the Institutional Animal Care and Use Committee of NCKU. Transgenic mice with
GFP+/− expression and B6 mice were provided by the national laboratory animal center.

4.2. Deoxyribonucleic Acid Constructions

To produce the miRNA constructs, the genomic deoxyribonucleic acid (DNA) from a B6-wild type
mouse was used as the complementary template to amplify the precursor of miR-34c by PCR, with the
forward primer: 5′-GCA GTG TAA TTA GCT GAT TGT AGT G-3′, and reverse primer: 5′-ATA TTA
GGA AAC CAG CTG GT TTT AA-3′. After PCR amplification, the precursor miR-34c product was
separated by electrophoresis and eluted from the agarose gel, ligated into a lentiviral construct-pFUGW,
driven by a ubiquitin promoter, with a red fluorescent protein gene (dsRed) for co-expression.

4.3. Lentivirus Production

The lentivirus was produced by the RNAi core laboratory of Academia Sinica, Taipei, Taiwan with
a 100× concentration.

4.4. Stereotaxic Hippocampal Injections

Male B6 mice were placed in the induction chambers. The oxygen flowmeter was adjusted to
approximately 0.1–0.3 L/min. Isoflurane vaporizer was adjusted to 5% for anesthesia induction and
1.5–3.5% for maintenance. The anesthetized mice were then mounted in a stereotactic apparatus for
intra-hippocampal injections. Concentrated lentivirus (1 × 107 in 2μL) was injected into the dentate
gyrus of bilateral hippocampus (−2.0 mm anterior–posterior, 1.8 mm medial–lateral, and −2.3 mm
dorsal–ventral relative to the bregma) using a Hamilton micro-syringe (Hamilton Company, Reno,
Nevada). After each injection, the needle was left in situ for 8 min to prevent regurgitation of the virus
during removal. Control groups were injected with the same volume of control lentivirus. A Morris
Water Maze test was performed 30 days after the injection.
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4.5. Morris Water Maze Test

miR-34c-expressing and control vector-infected male B6 mice, n = 16 in each group, were tested
30 days after hippocampal injections of viral particles. The swimming pool is divided into four
quadrants and contains an escape platform placed beneath the water. The mice were trained with four
consecutive trials per day for six days. When released, the mice swam around the pool in search of an
exit and on subsequent trials the mice were able to locate the platform more rapidly. Each trial lasted
until the mice found the platform or for a maximum of 2 min. The time to locate the platform was
recorded and the average latency calculated from the values of four trials each day. The swimming
speed and probe test were recorded on video for further analysis.

4.6. Primary Hippocampal Culture

The embryos from B6 wild-type pregnant female mice were used for hippocampal primary
culture. Pregnant B6 wild-type mice were dissected at embryonic day 16.5, and the hippocampi were
separated from embryonic brains. The hippocampal tissues were washed with 1× Hank’s balanced
salt solution (HBSS) twice and digested with papain for about 10 min at 37 ◦C. Then, the aggregated
tissues were washed with 1× HBSS twice, followed by resuspension in 1 ml Neurobasal medium with
1× B27 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), 1× Penicillin Streptomycin (P/S)
antibiotics (Invitrogen), and 1× GlutaMax (Invitrogen). Cell viability was counted by an Invitrogen
countess automatic cell counter. Cells were plated at 2 × 105 cells/well on poly-D-lysine-coated
coverslips in six-well plates and incubated at 37 ◦C/5% CO2. After 2 h, the medium was changed to
a new Neurobasal medium to prevent contamination. Cells were cultured until DIV5 and DIV12 to
perform miRNA transfection.

4.7. Transfection

Cells plated in six-well plates were transfected at DIV5 or DIV12. Thirty minutes before
transfection, the medium was replaced with P/S antibiotics-free Neurobasal medium. The ubiquitin
promoter-driven miR-34c plasmid, or vector only, were transfected into hippocampal primary culture
with Lipofectamine 2000 (Invitrogen) for 2 h. The transfected cells were cultured for two days and
analyzed by confocal microscopy for neuronal morphology or collected to extract RNA samples.

4.8. Immunofluorescence Staining

The transfected cells were washed twice with phosphate-buffered saline (PBS) and fixed with
4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, UK). The cells were blocked for 1 h
(blocking solution: 10% goat serum/PBS) at room temperature. The primary antibody was Map2
(Invitrogen) with 1% goat serum. All images were visualized using a Zeiss laser confocal microscope
(LSM510, Zeiss, Oberkochen, Germany) and a fluorescence microscope (DeltaVision, GE Healthcare
Life Sciences, London, UK), with a single optical section.

4.9. Image Analysis

Neural cells emitted green fluorescence because of the inherited GFP protein. All images were at
the same resolution of 1024 pixels × 1024 pixels. Confocal z sectioning was used, and images were
overlapped to have full signals. Each neuron was captured under the low-power field (20× objective,
NA 1.4, respectively) for both soma and neurites. These low power images were used to measure
the neuritic length and branch numbers, owing to the whole cell coverage with this larger visual
field. Dendritic spines were focused on under high magnification (40× and 100× objective) in order
to count spine numbers and observe spine morphology, specifically for measuring (1) total dendritic
length, defined as the summation of all dendritic length in a neuron; (2) main dendritic shaft number,
defined as the numbers of dendritic outgrowth from one soma; (3) dendritic branch number, defined as
the total branch numbers from the primary dendrites; and (4) dendritic spine density, expressed as the
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average number of spines per μm of dendritic length. The total dendritic length and branch numbers
were measured using the software NeuronJ (provided by Dr. Erik Meijering, Biomedical Imaging
Group Rotterdam of Erasmus University Medical Center, Rotterdam, The Netherlands), whereas
the numbers of different protrusions (spines, filopodia, and total protrusions) were counted using
ImageJ (provided by Dr. Erik Meijering, Biomedical Imaging Group Rotterdam of Erasmus University
Medical Center, Rotterdam, The Netherlands) in various areas divided by their distance from the soma
(proximal: 0–40 μm, middle: 40–80 μm, distal: 80–120 μm).

4.10. Reverse Transcription PCR (RT-PCR)

The total RNA products extracted from the hippocampal primary culture or hippocampi in the
brain were then reverse-transcribed to complementary DNA (cDNA) by SuperScript II RT (Invitrogen)
following the Universal ProbeLibrary (UPL; Roche, Basel, Switzerland) protocol, and the expression
levels of miR-34c were then detected by UPL probe #21, according to the manufacturer’s protocol.
Primer sequences used were as followed, miR-34c UPL RT primer: GTT GGC TCT GGT GCA GGG
TCC GAG GTA TTC GC ACCAGAGCCAACGCAATC, miR-34c forward primer: 5′-CGG CGA GGC
AGT GTA GTT AGC T-3′, universal reverse primer: 5′-GTG CAG GGT CCG AGG T-3′.

4.11. Statistics

Data were analyzed using SPSS and the Morris water maze was analyzed using a two-way
analysis of variance. Mean values were analyzed using a two-tailed Student’s t- test. All results are
represented as mean ± standard error of the mean and were first examined using an f -test to identify
the homogeneity of variance. A probability level of <0.05 was accepted as statistically significant and
degrees of significance are presented as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

5. Conclusions

We established miR-34c expression constructs and transfected miR-34c into primary hippocampal
cells. The present study revealed that miR-34c overexpression resulted in memory decline, accompanied
by a decrease in dendritic spine density. Our data suggested that miR-34c plays a pivotal role in cognitive
decline and therapies targeting miR-34c may restore synaptic defects and shed further light on AD.

Author Contributions: Conceptualization, K.-J.T.; Data curation, Y.-C.K. and I.-F.W.; Funding acquisition, K.-J.T.;
Investigation, K.-J.T.; Methodology, Y.-C.K. and I.-F.W.; Project administration, K.-J.T.; Resources, K.-J.T.; Supervision,
K.-J.T.; Validation, Y.-C.K. and I.-F.W.; Writing—original draft, Y.-C.K.; Writing—review & editing, K.-J.T.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan (grant numbers
MOST-105-2628-B-006-016-MY3 and MOST-106-2628-B-006-001-MY4).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Forner, S.; Baglietto-Vargas, D.; Martini, A.C.; Trujillo-Estrada, L.; LaFerla, F.M. Synaptic impairment in
Alzheimer’s disease: A dysregulated symphony. Trends Neurosci. 2017, 40, 347–357. [CrossRef] [PubMed]

2. Pillai, R.S.; Bhattacharyya, S.N.; Filipowicz, W. Repression of protein synthesis by mirnas: How many
mechanisms? Trends Cell Biol. 2007, 17, 118–126. [CrossRef] [PubMed]

3. Malmevik, J.; Petri, R.; Klussendorf, T.; Knauff, P.; Akerblom, M.; Johansson, J.; Soneji, S.; Jakobsson, J.
Identification of the mirna targetome in hippocampal neurons using rip-seq. Sci. Rep. 2015, 5, 12609. [CrossRef]
[PubMed]

4. Malmevik, J.; Petri, R.; Knauff, P.; Brattas, P.L.; Akerblom, M.; Jakobsson, J. Distinct cognitive effects and
underlying transcriptome changes upon inhibition of individual mirnas in hippocampal neurons. Sci. Rep.
2016, 6, 19879. [CrossRef] [PubMed]

5. Hernandez-Rapp, J.; Rainone, S.; Hebert, S.S. MicroRNAs underlying memory deficits in neurodegenerative
disorders. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2017, 73, 79–86. [CrossRef] [PubMed]

81



Int. J. Mol. Sci. 2018, 19, 2323

6. Gascon, E.; Lynch, K.; Ruan, H.; Almeida, S.; Verheyden, J.M.; Seeley, W.W.; Dickson, D.W.; Petrucelli, L.;
Sun, D.; Jiao, J.; et al. Alterations in microRNA-124 and ampa receptors contribute to social behavioral
deficits in frontotemporal dementia. Nat. Med. 2014, 20, 1444–1451. [CrossRef] [PubMed]

7. Zovoilis, A.; Agbemenyah, H.Y.; Agis-Balboa, R.C.; Stilling, R.M.; Edbauer, D.; Rao, P.; Farinelli, L.; Delalle, I.;
Schmitt, A.; Falkai, P.; et al. MicroRNA-34c is a novel target to treat dementias. EMBO J. 2011, 30, 4299–4308.
[CrossRef] [PubMed]

8. Bhatnagar, S.; Chertkow, H.; Schipper, H.M.; Yuan, Z.; Shetty, V.; Jenkins, S.; Jones, T.; Wang, E. Increased
microRNA-34c abundance in Alzheimer’s disease circulating blood plasma. Front. Mol. Neurosci. 2014, 7, 2.
[CrossRef] [PubMed]

9. Xie, B.; Zhou, H.; Zhang, R.; Song, M.; Yu, L.; Wang, L.; Liu, Z.; Zhang, Q.; Cui, D.; Wang, X.; et al. Serum
mir-206 and mir-132 as potential circulating biomarkers for mild cognitive impairment. J. Alzheimers Dis.
2015, 45, 721–731. [CrossRef] [PubMed]

10. Lau, P.; Frigerio, C.S.; de Strooper, B. Variance in the identification of microRNAs deregulated in Alzheimer’s
disease and possible role of lincrnas in the pathology: The need of larger datasets. Ageing Res. Rev. 2014, 17,
43–53. [CrossRef] [PubMed]

11. Liu, N.; Landreh, M.; Cao, K.; Abe, M.; Hendriks, G.J.; Kennerdell, J.R.; Zhu, Y.; Wang, L.S.; Bonini, N.M.
The microRNA mir-34 modulates ageing and neurodegeneration in drosophila. Nature 2012, 482, 519–523.
[CrossRef] [PubMed]

12. Rokavec, M.; Li, H.; Jiang, L.; Hermeking, H. The p53/mir-34 axis in development and disease. J. Mol.
Cell Biol. 2014, 6, 214–230. [CrossRef] [PubMed]

13. Jauhari, A.; Singh, T.; Singh, P.; Parmar, D.; Yadav, S. Regulation of mir-34 family in neuronal development.
Mol. Neurobiol. 2018, 55, 936–945. [CrossRef] [PubMed]

14. Wu, J.; Bao, J.; Kim, M.; Yuan, S.; Tang, C.; Zheng, H.; Mastick, G.S.; Xu, C.; Yan, W. Two mirna clusters,
mir-34b/c and mir-449, are essential for normal brain development, motile ciliogenesis, and spermatogenesis.
Proc. Nat.Acad. Sci. USA 2014, 111, E2851–E2857. [CrossRef] [PubMed]

15. Agostini, M.; Tucci, P.; Steinert, J.R.; Shalom-Feuerstein, R.; Rouleau, M.; Aberdam, D.; Forsythe, I.D.;
Young, K.W.; Ventura, A.; Concepcion, C.P.; et al. MicroRNA-34a regulates neurite outgrowth,
spinal morphology, and function. Proc. Nat.Acad. Sci. USA 2011, 108, 21099–21104. [CrossRef] [PubMed]

16. Soni, K.; Choudhary, A.; Patowary, A.; Singh, A.R.; Bhatia, S.; Sivasubbu, S.; Chandrasekaran, S.; Pillai, B.
Mir-34 is maternally inherited in drosophila melanogaster and danio rerio. Nucleic Acids Res. 2013, 41,
4470–4480. [CrossRef] [PubMed]

17. Fededa, J.P.; Esk, C.; Mierzwa, B.; Stanyte, R.; Yuan, S.; Zheng, H.; Ebnet, K.; Yan, W.; Knoblich, J.A.;
Gerlich, D.W. MicroRNA-34/449 controls mitotic spindle orientation during mammalian cortex development.
EMBO J. 2016, 35, 2386–2398. [CrossRef] [PubMed]

18. Wang, X.; Liu, P.; Zhu, H.; Xu, Y.; Ma, C.; Dai, X.; Huang, L.; Liu, Y.; Zhang, L.; Qin, C. miR-34a, a microRNA
up-regulated in a double transgenic mouse model of Alzheimer’s disease, inhibits bcl2 translation. Brain Res. Bull.
2009, 80, 268–273. [CrossRef] [PubMed]

19. Dickson, J.R.; Kruse, C.; Montagna, D.R.; Finsen, B.; Wolfe, M.S. Alternative polyadenylation and mir-34
family members regulate tau expression. J. Neurochem. 2013, 127, 739–749. [CrossRef] [PubMed]

20. Wu, H.; Huang, M.; Lu, M.; Zhu, W.; Shu, Y.; Cao, P.; Liu, P. Regulation of microtubule-associated protein tau
(mapt) by mir-34c-5p determines the chemosensitivity of gastric cancer to paclitaxel. Cancer Chemother. Pharmacol.
2013, 71, 1159–1171. [CrossRef] [PubMed]

21. Uchizono, K. Characteristics of excitatory and inhibitory synapses in the central nervous system of the cat.
Nature 1965, 207, 642–643. [CrossRef] [PubMed]

22. Attardo, A.; Fitzgerald, J.E.; Schnitzer, M.J. Impermanence of dendritic spines in live adult ca1 hippocampus.
Nature 2015, 523, 592–596. [CrossRef] [PubMed]

23. Takashima, S.; Ieshima, A.; Nakamura, H.; Becker, L.E. Dendrites, dementia and the down syndrome.
Brain Dev. 1989, 11, 131–133. [CrossRef]

24. Spires-Jones, T.; Knafo, S. Spines, plasticity, and cognition in Alzheimer’s model mice. Neural Plast. 2012,
2012, 319836. [CrossRef] [PubMed]

25. DeKosky, S.T.; Scheff, S.W. Synapse loss in frontal cortex biopsies in Alzheimer’s disease: Correlation with
cognitive severity. Ann. Neurol. 1990, 27, 457–464. [CrossRef] [PubMed]

82



Int. J. Mol. Sci. 2018, 19, 2323

26. Terry, R.D.; Masliah, E.; Salmon, D.P.; Butters, N.; DeTeresa, R.; Hill, R.; Hansen, L.A.; Katzman, R. Physical
basis of cognitive alterations in Alzheimer’s disease: Synapse loss is the major correlate of cognitive
impairment. Ann. Neurol. 1991, 30, 572–580. [CrossRef] [PubMed]

27. Selkoe, D.J. Alzheimer’s disease is a synaptic failure. Science 2002, 298, 789–791. [CrossRef] [PubMed]
28. Baloyannis, S.J. Dendritic pathology in Alzheimer’s disease. J. Neurol. Sci. 2009, 283, 153–157. [CrossRef]

[PubMed]
29. Spruston, N. Pyramidal neurons: Dendritic structure and synaptic integration. Nat. Rev. Neurosci. 2008, 9,

206–221. [CrossRef] [PubMed]
30. Catala, I.; Ferrer, I.; Galofre, E.; Fabregues, I. Decreased numbers of dendritic spines on cortical pyramidal

neurons in dementia. A quantitative golgi study on biopsy samples. Hum. Neurobiol. 1988, 6, 255–259. [PubMed]
31. Einstein, G.; Buranosky, R.; Crain, B.J. Dendritic pathology of granule cells in Alzheimer’s disease is unrelated

to neuritic plaques. J. Neurosci. 1994, 14, 5077–5088. [CrossRef] [PubMed]
32. Androuin, A.; Potier, B.; Nagerl, U.V.; Cattaert, D.; Danglot, L.; Thierry, M.; Youssef, I.; Triller, A.; Duyckaerts, C.;

El Hachimi, K.H.; et al. Evidence for altered dendritic spine compartmentalization in Alzheimer’s disease and
functional effects in a mouse model. Acta Neuropathol. 2018, 135, 839–854. [CrossRef] [PubMed]

33. Berry, K.P.; Nedivi, E. Spine dynamics: Are they all the same? Neuron 2017, 96, 43–55. [CrossRef] [PubMed]
34. Zuo, Y.; Lin, A.; Chang, P.; Gan, W.B. Development of long-term dendritic spine stability in diverse regions

of cerebral cortex. Neuron 2005, 46, 181–189. [CrossRef] [PubMed]
35. Kasai, H.; Matsuzaki, M.; Noguchi, J.; Yasumatsu, N.; Nakahara, H. Structure-stability-function relationships

of dendritic spines. Trends Neurosci. 2003, 26, 360–368. [CrossRef]
36. Tada, T.; Sheng, M. Molecular mechanisms of dendritic spine morphogenesis. Curr. Opin. Neurobiol. 2006, 16,

95–101. [CrossRef] [PubMed]
37. Codocedo, J.F.; Allard, C.; Godoy, J.A.; Varela-Nallar, L.; Inestrosa, N.C. Sirt1 regulates dendritic development

in hippocampal neurons. PLoS ONE 2012, 7, e47073. [CrossRef] [PubMed]
38. Lamprecht, R.; LeDoux, J. Structural plasticity and memory. Nat. Rev. Neurosci. 2004, 5, 45–54. [CrossRef]

[PubMed]
39. Haditsch, U.; Leone, D.P.; Farinelli, M.; Chrostek-Grashoff, A.; Brakebusch, C.; Mansuy, I.M.; McConnell, S.K.;

Palmer, T.D. A central role for the small gtpase rac1 in hippocampal plasticity and spatial learning and
memory. Mol. Cell. Neurosci. 2009, 41, 409–419. [CrossRef] [PubMed]

40. Vadodaria, K.C.; Jessberger, S. Maturation and integration of adult born hippocampal neurons:
Signal convergence onto small rho gtpases. Front. Synaptic Neurosci. 2013, 5, 4. [CrossRef] [PubMed]

41. Nakayama, A.Y.; Harms, M.B.; Luo, L. Small gtpases rac and rho in the maintenance of dendritic spines and
branches in hippocampal pyramidal neurons. J. Neurosci. 2000, 20, 5329–5338. [CrossRef] [PubMed]

42. Hedrick, N.G.; Yasuda, R. Regulation of rho gtpase proteins during spine structural plasticity for the control
of local dendritic plasticity. Curr. Opin. Neurobiol. 2017, 45, 193–201. [CrossRef] [PubMed]

43. Nakayama, A.Y.; Luo, L. Intracellular signaling pathways that regulate dendritic spine morphogenesis.
Hippocampus 2000, 10, 582–586. [CrossRef]

44. Schumacher, S.; Franke, K. miR-124-regulated RhoG: A conductor of neuronal process complexity.
Small GTPases 2013, 4, 42–46. [CrossRef] [PubMed]

45. Castaneda, P.; Munoz, M.; Garcia-Rojo, G.; Ulloa, J.L.; Bravo, J.A.; Marquez, R.; Garcia-Perez, M.A.;
Arancibia, D.; Araneda, K.; Rojas, P.S.; et al. Association of n-cadherin levels and downstream effectors of
rho gtpases with dendritic spine loss induced by chronic stress in rat hippocampal neurons. J. Neurosci. Res.
2015, 93, 1476–1491. [CrossRef] [PubMed]

46. Huang, B.; Jolly, M.K.; Lu, M.; Tsarfaty, I.; Ben-Jacob, E.; Onuchic, J.N. Modeling the transitions between
collective and solitary migration phenotypes in cancer metastasis. Sci. Rep. 2015, 5, 17379. [CrossRef] [PubMed]

47. Bustos, F.J.; Ampuero, E.; Jury, N.; Aguilar, R.; Falahi, F.; Toledo, J.; Ahumada, J.; Lata, J.; Cubillos, P.;
Henriquez, B.; et al. Epigenetic editing of the Dlg4/PSD95 gene improves cognition in aged and Alzheimer’s
disease mice. Brain 2017, 140, 3252–3268. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

83



 International Journal of 

Molecular Sciences

Article

Inherited and Acquired Decrease in Complement
Receptor 1 (CR1) Density on Red Blood Cells
Associated with High Levels of Soluble CR1 in
Alzheimer’s Disease

Rachid Mahmoudi 1,2,*, Sarah Feldman 3,4, Aymric Kisserli 5,6, Valérie Duret 5,6,

Thierry Tabary 5,6, Laurie-Anne Bertholon 1, Sarah Badr 1, Vignon Nonnonhou 1, Aude Cesar 7,

Antoine Neuraz 3,4, Jean Luc Novella 1,2 and Jacques Henri Max Cohen 5,6

1 Department of Internal Medicine and Geriatrics, Reims University Hospitals, Maison Blanche Hospital,
45 rue cognac Jay, 51092 Reims, France; labertholon@chu-reims.fr (L.-A.B.); sbadr@chu-reims.fr (S.B.);
vnonnonhou@chu-reims.fr (V.N.); jlnovella@chu-reims.fr (J.L.N.)

2 Faculty of Medicine, University of Reims Champagne-Ardenne, EA 3797, 51092 Reims, France
3 Institut National de la Santé et de la Recherche Médicale (INSERM), Centre de Recherche des Cordeliers,

UMR 1138 Equipe 22, Paris Descartes, Sorbonne Paris Cité University, 75006 Paris, France;
sarah.feldman@aphp.fr (S.F.); antoine.neuraz@aphp.fr (A.N.)

4 Department of Medical Informatics, Necker-Enfants Malades Hospital,
Assistance Publique des Hôpitaux de Paris (AP-HP), 75015 Paris, France

5 Department of Immunology, Reims University Hospitals, Robert Debré Hospital, 51092 Reims, France;
akisserli@chu-reims.fr (A.K.); vduret@chu-reims.fr (V.D.); ttabary@chu-reims.fr (T.T.);
jhmcohen@gmail.com (J.H.M.C.)

6 Faculty of Medicine, University of Reims Champagne-Ardenne, LRN EA 4682, 51092 Reims, France
7 Department of Research and Innovation, Reims University Hospitals, Robert Debré Hospital, 51092 Reims,

France; acesar@chu-reims.fr
* Correspondence: rmahmoudi@chu-reims.fr; Tel.: +33-326-832-341

Received: 30 June 2018; Accepted: 23 July 2018; Published: 25 July 2018

Abstract: The complement receptor 1 (CR1) gene was shown to be involved in Alzheimer’s disease
(AD). We previously showed that AD is associated with low density of the long CR1 isoform, CR1*2 (S).
Here, we correlated phenotype data (CR1 density per erythrocyte (CR1/E), blood soluble CR1 (sCR1))
with genetic data (density/length polymorphisms) in AD patients and healthy controls. CR1/E was
enumerated using flow cytometry, while sCR1 was quantified by ELISA. CR1 polymorphisms were
assessed using restriction fragment length polymorphism (RFLP), pyrosequencing, and high-resolution
melting PCR. In AD patients carrying the H allele (HindIII polymorphism) or the Q allele (Q981H
polymorphism), CR1/E was significantly lower when compared with controls carrying the same
alleles (p < 0.01), contrary to sCR1, which was significantly higher (p < 0.001). Using multivariate
analysis, a reduction of 6.68 units in density was associated with an increase of 1% in methylation of
CR1 (estimate −6.68; 95% confidence intervals (CIs) −12.37, −0.99; p = 0.02). Our data show that, in
addition to inherited genetic factors, low density of CR1/E is also acquired. The involvement of CR1 in
the pathogenesis of AD might be linked to insufficient clearance of amyloid deposits. These findings
may open perspectives for new therapeutic strategies in AD.

Keywords: Alzheimer’s disease; complement receptor 1; CR1 length polymorphism; CR1
density; complement C3b/C4b receptor; complement; dementia; molecular biology; neurosciences;
genetic risk
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease that depends on both genetic and
environmental factors. Genetic studies showed that the determinants of AD are manifold. In fact,
while certain early-onset forms of AD are directly linked to mutations in genes that follow traditional
Mendelian transmission, it was also established that other genetic risk factors play a role in sporadic
forms of the disease. Genome-wide association studies (GWASs) identified variations in over 20 loci
that contribute to disease risk, including the complement component (C3b/C4b) receptor 1 (CR1)
gene [1–7].

The CR1 gene encodes the complement receptor 1 (CR1), which is one of the regulators of
complement activity. CR1 is a membrane-bound glycoprotein that binds to the complement proteins
C3b, C4b, C3bi, and C1q. In humans, 90% of the total circulating CR1 is found on erythrocytes [8].
On the surface of erythrocytes, CR1 binds to C3b- or C4b-opsonized microorganisms or immune
complexes, thus facilitating their clearance from circulation [9–11]. By limiting the deposition of
C3b and C4b, CR1 might prevent excessive complement activation. In this way, the presence of
CR1 on erythrocytes is viewed as a critical component in protecting tissues against immune-complex
deposition and subsequent disease, such as AD [12,13].

CR1 is a glycoprotein of approximately 200 kDa. The extracellular domain of the most common
form of CR1 is composed of a series of 30 repeating units named short consensus repeats (SCRs).
The SCRs are arranged in tandem groups of seven, known as long homologous regions (LHRs). CR1 is
arranged in four LHRs designated as LHR-A, -B, -C, and -D, arising from duplication of a seven-SCR
unit [14,15].

CR1 presents three types of polymorphisms: density polymorphism, structural polymorphism
(length), and Knops blood group polymorphism [14,16].

The density polymorphism is a stable phenotype that accounts for the constitutive expression level
of CR1 on erythrocytes, although acquired deficiency may also occur in some diseases, such as systemic
lupus erythematosus (SLE) and acquired immune deficiency syndrome (AIDS) [17]. In Caucasians,
erythrocytes from different healthy subjects show up to a 10-fold variation in the number of CR1
molecules per erythrocyte (range: 150–1200 molecules/erythrocyte) [18]. Moreover, previously
published data showed that CR1 density was not correlated with age [19,20]. CR1 density on
erythrocytes is genetically associated with an autosomal co-dominant bi-allelic system on the CR1
gene, which is correlated with a HindIII restriction fragment length polymorphism (RFLP) [21].
A single-point mutation in intron 27 of the CR1 gene, which is located between the exons that encode
the second SCR in LHR-D, results in the generation of a polymorphic HindIII site within this region [22].
Genomic HindIII fragments of 7.4 and 6.9 kDa identify alleles associated with high (H allele) or low
(L allele) CR1 density, respectively, on erythrocytes [14,16,21]. CR1 density on erythrocytes is also
associated with the presence of a nucleotide mutation (G3093T) in exon 19 encoding the polymorphism
Q981H in SCR 16 (LHR-C) of CR1. CR1 density is higher in individuals who are homozygous for the
QQ genotype, and lower in individuals who are homozygous for the HH genotype [15,23,24].

The second CR1 polymorphism is the structural polymorphism (length), related to a variation
in LHR number. The most common isoform of CR1 (CR1*1, also termed F), found in about 87% of
Caucasians, is composed of four LHRs. The second most common isoform (CR1*2, also termed S),
which is found in about 11% of Caucasians, is composed of five LHRs; thus, this isoform contains
additional C3b/C4b sites. The two other, rarer, CR1 isoforms, CR1*3 (F’) and CR1*4 (D), exhibit a
deletion of one LHR or the presence of two additional LHRs, respectively [14].

The third CR1 polymorphism is the Knops (KN) polymorphism, whose role in AD remains to be
determined [25].
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Finally, CR1 is also present in circulation in a soluble form (sCR1) [26], resulting from either the
proteolysis of the membrane-bound form of CR1 [27] or exocytosis from erythrocytes (E) [28]. It is
hypothesized that sCR1 is a locally active molecule that seems to have highly efficacious complement
regulatory and anti-inflammatory activities [16,29]. In fact, sCR1 is a potent local inhibitor that
functions in the complement pathways [30]. In addition, increased plasma levels of sCR1 were
reported in some autoimmune diseases, such as SLE and glomerulonephritis [31]. In AD, a slight
increase in sCR1 was reported in subjects with risk of AD single-nucleotide polymorphisms (SNPs) [32].

The complement’s role in AD pathogenesis was highlighted in different studies [33,34], suggesting
that AD is associated with increased complement activation [35,36]. Previous studies showed that
the AD risk associated with CR1 can be explained by low density [20] of the long CR1 isoform,
CR1*2 (S) [35–37]. However, the mechanisms underlying the decrease in CR1 density in AD remain to
be elucidated. In the current study, we aimed to correlate genetic data (density/length polymorphisms)
with phenotypic data (CR1 density per erythrocyte (CR1/E) and soluble CR1 (sCR1)) in patients with
AD and control subjects.

2. Results

A total of 187 Caucasian subjects (100 AD patients and 87 controls) were investigated. Their main
socio-demographic and clinical characteristics are shown in Table 1.

Table 1. Demographic and clinical characteristics of the study sample.

Variable AD Patients (n = 100) Controls (n = 87) p

Age (years) 81.5 ± 7.2 74.3 ± 6.3 <10−4

Female sex 66 (66.0%) 50 (57.4%) 0.23
APOE-ε4+ (n = 73) 48 (48.0%) 25 (28.74%) 0.0071

Living at home 88 (88.0%) 83 (95.4%) 0.73
Comorbidities (Charlson) 1.31 ± 1.26 1.12 ± 1.02 0.27

Level of dependence
IADL 4.81 ± 2.57 7.83 ± 0.86 <10−4

ADL 5.38 ± 1.0 5.95 ± 0.25 <10−4

Cognitive status
MMSE 19.2 ± 5.3 28.8 ± 1.3 <10−4

AD stage
Mild (MMSE ≥ 21) 42 (42.00%) – –

Moderate (MMSE 10–20) 55 (55.00%) – –
Severe (MMSE < 10) 3 (3.00%) – –

Notes: AD = Alzheimer’s disease; n = number of subjects; APOE-ε4+ = subject with at least one APOE-ε4 allele;
IADL = instrumental activities of daily living, values range from 0 (completely dependent) to 8 (completely
independent); ADL = activities of daily living, values range from 0 (completely dependent) to 6 (completely
independent); MMSE = Mini-Mental State Examination, scores range from 0 to 30, whereby higher scores correspond
to better cognitive status.

The average age was 81.5 ± 7.2 years for AD patients, and 74.3 ± 6.3 years for controls. Indeed,
there was no correlation between age and CR1 density, using the Pearson correlation coefficient
(r = −0.1, p= 0.17 in the overall population; r = 0.03, p = 0.75 in AD patients; and r = −0.07, p = 0.53
in controls).

Moreover, as expected, the APOE-ε4 allele, a high level of dependence, and cognitive disorders
were associated with AD in our population (p = 0.0071, p < 10−4, and p < 10−4, respectively). However,
no significant differences in sex (p = 0.23), place of residence (p = 0.73), or comorbidities (p = 0.27)
were observed between AD patients and controls, which confirmed that the rationale of this study
was valid.
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CR1/E density in the overall study population was, on average, 677 ± 288. The average CR1
density among AD patients was significantly lower compared to controls (626 ± 272 vs. 737 ± 297;
p = 0.009). After adjustment for age, this difference remained statistically significant (β = −106.6 ± 47.4;
p = 0.03).

2.1. Association between the Genetic CR1 Density Polymorphism and the CR1 Density
Phenotypic Polymorphism

2.1.1. Association between the Genetic CR1 Density Polymorphism, HindIII, and the CR1 Density
Phenotypic Polymorphism

Among the 187 subjects investigated, 114 exhibited the HH genotype, 65 exhibited the HL
genotype, and eight exhibited the LL genotype (Table 2).

Table 2. Distribution of CR1 density and length polymorphisms among AD patients and controls.

CR1 Polymorphisms
Subjects

All (n = 187), % AD Patients (n = 100), % Controls (n = 87), %

Density polymorphisms

HindIII
HH 114 (61.0) 59 (59.0) 55 (63.2)
HL 65 (34.8) 37 (37.0) 28 (32.2)
LL 8 (4.3) 4 (4.0) 4 (4.6)

Q981H
QQ 118 (63.1) 62 (62.0) 56 (64.4)
QH 60 (32.1) 35 (35.0) 25 (28.7)
HH 9 (4.8) 3 (3.0%) 6 (6.9)

Length polymorphisms

CR1*1 CR1*1 126 (67.4) 63 (63.0) 63 (72.4)
CR1*1 CR1*1 +
CR1*1 CR1*3 128 (68.5) 65 (65.0) 63 (72.4)

CR1*1 CR1*2 48 (25.7) 28 (28.0) 20 (23.0)
CR1*2 CR1*2 10 (5.4) 6 (6.0 4 (4.6)
CR1*1 CR1*3 2 (1.1) 2 (2.0) 0 (0)

CR1*1 CR1*2 +
CR1*2 CR1*2 58 (31.0) 34 (34.0) 24 (27.6)

CR1*2 CR1*4 1 (0.5) 1 (1.0) 0 (0)
CR1*1 CR1*2 +
CR1*2 CR1*2 +
CR1*2 CR1*4

59 (31.6) 35 (35.0) 24 (27.6)

CR1*2 CR1*2 +
CR1*2 CR1*4 11 (5.9) 7 (7.0) 4 (4.6)

Notes: AD = Alzheimer’s disease; CR1 = complement receptor 1, where numbers following asterisk denote an
isoform; HH = individuals homozygous for the H allele (HindIII polymorphism); HL = individuals heterozygous for
the HindIII polymorphism; LL = individuals homozygous for the L allele (HindIII polymorphism); QQ = individuals
homozygous for the Q allele (Q981H polymorphism); QH = individuals heterozygous for the Q981H polymorphism;
HH = individuals homozygous for the H allele (Q981H polymorphism).

Among the AD patients, subjects with the HH genotype had a higher CR1 density (742 ± 262)
than subjects carrying the L allele (HL genotype, 486 ± 175, p < 0.0001; LL genotype, 210 ± 142,
p < 0.01), including both the HL and LL genotypes (460 ± 190, p < 0.0001), as shown in Figure 1a.

Similar findings were observed in the control subjects (Figure 1a), showing that the genetic criteria
were in concordance with the phenotypic criteria (the H allele was associated with a higher density
compared to the L allele).
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Figure 1. Comparison of the mean number of complement receptor 1 per erythrocyte (CR1/E) according
to CR1 density polymorphisms in Alzheimer’s disease (AD) patients and/or controls. Box plots of
CR1/E are shown. The upper and lower limits of the boxes, and the middle line across the boxes
indicate the 75th and 25th percentiles, and the median, respectively. The upper and lower horizontal
bars indicate the maximum and minimum values, respectively. Wilcoxon’s rank test was used to
compare CR1 density among AD patients or among controls according to genotype for non-normally
distributed variables. The Mann-Whitney U test was used to compare AD patients with controls
according to genotype for non-normally distributed variables, and the Student’s t-test was used for
normally distributed variables; * p < 0.01, ** p < 0.001, and *** p < 0.0001. (a) Comparison of the mean
number of CR1/E according to HindIII polymorphisms in AD patients and/or controls. (b) Comparison
of the mean number of CR1/E according to Q981H polymorphisms in AD patients and/or controls.

2.1.2. Association between the CR1 Density Genetic Polymorphism Encoding Q981H and the CR1
Density Phenotypic Polymorphism

Among the 187 subjects investigated, 118 exhibited the QQ genotype, 60 exhibited the QH
genotype, and nine exhibited the HH genotype (Table 2).

Among AD patients, subjects with the QQ genotype had a significantly higher CR1 density
(730 ± 262) than subjects carrying the H allele (QH genotype, 474 ± 189, p < 0.0001; HH genotype,
251 ± 143, p < 0.01), including both the QH and HH genotypes (456 ± 194, p < 0.01), as shown in
Figure 1b.

Similar findings were observed in the control subjects, again showing that the genetic criteria
were in agreement with the phenotypic criteria (the Q allele being associated with a higher density
compared to the H allele).

2.1.3. Study of the Agreement between the HindIII Genotype and Q981H

Analysis of the agreement between the HindIII genotype and Q981H showed excellent results for
AD patients (weighted Kappa coefficient: 0.93; 95% confidence intervals (CIs): 0.86, 1.0), control subjects
(weighted Kappa coefficient: 0.90; 95% CIs: 0.80, 1.0), and the overall population (AD patients +
controls; weighted Kappa coefficient: 0.91; 95% CIs: 0.85, 0.97).

2.1.4. Comparison of CR1 Density Using HindIII and Q981H Genotype in AD Patients vs. Controls

The comparison of CR1 density between patients and controls according to the HindIII genotype
showed a lower density in AD patients homozygous for the H allele compared with controls
homozygous for the H allele (742 ± 262 vs. 864 ± 268, respectively; p < 0.01). Furthermore,
when combining HH and HL subjects, the average CR1 density was significantly lower in AD patients
vs. controls (643 ± 263 and 756 ± 289, respectively; p < 0.01), as shown in Figure 1a.
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A comparison of CR1 density between AD patients and control subjects according to the Q981H
density polymorphism showed that density was significantly lower in patients homozygous for the
Q allele compared with controls homozygous for the Q allele (730 ± 262 vs. 866 ± 261, respectively;
p < 0.01). When combining QQ and QH subjects, the average CR1 density was also significantly lower
in AD patients vs. controls (638 ± 267 and 762 ± 289, respectively; p < 0.001), as shown in Figure 1b.

These findings suggest that, in addition to genetic factors, the low-density phenotype is acquired
in AD.

2.2. Evaluation of the CR1 Length Polymorphisms

Table 2 presents the distribution of subjects according to the CR1 length polymorphism.

2.3. Evaluation of the Serum Levels of sCR1

The average level of serum sCR1 in the overall population enrolled in this study was
27.17 ± 21.55 ng/mL. In AD patients, sCR1 levels were significantly higher than in controls
(31.60 ± 22.86 vs. 21.96 ± 18.71 ng/mL, respectively; p = 0.002). The difference remained significant
after adjustment for age (β = 9.3 ± 3.53; p = 0.009).

2.3.1. Serum sCR1 Levels According to CR1 Length Polymorphisms

In subjects with the genotype CR1*1 CR1*1, the level of sCR1 was significantly higher in AD
patients than in controls (31.69 ± 25.24 vs. 23.38 ± 21.06 ng/mL, respectively; p = 0.048). However,
when subjects with the CR1 short alleles (CR1*1 CR1*1 and CR1*1 CR1*3) were pooled, the difference
between patients and controls was no longer significant. In subjects with the long CR1 allele (CR1*1
CR1*2 and CR1*2 CR1*2), the level of sCR1 was significantly higher in AD patients compared to
controls (31.08 ± 18.60 vs. 18.35 ± 10.14 ng/mL, respectively; p = 0.006). We observed similar findings
in heterozygous subjects (CR1*2 CR1*2 subjects), with a significantly higher level of sCR1 in AD
patients vs. controls (30.43 ± 18.37 vs. 19.01 ± 10.74 ng/mL, respectively; p = 0.027), as shown in
Figure 2.

Figure 2. Comparison of soluble complement receptor 1 (sCR1) levels according to CR1 length
polymorphisms in Alzheimer’s disease (AD) patients and controls. The middle line indicates the mean
value, and the upper and lower horizontal bars indicate the standard deviation values. A Student’s
t-test was used to compare AD patients with controls according to CR1 length polymorphisms for
normally distributed variables; * p < 0.05, ** p < 0.01.
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2.3.2. Evaluation of Serum sCR1 Levels According to the CR1 Density Polymorphisms HindIII
and Q981H

There was no significant difference in sCR1 levels according to genotype, either in the overall
population or in the AD and control groups separately. The comparison of the levels of sCR1 between
AD subjects and controls according to the HindIII genotype showed that there was a significantly
higher level of sCR1 in AD patients homozygous for the H allele compared to controls (31.67 ± 22.23
vs. 20.65 ± 16.99, respectively; p = 0.004). sCR1 levels were also significantly higher in AD patients
compared to controls when we pooled subjects who were homozygous for the H allele and subjects who
were heterozygous for the allele (HH and HL subjects, respectively; 30.77 ± 21.46 and 21.74 ± 18.57,
respectively; p = 0.003), as shown in Figure 3a.

Figure 3. Comparison of sCR1 levels according to CR1 density polymorphisms, HindIII and Q981H
(genotype), among AD patients and controls. Box plots of sCR1 are shown. The upper and lower
limits of the boxes, and the middle line across the boxes indicate the 75th and 25th percentiles,
and the median, respectively. The upper and lower horizontal bars indicate the maximum and
minimum values, respectively. A Student’s t-test was used to compare AD patients with controls
according to CR1 density polymorphisms for normally distributed variables; * p < 0.005; sCR1 = soluble
CR1. (a) Comparison of sCR1 levels according to HindIII polymorphisms in AD patients and controls.
HH = individuals homozygous for the H allele (HindIII polymorphism); HL = individuals heterozygous
for the HindIII polymorphism; LL = individuals homozygous for the L allele (HindIII polymorphism).
(b) Comparison of sCR1 levels according to Q981H polymorphisms in AD patients and controls.
QQ = individuals homozygous for the Q allele (Q981H polymorphism); QH = individuals heterozygous
for the Q981H polymorphism; HH = individuals homozygous for the H allele (Q981H polymorphism).

The comparison of sCR1 levels between AD patients and controls according to the Q981H
genotypes showed significantly higher levels in patients homozygous for the Q allele vs. controls
(31.44 ± 21.71 vs. 20.65 ± 16.83 ng/mL, respectively; p = 0.0038). sCR1 levels were also significantly
higher in patients compared to controls when we grouped subjects who were homozygous for
the Q allele and subjects who were heterozygous for the allele (QQ and QH subjects, respectively;
30.61 ± 21.41 and 21.82 ± 18.79 ng/mL, respectively; p = 0.0048), as shown in Figure 3b.

2.4. Association between CR1/E and sCR1 and the Stage of AD

The comparison of CR1/E between AD subjects according to the stage of AD, as assessed by
Mini-Mental State Examination (MMSE) scores, showed that CR1/E was significantly lower in patients
with moderate or severe AD as compared with mild AD (583.67 ± 238.58 vs. 698.75 ± 295.32,
respectively; p = 0.034), as shown in Figure S1a. In contrast, there was no significant difference
in sCR1 in AD subjects according to the stage of AD (Figure S1b).

In addition, the association between CR1/E and the severity of AD, measured by the MMSE score
and tested using univariate linear regression (with MMSE scores alternatively used as a quantitative
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variable and a categorical variable in two classes) showed that CR1/E density was significantly lower
for moderate and severe AD patients than for mild AD patients (estimate: −115.08; 95% CIs: −221.78,
−8.39; p = 0.035), as shown in Table S1. In contrast, no association was found between sCR1 and AD
severity (estimate: −1.12; 95% CIs: −10.45, −8.21; p = 0.812), as shown in Table S2.

2.5. CR1 Methylation

The second methylation site was associated with a reduction of 6.68 units in density, for an
increase of 1% in methylation (estimate: −6.68; 95% CIs: −12.37, −0.99; p = 0.02), independently of
AD, age, and density polymorphism. Density decreased with age (estimate: −6.51; 95% CIs: −11.79,
−1.23; p = 0.016), as shown in Table 3.

Table 3. Multivariate analysis of factors associated with density.

Variable Unit Estimate 95% CIs p

Alzheimer’s disease – −63.14 −144.89, 18.6 0.129
Age 1 −6.51 −11.79, −1.23 0.016

Density polymorphism HindIII (reference: HH) <0.001
HL – −311.67 −389.16, −234.17
LL – −569.51 −740.02, −398.99

2nd methylation site 1% −6.68 −12.37, −0.99 0.022

Notes: 95% CIs = 95% confidence intervals.

2.6. Assessment of Factors Associated with AD

A multivariate analysis identified six factors that were independently related to AD: age, female
sex, APOE-ε4 carrier, number of CR1 antigenic sites per erythrocyte (density), the level of sCR1, and
the density polymorphism Q981H (Table 4).

Table 4. Multivariate analysis of factors independently associated with Alzheimer’s disease at different
levels of variation in the explanatory variables.

Variable Unit OR 95% CIs p

Age (years) 1 1.182 1.118, 1.260 <0.0001
Sex (female) – 2.605 1.172, 6.050 0.0215
APOE-ε4+ – 4.745 2.152, 11.199 0.0002

Density (number of CR1 antigenic sites per erythrocyte) 30 0.936 0.894, 0.975 0.0025
100 0.801 0.689, 0.920 0.0025
200 0.641 0.475, 0.847 0.0025
400 0.411 0.225, 0.718 0.0025
500 0.329 0.155, 0.661 0.0025

Density polymorphism Q981H (Q vs. HH) – 12.416 1.603, 112.155 0.0193
Serum level of soluble CR1 (ng/mL) 1 1.032 1.013, 1.054 0.0015

10 1.369 1.139, 1.685 0.0015
20 1.874 1.298, 2.840 0.0015
30 2.565 1.479, 4.787 0.0015
40 3.512 1.684, 8.068 0.0015
50 4.807 1.919, 13.597 0.0015

Notes: CR1 = complement receptor 1; OR = odds ratio; 95% CIs = 95% confidence intervals.

We failed to show a significant interaction between CR1 length polymorphisms and APOE
(p = 0.106), or between CR1 density and APOE (p = 0.3795).

To investigate the risk associated with different quantitative variations in the explanatory variables,
the results of the multivariate analysis presented in Table 4 modeled the adjusted risk for a range
of different variations in the two quantitative variables (density and level of sCR1). This enabled
us to explore variations that could be clinically relevant, given the absence of data in the literature.

91



Int. J. Mol. Sci. 2018, 19, 2175

Regarding the variable “density”, since the threshold of biological detection is 30 sites and the average
density in the general population is 500 (150–1500), according to our multivariate model, a variation of
30 sites was associated with a 6.4% reduction in the risk of developing AD. However, a variation of
30 sites is neither clinically nor biologically relevant. Conversely, a variation of 200 antigenic sites has
greater biological discrimination and, according to our model, it was associated with a 35.9% reduction
in the risk of developing AD, which is also more clinically relevant. Furthermore, our multivariate
model showed that an increase of 20 ng/mL in serum sCR1 was associated with a 1.8-fold increase in
the risk of AD (95% CIs: 1.29, 2.84; Table 4).

The multivariate model fitted the data well (p-value for the Hosmer and Lemeshow test = 0.23).

3. Discussion

The originality of our study resides in the combination of phenotypic and genotypic data relating
to CR1 polymorphisms in a well-characterized cohort of AD patients and control subjects. Furthermore,
we confirmed findings from previous works showing that AD is associated with the long CR1
isoform [35,36], and that low CR1 density could explain the association between CR1 and AD [20],
as identified by GWAS [3].

The present study established that abnormally low CR1 density on erythrocytes was associated
with AD, independently of genetic factors. The agreement between the two genotypes associated
with the CR1 density polymorphism (HindIII and Q981H) was excellent, both in patients and controls.
Univariate analysis showed that the presence of the H allele (HindIII) or the Q allele (Q981H) was
associated with significantly higher CR1 density as compared with the L allele (HindIII) or the H allele
(Q981H), both in patients and in controls. However, CR1 density was lower in AD patients compared
with controls in the presence of both the H allele (HindIII) and the Q allele (Q981H). This observation of
lower density in carriers of the high-density allele (H for HindIII or Q for Q981H) was more pronounced
in patients who were homozygous for the allele coding for high density. Altogether, our findings
suggest that genetic factors determining CR1 density are indeed present; however, non-genetic factors,
such as acquired factors, can be involved in AD, resulting in a CR1 low-density phenotype acquired
during the course of AD. This might also contribute to AD development.

With regards to the CR1 length polymorphism, our results generally followed the same trends as
those observed in our previous work [20]. No association between length polymorphism-associated
genotype and density polymorphism-associated genotype was observed. Conversely, we previously
reported an association between the length polymorphism and the density polymorphism at the
protein level. Again, these results support our hypothesis that, in addition to constitutive genetic
factors such as the long CR1 allele, which appears to be linked to regulatory factors probably in the
promoter region, other non-genetic factors also have an effect on CR1 expression. This may lead to a
lower-density phenotype than that expected from the genotype of a given patient, acquired during the
course of the disease. Reciprocally, this could result in a decline in the clearance of the amyloid beta
1-42 (Aβ1-42) peptide, as well as in a lower control of in situ inflammation, in turn leading to a higher
risk of developing AD [13,35,36].

In this study, analysis of five methylation sites revealed an increase in methylation at the second
site located in the additional segment of the long CR1 allele (CR1*2 (S)) suggesting that the increase in
methylation of the long CR1 allele (CR1*2 (S)) might be the direct mechanism of the lower expression
of that isoform at the protein level.

In the present study, serum levels of sCR1 were assessed. Firstly, we showed that sCR1 levels were
higher in AD patients compared with controls. This could be explained by increased proteolysis of
CR1, as shown in patients with diseases related to protease production [17,38], and/or its vesiculation
(exocytosis) demonstrated in erythrocytes [28]. As described in SLE, this suggests that, at the
peripheral level and during the binding or capture of amyloid peptides, C3b molecules are deposited
at the cell surface, and removed together with CR1 as the surrounding molecule via vesiculation
of the membrane [39]. Accordingly, the CR1-enriched vesicles are taken into account in sCR1

92



Int. J. Mol. Sci. 2018, 19, 2175

dosages [40]. Secondly, the univariate analysis performed in our study showed that the long CR1
alleles (CR1*2 and CR1*4) were associated with higher levels of sCR1 in AD patients compared with
controls. In this regard, our results may help explain the pathological observations of Hazrati and
colleagues [36], who found that the distribution of CR1 in the brain was different between CR1 length
polymorphism-associated genotypes, hypothesizing that the CR1*1 isoform is transported between
protein-sorting compartments, whereas the longer CR1*2 isoform accumulates in the membrane of
cytoplasmic vesicles [36]. Taken together, our results suggest that the long CR1 alleles are linked,
during the course of AD, to lower CR1 density, probably due to the effect of other genetic or acquired
factors, which might partially explain the increase in sCR1 through proteolysis and/or exocytosis.

Lastly, using multivariate analysis, we identified six factors that were independently associated
with AD, namely age, female sex, APOE-ε4 carrier, CR1 density, serum sCR1 level, and the density
polymorphism Q981H (Q allele). In fact, age, female sex, and the APOE-ε4 allele were already described
in the literature as risk factors for AD [41]; however, this is the first study showing that CR1 density,
serum sCR1 levels, and the density polymorphism Q981H (Q allele) are independent factors related to
AD. According to our multivariate model, an increase of 200 CR1 antigenic sites was associated with a
35.9% reduction in the risk of developing AD. This does not imply that subjects with a low density
(e.g., 100 CR1/E sites) are at higher risk of developing AD, since the risk of developing AD was not
higher in a subject who expressed 200 CR1/E sites than in a subject who expressed 900 CR1/E sites,
for example. This can likely be explained by the existence of other factors belonging to other systems.
However, when an individual is genetically programmed to display 900 CR1/E sites, yet, under the
influence of external factors, expresses a reduced CR1 density of 200 CR1/E, then the risk of developing
AD would be increased. Our findings showed a high frequency of the QQ or HH genotype, both in
AD patients and in control subjects, which was in line with previous reports [42]. Taken together,
our phenotype and genotype findings suggest that the biological pathway of CR1 expression is ruled
by both genetic and acquired factors that are intrinsically linked. Thus, an acquired reduction in CR1
density, as opposed to a low-density genotype, seems to be associated with an increased risk of AD.
Another finding of our multivariate analysis was that the serum sCR1 level was associated with AD,
independently of age, CR1 density, and density polymorphism (Q allele for Q981H).

Our findings suggest that, in addition to genetic factors, a low density of CR1 is also acquired
during the course of AD, and that the involvement of CR1 in the pathogenesis of AD might be linked to
both insufficient in situ inhibition of complement and/or inflammation, or impaired amyloid protein
clearance in the peripheral blood. In fact, an improved understanding of the pathophysiological
mechanisms of AD may pave the way toward new therapeutic avenues for this disease. In light of
our results, and in view of the physiological role and potential implication of CR1 in the pathogenesis
of AD, two avenues deserve to be further explored: the increase in CR1 expression (which requires
a better understanding of regulatory factors), and the use of recombinant forms of sCR1 to restore
improved control of complement-induced inflammation.

4. Materials and Methods

4.1. Study Population

The study was approved by the regional ethics committee, and written informed consent was
obtained from each participant. All AD patients met the diagnostic criteria for probable AD according
to the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM IV) [43], and the
criteria of the National Institute of Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) [44]. The controls were
subjects without any organic brain or cognitive disorders. Subjects with diseases that were likely
to affect the physiology of CR1, such as hemolytic anemia, terminal renal or liver failure, or SLE,
were excluded from the study. We also excluded subjects receiving treatments likely to modify sCR1
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rates, such as non-steroidal or steroidal anti-inflammatory drugs, as well as those receiving treatments
likely to modify CR1/E density, such as blood transfusion.

Blood samples were drawn into Vacutainer tubes containing 0.12 mL of 0.15%
ethylenediaminetetraacetic acid (EDTA) and 5-mL Vacutainer dry tubes.

4.2. Quantification of CR1 Density Using Flow Cytometry

The mean CR1 density on erythrocytes was determined using flow cytometry and a J3D3
monoclonal antibody (moAb) [45], as previously described [46]. Moreover, the anti-CR1 moAb
J3B11, and the TO5 and E11 moAbs were also used in flow cytometry or in control experiments [20].
A standard curve was obtained from donors of known CR1 antigenic sites, with a density ranging from
180 to 1000 sites per erythrocyte. Flow cytometry was performed on stained cells using a flow cytometer
(FACScan; Becton Dickinson, Mountain View, CA, USA). At least 10,000 events were collected for each
sample. The mean fluorescence intensity channel was used to quantify the staining of each sample.
The detection threshold was 30 CR1 antigenic sites per erythrocyte.

4.3. DNA Extraction

DNA from 2-mL whole blood samples was isolated using the QuickGene-610L (Fujifilm,
Asnières, France). The manufacturer’s instructions were followed according to the recommended
protocol. Briefly, tubes containing 2 mL of EDTA whole blood, 2.5 mL of lysis buffer (containing
guanidine hydrochloride), and 300 μL of proteinase K were mixed and incubated for 5 min at
56 ◦C. After this incubation, 2.5 mL of ethanol (>99%) was added and mixed, and the samples were
applied to the Quickgene Cartridge. Cartridges were placed on the instrument and QuickGene-610L’s
pre-programmed protocol automated the rest of the process, before DNA was finally eluted in 500 μL
of elution buffer.

4.3.1. APOE Genotyping using Amplification and High-Resolution Melting Analyses

PCR was performed in 10-μL volumes in a LightCycler 480 (Roche) using 96-well plates.
The Type-it HRM PCR Kit (Quiagen, Courtaboeuf, France) was used following the LightCycler 480
manufacturer’s instructions and specific primer sets (Spot-to-Lab. Montpellier France) for each SNP
genotyping rs429358 and rs7412 (primer sequences are available on request from the manufacturer).
The temperature-cycling protocol included an initial denaturation step at 95 ◦C for 10 min, followed
by 50 cycles of denaturation at 95 ◦C for 15 s, annealing for 15 s, and extension at 72 ◦C with a
transition from annealing to extension of 2.2 ◦C/s. The touchdown program of the annealing step
was used with a starting temperature of 65 ◦C and a progressive decrease of 0.5 ◦C per cycle to
reach the final temperature of 55 ◦C. The reactions were monitored during PCR at the end of each
extension phase. Following the amplification phase, the samples were heated momentarily in the
LightCycler to 94 ◦C for 1 min and rapidly cooled to 40 ◦C to create heteroduplexes. The melting
curves were obtained by heating from 65 ◦C to 95 ◦C at 0.02 ◦C/s and 25 fluorescent acquisitions
per ◦C. High-resolution melting data were analyzed using the gene scanning module of the LightCycler
480 Software. Allele identification was determined using the combination of rs429358 and rs7412
genotyping results.

4.3.2. Assessment of the CR1 Density Genetic Polymorphism Using HindIII RFLP

The CR1 density polymorphism on erythrocytes was determined using PCR amplification and
HindIII restriction enzyme digestion, as described previously [18]. The PCR primers used were
5′–CCTTCAATGGAATGGTGCAT–3′ and 5′–CCCTTGTAAGGCAAGTCTGG–3′. PCR was performed
on a MyCycler apparatus using the following conditions: a final volume of 100 μL containing 2 μL
of DNA solution (approximately 100–250 ng/μL), a 200-μM concentration of each deoxynucleoside
triphosphate, a 0.5-mM concentration of each primer, 2.5 mM MgCl2, and 2.5 U of Taq GOLD DNA
polymerase (Perkin Elmer Cetus) in the buffer supplied by the manufacturer. The amplification
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conditions were as follows: 10 min at 94 ◦C, followed by 40 cycles of 1 min at 94 ◦C, 1 min at 61 ◦C,
and 2 min at 72 ◦C, before being held for 10 min at 72 ◦C.

For RFLP determination, 30 μL of PCR product and 2 μL of HindIII were incubated in a final
volume of 50 μL in the buffer supplied by the manufacturer at 37 ◦C for 2 h, followed by analysis on a
2% ethidium bromide gel.

Using this protocol, HindIII digestion did not alter the PCR product (1.8 kb) from individuals
who were homozygous for the CR1 high-density allele (HH). The 1.8-kb band was fully split into
two smaller bands of 1.3 and 0.5 kb in samples from individuals who were homozygous for the CR1
low-density allele (LL).

4.3.3. Determination of the CR1 Density Genetic Polymorphism by Pyrosequencing

Q981H (Exon 19) Amplification for Pyrosequencing

The PCR primers used were 16aL 5′–GCTACATGCAGGTTGAGACCTTAC–3′ and
PCRE111926RE 5′–CTGAGATGTGGCTAGAAAGTAC–3′. PCR was performed on a MyCycler
apparatus using the following conditions: 50 μL of final volume containing 1 μL of DNA solution
(approximately 100–250 ng/μL), a 200-mM concentration of each deoxynucleoside triphosphate,
a 0.5-mM concentration of each primer, 2 mM MgCl2, and 1.25 U of Taq DNA polymerase (Promega,
Madison, WI, USA) in the buffer supplied by the manufacturer. The amplification conditions were
as follows: 10 min at 94 ◦C, followed by 40 cycles of 1 min at 94 ◦C, 1 min at 64 ◦C, and 1 min at
72 ◦C, before being held for 10 min at 72 ◦C. Nested PCR was then performed using the primers
PCRE111926RE and PCRssCR1LikeBIOT 5′–AAATCATGTAAAACTCCTCCAGA–3′ biotinylated on
its 5′ end to allow immobilization of the PCR product on streptavidin beads and the preparation of
single-stranded DNA. One microliter of the first PCR reaction diluted at 1:500 in water was used for
the nested PCR. The procedure used for the second PCR procedure was the same as that used in the
first PCR. All fragments were subjected to gel electrophoresis on agarose gels containing ethidium
bromide, before isolation for pyrosequencing.

Pyrosequencing

Primers were drawn to anneal adjacent to codons Q981H of the CR1 gene: PCR2Q981H35rev
5′–TGATTCTGGATCCAA–3′. The biotinylated PCR product (40 μL) was immobilized onto 4 μL of
streptavidin-coated Sepharose beads (>1.2 nmol binding capacity; Amersham Pharmacia Biotech,
Uppsala, Sweden) in 40 μL of binding buffer (10 mM Tris-HCl (pH 7.6), 2 M NaCl, 1 mM EDTA,
and 0.1% Tween 20) on a shaker (1400 rpm) at room temperature for 10 min. PCR products immobilized
on beads were transferred to a 96-well filter plate (Millipore, Molsheim, France) and vacuum-dried.
Single-stranded DNA was obtained by adding 50 μL of denaturation solution (0.2 M NaOH) for
1 min. The immobilized strand was washed twice with 150 μL of washing buffer (10 mM Tris-acetate
(pH 7.6)), re-suspended in 45 μL of annealing buffer (20 mM Tris-acetate (pH 7.6) and 2 mM magnesium
acetate), and transferred into wells containing 15 pmol of sequencing primer in a volume of 1.5 μL of
annealing buffer. The plate was heated at 61 ◦C for 5 min. Real-time pyrosequencing was performed
at 28 ◦C in an automated 96-well pyrosequencer using PSQ SNP 96, with enzymes and substrate
(Pyrosequencing AB, Uppsala, Sweden), with cyclic dispensation of nucleotides. The computer
analysis was based on an algorithm that compared the height of the different peaks and the base
number of the polymorphic fragment.

4.3.4. Determination of the rate of CR1 methylation by Pyrosequencing

Amplification of the CR1 gene (LHR-B segment and LHR-C segment) for Pyrosequencing

The PCR primers used were methF1 (5′–GGAAGTTGATGAGGTATGTATAGTATAA–3′) and
methR1biot (5′–AATACCATTTCCAAAAAAAATAAAATCCA–3′). PCR was performed on a MyCycler

95



Int. J. Mol. Sci. 2018, 19, 2175

apparatus using the following conditions: 50 μL of final volume containing 1 μL of DNA solution
(approximately 100–150 ng/ μL), a 16-nM concentration of each deoxynucleoside triphosphate,
a 0.5-mM concentration of each primer, 1.5 mM MgCl2, and 2 U of AmpliTaq Gold DNA polymerase
(Perkin-Elmer, Roissy, France) in the buffer supplied by the manufacturer. The amplification conditions
were as follows: 10 min at 94 ◦C, followed by 40 cycles of 30 s at 94 ◦C, 30 s at 49 ◦C, and 30 s at 72 ◦C,
before being held for 7 min at 72 ◦C. All fragments were subjected to gel electrophoresis on 2% agarose
gels containing ethidium bromide, before isolation for pyrosequencing.

Pyrosequencing

Primers were drawn to anneal adjacent to five methylated bases of the LHR-B segment and
LHR-C segment of the CR1 gene (Figure S2): methS0PYRO (5′–TTT-TAT-TTT-TTG-TTT-TTA-GG–3′),
methS1PYRO (5′–GGT-TAT-TTA-TTT-GTT-GAA-TGT-ATT-T–3′), and methS2PYRO (5′–ATG-TAT-
TTT-TTA-GGG-TAA-TGT-TGT–3′). The biotinylated PCR product (40 μL) was immobilized onto 4 μL
of streptavidin-coated Sepharose beads (>1.2 nmol binding capacity; Amersham Pharmacia Biotech,
Uppsala, Sweden) in 40 μL of binding buffer (10 mM Tris-HCl (pH 7.6), 2 M NaCl, 1 mM EDTA, and
0.1% Tween 20) on a shaker (1400 rpm) at room temperature for 10 min. PCR products immobilized
on beads were transferred to a 96-well filter plate (Millipore, Molsheim, France) and vacuum-dried.
Single-stranded DNA was obtained by adding 50 mL of denaturation solution (0.2 M NaOH) for 1 min.
The immobilized strand was washed twice with 150 mL of washing buffer (10 mM Tris-acetate (pH 7.6),
re-suspended in 40 μL of annealing buffer (20 mM Tris-acetate (pH 7.6) and 2 mM magnesium acetate),
and transferred into wells of PSQ 96 Plate Low (40-0010, Qiagen, Courtaboeuf, France) containing
15 pmol of sequencing primer in a volume of 40 μL of annealing buffer. The plate was heated at 81 ◦C
for 2 min. Real-time pyrosequencing was performed at 28 ◦C in an automated 96-well pyrosequencer
using PSQ SNP 96, with enzymes and substrate (Pyrosequencing AB, Uppsala, Sweden), with cyclic
dispensation of nucleotides. The computer analysis was based on an algorithm that compared the
height of the different peaks and the base number of the polymorphic fragment.

4.3.5. Determination of the CR1 Length Genetic Polymorphisms Using High-Resolution Melting
PCR (HRM-PCR)

The CR1 length polymorphism was determined at the genetic level using HRM, as described
previously [47]. Original primers (CN3: 5′–GGCCTTAGACTTCTCCTGC–3′ and CN3re: 5′–GTTGA
CAAATTGGCGGCTTCG–3′) were synthesized by Eurogentec (Seraing, Belgium). PCR was performed
in a total volume of 20 μL, using 10 μL of 2× LightCycler 480 High-Resolution Melting Master Kit
(Roche, Meylan, France), 1 μL of 300 nM forward primer, 1 μL of 300 nM reverse primer, and 10 ng of
DNA. PCR was performed on a 96-well thermal cycler (Veriti; Applied Biosystems, Ontario, Canada)
using an amplification protocol of one cycle at 95 ◦C for 10 min, followed by 45 cycles at 95 ◦C for 10 s,
62 ◦C for 15 s, and 72 ◦C for 20 s. The HRM of the amplicons using the LightCycler 480 System (Roche)
displayed the melting-curve profiles corresponding to the four CR1 length polymorphisms.

4.4. Quantification of sCR1 Using ELISA

Blood samples obtained in dry tubes were centrifuged at 1200× g for 10 min. Serum was aliquoted
then frozen at −20 ◦C. An anti-sCR1 ELISA kit (USCN Life Science Inc., Houston, TX, USA) was
used according to the manufacturer’s instructions. Serum was diluted 1/10, and the minimal dose of
detectable sCR1 (sensitivity) was 0.124 ng/mL. The detection range was 0.312–20 ng/mL. All samples
and standards were measured in duplicate, and the means were used for statistical analyses.

4.5. Statistical Analyses

Quantitative variables are presented as mean ± standard deviation (m ± SD), and qualitative
variables as numbers (percentage). Univariate analysis was performed using comparison of means
(Student’s t, Mann-Whitney U, or Kruskal-Wallis tests, or ANOVA), comparison of percentages

96



Int. J. Mol. Sci. 2018, 19, 2175

(chi-squared or Fisher’s exact test), or correlation (Pearson correlation coefficient, r), as appropriate.
Paired tests (Student’s paired t-test or the Wilcoxon test) were used for comparisons within groups,
and unpaired tests for comparisons between groups. Bonferroni’s correction was applied to comparisons
within groups and between groups for each genotype polymorphism (HindIII and Q981H), to control the
alpha error due to the risk of inflation from multiple testing. Assuming five comparisons, p-values < 0.01
were considered significant for these tests. Agreement between the HindIII and Q981H genotypes was
measured using the weighted Kappa coefficient. Multivariable analysis was performed to identify
factors independently associated with AD. A logistic regression model was constructed using the
stepwise method after adjustment for onset/inclusion age and other potential confounders (sex,
APOE-ε4 genotype, and comorbidities). The interaction between APOE and CR1 was also tested.
The threshold for entry into and exit from the model was p < 0.20. The goodness-of-fit of the model
was tested using the Hosmer-Lemeshow test. The results are presented as odds ratios (ORs) with 95%
confidence intervals (CIs). A p-value < 0.05 was considered statistically significant. All analyses were
performed using the SAS software (version 9.4; SAS Institute, Inc., Cary, NC, USA).

The association between density and methylation was explored using multivariate linear
regression. Univariate linear regressions were performed between density and each covariate
separately. Manual descending stepwise analysis was performed with methylation-related variables
and all variables with a p-value strictly less than 0.20. AD was forced during the selection. The selection
was complete when the p-value of all variables (except AD) was strictly less than 0.05. The overall
p-values of qualitative variables were calculated using a likelihood ratio test. Mean methylation was
calculated as the mean of the five methylation sites whenever the results of at least two methylation
sites were available.

The variables selected for the stepwise procedure were density polymorphisms Q981H and
HindIII, AD, age, APOE-ε4, methylation sites 1 to 5, and mean methylation (Table S3). No interaction
was introduced into the model (Table S4). The final model included AD, age, density polymorphism
HindIII, and the second methylation site. A p-value < 0.05 was considered statistically significant.

5. Conclusions

Our data (i) confirm the link between the long CR1 isoform and AD; (ii) show that the long CR1
isoform, despite exhibiting more C3b/C4b binding sites per molecule, is less frequently expressed
than the other CR1 isoforms, probably through a higher methylation level; (iii) show that an acquired
decrease in CR1/E in association with a higher level of sCR1 was observed in AD patients compared
to controls; (iv) rather than an increase in complement downregulation and immune complexes or
deposit removal initially inferred from the presence of the long CR1 isoform, which exhibits one
additional C3b/C4b binding site per molecule, a less effective CR1 cleaning ability pattern in AD
emerges progressively. This hypothesis opens new avenues for therapeutic research [12,48].

6. Patents

Rachid Mahmoudi, Aymric Kisserli, and Jacques HM Cohen are the inventors of a patent owned
by the University of Reims Champagne-Ardenne (URCA) (patent number WO 2015166194).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/8/
2175/s1. Figure S1: Comparison of the mean number of complement receptor 1 per erythrocyte (CR1/E) and
soluble CR1 (sCR1) in AD patients according to AD stage. Box plots of CR1/E are shown. The upper and lower
limits of the boxes, and the middle line across the boxes indicate the 75th and 25th percentiles, and the median,
respectively. The upper and lower horizontal bars indicate the maximum and minimum values, respectively.
A Student’s t-test was used for normally distributed variables; * p = 0.034. (a) Comparison of the mean number of
CR1/E in AD patients according to the stage of AD. (b) Comparison of the level of sCR1 in AD patients according
to the stage of AD stage; Figure S2: DNA sequence alignment of the high-resolution melting PCR (HRM-PCR)
amplicons, and positions of the methylated sites according to the genomic reference sequence (NG 007481.1)
corresponding to the long allele of CR1 (CR1*2). Two areas of the long homologous region B (LHR-B) of CR1
are amplified at positions 48743 to 48960 and 67300 to 67517 corresponding to the LHR-B segments, and one
area is amplified at position 84358 to 84574 corresponding to the LHR-C segment. The positions of the five
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methylated sites (SM1, SM2, SM3, SM4, and SM5) are framed in color. In blue, SM1 is located at positions 48858,
67415, and 84472, SM3 is located at positions 48919, 67476, and 84533, SM4 is located at positions 48925, 67482,
and 84539, and SM5 is located at positions 48939, 67496, and 84553. In orange, SM2 is located at positions 48895
and 67452, but is missing at position 84509; Table S1: Univariate linear regression between CR1/E density and
MMSE score as a quantitative variable (values 0–30) and as a qualitative variable in two classes (Mild: 21 to 30
vs. moderate/severe: 0 to 20); Table S2: Univariate linear regression between SCR1 rate and MMSE score, as a
quantitative variable (values 0–30) and as a qualitative variable in two classes (Mild: 21 to 30 vs. moderate/severe:
0 to 20); Table S3: Univariate analysis of density and covariates, ordered by p-value; Table S4: Tests of interaction.
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Abstract: A major cause underlying familial Alzheimer’s disease (AD) are mutations in presenilin
proteins, presenilin 1 (PS1) and presenilin 2 (PS2). Presenilins are components of the γ-secretase
complex which, when mutated, can affect amyloid precursor protein (APP) processing to toxic
forms of amyloid beta (Aβ). Consequently, presenilins have been the target of numerous and
varied research efforts to develop therapeutic strategies for AD. The presenilin 1 gene harbors the
largest number of AD-causing mutations resulting in the late onset familial form of AD. As a result,
the majority of efforts for drug development focused on PS1 and Aβ. Soon after the discovery of the
major involvement of PS1 and PS2 in γ-secretase activity, it became clear that neuronal signaling,
particularly calcium ion (Ca2+) signaling, is regulated by presenilins and impacted by mutations in
presenilin genes. Intracellular Ca2+ signaling not only controls the activity of neurons, but also gene
expression patterns, structural functionality of the cytoskeleton, synaptic connectivity and viability.
Here, we will briefly review the role of presenilins in γ-secretase activity, then focus on the regulation
of Ca2+ signaling, oxidative stress, and cellular viability by presenilins within the context of AD and
discuss the relevance of presenilins in AD drug development efforts.

Keywords: γ-secretase; amyloid beta; calcium signaling; drug target discovery; endoplasmic
reticulum; inositol 1,4,5-trisphosphate receptor; ion channel; oxidative stress; ryanodine
receptor; therapy

1. Introduction

Presenilins have long been known to play a role in familial Alzheimer’s disease (AD)
pathogenesis [1]. With two presenilin genes in vertebrates, homologs of the human genes PSEN1
and PSEN2, the two resulting presenilin proteins, presenilin 1 (PS1) and presenilin 2 (PS2) [1] are
constituents of the multi-subunit γ-secretase complex which facilitates proteolytic processing of
amyloid precursor protein (APP) [2]. Mutations in APP lead to accumulation of amyloid-beta peptides
(Aβ), which can be toxic to neural tissue and contribute to AD pathology in the brain [2] with recent
studies indicating that the formation of annular protofibrils by Aβ leads to membrane permeabilization
and subsequent dysregulation of ion homeostasis [3]. PS1, specifically, is associated with familial AD
in part by influencing Ca2+ signaling [4], yet there is still much to be uncovered about presenilins
with new studies revealing more about non-canonical (non-γ-secretase–related) functions. Here,
we discuss the role of PS1 and PS2 in cellular oxidative stress, in protein degradation/autophagy, and in
regulating intracellular endoplasmic reticulum (ER) Ca2+ channels (i.e., inositol 1,4,5-trisphosphate
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receptors (IP3Rs) and ryanodine receptors (RyRs)). Investigating this involvement of presenilins in
Ca2+ signaling results in unique challenges due to the ubiquitous expression of IP3Rs and RyRs by
a wide range of cell types in almost every tissue and organ. This challenge also represents a unique
opportunity for drug target discovery and clinical drug development efforts by taking advantage of
recently identified mechanisms that place presenilins at the crossroads of oxidative stress, calcium
signaling, and neuronal viability. Combining such insights with the newly identified role of presenilin
involvement in neuronal calcium signaling represents novel opportunities in drug development for
Alzheimer’s disease, the focus of the present review.

2. γ-Secretase Activity of Presenilin

The role of presenilins, APP and γ-secretase in AD pathogenesis has been widely studied.
Presenilin proteins, PS1 and PS2, are constituents of the γ-secretase complex, which carry out
amyloid precursor protein (APP) proteolytic processing [2]. Three new novel PS1 mutations have been
uncovered in patients with a vast heterogeneity of clinical phenotypes [5]. Investigation of wild-type
γ-secretase with six familial Alzheimer’s disease (FAD) mutants in PS1 and five FAD mutants in the
Aβ peptide segment of the APP revealed that all mutations were associated with decreased γ-secretase
activity and a reduced age of disease onset and death [6]. Furthermore, an increase in the ratio between
Aβ expression and γ-secretase activity was an early sign of disease in both sporadic and familial
AD [6]. The PS2 K115Efx10 mutation causes PS2 protein truncation, and resembles a PS2 isoform,
PS2V, which is found in late onset AD brains [7]. Additionally, PS2V mutants were able to activate
γ-secretase activity which, under hypoxic conditions, correlated with an attenuation of the unfolded
protein response [7].

Mature PS1 has many distinct conformational states while non-mature PS1 has only one state [8].
Structural studies of PS1 reveal a so-called “gate-plug” structure where the site responsible for
endo-proteolytic cleavage is found. Transmembrane 5 and 6 regions (TM5 and TM6) make up
the gate while the exon 9 loop region of the protein makes up the plug. A so-called “unplugging
mechanism” by endo-proteolysis and subsequent removal of exon 9 loop is associated with the mature
PS1, and susceptibility of a gate-plug region to conformational changes may indicate how PS1 mutants
initiate disease [8]. Diminished access and inaccurate cleavage of substrate, along with the altered
gate-plug activity, may explain why PS1 mutations are correlated with reduced Aβ levels and increase
in Aβ42:Aβ40 ratio [8]. Changes to TM5 and TM6 histidines (H171A and H197A) reduce self-cleavage
of PS1 and interaction with additional γ-secretase constituents, leading to reduced Aβ generation [9].

Substitution of histidines with lysine residues in TM5 and TM6 yields structurally normal
γ-secretase complexes however with defective enzymatic activity [9].

Saturation of γ-secretase with substrate may mechanistically underlie AD pathogenesis by
increasing the Aβ42:Aβ40 ratio, suggesting that competitive γ-secretase inhibitors may be potential
therapeutics for AD [10]. Noncompetitive inhibitors, on the other hand, may worsen AD by promoting
APP saturation [10]. Two conserved AXXAXXXG motifs were identified in PS1 and PS2, and their
involvement in γ-secretase complex configuration were found to be involved in the alternation between
normal and pathological γ-secretase conformations [11].

Small molecule γ-secretase modulators were investigated as potential therapies for AD by
reducing Aβ42 while not blocking γ-secretase processing of substrates [12]. Using a photo-affinity
probe, E2012-BPyne, that specifically labeled the N-terminus of PS1 within the active γ-secretase,
but not the full-length PS1 in the active form, γ-secretase displayed several binding sites with separate
functions [12].

The subcellular localization of γ-secretase has been investigated as a contributing factor to Aβ

production. The protein Retention in Endoplasmic Reticulum 1 (RER1) controls the intracellular
trafficking of γ-secretase [13]. While overexpression of RER1 results in decreased localization of
γ-secretase to the cell surface and decreased secretion of Aβ secretion, knockdown of RER1 in turn
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increased both levels of γ-secretase on the cell surface and Aβ secretion [13]. All in all, increased RER1
decreases the mature APP form leading to reduced surface APP accumulation [13].

Mice engineered to express wild type or mutant PS1 in the central nervous system (CNS) and
HEK293 cells engineered to express PS paralogs revealed γ-secretase interactions with synaptic
vesicle complexes and fusion to cellular membranes as well as H+ transporting lysosomal ATPase
complex [14]. The peptidase was mainly co-purified with γ-secretase complexes containing PS2 to
control Aβ production [14].

The roles of γ-secretase orthologs from other species have provided clues to non-canonical
γ-secretase functions. For example, Dictyostelium discoideum γ-secretase orthologs can proteolytically
process ectopically expressed human APP to yield Aβ peptides (Aβ40 and Aβ42), but γ-secretase-
deficient strains cannot generate Aβ peptides [15]. Dictyostelium γ-secretase was also found to be
important for phagocytosis and cell fate determination. These data suggest that phagocytosis may
require an active γ-secretase in mammalian and Dictyostelium cells [15].

In AD patients with mutated PS1, Coupland et al. identified a decrease in the DNA methylation
of the promoter for the gene encoding microtubule-associated protein tau (MAPT) as a common
phenomenon in a specific brain-region of these AD patients [16].

3. Presenilins and Ca2+ Signaling

Dysfunction in Ca2+ signaling can contribute to age-related central nervous system (CNS)
decline [17]. Such damage in brain aging, especially in AD, is thought to be the result of numerous
micro-injuries such as oxidative damage in synapses and loss of Ca2+ homeostasis leading to increased
cytosolic Ca2+ concentrations [18]. Long term potentiation is reduced following presynaptic (but not
postsynaptic) deletion of presenilins mimicking the depletion of ER Ca2+ stores by RyR inhibitors [19].
Presynaptic presenilin deficiency also reduced evoked glutamate release, indicating that presenilins
play a role in activity-dependent neurotransmitter release and that presynaptic dysfunction represents
an early event in AD development [19].

Neurons expressing mutant PS1 exhibit an increase in calcineurin activity and inhibition
or reversal of this elevated calcineurin activity stabilized GluA1 phosphorylation and improved
homeostatic synaptic plasticity [20]. Improvement of homeostatic synaptic plasticity leads to
attenuation of AD-related cognitive decline and likewise improvement in learning and memory [20].
A novel γ-secretase modulator (compound-1) reduces Aβ expression thus relieving cognitive
dysfunction in Tg2576 APP transgenic mice, a common mouse model of AD [21]. In mice embryogenic
fibroblast cells, this inhibitor also plays a role in Ca2+ signaling by enhancing long-term potentiation
(LTP), an indicator of synaptic strength [21].

Presenilins are regulators of intracellular calcium stores. RyRs and IP3Rs, major intracellular Ca2+

channels residing in the ER, are regulated by PS proteins. Furthermore, the expression of ER resident
Ca2+ channels is increased in neurons expressing mutant PS1 [20]. The presenilin–ryanodine receptor
(PS–RyR) interaction, where PS1 and PS2 N-termini bind the cytoplasmic face of RyR, regulates channel
activity [22] similar to the actions of other AD related proteins binding to the RyR [23]. Investigation
of the expression patterns of PS1 and PS2 identified an overall decrease in PS1 level with increase in
PS2 level in older mice [24].

A PS1 N-terminal fragment (NTF), which lacks four cysteine residues, decreased total
RyR-mediated Ca2+ release, while a PS2 NTF, which contains four cysteine residues, had no effect [25].
These cysteines were mutated, allowing conversion of PS1 NTF function to PS2 NTF-like function and
vice versa, likely based on differential RyR binding [25]. Inactivation of presenilin in the hippocampus
has no effect on ER Ca2+ concentration, but in the absence of presenilin, RyR levels and function
were decreased in the hippocampus [26]. This suggests a connection between presenilin and Ca2+

homeostasis via RyR, further supporting the idea that loss of Ca2+ homeostasis is an early pathologic
injury in AD [26].
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The effect of Aβ plaque proximity to disruptions in hippocampal pyramidal neuron Ca2+ signaling
was investigated. No significant correlation between Aβ plaque proximity to cells with altered Ca2+

signaling was found [27]. These data suggest that early disruptions in pyramidal cell Ca2+ signaling
occur through Aβ plaque-independent mechanisms [27]. Neuronal presenilins in Drosophila have no
role on resting Ca2+ channels but cause deficits in intracellular Ca2+ stores [28]. In addition, calmodulin
null mutations suppress presenilin-induced deficits in Ca2+ stores [28].

Lee et al., 2015, studied the notion that the mechanism by which PS1 deletion impacts AD was
through lysosomal acidification [29]. Their studies revealed that an increased pH in the lysosomes
of PS1 knockout (PS1KO) cells caused abnormal Ca2+ efflux from lysosomes, resulting in increased
cytosolic Ca2+ concentrations [29]. Normalizing lysosomal pH restored Ca2+ homeostasis, but restored
Ca2+ homeostasis in turn by itself did not result in adequate acidification of lysosomes or reverse
proteolytic and autophagic effects. This led the authors to conclude that an instable lysosomal vesicular
ATPase (vATPase) subunit in PS1-deficient cells causes the deficits in lysosomal autophagy [29].

4. Presenilins and Oxidative Stress

Oxidative stress is a contributing factor to Alzheimer Disease pathogenesis, with several theories
supporting a connection between oxidative stress and the accumulation of Aβ [30]. As monomeric Aβ

facilitates glutathione release from astrocytes, it potentially contributes to protection from oxidative
stress, a function that is reduced with Aβ42 aggregation and subsequent depletion of monomeric
Aβ42 [31]. Presenilins are involved in neuroprotection against oxidative stress [30]. PS1 was determined
to be important for neurotrophic factor-mediated neuroprotection against excitotoxicity and oxidative
stress and was not dependent on the role of PS1 in γ-secretase activity, as γ-secretase inhibitors
lacked any effect on trypsin-induced neuroprotection [32]. This mechanism seems to stem from PS1
mutants being unable to use trypsin to subsequently rescue neurons from excitotoxicity by activating
extracellular signal-regulated kinase 1/2 (ERK1/2) [32]. As expected, PS mutants inhibited neuronal
protection against toxic insults [32]. Exposure of neurons to low concentrations (0.25 ppm) of ozone
lead to significant increases in Aβ42 in mitochondrial fractions, reduction in Aβ40, overexpression
of PS2, and reductions in ADAM10 expression [30], suggesting that Aβ42 accumulation may be
involved in mitochondrial dysfunction and subsequent oxidative stress [30]. Sarasija et al. also studied
Ca2+ transfer, but instead investigated a presenilin analog SEL-12 which regulates ER Ca2+ release,
demonstrating that mutations in SEL-12 causes mitochondrial fragmentation and dysfunction [33].
This role in mitochondrial damage did not require γ-secretase activity and amyloid plaques [33].

The effect of certain diabetes drugs on Aβ production and oxidative stress has been investigated.
Administration of the insulin sensitizer, metformin, increases APP and presenilin expression via
NF-κB activation [34]. In contrast, insulin administration antagonized the effects of metformin by
decreasing Aβ levels and reducing oxidative stress and mitochondrial dysfunction [34]. Interestingly,
monomeric Aβ42 is capable of activating the phosphatidylinositol-3-kinase pathway and thereby
generates neuroprotection via insulin-like growth factor-1 and other receptors [35]. This raises the
interesting notion that part of Aβ toxicity is the result of a depletion of Aβ42 subsequent to Aβ42

oligomerization and polymerization [35].
The relationship between mitochondrial function and chaperone-mediated RyR degradation in

cardiomyocytes (as well as fibroblast number) was studied in AD patients with PS1 mutations [35].
Fibroblasts with the AD mutation had elevated Aβ42, reduced ATP levels, reduced mitochondrial
respiration, and impaired mitochondrial respiratory capacity [36].

Copper (Cu2+) is important for enzymatic antioxidant activity, namely as a cofactor in the
antioxidant enzyme superoxide dismutase (SOD) [37]. While PS1 and PS2 play roles in Cu2+ uptake,
presenilin knockdown in Drosophila reduces Cu2+ levels and consequently decreases SOD [37].
These presenilin knockdown Drosophila were sensitive to SOD-inducing chemical paraquat, supporting
the role of presenilin on SOD activity [37]. Interestingly, in Zebrafish, a truncated PS2 isoform, PSV2,
is induced in spontaneous AD under hypoxic conditions and conditions of high cholesterol [38].
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PSV2 normally increases γ-secretase activity [38]. Zebrafish possess another presenilin isoform, PS1IV,
an isoform similar to PS2V in humans [38]. It is associated with changes in cytokine gene expression,
such as IL1β and CCR5, and in addition, the absence of PS1IV under hypoxic conditions is associated
with changes in vascular development, protein synthesis, Ca2+ homeostasis, and cell proliferation [38].

Drosophila presenilin interacts with the enzymes thiol-specific antioxidant (TSA) and
proliferation-associated gene (PAG), both involved in cellular antioxidant activity, and thereby affects
Notch signaling [39]. Transgenic presenilin expression in precursor cells of wing and sensory organ
caused a Notch loss-of-function phenotype [38]. In fact, co-expression of presenilin with proteins
resulted in a more severe and penetrant Notch loss-of-function phenotype than PS expression alone [39].
Such signaling mechanisms involved in inflammation appear to be of particular importance given
the role inflammation has in AD development in the presence of high Aβ levels [40] and that other
pathogenic signaling mechanism such as tau protein cleavage and of the formation of neurofibrillary
tangles respond to intervention with antioxidants [41].

Pedrozo et al. induced chaperone-mediated autophagy (CMA) in cardiomyocytes with
geldanamycin, which prevented the loss of RyR2 degradation, suggesting that presenilins were
involved in this process [42]. Presenilins, therefore, are involved in CMA and can target oxidatively
damaged RyR2 [42].

5. The Role of Presenilins in Proteasome Function and Autophagy

Presenilin has many roles including, but not limited to, RyR regulation and interaction with other
regulatory pathways. Hwang et al. demonstrated that PS2 mutations can lead to NF-κB mediated
amyloidosis [43]. Presenilins have two roles: proteolysis-dependent activity in the γ-secretase complex
and activities in cellular signaling that are independent of proteolytic activity [44]. The coupling of
ubiquitin conjugation to endoplasmic reticulum degradation (CUE) ubiquitin binding domain of PS1
coordinates polyubiquitination at lysine 63 [45].

Recent studies determined the effect of presenilins in the autophagy/lysosome system and
found that presenilin deficit led to a reduction in lysosomal Ca2+ stores regardless of lysosome
accumulation, and prevention of the organization of two-pore channels 1 and 2 (TPC1 and TPC2) [46].
This indicates that modifications in lysosomal Ca2+ due to presenilin deficiency can lead to interference
of autophagy [46]. In addition, genetic deletion or knockdown of presenilins can lead to a buildup
of autophagosomes independent of γ-secretase activity [47]. Ablation of Dictyostelium presenilins
lead to PS1-mediated restoration of the terminal differentiation of multiple cell types independent of
its proteolytic effect [44]. Presenilin loss in Dictyostelium leads to elevated cAMP concentrations and
elevated Ca2+ release, indicating that presenilins indeed regulate signaling pathways [44].

The impact of loss of PS1 activity on lysosomal alkalization and subsequent impairment of
autophagosomal function was determined, but investigations were unable to identify presenilin
involvement in controlling autophagy [48]. Studies of mice brains lacking PS, however, revealed
a function for PS in regulating lysosomal formation [48].

Tequila and mammalian analog Prss12 gene expression is reduced by presenilins in brains of
Drosophila melanogaster larvae and in mouse embryonic fibroblasts [49]. A mature γ-secretase complex
was found to be essential for inhibiting neurotrypsin expression and reduction of agrin cleavage,
but PS1 processing of γ-secretase substrates was not required for this activity [49]. Silencing of the
Drosophila ortholog of presenilins (dPsn) lowered the heart rate, while dPsn overexpression increased
it [50]. dPSN silencing also increased dIP3R expression and decreased dSERCA expression, while dPsn
overexpression lowered dRyR expression [50]. All in all, changes in presenilin expression resulted
in cardiac dysfunction via aberrant Ca2+ signaling and disrupted Wnt signaling [50] (summarized in
Table 1).
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Table 1. Presenilin function within cells.

Presenilin Function Protein/Signaling Targets References

γ-secretase complex activity APP [2,6,7,10–15]

Ca2+ signaling
IP3R, RyR (mammalian); regulation of dIP3R, dSERCA and

dRyR expression (Drosophila melanogaster); SEL-12
(Caenorhabditis elegans)

[4,17–22,25,26,28,29,33,46]

Oxidative stress
trypsin-mediated ERK1/2 activation, mitochondrial proteins,
thiol-specific antioxidant (TSA) and proliferation-associated

gene (PAG)
[18,30,32,39,42]

Proteolysis Trypsin, CREB activity [32,49]

Lysosome/Autophagy
vATPase regulation, chaperone-mediated autophagy,

two-pore calcium channel expression, lysosomal proteolysis,
lysosomal acidification

[29,42,46–48]

Cellular signaling Notch, inflammatory signaling [38,39]

Cu2+ uptake reduced Cu2+ uptake, reduced SOD expression [37]

Cellular
differentiation/development Proteolytic agrin cleavage [15,44,49]

6. Functions of Presenilins Outside of AD

Besides its well-documented role in AD, presenilins also play many roles in other diseases (see
Table 2). This results in both a more differentiated view of the involvement of PS and potentially
opens up new avenues for drug targeting and drug discovery. The role of a gene, which interacts
with PTEN-induced putative kinase in mitochondrial homeostasis and during early-onset Parkinson
disease, called presenilin-associated rhomboid-like (PARL), was investigated [51]. Single nucleotide
polymorphisms in PARL represented a rare cause of Parkinson disease [51].

Presenilin is also involved in variants of cancer, as PS1 was amplified in gastric cancer and
correlated with a poor survival and increased metastasis [52]. This mechanism may be explained by
the E-cadherin cleavage and β-catenin release by PS1, thus allowing β-catenin nuclear translocation
and transcriptional activations to promote gastric cancer progression [52]. Fusion transcripts between
large tumor suppressor 1 (LATS1) and PS1 genes were unable to phosphorylate yes-associated protein
and subsequently inhibit the growth of malignant mesothelioma cells [53].

PS1 is also involved in the development of the skin disorder hidradenitis suppurativa or acne
inversa. Defective Notch signaling due to loss of function mutations of PS-1 and other γ-secretase
subunits likely contributes to the pathogenesis of hidradenitis suppurativa affecting integral membrane
proteins such as Notch, E-cadherin, or CD44 [54]. A Mutation of PS2 was identified as a genetic
cause for familial comedones syndrome, which has clinical phenotypes similar to hidradentis
suppurativa [55].

While a clear link has been demonstrated between development of Alzheimer’s disease and
increasing age, links have also been found between PS function and normal aging. A preclinical model
for aging was used to identify changes in cerebellar and forebrain PS expression that correlate with
performance in motor function, memory, and learning in aged rats, where PS1 was decreased while
PS2 was increased [24]. Puig et al. identified the roles of mutant APP and PS1 in the enteric nervous
system [56]. They found that APP/PS1 mice had normal gastrointestinal function, but they had higher
luminal IgA and APP, indicating elevated proinflammatory factors and immune cell activation [56].

Presenilins also play a role in cardiac function. Chaperone-mediated autophagy (CMA), a process
involved in the degradation of soluble proteins in the cytosol, occurs by lysosome associated membrane
protein type 2A- (LAMP-2A)-facilitated degradation [42]. LAMP2 mutations can lead to Danon disease,
characterized by hypertrophic cardiomyopathy [42]. Pedrozo et al. discovered that RyR2 is degraded
by CMA, suggesting that oxidative damage targets RyR2 for turnover via presenilins and CMA [42].
Li et al. discovered that silencing the Drosophila ortholog of presenilins (dPsn) reduced heart rates and
generated an age-dependent rise in end-diastolic vertical dimensions; conversely, dPsn overexpression
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led to higher heart rates [50]. Silencing of dPsn elevated the expression levels of the Drosophila
ortholog of IP3R and reduced expression of the Drosophila ortholog of SERCA while overexpression
of dPsn led to reduced expression of the Drosophila ortholog of the RyR [50], offering a mechanism
for how cardiac dysfunction occurs via changes in PS expression. Overall, presenilin changes lead to
cardiac dysfunction secondary to abnormal Ca2+ channel activity and disrupted Wnt signaling [50].
Presenilins also play a role in embryogenesis. Donoviel et al. generated PS1/PS2 double null mice
and noticed embryonic lethality [57]. In addition, embryos deficient in both presenilins demonstrated
developmental dysregulation such as absence of segmentation, defects in ventral neural tube formation,
delays in the closure of the anterior neuropore, and irregular heart development [57].

Table 2. Presenilin involvement in diseases and conditions.

Disease/Condition System/Organ References

Normal neuronal function (cognition, memory) Brain, intestine [19,21,24,26,28,32,42,43]
Alzheimer’s disease Brain [1,4–6,16,17,19]
Parkinson’s disease Brain [51]
Familial comedones Skin [54,55]

Cancer gastrointestinal [52,53]
Cardiac dysfunction (embryonic development) heart [42,50,57]

7. Conclusions

Overall, the involvement of PS as part of the γ-secretase complex and in other roles in both
excitable and non-excitable cells, but especially in immune cells such as T-cells and macrophages
(Table 1), opens up a wide range of possible roles for PS as targets for AD drug target discovery and
drug development (Table 2).
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IP3R inositol 1,4,5-trisphosphate receptor
LAMP by lysosome associated membrane protein
LATS1 large tumor suppressor 1
MAPT microtubule-associated protein tau
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Abstract: Cyclin-dependent kinase 5 regulatory subunit 1 (CDK5R1) gene encodes for p35, the main
activator of Cyclin-dependent kinase 5 (CDK5). The active p35/CDK5 complex is involved in
numerous aspects of brain development and function, and its deregulation is closely associated to
Alzheimer’s disease (AD) onset and progression. We recently showed that miR-15/107 family can
negatively regulate CDK5R1 expression modifying mRNA stability. Interestingly, miRNAs belonging
to miR-15/107 family are downregulated in AD brain while CDK5R1 is upregulated. Long non-coding
RNAs (lncRNAs) are emerging as master regulators of gene expression, including miRNAs, and their
dysregulation has been implicated in the pathogenesis of AD. Here, we evaluated the existence of an
additional layer of CDK5R1 expression regulation provided by lncRNAs. In particular, we focused
on three lncRNAs potentially regulating CDK5R1 expression levels, based on existing data: NEAT1,
HOTAIR, and MALAT1. We demonstrated that NEAT1 and HOTAIR negatively regulate CDK5R1
mRNA levels, while MALAT1 has a positive effect. We also showed that all three lncRNAs positively
control miR-15/107 family of miRNAs. Moreover, we evaluated the expression of NEAT1, HOTAIR,
and MALAT1 in AD and control brain tissues. Interestingly, NEAT1 displayed increased expression
levels in temporal cortex and hippocampus of AD patients. Interestingly, we observed a strong
positive correlation between CDK5R1 and NEAT1 expression levels in brain tissues, suggesting a
possible neuroprotective role of NEAT1 in AD to compensate for increased CDK5R1 levels. Overall,
our work provides evidence of another level of CDK5R1 expression regulation mediated by lncRNAs
and points to NEAT1 as a biomarker, as well as a potential pharmacological target for AD therapy.

Keywords: CDK5R1; lncRNAs; Alzheimer’s disease; miR-15/107; NEAT1; HOTAIR; MALAT1

1. Introduction

Alzheimer’s Disease (AD) is the most common neurodegenerative disorder, causing a severe and
permanent impairment of both cognitive and behavioral functions. It accounts for about 70% of the
50 million people suffering from dementia worldwide and it is currently estimated that, with global
population aging, the prevalence of AD will triple by 2050 [1], with a significant economic and social
burden on both patients’ families and society.

AD is characterized by a plethora of pathological features, including neuronal loss, dendritic
hypotrophy and synaptic alteration, microglial malfunction, cerebrovascular amyloid angiopathy,
inflammation, and mitochondrial dysfunction [2,3]. However, the most distinctive features are the
presence of extracellular senile plaques, formed by fibrillary β-amyloid (Aβ) and neurofibrillary tangles
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(NFTs), composed of hyperphosphorylated Tau [4]. Abnormal kinase activity is believed to play a
major role in AD pathogenesis [5]. In particular, deregulation of Cyclin-dependent kinase 5 (CDK5),
a proline-directed serine/threonine kinase involved in several developmental and physiological
processes in the central nervous system (CNS) [6,7], has been suggested to play a pivotal role in the
onset of the two main pathological hallmarks of AD by inducing Aβ peptide production and mediating
Tau protein hyperphosphorylation [8].

CDK5 requires the p35 regulatory subunit to become active and its kinase activity is strictly
dependent on the amount of its activator. p35 is encoded by the cyclin-dependent kinase 5 regulatory
subunit 1 (CDK5R1) gene, which displays a large and highly conserved 3′-UTR, suggestive of an
important role of post-transcriptional regulation in the control of its expression. Indeed, we previously
demonstrated that CDK5R1 expression is regulated at the post-transcriptional level by neuronal
ELAV (nELAV) RNA-binding proteins [9,10] and by heterogeneous nuclear ribonucleoproteins A2/B1
(hnRNP A2/B1) [10]. In addition, we recently found that the miR-15/107 family of microRNAs is also
involved in negatively regulating CDK5R1 expression. More interestingly, this group of microRNAs
turned out to be downregulated in the hippocampus and cerebral cortex of AD patients while CDK5R1
mRNA levels were upregulated in AD hippocampus [11].

An additional layer of complexity to the regulation of CDK5R1 expression that can be relevant
for AD pathogenesis might be provided by long non-coding RNAs (lncRNAs). LncRNAs are a highly
heterogeneous class of RNA molecules of more than 200 bases in length with no protein-coding capacity.
They are involved in the control of gene expression at multiple levels, from nuclear architecture to
transcription regulation, mRNA splicing and maturation to mRNA localization and stability, and
protein translation and stability to regulation of miRNA activity [12]. Owing to this versatility,
lncRNAs are now considered as master regulators of gene expression [13]. In particular, lncRNAs have
been shown to post-transcriptionally regulate the levels of several target genes by the formation of
lncRNA/miRNA/target gene axes, and the dysregulation of the crosstalk between the two types of
ncRNAs has been found to be a crucial contributor to disease pathogenesis [14].

The role of lncRNAs in malignancies and their significance as both diagnostic and prognostic
markers has been extensively studied and is well established [15], but an involvement of lncRNAs in the
pathogenesis of neurodegenerative diseases is now clearly emerging. In particular, different lncRNAs
have been found dysregulated in Alzheimer’s disease and involved in AD pathogenesis by promoting
β-amyloid production, including BACE1-AS, 17A, and NDM29 [16]. For example, the expression of
BACE1-AS, the antisense transcript of the β-secretase encoding gene BACE1, is upregulated in AD
brains specimens. BACE1-AS was reported to increase the stability of BACE1 mRNA and to prevent
the binding of miRNA 485-5p, therefore positively regulating BACE1 protein levels and promoting
Aβ42 synthesis [16,17].

In the present work, we focused on three different lncRNAs which had the potential for regulating
CDK5R1 expression levels and deserved to be analyzed in AD brain tissues, namely NEAT1, HOTAIR,
and MALAT1. NEAT1 (nuclear enriched abundant transcript 1) is a lncRNA that regulates gene
expression by binding to the promoter of active chromatin sites [18,19]. Moreover, NEAT1 is known to
act as a scaffold for paraspeckles [20], representing specific subnuclear bodies that are involved in gene
expression regulation by sequestration and retention of specific RNAs and proteins [21]. Relevantly,
NEAT1 levels were found to be deregulated in different neurodegenerative diseases [22]. MALAT1
(metastasis-associated lung adenocarcinoma transcript 1), also known as NEAT2 (nuclear-enriched
abundant transcript 2), is predominantly localized to nuclear speckles, where it regulates alternative
splicing by modulating the phosphorylation status of SR family of splicing factors [23]. MALAT1 has
been linked to several human tumors, in most cases being overexpressed in malignant tissues [24]. Both
NEAT1 and MALAT1 have been demonstrated to regulate the expression of members of the miR-15/107
group of miRNAs [25,26], which are known CDK5R1 negative regulators [11]. HOTAIR (HOX antisense
intergenic RNA) is transcribed from the antisense strand of the HOXC locus and represses expression
of the downstream HOXD locus together with several genes on other chromosomes. HOTAIR is
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involved in the control of cell apoptosis, growth, metastasis, angiogenesis, DNA repair and, like
MALAT1, it has been shown to be upregulated in different types of cancer [27]. Interestingly, HOTAIR
can also serve as a scaffold for Lysine-specific histone demethylase 1A (LSD1) complex and polycomb
repressive complex 2 (PRC2) [28]. Since the expression of CDK5R1 is repressed by LSD1 [29], HOTAIR
can potentially impact CDK5R1 levels.

Here, we demonstrated that NEAT1 and HOTAIR negatively regulate CDK5R1 mRNA levels,
while MALAT1 has a positive effect on CDK5R1 expression. We also showed that all three lncRNAs
positively control the levels of miR-15/107 family of microRNAs. Moreover, we evaluated the
expression of NEAT1, HOTAIR, and MALAT1 in AD and control brain tissues. Interestingly, NEAT1
displayed increased expression levels in temporal cortex and hippocampus of AD patients, compared
to controls. In addition, we observed a strong positive correlation between CDK5R1 and NEAT1
expression levels in brain tissues, suggesting a novel molecular marker of AD pathogenesis, warranting
further studies. Overall, our work provides evidence of another level of CDK5R1 expression regulation
mediated by long non-coding RNAs, which can also impact on Alzheimer’s disease research.

2. Results

2.1. NEAT1, HOTAIR, and MALAT1 Long Non-Coding RNAs Differently Regulate CDK5R1 Expression

In order to test the hypothesis that lncRNAs might be involved in the regulation of CDK5R1,
we analyzed the effect of NEAT1, HOTAIR, and MALAT1 downregulation on CDK5R1 expression.
We transfected HeLa cells with 10 nM of specific 2’OMe-PS antisense oligonucleotides (ASO) to
specifically knockdown the three lncRNAs. Total RNA was extracted 24 h after transfection and the
levels of lncRNAs and CDK5R1 mRNA were assessed by qRT-PCR. The analysis showed that NEAT1,
HOTAIR, and MALAT1 levels were reduced by 61%, 71%, and 78% respectively, compared to the
control oligonucleotide (Figure 1A). Remarkably, increased CDK5R1 transcript levels were observed
after NEAT1 and HOTAIR silencing, meaning that these two lncRNAs negatively regulate CDK5R1
expression (Figure 1B). On the contrary, CDK5R1 mRNA levels were significantly decreased after
MALAT1 silencing compared to controls, indicating a positive action of this lncRNA on CDK5R1
expression (Figure 1B).

Figure 1. Effect of NEAT1, HOTAIR, and MALAT1 silencing on CDK5R1 mRNA levels. (A) NEAT1,
HOTAIR, and MALAT1 levels 24 h after transfection with specific ASOs. The levels of each lncRNA
were reduced by at least 60%, compared to a control ASO (NC)-transfected cells. (B) Increased CDK5R1
transcript levels were observed after NEAT1 and HOTAIR silencing, compared to the normal control.
On the contrary, CDK5R1 mRNA levels were significantly decreased after MALAT1 silencing. n = 5,
mean ± s.d., * p < 0.05, ** p < 0.01, Student’s t-test.

2.2. NEAT1, HOTAIR, and MALAT1 Upregulate miR-15/107 Expression

Since we previously demonstrated that CDK5R1 expression is negatively regulated by the
miR-15/107 group of microRNAs [11], we also verified by qRT-PCR on the RNA previously extracted
from HeLa cells if NEAT1, HOTAIR, and MALAT1 silencing was able to affect miR-15/107 expression.

115



Int. J. Mol. Sci. 2018, 19, 2022

The levels of all the analyzed miR-15/107 family members were reduced after NEAT1, HOTAIR, and
MALAT1 silencing, compared to the control treatment (Figure 2), being HOTAIR the most efficient
with a reduction of miRNA targets of about 50%. NEAT1 and MALAT1 led to a less pronounced but
significant reduction of all miRNAs, with the exception of miR-15b after NEAT1 knock-down, whose
reduction did not reach the statistical significance (Figure 2).

These data suggest that HOTAIR and NEAT1 might negatively regulate CDK5R1 expression
through a positive action on miR-15/107 levels. On the contrary, the positive effect of MALAT1 on
CDK5R1 mRNA cannot be explained by the action of these miRNAs, and a different mechanism must
be involved in MALAT1-mediated positive effect on CDK5R1 expression.

Figure 2. Effect of NEAT1, HOTAIR, and MALAT1 silencing on miR-15/107 levels. Decreased levels of
all miR-15/107 miRNAs were detected after the knock-down of the three lncRNAs. n = 5, mean ± s.d.,
* p < 0.05, ** p < 0.005, Student’s t-test.

CDK5R1 also represents a target of EGR1 transcription factor whose expression is induced by
ERK/MAPK pathway activation [30]. Since MALAT1 has been described to be a positive modulator
of ERK/MAPK pathway [31], we evaluated the expression of EGR1 following MALAT1 silencing.
Consistently, qRT-PCR analysis showed that the levels of EGR1 are strongly reduced (83%) in cells
treated with MALAT1 specific antisense oligonucleotide, compared to normal control (Figure 3). These
results suggest that the positive regulation exerted by MALAT1 on CDK5R1 expression can be due to
MALAT1-mediated enhancement of EGR1 levels, likely overcoming the concurrent downregulation of
miR-15/107 miRNAs.

Figure 3. Effect of MALAT1 silencing on EGR1 mRNA levels. EGR1 mRNA levels were significantly
decreased after MALAT1 silencing, compared to the normal control (NC). n = 3, mean ± s.d., ** p < 0.005,
Student’s t-test.

2.3. NEAT1 is Upregulated in AD Temporal Cortex and Hippocampus

We recently showed that miR-15/107 miRNAs level is reduced in the hippocampus and the temporal
cortex, but not in the cerebellum, of AD brains. Furthermore, we showed that increased CDK5R1 mRNA
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levels are displayed by AD hippocampus tissue, compared to controls [11]. These data are consistent with
the hypothesis that an increase of CDK5R1 expression, and consequent enhanced CDK5 activity, caused
by downregulation of the miR-15/107 family has a role in the pathogenesis of AD.

To verify whether NEAT1, HOTAIR, and MALAT1 expression is also altered in Alzheimer’s
disease, we quantified their levels by qRT-PCR in the temporal cortex, hippocampus, and cerebellum
of the same AD patients and age-matched healthy controls which were analyzed in our previous work.

Remarkably, we found that NEAT1 was significantly overexpressed in temporal cortex and
hippocampus and downregulated in cerebellum of AD patients, compared to control individuals
(Figure 4A). Comparing NEAT1 distribution among the different brain areas of control individuals
we observed similar expression levels, while NEAT1 was significantly higher in temporal cortex
and hippocampus compared to cerebellum in AD patients (Figure 4B). On the contrary, MALAT1
expression showed no difference between AD patients and controls (Figure 5A), even though higher
levels were detected in cerebellum, compared to temporal cortex and hippocampus, in both groups
(Figure 5B). Finally, HOTAIR was expressed at very low levels in hippocampus and cerebellum and
was not detectable in temporal cortex. Particularly, HOTAIR was downregulated in cerebellum in
AD patients, compared to controls. No difference in HOTAIR expression between hippocampus and
cerebellum was observed in both groups.

Figure 4. Comparison between the levels of NEAT1 expression in AD and control brain tissues.
(A) Dot-Box-plots of the levels of NEAT1 expression in three different brain areas (temporal cortex,
hippocampus, and cerebellum) of AD patients (n = 10) and controls (n = 8–11). Dark horizontal lines
represent the median, with the box representing the 25th and 75th percentiles, the whiskers the 5th and
95th percentiles. The average of control values was set to 1 and all values were calculated relatively.
NEAT1 levels are significantly upregulated in temporal cortex and hippocampus and downregulated
in cerebellum of AD patients, compared to control individuals. (B) Higher NEAT1 expression levels
were observed in temporal cortex and hippocampus, compared to cerebellum, in AD patients, but not
in control individuals. * p < 0.05, ** p < 0.01, Student’s t-test.
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Figure 5. Comparison between the levels of MALAT1 expression in AD and control brain tissues.
(A) Dot-Box-plots of the levels of MALAT1 expression in three different brain areas (temporal cortex,
hippocampus, and cerebellum) of AD patients (n = 10) and controls (n = 8–11). Dark horizontal lines
represent the median, with the box representing the 25th and 75th percentiles, the whiskers the 5th and
95th percentiles. The average of control values was set to 1 and all values were calculated relatively. We
observed no difference in MALAT1 levels between AD patients and control individuals in any analyzed
tissues. (B) Higher MALAT1 expression levels were observed in cerebellum, compared to temporal
cortex and hippocampus, in both AD patients and controls individuals. ** p < 0.01, Student’s t-test.

2.4. NEAT1 and CDK5R1 Overexpression as a Biomarker of AD

In order to verify the existence of a correlation between NEAT1 and CDK5R1 expression in AD
and control brain tissues, we performed a Pearson’s correlation analysis between the normalized
expression levels of NEAT1 and those previously obtained for CDK5R1 [11].

The analysis showed that a significant positive correlation between CDK5R1 and NEAT1 levels
was only displayed by AD patients’ postmortem specimens of hippocampi and temporal cortices with
very significant values of Pearson’s r (Figure 6). In other words, in AD, NEAT1 increases along with
CDK5R1, indicating a peculiar functional relationship (in vitro defined as a negative NEAT1 control
over CDK5R1) which is specific for AD and that can be either a protective response-related mechanism
aimed at limiting (inefficiently) CDK5R1 upregulation or part of the disease pathogenesis. Notably,
in the cerebellum, a brain area that is almost unaffected by the disease and in which CDK5R1 does
not appear to be upregulated, the correlation between NEAT1 levels and those of CDK5R1 is still
evident only in AD. This observation suggests that in the cerebellum a protective, NEAT1-associated
mechanism might efficiently control CDK5R1 levels.

Another interesting observation is the opposite correlation between the expression of NEAT1 and
miR-15/107 miRNAs in AD brains and controls. Indeed, while in controls we observed high expression
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of miR-15/107 and low expression of NEAT1, in AD patients, to higher NEAT1 levels correspond very
low miR-15/107 levels, particularly in temporal cortex and hippocampus (Figure 7). In conclusion,
a picture emerges in which not only NEAT1 is unable to increase its levels in a sufficient manner to
counteract CDK5R1 increase in AD brains, but also, it loses the ability to positively regulate miR-15/107,
validated negative regulators of CDK5R1. In this way, converging pathological mechanisms based on a
failure of lncRNA NEAT1 and miR-15/107 homeostatic role towards CDK5R1 expression could result
in CDK5R1 upregulation.

Figure 6. Correlation analysis between NEAT1 and CDK5R1 expression in temporal cortex,
hippocampus and cerebellum samples of AD patients (blue diamonds) and controls (red diamonds).
r = Pearson's correlation coefficient, solid line = linear regression line of AD patients, dashed line = linear
regression line of normal controls (NC).

3. Discussion

Cyclin-dependent kinase 5 (CDK5) has a major role in CNS development and functioning and
its deregulation can contribute to different pathological events implicated in the pathogenesis of
Alzheimer’s disease [8]. Monomeric CDK5 itself does not display kinase activity and requires, in
order to be active, the association with its regulatory subunits, p35 or p39, although p35, encoded
by the CDK5R1 gene, is considered the most important CDK5 activator [32]. Multiple layers
of regulation govern CDK5R1 expression and ensure p35 levels and CDK5 activity to be tightly
controlled. They include transcriptional activation by EGR1 transcription factor and repression by
LSD1 demethylase [29,30], as well as well various post-transcriptional mechanisms which involve the
binding to the long and evolutionary conserved CDK5R1 3′-UTR of both RNA-binding proteins and
microRNAs [9–11].

In this work, we took into account another class of non-coding RNAs, long non-coding RNAs
(lncRNAs), as potential regulators of CDK5R1 expression. In particular, our attention was focused on
three lncRNAs, NEAT1, HOTAIR, and MALAT1. Our results showed that these three lncRNAs are able
to influence CDK5R1 expression. In particular, NEAT1 and HOTAIR exert a negative regulatory effect
on CDK5R1 levels, while MALAT1 has an opposite, positive action. In addition, all these lncRNAs
were proven to positively regulate the miRNAs belonging to the miR-15/107 family.

We hypothesize that the negative regulatory effect of NEAT1 on CDK5R1 expression might
depend on its capacity to exert a positive control on miR-15/107 levels. Interestingly, we also found
that NEAT1 is significantly overexpressed in temporal cortex and hippocampus of AD patients,
compared to control individuals, suggesting that NEAT1 upregulation can be considered a biomarker
of the disease. Recent studies have linked altered expression and function of long non-coding RNAs to
the pathogenesis of neurodegenerative diseases (reviewed in [22]). In particular, different lncRNAs
have been found to be dysregulated in Alzheimer’s disease (e.g., BACE1-AS and NDM29) and to
be involved in AD pathogenesis by promoting β-amyloid production. In this work we show that,
in vitro, NEAT1 negatively regulates CDK5R1 expression. In line, NEAT1 upregulation in AD patients
would predict a corresponding downregulation of CDK5R1. Notably, this was not the case. Indeed,
in AD brains the expression of both CDK5R1 and NEAT1 is increased compared to healthy controls.
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A possibility is that the negative control of NEAT1 over CDK5R1 levels is not efficient either because
the ratio between CDK5R1 and NEAT1 typical of controls is increased in AD brains (Figure 6), or
because NEAT1 loses its positive control towards miR-15/107 (Figure 7). As a result, we can infer that
the critical NEAT1 level that would be necessary to counteract CDK5R1 expression is not reached in AD
temporal cortex and hippocampus. For these reasons, NEAT1 overexpression as a pathomechanism
in Alzheimer’s disease is unlikely, although our data do not allow to fully reject this hypothesis.
Moreover, several lines of evidence suggest that NEAT1 and paraspeckles may have a neuroprotective
role in neurodegenerative diseases. An increase in paraspeckles formation and NEAT1 levels has
been detected in spinal motor neurons of early phase amyotrophic lateral sclerosis (ALS) patients
compared to control individuals [33] and compromised paraspeckles formation has been proposed
as a pathogenic factor in FUSopathies [34]. Moreover, NEAT1 levels are also increased in the brains
of patients affected by frontotemporal lobar degeneration (FTLD) [35]. Importantly, Sunwoo and
colleagues [36] showed that NEAT1 is overexpressed in Huntington’s disease patients and plays a
protective role against cell injury. These data suggest that NEAT1 may contribute to neuronal survival
in the degenerating brain. Analogously, our work showed that NEAT1 is also overexpressed in AD
patients. In this context, putative beneficial effects of NEAT1 are still unknown. However, enhanced
amounts of CDK5R1 are predicted to cause CDK5 hyperactivation, which is a typical hallmark of the
disease [8]. It is worth noting that CDK5 can phosphorylate p53, which is also known to be upregulated
in AD [37], thereby inducing its stabilization and transcriptional activation, contributing to neuronal
cell death [38]. Remarkably, p53 was recently demonstrated to activate NEAT1 expression [39]. These
findings provide a possible molecular link between CDK5R1 and NEAT1 upregulation in AD brains,
albeit they do not indicate the reason why CDK5R1 escapes NEAT1 control in AD condition.

The negative action exerted by HOTAIR on CDK5R1 expression is likely mediated by different
converging mechanisms. On the one hand, HOTAIR can negatively regulate CDK5R1 at the
post-transcriptional level via the same miR-15/107 miRNA-mediated mechanism as NEAT1, on the
other hand it could regulate CDK5R1 also at the transcriptional level participating to recruiting and
regulating the LSD1 and PRC2 repressing complexes [28]. Interestingly, HOTAIR also represses the
transcription of BDNF [27], which normally induces the ERK-mediated expression of CDK5R1 [29].

On the contrary, our silencing experiments suggest that MALAT1 positively affect CDK5R1
expression. Since reduction of miR-15/107 levels after MALAT1 silencing would predict an increase in
the amount of CDK5R1 mRNA, as expected for their inhibitory action, there must be other predominant
regulatory mechanisms leading to CDK5R1 upregulation by MALAT1. As we have also shown that
MALAT1 silencing causes a strong reduction in the levels of EGR1, which is the main activator of
CDK5R1 transcription, we thus speculate that MALAT1 can enhance CDK5R1 expression mainly by
upregulating EGR1 transcription factor through activation of ERK/MAPK signaling pathway [31].
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Figure 7. Correlation analysis between miR-103, miR-107, miR-15a, miR-15b, miR-16, and miR-195 and
NEAT1 expression in temporal cortex, hippocampus, and cerebellum samples of AD patients (blue
diamonds) and controls (red diamonds). r = Pearson’s correlation coefficient.
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Moreover, the activation of this pathway is known to play a critical role in promoting neurite
outgrowth [31]. Given that the p35/CDK5 complex is also essential for neurite outgrowth during
neuronal differentiation [40], our evidence raises the interesting hypothesis that MALAT1 induces
axonal elongation via CDK5R1/p35 upregulation.

Mounting evidence suggests that lncRNAs can function as miRNA sponges, by sequestering
the mature miRNA molecules and preventing the binding to their target mRNAs [41]. However, this
mechanism is predicted to increase—or leave unchanged—the levels of the sequestered miRNAs
when the lncRNA acting as sponge is silenced [14,42]. Since we observed that the silencing of NEAT1,
HOTAIR, and MALAT1 lead to a reduction of miR-15/107 miRNAs, we hypothesize that this effect
could be mediated by a positive regulatory action of these lncRNAs on transcription factors that
promote the expression of this family of miRNAs or, alternatively, by their interaction with the
microprocessor to enhance pri-miRNA processing, as already demonstrated for NEAT1 [43].

Overall, our data suggest that lncRNAs can provide a further layer and a higher degree of
complexity to the control of CDK5R1 expression. In addition, we show that NEAT1 is upregulated in
AD brain, possibly as a part of a protective mechanism against neuronal death, and can be considered
a marker of the disease and represents a potential pharmacological target for therapeutic intervention
in AD.

4. Materials and Methods

4.1. Cell Cultures

HeLa cells (code CCL-2, ATCC, Manassas, VA, USA) were cultured in DMEM high glucose
(Euroclone, Pero, Italy) medium with 10% fetal bovine serum (FBS) (Euroclone), 100 U/mL
penicillin-streptomycin (Euroclone) and 0.01 mM L-glutamine (Euroclone). Cultures were maintained
at 37 ◦C in a 5% CO2 incubator.

4.2. Brain Tissues

Post-mortem frozen brain tissue samples of AD patients and age- and sex-matched non-demented
individuals were obtained from MRC London Neurodegenerative Diseases Brain Bank (King’s College
London), Newcastle Brain Tissue Resource (Newcastle University), and South West Dementia Brain
Bank (University of Bristol) and are described in [10]. The approval of the Ethics Committee of the
University of Milan was obtained for the use of post-mortem tissues for research purposes (Project
identification code: RV_RIC_AT16MVENT_M, 15 June 2016).

4.3. Antisense Oligonucleotides Transfection

2′-O-methyl phosphorothioate antisense oligonucleotides (2′OMe-PS ASO) were designed as
described by [44] (NEAT1 1473, HOTAIR 1259, MALAT1 5326, NC1) and purchased from Consorzio
Futuro in Ricerca, Università degli Studi di Ferrara (Ferrara, Italy).

ASOs were used at 10 nM concentration. 200 × 103 HeLa cells were seeded in 6-well plates in
order to extract total RNA. The cells were transfected 24 h after seeding with 2′OMe-PS ASOs, using
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) transfection reagent according to
the manufacturer’s instructions. Cell extracts were prepared for analysis 24 h after the transfection.

4.4. Real-Time PCR

Total RNA from transfected/nontransfected cells and from brain tissues (100 mg of each sample
tissue) was isolated using TRIzol reagent (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Concentration and purity of RNA were measured using the Nanodrop spectrophotometer
(ThermoFisher Scientific). All RNA samples had an A260/280 value of 1.8–2.1.

For the measurement of CDK5R1, EGR1 mRNA, NEAT1, HOTAIR, and MALAT1 RNA,
a DNase reaction was performed on 1 μg of total RNA using RQ1 RNase-Free Dnase (Promega,
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Madison, WI, USA) and then cDNA was synthetized in 20 μL reactions using the High Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific), according to the manufacturer’s
instructions. SYBR Green Real-Time PCR was performed using the GoTaq qPCR Master
Mix (Promega) and the following primers: CDK5R1 fw: TGAGCGGGTCTAGTGGAAAG;
CDK5R1 rev: AGCAGCAGACAAGGGGGTAG; EGR1 fw: GAGCACCTGACCGCAGAGTC;
EGR1 rev: GTGTTGCCACTGTTGGGTGC; HOTAIR fw: GGCAAGACGGGCACTCACAG;
HOTAIR rev: CTGGGCGTTCATGTGGCGAG; MALAT1 fw: AGGGAAAGCGAGTGGTTGGT;
MALAT1 rev: GAAATCGGCCTACGTCCCCA; NEAT1 fw: CGGAGGTGAGGGGTGGTCTG;
NEAT1 rev: GCAGTCCCCGCCTGTCAAAC; EIF4A2 fw: GGTCAGGGTCAAGTCGTGTT;
EIF4A2 rev: CCCCCTCTGCCAATTCTGTG; CYC1 fw: TAGAGTTTGACGATGGCACCC;
CYC1 rev: CGTTTTCGATGGTCGTGCTC; SYP fw: CTTCGCCATCTTCGCCTTTG; SYP
rev: TACACTTGGTGCAGCCTGAAG; ENO2 fw: CTGAAGCCATCCAAGCGTGC; ENO2 rev:
CCCACCACCAGGTCAGCAAT. 20 μL PCR reactions were prepared with 2× SYBR Green mix
containing 1.6 μL of reverse transcriptase product and 0.4 μL of each primer (10 μM). The PCR mixtures
were incubated at 95 ◦C for 3 min, followed by 40 cycles of 95 ◦C for 10 s, 60 ◦C for 20 s, and 72 ◦C
for 10 s. The calculation of gene expression levels was based on the ΔΔCt method in transfection
experiments and on the ΔCt method for gene expression analysis in brain tissues. The geometric
mean of the expression values of EIF4A2 and CYC1 housekeeping genes was used as internal control
in transfection experiments, while gene expression levels in brain tissues were normalized on the
geometric mean of the same housekeeping genes and the neuronal markers SYP and ENO2.

For the measurement of miRNAs, a two-step Taq-Man real-time PCR assay was performed
using primers and probes obtained from Thermo Fisher Scientific. The reverse transcriptase reaction
was performed using the TaqMan MicroRNA Reverse Transcription kit (Thermo Fisher Scientific),
according to the manufacturer’s instructions. cDNA was synthesized from 50 ng of total RNA in 15 μL
reactions, using the stem-loop primer for miR-15a (ID000389), miR-15b (ID000390), miR-16 (ID000391),
miR-103 (ID000439), miR-107 (ID000443), miR-195 (ID000494), and U6 snRNA (ID001973). The PCR
reaction (20 μL) contained 1.3 μL of reverse transcriptase product, 10 μL of Taq-Man Universal PCR
Master Mix (Thermo Fisher Scientific) and 1 μL of the appropriate TaqMan MicroRNA Assay (20×)
containing primers and probes for the miR of interest. The PCR mixtures were incubated at 95 ◦C for
10 min, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 60 s. The expression of miRs was based on
the ΔΔCt methods, using U6 snRNA as an endogenous control. All PCRs were performed in triplicate
using an iQ5 Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA).

4.5. Statistical Analysis

Each experiment was carried out at least three times. Histograms represent the mean values and
bars indicate the standard deviation of the mean. The box plots show median, 25th and 75th percentile
values and whiskers to the minimum and maximum value. The statistical significance of the results
was determined using Student’s t-test, with data considered significant when p < 0.05. The degree of
linear relationship between CDK5R1 gene and NEAT1 expression levels was calculated using Pearson’s
correlation coefficient (r value). The p value was calculated from an extra sum-of-squares F test.
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Abstract: It is estimated that Alzheimer’s disease (AD) affects tens of millions of people, comprising
not only suffering patients, but also their relatives and caregivers. AD is one of age-related
neurodegenerative diseases (NDs) characterized by progressive synaptic damage and neuronal
loss, which result in gradual cognitive impairment leading to dementia. The cause of AD remains still
unresolved, despite being studied for more than a century. The hallmark pathological features of this
disease are senile plaques within patients’ brain composed of amyloid beta (Aβ) and neurofibrillary
tangles (NFTs) of Tau protein. However, the roles of Aβ and Tau in AD pathology are being questioned
and other causes of AD are postulated. One of the most interesting theories proposed is the causative
role of amyloid β oligomers (AβOs) aggregation in the pathogenesis of AD. Moreover, binding of
AβOs to cell membranes is probably mediated by certain proteins on the neuronal cell surface acting
as AβO receptors. The aim of our paper is to describe alternative hypotheses of AD etiology, including
genetic alterations and the role of misfolded proteins, especially Aβ oligomers, in Alzheimer’s disease.
Furthermore, in this review we present various putative cellular AβO receptors related to toxic activity
of oligomers.

Keywords: amyloid-β oligomer; protein aggregation; AβO receptors; Alzheimer’s disease;
neurodegeneration

1. Introduction

Alzheimer’s disease (AD) affects tens of millions of people worldwide and estimated number
of AD patients would increase to over 130 million by 2050 [1]. AD is a big socio-economical problem
because of comprising not only suffering patients, but also their relatives and caregivers. Additionally,
current therapeutic strategies provide only palliative, not disease-modifying, agents.

AD belongs to a large group of neurodegenerative diseases (NDs), which include also Parkinson’s
disease (PD) and PD-related disorders, prion disease, motor neuron diseases (MND), Huntington’s disease
(HD), spinocerebellar ataxia (SCA), spinal muscular atrophy (SMA), and others [2]. Characterized features of
NDs are the progressive degeneration and/or death of neuron cells. In AD, this neuronal loss is accompanied
by progressive synaptic damage, which results in gradual cognitive impairment and, finally, dementia.

The main histopathological hallmarks of AD are the extracellular plaques within brain tissue
consisted of variant forms of amyloid β (Aβ) and neurofibrillary tangles (NFTs) of many forms of
phosphorylated Tau proteins (pTau), localized intraneuronally [3]. Primarily, these pathological
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alterations are seen within medial temporal lobe, whereas in later stages of AD they progress
subsequently to brain regions associated with neocortex [4,5]. Formation of Aβ plaques and neuronal
cell damage are preceded by reduced synaptic transmission and loss of dendritic spines, which lead to
synaptic dysfunction in AD brain. It is estimated that these changes may anticipate the first cognitive
decline symptoms even for two decades [6]. Furthermore, declined levels of Aβ42 in cerebrospinal
fluid (CSF) and the presence of Aβ plaques in neuroimaging may head other AD-related alterations by
many years [7].

2. Postulated Hypotheses of AD Etiology

2.1. Risk Factors of AD

The risk factors of AD include increasing age, genetic, and vascular factors, smoking, obesity and
diabetes [8]. The presence of genetic mutations as the etiological factors of AD has been identified in
1–5% cases [8]. Although most of sporadic AD cases are unrelated to any autosomal-dominant
inheritance, certain genetic changes may be linked with a significant risk of AD development.
The mutations in presenilin1 (PS1), presenilin2 (PS2), and amyloid precursor protein (APP) genes are
associated with the familial Alzheimer’s disease (FAD) (reviewed by Hardy [9]), while the presence of
apolipoprotein E (APOE) ε4 genotype links to sporadic form of AD [10,11].

2.2. Amyloid Hypothesis

The precise etiology of AD remains unknown, despite over century passing from the first report
of its symptoms by Alois Alzheimer [12]. Scientific efforts to elucidate AD etiopathogenesis lead to
several different, partly complementary hypotheses. The relevant role of Aβ42 aggregation in AD
pathogenesis has been disputed for over 25 years. Originally, the imbalance between production and
clearance of Aβ42 in the very early stages of AD have been assumed as a causative and initiating
factor of this disease. This dyshomeostasis may be the result of the mutations either in APP genes or in
genes encoding presenilin, the substrate and enzyme of the reaction that generates Aβ42, respectively.
It leads to the presence of Aβ deposits and the damage of the nerve tissue (reviewed by Selkoe [13]).
Amyloid hypothesis may by supported by the observation that progressive Aβ deposition is present
already in early, preclinical stages of AD and, finally, in all AD patients.

2.3. Isoform APOE4

The relationship between impaired amyloid deposition/clearance and genetic risk factors in AD
were highlighted. As it was mentioned above, the best known genetic risk factor of AD is the ε4
allele of the APOE [14,15], which is associated with sporadic, late-onset AD. APOE is a polymorphic
lipoprotein, with three major gene alleles: APOE-ε2, APOE-ε3, and APOE-ε4. It was shown that these
three APOE isoforms bind Aβ differentially and modulate its fibrillogenesis [16–18]. The isoform
APOE4 is unable to stimulate degradation of Aβ effectively, which results in a decreased brain clearance
of Aβ and leads to the accumulation of amyloid deposits in the brain [19]. Moreover, there are more
vascular and plaque deposits of Aβ observed in APOE4 carriers than in humans expressing only
APOE3 [20]. This observation was also confirmed in genetically engineered mice [10]. Additionally,
a quantitative evaluation in transgenic mice bearing human APP and APOE genes has shown decreased
Aβ clearance in APOE4 carriers in comparison with E3 and E2 mice, which was paralleled by the
degree of Aβ deposition [21].

2.4. Mutations in Presenilins PS1 and PS2 or APP Genes

In the familial form of AD, most cases are related to mutations in genes encoding one of three
proteins: presenilins PS1 and PS2 or APP (i.e., the proteases and their substrate for generation of
Aβ, respectively) [22]. APP is an essential membrane protein expressed mainly by the synapses and
involved in their formation [23] as well as in neural plasticity [24] and iron export [25]. This protein is
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the precursor molecule that proteolytic processing generates various peptide fragments, including
polypeptides of Aβ with 37 to 49 amino acid residues and molecular weight of approximately 4 kDa [26].
Proteolytic cleavage of APP is completed by enzymes of secretase family: α-, β-, and γ-secretase.
Whereas APP processing by α- and β-secretase leads to removal of almost entire extracellular domain
and produces membrane-anchored C-terminal fragments (reviewed by Zheng [27]), γ-secretase
processing of APP results in generation of Aβ fragment [28]. γ-Secretase is a large, multi-subunit
enzyme whose catalytic subunit is presenilin, a multi-pass transmembrane protein. The amyloidogenic
processing of APP [29] and γ-secretase activity [30] have been associated with lipid rafts within
cellular membrane. The role of cholesterol in lipid raft maintenance has been cited as a likely
explanation for observations that high cholesterol and APOE-ε4 genotype are the major risk factors for
Alzheimer’s disease [31].

Most mutations in the presenilin and APP genes enhance the production of Aβ42 [32] and
early-onset deposition of this peptide [33–35]. Especially, the mutations in the region of APP
molecule corresponding to the Aβ sequence lead to the production of more self-aggregating forms of
amyloid [13]. Similarly, different presenilin mutations result in decreased ability of processing of APP
by γ-secretase, and consequently increase the relative production of longer, more hydrophobic and
more self-aggregating peptides of Aβ [13]. Peptides Aβ42, Aβ43, and longer express high potential
of self-aggregation, whereas Aβ40 may rather be anti-amyloidogenic [36]. However, some of the
pathogenic presenilin mutations only alter the ratio between Aβ42 and the other peptides of Aβ,
especially Aβ40, but do not increase Aβ42 levels [37,38].

2.5. Down’s Syndrome

A gene for APP is located on chromosome 21. In subjects affected with Down’s syndrome due
to the trisomy of this chromosome and possessing three copies of APP gene, AD is most likely to
develop within the first 40 years of life [39,40]. This duplication of the wild-type APP gene leads to
early-onset Aβ deposition, which occurs already in the teenagers, is then followed by microgliosis,
astrocytosis, and accumulation of NFTs typical for AD. On the contrary, inheritance of a missense
mutation in APP, that decreases the production and aggregation of Aβ, protects against AD and
age-related cognitive decline [41].

2.6. Deposition of Misfolded Tau Protein

It was proposed that amyloid cascade is not the only pathway to AD (discussed by [42–44]).
Although accumulation of Aβ in AD brain is followed by progressive deposition Tau protein, another
hypothesis assumes that the abnormalities in the Tau protein initiate the cascade of events in AD [45].
In normal conditions, Tau is a soluble protein that is responsible for the association and stabilization
of microtubules. In nerve cells, Tau is typically found in axons, but in the tauopathies, such as AD,
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), or inherited frontotemporal
dementia and Parkinsonism linked to chromosome 17 (FTDP-17), this protein is present in an abnormal
filamentous form and redistributed to the cell body and neurites [46]. Hyperphosphorylated forms of
Tau aggregate in NFTs within the neurons [47]. This results in the disintegration of the microtubule
and the destruction of neuronal transport [48], leading to impaired communication between neurons
and, finally, their death [49]. This hypothesis may be partially confirmed in a model of AD created
by Jack et al. [7], where Tau pathology in brain precedes Aβ deposition in time, but only on at
a sub-threshold biomarker detection level. Although some human neuropathological studies suggest
that NFTs may occur prior to presence of amyloid plaques (for review see: [13]), it is possible, that such
studies might not have searched systematically for diffuse plaques or soluble, oligomeric forms of Aβ

in the brain. Moreover, genetic studies prove that Aβ-elevating APP mutations lead to downstream
alteration and aggregation of wild-type Tau, whereas Tau mutations do not lead to Aβ deposition
and amyloid-related dementia. Some researchers suggest that Aβ can trigger AD-type Tau alterations,
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whereas Tau expression seems to permit certain downstream neuronal consequences of progressive
Aβ build-up to arise [50]. This triggering feature is particularly addressed to soluble AβO [51].

2.7. Neuroinflammation

The immune system participates also in AD pathogenesis. It was demonstrated that AD patients
express decreased levels of naturally-produced antibodies against Aβ when compared with healthy
individuals [52]. The inflammatory reaction, oxidative stress and dyshomeostasis of metals metabolism
also play an important role in AD pathogenesis [53,54]. It appears that insoluble Aβ deposits
are recognized as foreign material and trigger activation of inflammatory response cascade [55,56].
Additionally, inflammation within AD brain may be partially linked with APOE4’s role as an aberrant
immunomodulatory factor. The function of macrophages and microglia is regulated by APOE
and may vary depending on isoform of this lipoprotein. Especially, APOε4 is associated with
an enhanced inflammatory response compared to macrophages not expressing this allele [57]. It was
shown that microglia derived from homozygotic mice possessing both alleles APOε4 demonstrated
a pro-inflammatory phenotype, altered cell morphology, increased NOS2 mRNA levels and NO
production, as well as higher pro-inflammatory cytokine production compared to microglia derived
from APOε3 mice [58]. This effect was gene dose-dependent and increased with the number of APOε4
gene alleles. Although the immune aspects of AD draw increasing attention of researchers, the aim
of this paper was to concentrate on other aspects of AD, such as soluble Aβ oligomers (AβOs) toxic
activity and their putative cellular receptors.

2.8. Soluble AβOs Toxicity

Although initiated by Aβ, progression of AD is subsequently complicated and accelerated by
other pathological processes, such as Tau pathology or inflammation. It is known that Aβ peptide may
be present in various distinct states, including oligomeric forms of Aβ. These oligomeric species are
antigenically distinct from monomeric and fibrillar conformations of Aβ peptide [59,60]. Currently, it is
supposed that soluble AβOs, but not fibrillar Aβ42 within neuritic plaques, may be the toxic factors
acting on a very early stage of AD, perhaps even initiating pathological cascade.

Mechanisms of AβO toxicity include synapse loss, the strongest pathological correlate of cognitive
deficits in AD (Figure 1). AβO-induced decrease in synapse density is observed already in the
earliest stages of AD [61], and the degree of synapse loss is greatest in close proximity of amyloid
plaques [62]. The evidence for toxic AβO activity comes from observation that the loss of synapses in
AD transgenic animals is correlated with the degree of colocalization of Aβ soluble oligomers with
synaptic puncta [63].

Another mechanism of AβO toxicity is oligomers-induced disruption of synaptic transmission.
It was demonstrated that soluble AβO could inhibit long-term potentiation (LTP) in mouse
hippocampal tissue samples, suggesting that this form of Aβ might be the species triggering loss of
synapses and memory impairment in AD [64]. It was also shown in mice model of AD that transgenic
animals overexpressing mutant form of human APP exhibited lower density of presynaptic terminals,
as well as severe impairments in synaptic transmission in the hippocampus for months before the
presence of amyloid plaques [65]. This toxic activity of oligomers was confirmed in the study of
Shankar et al., who demonstrated that soluble AβOs isolated from AD patients’ brains decreased
number of synapses in animal models of AD, leading to enhanced long-term synaptic depression (LTD)
and LTP in regions of brain which are responsible for memory [51].

What is interesting, it seems that intracellular soluble AβOs may be transmitted between neurons
using synaptic connections, reaching even distant areas of the brain [66]. It was confirmed in AD
mice models, where intracerebral injections of brain extracts from AD or Aβ aggregates induced
amyloidogenesis [67]. Although various forms of AβOs may disseminate between neurons in this
way, they do not spread between glial cells [68]. It is thought that the self-replication of Aβ and Tau
aggregates and their spreading in a prion-like manner may contribute to the progressive nature of AD.
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Moreover, AβOs can be transferred not only within the brain, from one region to another, but it is
supposed that oligomers might be transmitted between people [69].

Figure 1. Toxic activity of amyloid β oligomers (AβOs).

A limitation of AβOs’ hypothesis may be the fact that oligomers are not homogenous species.
Implications for the phenotypic diversity of Aβ in AD include clinical and neuropathological
heterogeneity of AD, various distribution and significant differences in the expression of Aβ species
in brain tissue, as well as different concentrations of Aβ peptides in CSF of AD patients [69].
AβOs’ molecular weight, morphology and conformation are highly variegated. There are different
Aβ forms, from small, dimeric molecules, through trimers, and low molecular weight (LMW) and
high molecular weight (HMW) oligomers up to protofibrils and fibrils, which range from relatively
small molecules about 4 kDa to assemblies of 100 kDa. Therefore, the precise role of different oligomer
species still remains to be elucidated [70,71].

3. Cellular Receptors Related to AβOs Activity

Although it is known that extracellular AβOs are able to bind to the surface of neurons, resulting in
synaptic dysfunction and neurodegeneration, precise mechanism remains uncertain. It was suggested
that AβOs may damage neuronal membranes directly, forming pores, which leads to the ionic
dyshomeostasis, especially an increase in intracellular Ca2+ levels [72]. It was also proposed that
AβOs at high concentration may interact directly with negatively charged phospholipid bilayers,
leading to changes in their conductance in non-specific manner [73]. However, it is unclear how such
membrane-disrupting activity could explain the selectivity of AβOs for the central nervous system
(CNS), especially for the synapses, in AD.

Some other potential mechanisms of AβOs and their targets, including the abnormal activation of
signaling pathways, are under extensive investigation [74]. As it was mentioned above, extracellular
AβOs accrue generally at synapses, especially at synaptic spines, but detailed specificity of AβOs
to particular cells was uncertain. It was shown that in hippocampal cultures Aβ oligomers were
bound mostly to neurons, whereas in cortical and cerebellar cultures this binding occurred in a lesser
degree [75,76]. It was also demonstrated that both AβOs prepared in vitro and those extracted from
AD brain were the ligands targeting cultured mouse hippocampal cells. Soluble AβO isolated from
AD patients bound to hippocampal dendrites in cultured mouse neurons with high, “ligand-like”
specificity [77]. This specific targeting of neuronal cells is in line with rapid disruption of hippocampal
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LTP and LTD induced by oligomers [78,79] and with selective neuronal degeneration induced by
soluble AβOs seen in brain slice preparations [80].

Several studies postulate various possible receptors involved in the toxicity of AβOs. Binding
of AβOs to cell membranes is probably mediated by particular cell surface proteins that act as toxin
receptors. This hypothesis could explain various mechanisms of AβOs’ activity, resulting in synaptic
dysfunction and neurodegeneration [64].

It is possible that these receptor proteins might be expressed only on certain cells, converting
action of AβOs into harmful responses. Moreover, such receptors for extracellular AβO are rather
localized at neuronal synapses and should have a high affinity for AβO. These receptors should
be also more selective for AβOs than for monomeric or fibrillar Aβ, because monomers of Aβ are
present ubiquitously in all individuals, while their levels do not substantially change with disease.
Furthermore, putative AβO receptors should have the ability to transduce extracellular triggering
factors into certain intracellular changes. It may be achieved either directly or by connection with other
active molecules.

There are over 20 candidates for AβO receptors, including glutamate, adrenergic, acetylcholine
receptors and others. Unfortunately, no single candidate receptor protein has been shown yet to be
responsible for all features of AβO activity. Moreover, the heterogeneity of AβOs results in their
diverse affinity as ligands when binding to various putative oligomers’ receptors [81].

3.1. Glutamate Receptor NMDAR

Synaptotoxic activity of AβOs includes inappropriate increase of extracellular glutamate
concentration and activation of glutamate receptors, which results in rapid impairment of synaptic
plasticity [82]. The N-methyl-D-aspartate (NMDA) receptor is a glutamate receptor with ion channel
activity. It plays a role in controlling of synaptic plasticity and synapse formation, which are responsible
for memory function, learning and formation of neuronal networks in CNS [83]. It was suggested that
oligomeric Aβ toxicity may involve NMDAR activation, although it remains controversial whether
AβOs trigger loss or gain of its function.

Some studies indicate that AβOs initiate impairment of NMDAR activity by removal from the
cell surface and triggering of synaptic depression signaling pathways [84–86]. By modulation of
NMDAR-dependent signaling pathway, AβOs induce reversible synapse loss causing the decrease in
spine density [85,87]. Both in vivo and in vitro studies demonstrated that Aβ can disrupt induction
of LTP depending on this type receptor [88]. Moreover, activity of this receptor is required for
AβOs-induced synaptic depression [87].

On the contrary, other authors demonstrated that AβOs cause an increase of NMDAR receptor
function. AβOs induce neuronal oxidative stress through an NMDAR-dependent mechanism.
This activity of AβOs is blocked by memantine, an uncompetitive NMDAR antagonist and the
drug used to relief AD symptoms [89]. Moreover, it was reported in animal models of AD, that chronic
treatment with memantine reduced Aβ deposition in the brain, both insoluble Aβ fibrils and
soluble AβOs. Memantine not only inhibited the formation of different types of Aβ aggregates
in a concentration-dependent manner, but also led to disaggregation of Aβ42 fibrils [90]. Interestingly,
specific antibody to the extracellular domain of the NR1 subunit of NMDARs led also to reduction of
AβOs binding to neurons and completely blocked the formation of reactive oxygen species (ROS) [89].

Dysregulation of Ca2+ signaling and membrane disturbance, which is thought as a ubiquitous
mechanism of soluble AβOs neurotoxicity [91], may also be mediated by activation of NMDAR [92].
AβOs disrupt NMDAR-mediated postsynaptic Ca2+ signaling in response to presynaptic stimulation
by enhancing the accessibility of extracellular glutamate as well as directly disturbing the NMDARs [93].
This excessive activation of NMDAR leads to disproportionate inflow of Ca2+ to neurons and may
cause excitotoxicity, a pathological mechanism recognized in some NDs, including AD. It is thought
that this aberrant regulation of intracellular Ca2+ signaling is an early event in AD, prior to the presence
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of clinical symptoms. Dysregulation of Ca2+ signaling is also believed to be a crucial factor contributing
to AD pathogenesis (for review see: [94]).

Moreover, AβOs interfere specifically with several proteins involved in calcium-related signaling
pathways, such as calcineurin, which is Ca2+-dependent phosphatase, and Ca2+/calmodulin-
dependent kinase II (CaMKII) [88]. The dynamic balance between these enzymes is presumed to be
important for synaptic plasticity. It was demonstrated that LMW AβOs may inhibit CaMKII activity
and thus disrupt the equilibrium between above mentioned enzymes [95]. In addition, activation of
NMDAR by soluble AβOs involves Ca2+-mediated mitochondrial dysfunction as well as decreased
CaMKII levels at synapses. This results in dramatic loss of synaptic proteins such as postsynaptic
density-95 (PSD-95), dynamin-1 and synaptophysin [96].

NMDAR may also mediate the toxic impact of AβOs on glucose metabolism in neurons.
AMP-activated kinase (AMPK) is a key enzyme in energy sensing and metabolic reprogramming under
cellular energy restriction, which is associated with some peripheral metabolic diseases, including
diabetes. An impaired AMPK function has been linked recently to certain neurological disorders,
such as AD [97]. The intracellular ATP levels and AMPK activity were decreased in cultured
hippocampal neurons already after short-term exposure to AβOs. This AβO-dependent reduction in
AMPK activity is also mediated by glutamate receptors NMDARs, which results in removal of glucose
transporters (GLUTs) from the surfaces of hippocampal neurons [97].

3.2. Glutamate Receptor AMPAR

The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) is also a glutamate
ionotropic transmembrane receptor that mediates synaptic transmission in CNS. AMPAR is classified
as a non-NMDA-type receptor. AMPARs are tetrameric receptors composed of four subunits, labelled
as GluA1, GluA2, GluA3, and GluA4. Subunits GluA1 and GluA2 play an important role in synaptic
plasticity and LTP [98]. The permeability of AMPAR to Ca2+ is related to the GluA2 subunit [99].
Phosphorylation of AMPARs influences ion channel localization and its conductance. Subunit GluA1
has four known phosphorylation sites, but serine 845 (S845) is a residue that plays an essential role in
the trafficking of AMPARs toward extrasynaptic sites [100].

Aβ oligomers may cause synaptic dysfunction also by inducing calcineurin-dependent
internalization of AMPAR [101]. It was shown in cortical cultures that soluble oligomers of Aβ, but not
monomers, mediate the internalization of the AMPAR subunits GluA1/GluA2 by endocytosis [102].
Short-term exposure of hippocampal neurons to AβOs led to noticeable removal of AMPARs from
postsynaptic surface and to impaired insertion of this receptor during synaptic potentiation [103].
It is in accordance with the finding that acute exposure of cultured neurons to soluble AβOs induced
AMPAR ubiquitination associated with the removal of this receptor from the plasma membrane [104].
Aβ oligomers reduce basal levels of S845 phosphorylation and surface expression of AMPARs affecting
AMPAR subunit composition contributing to early synapse dysfunction in a transgenic mouse model
of AD [105].

Binding of AβOs to neurons occurs in dendritic spines expressing AMPARs, preferentially GluA2,
which is calcium impermeable [106]. Furthermore, pharmacological inhibition of AMPARs leads to
reduced AβOs binding. It was demonstrated that the process of rapid internalization of AβOs with
surface AMPAR subunits is mediated by calcineurin, whereas inhibition of this phosphatase and
AMPARs prevents AβOs-induced synaptic disruption and spine loss [106].

Whereas the role of AMPARs in hippocampal pyramidal neurons containing GluA1 and GluA2
subunits (GluA1/2) has been extensively examined, the importance of AMPAR type having GluA2
and GluA3 (GluA2/3) for synapse physiology was not clear. It was recently revealed that activation of
GluA3 AMPARs may constitute novel type of plasticity at synapses [107]. Animal studies shown that
in basal conditions GluA2/3 AMPARs are in low-conductance state, shifting to a high-conductance
GluA2/3 channels with increased intracellular cyclic AMP (cAMP) levels, which led to synaptic
potentiation [107]. It was also indicated that some forms of LTP, such as vestibulo-cerebellar motor
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learning, may rather require GluA3-AMPARs activation by increasing single-channel conductance
mediated by cAMP signaling [108].

Furthermore, the presence of GluA3-containing AMPARs may be also relevant for synaptic and
cognitive deficits mediated by AβOs. It was shown in experiments in AD mouse models that all the
effects on synapses and memory mediated by soluble oligomeric clusters of Aβ required presence
of AMPA receptor subunit GluA3 [109]. Moreover, AβOs blocked synaptic LTP only in neurons
expressing this subunit, whereas GluA3-deficient hippocampal neurons were resistant to toxic AβO
activity, such as synaptic depression and spine loss. What is important, mice lacking GluA3 subunit
did not express memory impairments [109].

Interestingly, abnormal Tau phosphorylation may contribute to AβOs-induced signaling deficits
of AMPAR [110]. AβOs led to abnormal Tau distribution in dendritic spines in cultured rodent
hippocampal neurons. Aberrant Tau localization was dependent on the phosphorylation of this
protein and resulted in early cognitive deficits and synaptic loss [110].

3.3. Metabotropic Glutamate Receptor 5 mGluR5

Glutamate is one of the main excitatory neurotransmitters in human CNS and glutamatergic
neurotransmission is involved in most aspects of normal human brain function [111]. This neurotransmitter
signals through ligand-gated ion channels, such as AMPAR, or through metabotropic glutamate receptors
(mGluRs), a family of several G protein-coupled receptors. Two principal signal transduction pathways
involving mGluRs are known: cAMP and phosphatidylinositol signal pathways [112].

Metabotropic glutamate receptor 5 (mGluR5) belongs to group I of metabotropic glutamate
receptors and activates phospholipase C. This type of receptor has been implicated in a diverse variety
of physiological neuronal functions. Moreover, mGluR5 acts postsynaptically as a co-receptor for
AβO [113]. Soluble extracellular AβOs bind to lipid-anchored cellular prion protein (PrPC) with high
affinity and specificity [114,115]. The coexpression of mGluR5 allows PrPC-bound AβO for activation
of intracellular Fyn kinase, what results in the disruption of synapses [113]. Complexes of AβO with
PrPC generate mGluR5-mediated influx of Ca2+ in neurons. This influx may be also driven by human
AD brain extracts. Aβ peptides also disturb intracellular Ca2+ homeostasis. It was demonstrated
that Aβ42 oligomers, but not monomers, significantly altered Ca2+ release from intracellular stores,
which involved mGluR5 and required network activity [116]. In addition, dendritic spine loss is also
mediated by AβO-PrPC-mGluR5 complexes signaling pathway [113].

3.4. Cellular Prion Protein PrPC

It seems that significant part of AβO toxicity in AD may be mediated after initial interaction with
PrPC on the neuronal surface. In the normal brain, the expression of PrPC is controlled by a feedback
loop with amyloid intracellular domain (AICD). PrPC inhibits the activity of β-secretase (β-site APP
cleaving enzyme-1, BACE1) [117] as well as AICD production [118], whereas AICD upregulates PrPC

expression, which maintains the inhibitory effect of PrPC on BACE1.
This reaction is disrupted in AD, resulting in the binding of increased levels of AβOs to PrPC and

disturbed regulation of BACE1 activity. Moreover, PrPC inhibits formation of fibrillar aggregates of
Aβ, trapping this peptide in an oligomeric state [119]. Only recently it was demonstrated that PrPC

specifically inhibits elongation of Aβ fibrils by binding to the ends of growing polymers [120]. It was
shown that this inhibitory effect requires the globular C-terminal domain of PrPC, which suggests that
PrPC might recognize specific structure that is common to the ends of both oligomeric and fibrillar
form of Aβ [120]. This interaction could probably contribute to the neurotoxicity of AβOs.

As it was mentioned above, cellular prion protein PrPC was identified as AβO co-receptor,
although the infectious form PrPSc conformation is not required [115]. PrPC binds Aβ42-oligomers
with high affinity and high selectivity. Purified recombinant PrPC interacted directly with AβOs,
whereas the binding of synthetic AβOs to neurons decreased in PrPC-null mice.
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Moreover, PrPC mediates impairment of synaptic plasticity by AβOs [115]. The effects of
interaction between PrPC and AβOs on LTP were compared between wild-type and PrPC-null
mice [115]. It was shown that soluble AβOs reduced LTP in the wild-type mice, but not in the
PrPC-null mice. It may indicate that PrPC is required to mediate these toxic effects of AβOs. It was also
demonstrated that binding onto PrPC induces intracellular Ca2+ increase in neurons via the complex
PrPC-mGluR5, with harmful effects on synaptic transmission [121].

Although additional receptors may contribute to mediation of AβO action, recent investigations indicate
that PrPC supposedly plays a primary role (reviewed by Del Rio [122]). PrPC is a glycosylphosphatidylinositol
(GPI)-anchored protein. Thus, the mediation of the signal transduction requires the formation of
complexes between PrPC and certain transmembrane proteins, such as acetylcholine and glutamate
receptors [113,123–126]. The complex PrPC-mGluR5 plays an important role in AβO binding and activity
of oligomers in neurons. The signal transduction downstream of AβO-PrPC complexes involves mGluR5,
as well as kinases Fyn and Pyk2 [113]. Additionally, after AβOs to binding PrPC and activation of Fyn tyrosine
kinase, NMDARs are phosphorylated, which in turn results in altered surface expression, dysregulation
of receptor function, excitotoxicity, and dendritic spine retraction [113]. This mechanism is consistent with
previous discovery that Fyn is essential for AβO-induced synaptotoxicity [64,127].

Interestingly, it was shown that PrPc also appears to be relevant in α-synucleopathies, such as PD,
participating in α-synuclein binding and brain spreading [122].

3.5. β2-Adrenergic Receptors

The β2-adrenergic receptors (β2ARs) are expressed in the brain, especially in regions involved in
AD pathogenesis, i.e. hippocampus and cortex [128]. β2ARs play an important role in cognitive
functioning. The activation of β2ARs is essential for normal learning and memory [129,130].
Stimulation of β2ARs promotes synaptic LTP in dentate gyrus and hippocampus [131–136]. The role
of β2AR in memory formation may be confirmed by enhanced expression of β2ARs in dendritic
spines [137,138]. β2AR roles in brain are associated with the AMPA-type glutamate receptor [137].

It was demonstrated that β2ARs activation enhances neurogenesis in APP/PS1 mice, a mouse
model of AD [139]. Stimulation of these receptors attenuated memory deficits and reduced Aβ

accumulation in mouse brain. Moreover, activation of β2ARs enabled the recovery of memory deficits
in APP/PS1 mice, enhanced neurogenesis in the dentate gyrus, restored dendritic branches, and spine
density in the hippocampus as well as increased the levels of synapse-associated proteins such as
synaptophysin, synapsin 1, and PSD-95 [139]. These findings suggest that activation of β2AR protects
synapses in this animal model of AD.

Alterations in β2ARs function have been linked to AD, although the results were not consistent.
Decreased levels of β2ARs in certain regions of post-mortem human AD brain, such as locus coeruleus
and hippocampus, were demonstrated [140–142]. Activation of β2ARs resulted in enhanced γ-secretase
activity and intensified amyloid plaque formation [143], whereas use of β2AR antagonists conversely
attenuated production of Aβ induced by acute stress [144].

On the other side, the administration of ICI, a selective β2AR antagonist, enhanced neuropathological
changes, such as increased Aβ plaque burden, as well as accumulation of phosphorylated Tau in a mouse
model of AD [145]. Moreover, blockade of β2AR led to cognitive deficits in mice. These results suggest that
selective pharmacologic inhibition of β2ARs may have negative effects on AD-like pathology in this animal
model of AD. It should be highlighted that the link between β2ARs and AD is likely highly complex.

It was shown that human AβOs, when applied to slices of rodent brain, are able to induce the
degradation of β2ARs [146,147]. β2AR levels in hippocampal slices were decreased significantly
after exposition to AβOs. Although HMW soluble oligomers of Aβ extracted from AD brain had
faint or none cytotoxic activity, they dissociated in alkaline environment to smaller, LMW oligomers
(approximately 8–70 kDa). Postincubation LMW were much more bioactive. They induced impaired
hippocampal LTP, activated brain microglia and led to decrease in the neuronal levels of β2ARs in
mice in vivo [148].
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3.6. Acetylcholine Receptor α7nAChR

It was shown that Aβ42 binds with high, picomolar affinity to α7 nicotinic acetylcholine receptor
(α7nAChR), a neuronal pentameric cation channel [149]. This binding is accompanied with the loss of
cholinergic neurons in the brain, resulting in receptor internalization and intracellular accumulation of
Aβ [150]. Furthermore, formation of the α7nAChR-Aβ42 complex was suppressed by shorter chains
of Aβ (12–28), indicating that this sequence region contains the binding epitope of amyloid [149].

It was also demonstrated in immunohistochemical studies on human sporadic AD brains that
α7nAChR is present in neuritic plaques and co-localizes with Aβ in individual cortical neurons [149].
Moreover, the presence of intracellular AβOs was shown in human cholinergic basal forebrain
neurons, suggesting the role of amyloid oligomers in cholinergic deficiency [151]. It was confirmed in
a triple-transgenic mouse model of AD, where loss of the α7nAChRs was restricted to brain regions
that accumulate Aβ intraneuronally [152].

The loss of α7nAChR enhances AβOs accumulation in a mouse model of AD, exacerbating
early-stage cognitive decline and septo-hippocampal pathology [153]. In α7nAChR-null mice crossed
with those transgenic for mutant human APP, a neurodegeneration in hippocampus and cognitive
decline were found already in early, pre-plaque stage of AD. These changes were associated with the
appearance of a small, dodecameric form of AβO [153]. Presented findings suggest that α7nAChR
plays a protective role for AβOs toxicity. What is more, restoring LTP impaired by AβOs is possible by
using a selective neuronal nicotinic receptor partial agonist SSR180711, which completely rescued both
early and late LTP impaired by Aβ42 oligomers [154].

3.7. Insulin Receptor

A pathophysiological connection between AD and diabetes was confirmed in numerous studies
(reviewed by de Felice [155]). An increasing body of evidence indicates that AD may be called
a “brain-specific form of diabetes” or “type 3 diabetes” [156,157]. Both diseases are characterized
by key pathological features such as insulin resistance, inflammation, and altered metabolism.
Diabetic pathophysiology includes reduction in brain insulin signaling, decreased levels of brain
insulin, and elevated levels of glucose.

Toxic activity of AβOs may be also linked with impaired insulin signaling and brain insulin
resistance, which lead to elevated Aβ production and reduced AβO clearance, resulting in oligomers’
deposits in the brain and neuronal damage [158]. Furthermore, it was shown that signal transduction
by neuronal insulin receptors (IRs) is highly sensitive to soluble AβO. AβOs themselves can influence
IRs and decrease brain insulin signaling [158]. In addition, AβOs bind to neuronal IRs and affect its
insulin-induced autophosphorylation, preventing activation of specific kinases required for LTP [159].
In cultures of mature hippocampal neurons, soluble oligomers caused a rapid, substantial loss of
surface IRs, especially on dendrites bound by AβOs [106].

3.8. p75 Neurotrophin Receptor p75NTR

It was suggested that AβOs may induce neuronal death via nerve growth factor (NGF) receptor
by alteration of NGF-mediated signaling in cultured cells [75,160]. NGF mediates cell loss through
low-affinity receptor for nerve growth factor, also called p75 neurotrophin receptor (p75NTR),
which belongs to the tumor necrosis factor (TNF) receptor superfamily [74]. Precisely, toxic effects
of Aβ mediated by p75NTR depend on a death domain in the cytoplasmic part of this receptor
molecule [161,162]. Synapse targeting of AβOs involves activation of p75NTR. AβOs, together with
PrPC, bind at the membrane receptors, forming annular amyloid pores and ion channels to induce
aberrant cytoskeletal changes in dendritic spines [96].

In the mouse hippocampus, the expression of p75NTR induced by AβOs involves insulin-like
growth factor 1 receptor (IGF-1R) signaling [163]. Significantly elevated hippocampal expression of
membrane-associated p75NTR protein was shown in transgenic AD mice and was associated with
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the age-dependent increase of Aβ42 levels. Moreover, it was demonstrated that microinjections
of AβOs induced p75NTR expression in the hippocampus through phosphorylation of IGF-1R,
whereas co-administration of IGF-1R inhibitor blocked AβOs-induced overexpression of p75NTR [163].

Conflicting evidence exists regarding the role of p75NTR in AD, especially against toxicity of
AβOs. Although an important role of p75NTR in Aβ metabolism and Aβ-mediated neurodegeneration
in AD brains was shown, this protein also promotes the differentiation and survival of vertebrate
neurons [164]. Furthermore, a conflicting role of p75NTR in the cytotoxic function of Aβ depends on
the different state of this peptide. In fact, the neurotoxicity of the two forms of Aβ, insoluble fibrillar or
soluble oligomeric form, occurs with different mechanisms. Primarily, it was proved that the expression
of p75NTR is required for cell death by fibrillar form of Aβ [165]. Interestingly, the toxicity of fibrillar
Aβ species is strictly dependent on p75NTR, whereas neurotoxicity of soluble AβOs is independent of
p75NTR and is even decreased by the presence of this receptor. Moreover, the expression of p75NTR
protects against the neurotoxicity of oligomers [166]. This protective effect results from an active
function of the juxtamembrane sequence of the cytoplasmic region of p75NTR and is mediated by
phosphatidylinositide 3-kinase (PI3K) activity [166]. These results suggest that p75NTR might have
diverse functions in cell death and survival.

3.9. Immunoglobulin and Immunoglobulin-Like Receptors

Human leukocyte immunoglobulin-like receptor B2 (LilrB2) belongs to the subfamily B class of
leukocyte immunoglobulin-like receptors (LIR) expressed on immune cells. LilrB2 inhibits stimulation
of an immune response, controls inflammatory responses and cytotoxicity, and limits autoreactivity
of immune system. LilrB2 binds to major histocompatibility complex (MHC) class I molecules on
antigen-presenting cells. It was indicated that MHC class I molecules have additional functions in
CNS [167]. Furthermore, numerous MHC class I antigens and their binding partners are found to
be expressed in CNS neurons and might be involved in activity-dependent synaptic plasticity [167].
LilrB2 also participates in the process of synaptic plasticity and neurite growth in CNS [168].

Murine homolog of LilrB2, paired immunoglobulin-like receptor B (PirB), is an immune inhibitory
receptor, primarily identified in mouse immune cells [169]. Expression of PirB is also observed
in subsets of neurons throughout mouse brain. In addition, PirB participates in the inhibition of
axonal regeneration [170,171]. It was also suggested that PirB plays an important role in age-related
hippocampal aging, synaptic loss and neurotransmitter release, which causes cognitive dysfunction
associated with AD [172].

Importantly, murine PirB and its human orthologue LilrB2 are thought to be nanomolar affinity
receptors for Aβ oligomers [168]. The interaction between AβOs and PirB/LilrB2 are mediated by
the first two extracellular immunoglobulin domains of the receptors [168]. PirB regulates synaptic
plasticity, affecting hippocampal LTP, which contributes to Aβ-induced deficits of memory in a mouse
model of AD [168]. Moreover, high PirB expression is required for the harmful effect of AβOs on
hippocampal formation [168]. In double transgenic APP/PS1 mice, ocular dominance plasticity (ODP)
was defective during the very early period of synaptic plasticity development [173]. This observation
is in contrast with enhanced ODP during the critical period and in adult mice lacking PirB [174].
It suggests that impaired ODP is one of the earliest Aβ-induced deficits in a mouse model of AD.
While Aβ42 oligomers robustly bound to LilrB2-expressing heterologous cells, only a minimal binding
of monomeric Aβ42 to LilrB2 was observed [168], which suggests selectivity of AβOs reaction with this
receptor. Although similar levels of LilrB2 were detected either in human AD brains or in specimens
from non-demented adults, downstream signaling was altered in AD specimens.

It was suggested that FcγRIIb (Fragment crystallizable gamma receptor II b) may also play a role
as a AβOs receptor, mediating neurodegeneration and toxic activity of oligomers [175]. FcγRIIb
belongs to family of Fc-gamma receptors (FcγR) which have a binding specificity for the Fc (Fragment,
crystallizable) region of immunoglobulin gamma (IgG) [176]. They are present on the surface of
B lymphocytes, dendritic cells, natural killer cells, macrophages, granulocytes, mast cells, and other
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cells of the immune system. Additionally, all of the Fcγ receptors (FcγR) belong to the immunoglobulin
superfamily and differ in their affinities for IgG due to variegated molecular structure of different
IgG subclasses.

It was demonstrated that FcγRIIb is an important factor contributing to the AβOs’ neurotoxicity
and memory impairment. This protein was significantly upregulated in the hippocampus of AD brains
and neuronal cells exposed to synthetic Aβ [175]. Soluble Aβ oligomers interacted with FcγRIIb both
in vitro and in AD brains, whereas inhibition of that interaction blocked neurotoxicity of synthetic
AβO. Moreover, in mouse model of AD, genetic depletion of FcγRIIb rescued memory impairments
and prevented AβO-induced inhibition of LTP, which supports an idea that this receptor could play
an essential role in Aβ-mediated neuronal dysfunction [175].

3.10. Triggering Receptor Expressed on Myeloid Cells 2 TREM2

Triggering receptor expressed on myeloid cells 2 (TREM2) is a transmembrane-glycoprotein
receptor that is present on the surface of immune cells of myeloid origin [177]. As a lipid-sensing
activating receptor, TREM2 binds to phospholipids, apolipoproteins, and lipoproteins through
its immunoglobulin-like domain [178]. Moreover, TREM2 interacts with TYRO protein tyrosine
kinase-binding protein, also known as DNAX-activating protein of 12 kDa (DAP12), which is an adapter
protein for this receptor. In the brain, this interaction triggers the phagocytosis of apoptotic neurons
and Aβ peptide in microglia with no inflammatory effects [179].

It was shown that certain coding variants in TREM2 gene are associated with increased risk for AD [180],
which suggests that immune cell dysfunction may also play a role in AD pathogenesis. Normal proteolytic
maturation of full-length TREM2 at the plasma membrane is disturbed in mutations of TREM2 gene,
resulting in impaired phagocytosis, which may contribute to the pathogenesis of AD [179].

In normal conditions, TREM2 directly binds to AβOs with nanomolar affinity. Only recently,
it was demonstrated that in AD-associated TREM2 mutations this binding is reduced [181].
Moreover, the degradation of Aβ in primary microglial culture and mouse brain was impaired
in TREM2 deficiency, resulting in microglial depolarization, induction of K+ current into cells
as well as increased cytokine expression and secretion, cells migration, proliferation, apoptosis,
and morphological changes are dependent on TREM2 [182]. Additionally, TREM2-DAP12 interaction
was enhanced by AβOs, which demonstrates that TREM2 may act as a microglial AβO receptor that
mediates physiological and AD-related pathological effects [181].

3.11. Tyrosine Kinase Ephrin Receptors Eph4A and EphB2

It was suggested that the tyrosine kinase Eph receptors may also play a role in AβOs-induced
synaptotoxicity [183]. Eph receptors were named after the cell line from which the cDNA was first
isolated, erythropoietin-producing hepatocellular carcinoma. Based on the affinities for binding
ligands and similarity of extracellular domain sequences, they are divided into two functionally
different groups: EphA and EphB. There are nine EphA receptors (1–9), which bind to ephrin-A
ligands (ephrin-A 1–5), proteins anchored to the cell membrane by GPI motif, whereas five EphB
receptors (1–5) bind to ephrin-B ligands (ephrin-B 1–3) with a transmembrane domain and a short
cytoplasmic region [184].

Eph receptors and their ligands play a key role in the physiological functioning, development
and maturation of nervous system [183]. Since Eph ligands and receptors are both membrane-bound
proteins, the Eph/ephrin binding and activation of their intracellular signalling pathways may occur
via direct cell-to-cell interactions only. In particular, their presence both in pre- and postsynaptic
regions is necessary for the development and stabilization of synapses, although EphB and EphA play
opposite roles [185].

It was shown, that EphB promotes morphogenesis and growth of dendritic spines, whereas their
development is aberrant in the absence of these receptors in hippocampal neurons [186]. Moreover,
the formation of synapses is induced by activation of EphB2 receptor via interaction with NMDAR [187].
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EphB receptors are also important factors in the pathophysiology of AD and other
neuropathologies [188]. It was demonstrated that EphB2 levels in the membrane of hippocampal
neurons were decreased after short term treatment of AβOs [189], which could be a result of NMDAR
activation [190]. It was also shown that AβOs binding to the fibronectin (FN) type III repeat domain of
EphB2 triggers to endocytosis of this receptor and its degradation in the proteasome [191]. The results
of EphB2 degradation are the impairment of NMDAR functioning and cognitive deficits. What is
interesting, these interaction sites of the EphB2 FN domain with AβOs may be blocked by a small,
10 amino acids length peptide Pep63, which rescued memory deficits in mouse model of AD [192].
These results suggest that inhibition of EphB2-AβOs interactions may be a promising strategy for
AD treatment. Furthermore, it was shown induction of the EphB2 expression in the dentate gyrus
prevented the cognitive deficits and LTP impairments in mice model of AD [106]. On the other hand,
the decrease of AMPAR and NMDAR levels induced by AβOs may be prevented by overexpression of
EphB2. This protective effect could be directly related to PDZ-binding motif of EphB2 [191,193,194].

EphA receptors bind membrane-bound ephrinA family ligands residing on adjacent cells, leading
to contact-dependent bidirectional signalling [195]. EphA4 receptor plays also an important role in
the regulation of synapses functioning in the nervous system and in the repairment after injury,
preventing axonal regeneration as well as in the angiogenesis and formation of vessels within central
nervous system [183].

EphA4 mediates dendritic spine remodeling and contributes to homeostatic plasticity through
the regulation of AMPAR levels [195–197]. Activation of EphA4 receptor induces a decrease in the
strength of the excitatory synapse as well as reduction of spine length and density in hippocampal
slices [195]. This receptor is also associated with the loss of dendritic spines, their retraction and
growth cone collapse [195]. It was confirmed in EphA4-knockout mice, which expressed disorganized,
longer, and more numerous spines than wild-type mice [183].

Moreover, EphA receptors seems to be key player in the pathophysiology of AD and other
neuropathologies, such as motor neuron degeneration in amyotrophic lateral sclerosis (ALS) [198,199]. It was
shown in AD brains, that hippocampal distribution of EphA4 was co-localized with neuritic plaques already
at early stages (Braak stage II), which suggests that EphA4 may contribute to synaptic dysfunction [200].
Additionally, it was demonstrated that levels of EphA4 mRNA in synaptoneurosomes from AD patients
were twofold higher than in non-demented controls [201].

Furthermore, AβOs aberrantly activate EphA4 leading to dendritic spine elimination, whereas blockade
or absence of this receptor in hippocampal neurons prevents synaptic loss [202,203]. This AβOs-EphA4 axis
involves c-Abl tyrosine kinase activation by AβOs in dendritic spines of cultured hippocampal neurons,
which is required for AβOs-induced synaptic loss [183,203].

3.12. Receptor for Advanced Glycation Endproducts RAGE

RAGE is a small, 35 kDa transmembrane protein, which belongs to the immunoglobulin
superfamily and plays a role in innate immunity. RAGE is composed of three extracellular Ig-like
domains (Vd, C1d, C2d), with a single transmembrane domain, and a short cytoplasmic tail [204].
This receptor is described as a “pattern recognition” receptor because of its ability to recognize common
structural motifs. RAGE is able to bind multiple ligands, such as advanced glycation endproducts
(AGE), glycans and glycoproteins, as well as chromatin protein high mobility group box 1 protein
(HMGB-1), calprotectin and S100B [205]. After stimulation, RAGE activates certain pro-inflammatory
genes, which mediate Aβ-induced oxidative stress.

Moreover, activation of RAGE results in continuous instigation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) [206,207]. On the other hand, RAGE itself is upregulated by NF-κB,
thus creating RAGE/NF-κB axis. This forms a positive feed-back loop leading to chronic inflammation,
altered micro- and macrovasculature, and tissue damage, pathological events observed also in AD.

Expression of RAGE is increased in the AD brain. Moreover, enhanced levels of RAGE ligands
were observed in a range of inflammatory diseases, atherosclerosis, diabetes and cancer as well as
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in AD, which suggests a causative role of this receptor in inflammatory chronic state [207]. RAGE
was also identified as one of the cell-surface binding sites for Aβ peptide at the plasma membrane of
neurons, microglial cells, and endothelial cells of the vessel wall [206].

Furthermore, RAGE participates in the clearance of Aβ. The level of Aβ peptides as well as
other substances in the brain is not only a result of specific equilibrium between their synthesis and
degradation, but also depends on the transport into the brain from blood and efflux from the brain into
blood through blood-brain barrier (BBB). Both in normal aging and in AD, the rate of CSF reabsorption
into the blood, known as bulk flow, is also impaired. The main receptors for the transport of Aβ across
BBB are RAGE and low-density lipoprotein receptor related protein-1 (LRP1). RAGE is responsible for
Aβ influx, whereas LRP1 is the main receptor controlling the efflux across the BBB to the plasma [208].
Soluble form of LRP1 sequesters 70–90% of plasma Aβ peptides in normal conditions. In AD, this Aβ

clearance is disturbed [206]. Both in AD mouse models and in AD patients, the brain endothelial
expression of RAGE is elevated, whereas plasma levels of sLRP1 and its Aβ-binding capacity are
decreased, leading to increase in free Aβ fraction in plasma [209].

Interestingly, distinct regions of RAGE are induced by different Aβ conformations in AD-related
apoptosis [204]. It was demonstrated that anti-RAGE antibodies significantly improved survival of
cortical rat neurons and RAGE-expressing cells exposed to either AβOs or aggregated Aβ. Moreover,
the use of site-specific antibodies against domain Vd of this receptor prevented AβOs-induced
neurotoxicity, whereas blockade of the apoptosis induced by aggregated Aβ required neutralization of
C1d domain of RAGE [204].

3.13. Megalin Receptor

Megalin, also known as glycoprotein 330 (gp330) or low-density lipoprotein-related protein 2
(LRP2), is a large, approximately 600 kDa protein, which is a multiligand binding receptor expressed in
the plasma membrane of epithelial cells [210]. In CNS, megalin is present in choroid plexus epithelium
and ependymal cells covering the brain ventricles. LRP2 is a member of a family of receptors with
structural similarities to the low-density lipoprotein receptor (LDLR). Megalin mediates endocytosis
of its ligands, which results in the degradation in lysosomes or transcytosis [211]. This receptor
has been shown to interact with various ligands, vitamin-binding proteins, carrier proteins,
lipoproteins, hormones and hormone precursors, as well as drugs and toxins [212]. Moreover,
this receptor has also functions in cellular communication and signal transduction, with PSD-95
as an interaction partner [213].

LRP2 is also an endocytic receptor for apolipoprotein J (ApoJ)/clusterin involved in rapid
receptor-mediated uptake or bidirectional exchanges of soluble Aβ across BBB [214]. ApoJ has been
revealed to be the major protein binding Aβ in CSF. Megalin mediates cellular uptake and transport
of ApoJ alone and ApoJ complexed with Aβ-40, the most abundant amyloid isoform found in Aβ

deposits of the blood vessels, from the periphery into the brain at the cerebral vascular endothelium
and choroid epithelium [215]. This interaction of ApoJ-Aβ complex with megalin is thought to be
another, besides RAGE and LRP1, mechanism preventing pathological accumulation of Aβ [216].
It was shown that Aβ alone did not bind directly to LRP-2, whereas complexes of Aβ-40 with apoJ
were able to react with megalin. Moreover, ApoJ/Aβ binding interaction was blocked polyclonal
anti-megalin antibodies, which supports the role of LRP-2 as a mediator of the clearance of ApoJ/Aβ

complex from CSF and in the regulation of Aβ accumulation [216].

3.14. Nuclear Receptors

Nuclear receptors (NRs) constitute a class of proteins that mediate certain, relatively small,
molecules pathways, thus controlling the development, homeostasis, and various metabolic processes.
There are currently 48 nuclear receptors known in the human genome, most of them have identified
specific ligands [217]. NRs are involved in the synthesis and metabolism of steroid and thyroid
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hormones as well as and various other lipid-soluble signals, including retinoic acid, oxysterols,
vitamin D, cholesterol, lipids, and bile acids or thyroid hormone [217].

Moreover, many of NRs, but not all, directly bind to signalling molecules. These molecules
are small and have lipophilic character, therefore they can easily enter the target cell. Thus, unlike
described above membrane-bound receptors, NRs are intracellular proteins which are capable of direct
binding to DNA, thus controlling the expression of adjacent genes, which is their unique property
that differentiates them from other classes of receptors. Because of this ability, NRs are classified as
transcription factors [218].

The nuclear receptor superfamily may be divided according to their amino acid sequence
similarities in six subfamilies, which are thyroid hormone receptor-like, retinoid x receptor-like,
estrogen receptor-like, nerve growth factor IB-like, steroidogenic factor-like and germ cell nuclear
factor-like [217]. Moreover, some NRs require heterodimerization with retinoid X receptor (RXR) [217].
Furthermore, NRs-ligands interactions are characterized by certain redundancy: ligands are
nonselective for particular receptors, which also share their transcriptional targets, serving as
transcriptional inducers of one another. However, several NRs remain with unknown ligands and are
described as “orphan receptors” [219].

All NRs are conservative and similar in their general structure, which includes a ligand-
binding/dimerization domain (LBD) and DNA-binding/weak dimerization domain (DBD) as well as
at least one N-terminal ligand-independent transactivation region, referred to as AF-1 for activation
function 1 (or the A/B domain), and a ligand-dependent transcription region AF-2. To bind DNA,
AF-2 may form complexes with co-regulatory proteins that can act as co-activators or co-repressors.
AF-2 co-activators regulate histone acetyltransferase activity, whereas its co-repressors control histone
deacetylase activity [218].

Certain NRs are also linked with AD pathology as well as with AβOs toxicity. One of these receptors is
vitamin D receptor (VDR) that is broadly expressed in brain and regulates many genes. VDR mediates action
of Vitamin D (1,25-(OH)2D3), an important neurosteroid, which plays key role in the brain functioning,
such as calcium signaling, cell proliferation and differentiation. Vitamin D is also a neurotrophic factor
that regulates neurotransmission and synaptic plasticity. It was revealed recently, that Vitamin D treatment
results in significant increase of LRP1 expression both in-vivo and in-vitro studies [220]. Moreover, it was
suggested that VDR deficiency/inhibition can be a potential risk factor for AD [221]. It was shown that
Vitamin D may be also involved in Aβ clearance. 1,25-(OH)2D3 increases transport of Aβ across the BBB
by regulating expression of amyloid transporters, such as LRP-1, via its nuclear receptor VDR only, or by
binding heterodimeric complexes of VDR with RXR [222].

3.15. Sirtuin

Sirtuin 1 (SIRT 1), one of NRs that has recently emerged as a crucial protein that may play
protective roles in AD and other NDs, including PD and MND (for review see [223]). SIRT1 belongs
to the family of sirtuins (Sir2, silent information regulator 2 protein) that was shown to regulate
lifespan in lower organisms and affect diseases of aging in mammals. SIRT1 is a nicotinamide adenine
dinucleotide (NAD+)-dependent histone deacetylase involved in calorie restriction (CR) (reviewed
in [224]). Calorie restriction promotes mammalian cell survival by inducing the SIRT1 deacetylase.
As it was mentioned above, it was proposed that AD may be described as new form of diabetes or
“type 3 diabetes”. The resistance to insulin and insulin-like growth factor are thought to be crucial
for the progression of AD [225]. SIRT1 deficiency is also ascribed to be responsible for the increased
risk of insulin resistance, obesity and diabetes, including type 3 diabetes, whereas low-calorie diet and
nutrition reverse type 3 diabetes and accelerated aging linked to global chronic diseases [226].

SIRT1 is involved in neurodevelopment, including axon elongation, neurite outgrowth and
dendritic branching [223]. Furthermore, this NR is also essential for normal cognitive function and
synaptic plasticity. It was demonstrated that SIRT1 attenuates amyloidogenic processing of APP by
increasing α-secretase activity via SIRT1-coupled retinoic acid receptor-β (RARβ) activation [227].
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Upregulation of α-secretase shifts APP processing to non-amyloidogenic cleavage of APP and reduces
the pathological accumulation of the toxic Aβ species that results from β- and γ-secretase activity.
It may be confirmed by the fact that a significant decrease in SIRT1 level, both mRNA and protein,
was observed in the cortex of AD patients [228]. SIRT1 reduction paralleled tau accumulation in
the AD brain and may be closely associated with deposition of Aβ in the cerebral cortex of patients
with AD.

Although it is difficult to determine when exactly SIRT1 loss occurs in AD, it was suggested that
it may be rather a relatively late event. A significant correlation was observed between SIRT1 and
the duration of AD symptoms, accumulation of tau, as well as Aβ42 deposition [228]. Furthermore,
it seems that AβOs toxicity and their binding to AβO receptors are rather primary toxic effects,
than secondary to NRs disturbances with consecutive AβOs receptor interactions.

4. Conclusions

Since its first description over hundred years ago, Alzheimer’s disease is one of the diseases in
modern biomedicine that have garnered most scientific attention. Within these 100 years there have
emerged various hypotheses in order to explain underlying pathology. The dominant model of AD
pathogenesis is amyloid hypothesis, although its details were changing over this time, indicating
increasing role of oligomeric amyloid beta species as the main toxic factors leading to damage of
neurons and loss of synapses. Recent studies have identified that soluble Aβ oligomers interact with
certain receptor proteins.

In conclusion, a variety of specific receptors could be responsible for mediating the synaptotoxicity
caused by AβOs in AD (Table 1). The AβO-associated receptors include ionotropic and metabotropic
glutamate receptors NMDAR, AMPAR, and mGluR, their co-receptor—cellular prion protein PrPc,
ephrin receptors EphB2 and EphA4, RAGE, immunoglobulin and immunoglobulin-like receptors
FcγRIIB and PirB/LiL2R, neurotrophin receptor p75NTR, β-adrenergic as well as acetylcholine
receptors a7nAChRs. Despite over twenty various protein receptors proposed within over twenty years
of amyloid hypothesis, no single candidate receptor has been revealed to be necessary and sufficient
to account for all features of AβO toxic activity. Taken together, it seems that among this abundancy
glutamate and Eph receptors could explain most of the pathophysiological defects and structural
changes observed in central nervous system. However, further studies are needed to determine the
relevance and contribution of each of these molecules to the pathogenesis of this disease.

Table 1. Cellular receptors related to amyloid β oligomer (AβO) activity.

Name of the Receptor Abbreviation References

N-Methyl-d-aspartate receptor NMDAR [83–89,94,96,97]
α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor AMPAR [100,101,103–110]
Metabotropic glutamate receptor mGluR [112,113,116]
Cellular prion protein PrPc [113,115,120–122]
β2-Adrenergic receptor β2AR [128,140–148]
α7 nicotinic acetylcholine receptor α7nAChR [149–154]
Insulin receptor IR [158,159]
p75 neutrotrophin receptor p75NTR [96,163–166]
Human leukocyte immunoglobulin-like receptor B2 LilrB2 [167,168]
Paired immunoglobulin-like receptor B PirB [168,172]
Fragment crystallizable gamma receptor II b FcγRIIb [175,176]
Triggering receptor expressed on myeloid cells 2 TREM2 [181,182]
Tyrosine kinase ephrin type-A receptor 4 Eph4A [183,202,203]
Tyrosine kinase ephrin type-B receptor 2 EphB2 [183,188–194]
Receptor for advanced glycation endproducts RAGE [204,206–209]
Megalin (glycoprotein 330, low density lipoprotein-related protein 2) gp330, LRP2 [210–216]
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Abbreviations

AβOs Amyloid β oligomers
AD Alzheimer’s disease
NDs Neurodegenerative diseases
Aβ Amyloid beta
NFTs Neurofibrillary tangles
PD Parkinson’s disease
MND Motor neuron diseases
HD Huntington’s disease
SCA Spinocerebellar ataxia
SMA Spinal muscular atrophy
pTau Tau protein
CSF Cerebrospinal fluid
PS Presenilin
APP Amyloid precursor protein
FAD Familial Alzheimer’s disease
APOE Apolipoprotein E
PSP Progressive supranuclear palsy
CBD Corticobasal degeneration
FTDP-17 Frontotemporal dementia and Parkinsonism linked to chromosome 17
LTP Long-term potentiation
LTD Long-term synaptic depression
LMW Low molecular weight
HMW High molecular weight
CNS Central nervous system
NMDAR N-methyl-d-aspartate receptor
ROS reactive oxygen species
CaMKII Ca2+/calmodulin-dependent kinase II
PSD-95 Postsynaptic density-95
AMPK AMP-activated kinase
GLUTs Glucose transporters
AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
mGluRs Metabotropic glutamate receptors
PrPC Cellular prion protein
AICD Amyloid intracellular domain
BACE1 β-site APP cleaving enzyme-1
GPI Glycosylphosphatidylinositol
β2ARs β2-adrenergic receptors
α7nAChR α7 nicotinic acetylcholine receptor
IR Insulin receptor
NGF Nerve growth factor
p75NTR p75 neurotrophin receptor
TNF Tumor necrosis factor
IGF-1R Insulin-like growth factor 1 receptor
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PI3K Phosphatidylinositide 3-kinase
LilrB2 Leukocyte immunoglobulin-like receptor B2
LIR Leukocyte immunoglobulin-like receptors
MHC Major histocompatibility complex
PirB Paired immunoglobulin-like receptor B
ODP Ocular dominance plasticity
FcγR Fc-gamma receptors
IgG Immunoglobulin gamma
TREM2 Triggering receptor expressed on myeloid cells 2
DAP12 DNAX-activating protein of 12 kDa
Eph Erythropoietin-producing hepatocellular carcinoma
FN Fibronectin
RAGE Receptor for advanced glycation endproducts
LRP Low density lipoprotein-related protein
RARβ Retinoic acid receptor-β
HMGB-1 High mobility group box 1 protein
AGE Advanced glycation endproducts
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
gp330 Glycoprotein 330
LDLR Low density lipoprotein receptor
NR Nuclear receptor
VDR Vitamin D receptor
LBD Ligand-binding/dimerization domain
DBD DNA-binding/weak dimerization domain
AF-1 Activation function 1
RXR Retinoid X receptor
SIRT 1 Sirtuin 1
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Abstract: Alongside the rapid population aging occurring worldwide, the prevention of age-related
memory decline and dementia has become a high priority. Dairy products have many physiological
effects owing to their contents of lactic acid bacteria and the fatty acids and peptides generated during
their fermentation. In particular, several recent studies have elucidated the effects of fermented dairy
products on cognitive function. Epidemiological and clinical evidence has indicated that fermented
dairy products have preventive effects against dementia, including Alzheimer’s disease. Recent
preclinical studies have identified individual molecules generated during fermentation that are
responsible for those preventive effects. Oleamide and dehydroergosterol have been identified as
the agents responsible for reducing microglial inflammatory responses and neurotoxicity. In this
review, the protective effects of fermented dairy products and their components on cognitive function,
the mechanisms underlying those effects, and the prospects for their future clinical development will
be discussed.

Keywords: amyloid β; Alzheimer’s disease; cognitive function; dairy products; dementia;
inflammation; microglia

1. Introduction

With the rapid aging of the population worldwide, cognitive decline and dementia are becoming
increasing burdens not only on patients and their families, but also on national healthcare systems.
Dementia is a general term for memory loss and other mental abilities severe enough to interfere
with daily life. It is caused by physical changes in the brain. The most common type of
dementia is Alzheimer’s disease, which comprises 50–70% of dementia cases. Alzheimer’s disease
is histopathologically characterized by the presence of amyloid beta (Aβ) plaques and intracellular
neurofibrillary tangles (NFTs) consisting of hyperphosphorylated tau. Both Aβ senile plaques and
NFTs are formed of insoluble, densely-packed protein filaments. The accumulation of Aβ plaques
and NFTs correlates with the symptoms of Alzheimer’s disease and results in neuronal damage and
death [1–4]. Other common types of dementia include vascular dementia [5], Lewy body dementia [6],
and front temporal dementia [7]. Numerous reports have demonstrated that the formation of
Aβ plaques is followed by inflammation in the brain, which is closely associated with NFTs and
accelerates the development and progression of Alzheimer’s disease [3,4,8,9]. The mechanisms that
regulate Aβ plaques, NFTs, and inflammation are important targets for the therapy and prevention
of Alzheimer’s disease. However, owing to the lack of a disease-modifying therapy for dementia,
preventive approaches such as diet, exercise, and active learning are being explored. In addition,
high blood pressure, smoking, diabetes, and obesity are risk factors for dementia [10]. A recent study
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suggested that stress is also a risk factor for Alzheimer’s disease [11]. Therefore, it is important to
reduce these risk factors through adopting appropriate lifestyle habits.

There is now substantial evidence that dietary factors can modify the risk of dementia. Based
on the results of several epidemiological investigations, the Mediterranean diet has been receiving
increasing attention as a nutritional approach for lowering the risks of dementia [12–14]. In addition,
specific dietary components including docosahexaenoic acid (DHA) from fish oil [15–18], resveratrol
from red grapes [19–21], and curcumin from turmeric [22–24] have been evaluated for their potential
protective effects against dementia or cognitive decline in several clinical trials. Recent epidemiological
and clinical studies have indicated that fermented dairy products and their components, including
lactic acid bacteria as well as peptides and fatty acids generated during fermentation, may also protect
against dementia or cognitive decline. In this review, the recent studies investigating the effects of
the intake of fermented dairy products on the risks of dementia and the underlying mechanisms
demonstrated by recent studies will be discussed.

2. Epidemiological Studies on the Relationship between Fermented Dairy Product Consumption
and Cognitive Function

Recent epidemiological studies have suggested that the consumption of dairy products, including
yogurt and low-fat cheese, may reduce the risk of cognitive decline in the elderly and contribute to
the prevention of Alzheimer’s disease. Camfield et al. [25] suggested in their review that specific
components of dairy products including bioactive peptides, colostrinin, proline-rich polypeptides,
α-lactalbumin, vitamin B12, calcium, and probiotics might promote healthy brain function during
aging. They also suggested that low-fat dairy products, when consumed regularly as part of a
balanced diet, may have several beneficial outcomes for neurocognitive health during aging. However,
the underlying mechanisms that benefit cognitive function have not been elucidated.

Crichton et al. [26,27] revealed that individuals who consumed low-fat dairy products, including
yogurt and cheese, once a week had a higher cognitive function than those who did not. Previous
reports had suggested that low-fat dairy products might lower the risks of obesity [28–30], type 2
diabetes [31,32], and cardiovascular diseases, which are all linked with the risks of cognitive decline and
dementia [33–35]. They evaluated pre-existing data from 1183 participants and examined associations
between dairy intake and self-reported cognitive and memory functions, self-esteem, stress, anxiety,
mood, and psychological well-being. Dairy intake was calculated using a self-completed, quantified
food frequency questionnaire (FFQ) and detailed information regarding the intakes of milk, cheese,
ice cream, cream, yogurt, and dairy desserts as well as the fat content of each item was analyzed
from the FFQ. The results revealed that the intakes of dairy and macronutrients were significantly
associated with psychological health measures. In men, a higher protein intake was associated
with lower perceived stress scores. Analyses of individual dairy foods found that the consumption
of low-fat yogurt was positively associated with memory performance (quality of recall) in men.
In women, the consumption of low-fat cheese was positively associated with social functioning and
negatively associated with perceived stress levels. The intake of cheese was reported to be associated
with decreased cognitive impairment in a population of late middle-aged to elderly people [36].
These results suggested that low-fat yogurt and cheese are beneficial for cognitive functions.

Ozawa et al. [37] surveyed more than 1000 Japanese subjects who were living in a local community,
aged 60–79 years, and free from dementia to investigate any potential association between their diet
and their risks of dementia. Their dietary patterns were surveyed using a 70-item semi-quantitative
FFQ, and their average daily nutritional intakes were calculated from the weekly frequency and
portion size of various foods. Their health status was monitored by several methods including a
neuropsychological test. Dietary patterns associated with the risk of dementia were assessed using a
reduced rank regression analysis [38]. This analysis extracted seven dietary patterns that explained
87.1% of the total variation in the intakes of the following seven nutrients, which were selected
as responsible variables: saturated fatty acid, monounsaturated fatty acid, polyunsaturated fatty
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acid, vitamin C, potassium, calcium, and magnesium. Seven dietary factors were associated with
a preventive effect against the risks of dementia that was greater than 20% in magnitude. These
protective factors were soybeans and soybean products, green vegetables, other vegetables, algae,
and milk and dairy products. In contrast, a high intake of rice was associated with an increase in the
risks of dementia greater than 20% in magnitude. Thus, a dietary pattern characterized by high intakes
of soybeans and soybean products, vegetables, algae, and milk or dairy products together with a low
intake of rice was associated with a reduced risk of dementia. These results support the contention
that a high intake of milk and dairy products helps to prevent cognitive decline.

The subsequent research of Ozawa et al. [39] focused on the effects of milk and dairy intake on
the development of all-cause dementia and its subtypes in an elderly Japanese population. During
17 years of follow-up on individuals aged 60 years or older who did not initially have dementia
(N = 1081), 303 subjects developed all-cause dementia. The age- and sex-adjusted incidences of
all-cause dementia, Alzheimer’s disease, and vascular dementia all showed a significant inverse
correlation with the intake of milk and dairy products. After adjusting for potential confounders,
the linear inverse relationship between the intake of milk and dairy products and the development
of Alzheimer’s disease remained significant, whereas the relationships with all-cause dementia and
vascular dementia were not significant. The investigation showed that a greater intake of milk and
dairy products was associated with a reduced risk of dementia, especially Alzheimer’s disease, in the
general Japanese population.

3. Clinical Trials for the Improvement of Cognitive Function by Dairy Products

In a clinical trial, Ogata et al. [40] found that the intake of dairy products was strongly associated
with better short-term memory. The association was significant both with and without adjustment
for genetic and family environment factors using a sample of twin pairs. Short-term memory was
evaluated using the “logical memory I” (LM-I) scores from the Japanese version of the revised Wechsler
memory scale. Participants were asked to listen to two short stories and immediately recall the details.
The final analysis was performed using data from 78 men and 278 women. All individual-level
analyses using generalized estimating equations showed that dairy product intake was significantly
associated with the LM-I scores in men. In addition, a within-pair analysis using within-monozygotic
and within–dizygotic pair-difference scores showed a significant association between the intake of
dairy products and LM-I scores in men. Furthermore, a within-pair analysis using within-monozygotic
pair-difference scores indicated a significant association between the intake of dairy products and LM-I
scores in men. Among men, a high intake of dairy products was significantly associated with better
short-term memory after adjustment for possible covariates. The authors concluded that the intake of
dairy products may prevent cognitive decline regardless of genetic and family environment factors
in men.

Markus et al. [41,42] demonstrated that the intakes of α-lactalbumin-rich whey protein isolate
improved cognitive performance in stress-vulnerable subjects. They evaluated the effects of the intake
of tryptophan-rich whey protein on the ratio of plasma tryptophan to the sum of the other large
neutral amino acids (Trp-LNAA ratio) and cognitive performance in high stress-vulnerable subjects.
Their double-blind, placebo-controlled, crossover study included 29 high stress-vulnerable subjects
and 29 low stress-vulnerable subjects. A significantly greater increase in the plasma Trp-LNAA ratio
was observed after the consumption of the α-lactalbumin-rich diet than after the consumption of the
control diet. Cognitive performance was evaluated using a computerized Sternberg memory scanning
task, and the subjects’ reaction time and amount of errors across the different subtasks were measured.
The mean reaction time showed a significant difference between the high and low stress-vulnerable
subjects. Furthermore, the reaction time of the high-stress-vulnerable subjects was significantly lower
after consuming the α-lactalbumin diet (758 ± 137 ms) than it was after consuming the control diet
(800 ± 173 ms). An increase in the plasma Trp-LNAA ratio is considered to be an indirect indicator
of increased brain serotonin function, which results in the improvement of cognitive performance.
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The authors suggested that the intake of an α-lactalbumin-rich diet increases the level of tryptophan
and serotonin in the brain and improves cognitive performance in stress-vulnerable subjects.

4. Preventive Effects of Dairy Products Fermented with Penicillium candidum against the
Pathology of Alzheimer’s Disease

Recent epidemiological and clinical studies have suggested that a high intake of dairy products
may have preventive effects against cognitive decline and Alzheimer’s disease. Following this
finding, it is important to elucidate the mechanism and responsible molecular components. Using
transgenic model mice, Ano et al. [43] demonstrated that the intake of Camembert cheese, which
is a fermented dairy product, displayed preventive effects against Alzheimer’s disease. In the
experiment, 5xFAD mice were used as an Alzheimer’s disease model. These mice overexpress
mutant human amyloid precursor protein with the Swedish (K670N, M671L), Florida (I716V),
and London (V717I) familial Alzheimer's disease mutations along with human presenilin 1 harboring
two familial Alzheimer’s disease mutations, namely M146L and L286V. The 5xFAD mice display
Aβ depositions, plaques, and severe inflammation in the brain in addition to impaired cognitive
function. 5xFAD mice aged 3–6 months were given food with or without an extract from Camembert
cheese. The brain tissues of mice fed with the Camembert cheese extract showed reduced levels of
inflammatory cytokines including tumor necrosis factor α (TNF-α) and macrophage inflammatory
protein 1α. The amounts of Aβ1-42 quantified by enzyme-linked immunosorbent assay (ELISA)
and detected immunohistochemically were reduced in the group fed with the Camembert cheese
extract. The abundances of the brain-derived and glial-derived neurotropic factors increased. These
results showed that certain components of Camembert cheese contribute to the suppression of the
inflammation and reduction of Aβ in the brain. In subsequent studies of the same research group,
the responsible agents in Camembert cheese that contribute to the prevention of Alzheimer’s disease
pathology, especially inflammation in the brain, were explored.

5. Neuronal Inflammation Accelerates the Pathology of Alzheimer’s Disease

Several reports have demonstrated that inflammation in the brain following the formation of
Aβ plaques and NFTs is closely associated with the development and progression of Alzheimer’s
disease [3,8,9]. Inflammation in the brain is mainly regulated by microglia, which remove apoptotic
cells and waste products such as Aβ through phagocytosis and also contribute to the host defense
against virus infection in the central nervous system [44,45]. Microglia play an important role in
clearing Aβ to regulate the pathology of Alzheimer’s disease [46]. Recent studies revealed the crucial
roles of microglia in maintaining the brain environment and cognitive function. However, in the
brain tissues of patients with Alzheimer’s disease, microglia infiltrate around the Aβ plaques, become
excessively activated, and chronically produce inflammatory mediators such as TNF-α, macrophage
inflammatory protein 1α, reactive oxygen species, and nitric oxide. These inflammatory mediators
are toxic to neurons and cause neuronal cell death subsequent to Aβ deposition [47]. Under normal
physiological conditions, microglia are important for the maintenance of brain environment; however,
under pathological conditions, microglia can become excessively activated and negatively contribute
to the brain environment.

Numerous reports have suggested that controlling the activities of microglia may contribute to
the prevention and cure of Alzheimer’s disease and cognitive decline. Epidemiological studies have
suggested that the prolonged use of nonsteroidal anti-inflammatory drugs, including a common
medication, ibuprofen, significantly reduces the risk of developing Alzheimer’s disease [48–51].
Consistent with those results, a long-term ibuprofen treatment was found to significantly suppress
microglial inflammation and the development of Aβ plaques in a transgenic mouse model of
Alzheimer’s disease [52,53].

Before Ano et al. evaluated the effects of a Camembert cheese extract using 5xFAD transgenic
Alzheimer’s model mice, they assessed the effects of various fermented dairy products on
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microglia [43]. Their results indicated that dairy products fermented with the fungi Penicillium
candidum and Penicillium roqueforti suppressed the inflammatory responses of primary microglia.
Their findings suggested that Penicillium fermentation is essential for the anti-inflammatory activity,
although other dairy products that were unfermented or fermented did not suppress the microglial
inflammatory responses. The intake of Camembert cheese extract reduced inflammatory responses
and Aβ production in the hippocampus of 5xFAD transgenic mice, while it increased the production
of the brain-derived and glial-derived neurotropic factors. Various fatty acids and peptides were also
generated during the fermentation of dairy products with the Penicillium fungi. Ano et al., in addition,
investigated the molecular components of Camembert cheese that are responsible for preventing the
development of Alzheimer’s disease pathology.

6. Effects of Oleamide and Dehydroergosterol Generated during the Fermentation of Dairy
Products with Penicillium Fungi on Brain Inflammation

Ano et al. [43,54] identified oleamide and dehydroergosterol as two components of Camembert
cheese that were responsible for suppressing microglial inflammation. Oleamide is an amide of
oleic acid [55,56] (Figure 1) that forms naturally in the body of animals and might be synthesized
during the fermentation of dairy products by Penicillium fungi [57]. Oleamide accumulates in the
cerebrospinal fluid during sleep deprivation and induces sleep in animals; thus, it has potential
applications in the treatment of mood and sleep disorders [58,59]. Oleamide not only suppresses the
production of inflammatory cytokines and chemokines but also increases the microglial phagocytosis
of Aβ. In addition, it induces the differentiation of microglia into the anti-inflammatory M2 type.
A recent study using murine macrophages showed that oleamide suppressed the induction of iNOS
and COX-2 by lipopolysaccharides (LPS) via preventing the nuclear translocation of NF-κβ by
suppressing the phosphorylation of Iκβ-α [60]. Oleamide is also known as an endogenous substance
that binds to cannabinoid receptor 2 (CB2), which is mainly expressed on the surface of immune
cells (monocytes, macrophages, and B cells). CB2 is also expressed on microglia and contributes to
the inhibition of microglia-mediated neurotoxicity by reducing the production of pro-inflammatory
molecules [61]. In addition, CB2 activity facilitates the transformation of microglial cells from the
M1 to M2 phenotype, which is suggested to favor phagocytosis and reparative mechanisms [62].
Several studies have proposed a direct role for CB2 in the modulation of Aβ peptide levels in the
brain. Most of those studies have suggested that CB2 participates in Aβ clearance rather than in
Aβ production and aggregation. In the case of amyloid precursor protein/presenilin 1 mice lacking
CB2, the increased Aβ deposition observed may be related to a reduced phagocytotic activity of
microglia in their brains [63], considering the role of CB2 activity in promoting microglial-induced
Aβ phagocytosis [64,65]. These reports support the contention that oleamide, which is an agonist
of CB2, suppresses the microglial inflammation and enhances the phagocytosis of Aβ, resulting in
a preventive action against Alzheimer’s disease. CB2 has been receiving increasing attention as a
therapeutic target for Alzheimer’s disease [66–68]. Ano et al. discovered that the concentration of
oleamide in dairy products depends on the type of dairy product and the fermentation process used.
Therefore, the dietary intake of oleamide can be increased via supplementation or the consumption of
specific dairy products.

Dehydroergosterol was also discovered as a component of Camembert cheese that suppressed
microglial inflammation. Dehydroergosterol is an analogue of ergosterol, which is a sterol found
in the cell membrane of fungi [69,70] (Figure 1). Dehydroergosterol is generated by fungi during
fermentation. Dehydroergosterol suppresses the LPS-induced inflammatory response (including
TNF-α production) of primary microglia in a concentration-dependent manner, whereas ergosterol
does not display this activity. Microglia treated with dehydroergosterol were observed to differentiate
into the anti-inflammatory M2 phenotype. The number of apoptotic neurons detected by staining
for caspase 3/7 decreased after co-culturing the cells with a microglial culture supernatant treated
with dehydroergosterol and LPS as compared with an LPS-only control. These results suggested that
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dehydroergosterol suppresses the inflammatory responses of microglia and exerts a neuroprotective
effect via promoting synaptic extension and neuronal survival [71]. The amount of dehydroergosterol
produced during fermentation varies among different Penicillium strains, so it might be possible to
increase the amount of dehydroergosterol in dairy products by optimizing the fermentation processes.

The mechanisms by which oleamide and dehydroergosterol regulate inflammation in the
brain have been receiving increasing attention, because neural inflammation is involved not only
in dementia but also in other neuronal disorders [72,73] including depression [74,75], anxiety
disorder [76], and chronic fatigue [77]. A recent study demonstrated that the intakes of oleamide
shows antidepressant-like effects in mice subjected to the forced swimming test via the activation
of cannabinoid receptors [78]. In another demonstration, oleamide improved schizophrenia-like
symptoms in mice treated with an NMDA receptor antagonist, MK-801 [79]. The balance of microglial
differentiation between M1 pro-inflammatory type and M2 anti-inflammatory type is important to
maintain homeostasis in the central nervous system. Oleamide has the potential to have preventive
effects against the development of several brain disorders. Daily habits including nutrition, sleep,
and exercise are closely related to the maintenance of the microglial balance and the prevention of
neuronal disorders. Future studies will further elucidate the effects of active ingredients of fermented
dairy products against depression and other brain diseases.

Figure 1. Modulation of microglial activation by dairy products.

7. Conclusions

This review introduced recent advances regarding the protective effects of dairy product intake
against dementia and cognitive decline. The reports regarding these issues will help with the
development of new approaches for the prevention of dementia. Oleamide and dehydroergosterol
were discussed in this review as responsible agents for these protective effects of dairy products
(Figure 1). However, the functions of the other various fatty acids and peptides generated during
fermentation have not yet been elucidated. Future studies are expected to elucidate the mechanisms
underlying the physiological benefits of dairy products in more detail. Based on the current evidence,
the regular intake of dairy products and their molecular or microbial components seems to have the
potential to contribute to the prevention of dementia and cognitive decline.
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Oleamide and dehydroergosterol identified from Camembert cheese induce microglia into
the M2 anti-inflammatory phenotype, leading to neuroprotection. The mechanisms that regulate
microglial activation and inflammation in Alzheimer’s disease are important targets for disease
prevention. The regulation of microglia via daily lifestyle habits has been receiving increasing
attention. The intake of neuroprotective and anti-inflammatory compounds including oleamide
and dehydroergosterol in meals is safe and easy, so nutritional approaches are promising for the
prevention of neurodegenerative disorders.
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CB2 Cannabinoid receptor 2
FAD Familial Alzheimer’s disease
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TNF-α Tumor necrosis factor α
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Abstract: DNA methylation and other epigenetic factors are important in the pathogenesis
of late-onset Alzheimer’s disease (LOAD). Methylenetetrahydrofolate reductase (MTHFR) gene
mutations occur in most elderly patients with memory loss. MTHFR is critical for production of
S-adenosyl-L-methionine (SAM), the principal methyl donor. A common mutation (1364T/T) of
the cystathionine-γ-lyase (CTH) gene affects the enzyme that converts cystathionine to cysteine
in the transsulfuration pathway causing plasma elevation of total homocysteine (tHcy) or
hyperhomocysteinemia—a strong and independent risk factor for cognitive loss and AD. Other
causes of hyperhomocysteinemia include aging, nutritional factors, and deficiencies of B vitamins.
We emphasize the importance of supplementing vitamin B12 (methylcobalamin), vitamin B9 (folic
acid), vitamin B6 (pyridoxine), and SAM to patients in early stages of LOAD.

Keywords: Alzheimer’s disease; cystathionine-γ-lyase CTH gene; DNA methylation; epigenetics;
epigenome-wide association study; methylome; methylenetetrahydrofolate reductase MTHFR gene;
nutrition; S-adenosylmethionine; vitamin B complex

1. Introduction

Most genetic research on late-onset Alzheimer’s disease (LOAD) has focused on genome-wide
association studies (GWAS) that have provided low effect size results in general, with the exception
of apolipoprotein E (ApoE) [1,2]. Studies of monozygotic twins with Alzheimer’s disease (AD)
showed discordance in onset and progression indicating a role for nongenetic factors in disease
pathogenesis [3]. For these reasons, genetic research turned to epigenetic modifications using
epigenome-wide association studies (EWAS) in the last few years [4,5]. Bonasio et al. [6] defined
epigenetics as “the study of molecular signatures that provide a memory of previously experienced
stimuli, without irreversible changes in the genetic information”. Therefore, epigenetic refers to
potentially heritable and nonheritable modifications in gene expression induced by environmental
factors without changes in DNA base sequences [1]. These epigenetic processes include DNA
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methylation, histone modification and expression of long noncoding RNAs and noncoding microRNAs
(miRNAs) that primarily repress target messenger RNAs (mRNAs) [7–10].

This review focuses on DNA methylation dynamics and other epigenetic changes, including
the role of methylenetetrahydrofolate reductase (MTHFR) gene polymorphisms and its metabolic
pathways particularly in aging and LOAD pathology [11]. We also review polymorphisms of the
cystathionine-gamma(γ)-lyase (CTH) gene [12], the enzyme that converts cystathionine to cysteine in
the transsulfuration pathway and is responsible for plasma elevation of total homocysteine (tHcy).
The role of relevant nutritional factors including the B-vitamins folate, vitamin B12, and vitamin
B6 status is summarized. Elevation of Hcy is important in oxidative stress contributing to the
decrease of S-adenosyl-L-methionine (SAM) levels, which induce demethylation of DNA resulting
in overexpression of genes involved in AD pathology such as presenilin (PSEN1) and beta-secretase
(BACE1), the β-site amyloid precursor protein (APP)-cleaving enzyme that increases hypomethylation
and Aβ1-42 deposition [9]. Moreover, epigenetic markers have also been demonstrated to be critical
regulatory factors of brain function [9], not only in AD but also in other neurodegenerative diseases [1,2]
as well as in aging [9]. Experimental antiaging epigenetic interventions attempt to reverse age-related
changes in DNA methylation [10].

2. DNA Methylation Studies

2.1. 5-Cytosine Methylation and DNA Methyltransferases

Methylation at the 5-position of the cytosine base (5mC) is considered a critical phase of
epigenetic regulation in pathways related with neuronal development. Methylation and demethylation
of cytosine-phosphate-guanine (CpG) islands is associated with alterations in local chromatin
producing a long-term regulation of transcription tagging genome into active and inactive territories
introducing a “masking” function [13]. Decreased levels of 5mC [1] and targeted mutations of
DNA methyltransferases introduced into the germline produce severe developmental restriction [13]
and finally a lethal phenotype in mice [14]. Cytosine base methylation occurs mainly at CpG
dinucleotides [1]. Gene regulation is achieved by 5mC silencing gene expression via high-density
CpG areas, known as CpG islands, which remain largely unmethylated [13]. In humans, genomic
DNA methylation of cytosine results from the addition of a methyl group from SAM to the cytosine,
catalyzed by DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B) [9]. In addition to 5mC,
hydroxymethylation at the 5-position of the cytosine base (5hmC) derived from the oxidation of
methylated cytosines by ten-eleven translocation (TET) enzymes is another epigenetic regulatory
mechanism, which is particularly abundant in the brain. The TET family of enzymes catalyzes Fe (II)-
and alpha-ketoglutarate (α-KG)–dependent oxidation reactions, [9] and produces the initial step of
oxidation of 5mC to 5hmC. TET enzymes also participate in the conversion of 5-formylcytosine (5fC)
to 5-carboxylcytosine (5caC); this cycle ends when 5caC is excised by a thymine-DNA glycosylase
(TDG) [9].

In humans, DNA methyltransferases are involved in tumor transformation and progression
resulting in genome-wide hypomethylation of tumor cells and silencing of tumor-suppressor genes [15];
also, DNMT3A mutations have been associated with poor prognosis in acute myeloid leukemia [15].
DNMT1 mutations occur in hereditary sensory and autonomic neuropathy type 1 (HSAN1) [15]. In
mice, DNMT1 mutations induce global hypomethylation along with cortical and hippocampal neuronal
dysfunction causing neurodegeneration with severe deficits in learning, memory and behavior [16].
Hypomethylated excitatory neurons have postnatal maturation defects including abnormal dendritic
arborization and impaired neuronal excitability [16]. Grossi et al. [17] used artificial neural network
analysis to illustrate how low cobalamin; low folate and high Hcy are linked to AD. Low PSEN1
methylation was linked to low folate levels and low promoter methylation of BACE1 and DNMT
genes. High levels of folate-vitamin B12 and low Hcy promoted methylation of genes required for
DNA methylation reactions (DNMT1, DNMT3A, DNMT3B, and MTHFR) [18].
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2.2. DNA Methylation in Alzheimer’s Disease

Early studies of DNA methylation in LOAD from peripheral blood lymphocytes [19,20], brain
biopsies and autopsy material [21–29] demonstrated variable results of cytosine methylation at
CpG dinucleotides. Wang and coworkers [30] studied postmortem prefrontal cortex tissue and
peripheral lymphocytes of AD patients and showed that specific loci in MTHFR gene promoter
regions were hypermethylated compared to healthy controls. Ellison and collaborators [31] using
gas chromatography/mass spectrometry found abnormal levels of 5mC and 5hmC in the superior
and middle temporal gyri, hippocampus and parahippocampal gyrus in early stages of AD, as well
as in frontotemporal lobe degeneration and Lewy body dementia; these global values returned to
control levels as the disease progressed suggesting that methylation changes occur in early stages of
neurodegenerative dementias. Chouliaras et al. [32] confirmed the presence of significant decreases
in levels of 5mC and 5hmC in the hippocampus of AD patients compared with negative controls.
Levels of 5mC were inversely proportional to the deposition of neurofibrillary tangles in the same
hippocampal cells. Hernández et al. [33] studied DNA methylation patterns of cortical pyramidal
layers in 32 brains of patients with LOAD demonstrating hypermethylation of synaptic genes and
genes related to oxidative stress including HOXA3, GSTP1, CXXC1-3 and BIN1.

One of the major problems of initial methylation studies was the small sample size. This was
solved by De Jager and collaborators [4] utilizing one of the largest clinicopathological studies to
date, the Religious Orders Study, with 708 brains to assess the methylation state of the brain’s DNA
correlated with AD pathology. Almost a half-million CpGs were interrogated including CpGs in
the ABCA7 and BIN1 regions. The authors also identified genes whose RNA expression was altered
in AD including ANK1, CDH23, DIP2A, RHBDF2, RPL13, SERPINF1 and SERPINF2. ANKYRIN 1
(ANK1) and RHOMBOID5 (RHBDF2) genes are involved in the protein tyrosine kinase 2-beta (PTK2B)
gene network, a LOAD gene that is a key element of the calcium-induced signaling cascade involved
in modulating the activation of microglia and macrophages, as well as in the transport of TNFα
converting enzyme (ADAM17) from the cell surface.

Absence of RHBDF2 in mice impacts the normal release of TNFα [4] activated astrocytes in the
vicinity of neuritic plaques that overexpress CADHERIN23 (CDH23) gene. DIP2A functions as a
cell surface protein and connects directly to the known SORTILIN RELATED RECEPTOR 1 (SORL1)
susceptibility gene that is involved in the APP susceptibility network and amyloid processing [4].
Both SERPIN PEPTIDASE INHIBITORS (SERPINF1 and SERPINF2) interact with elements of amyloid
processing. SERPINF1 mRNA expression is reduced in LOAD and when knocked-out in vitro leads to
reduced neurite outgrowth [4].

A Religious Orders companion study by Lunnon and coworkers [5] found robust association
between differences in methylation, mRNA levels, and Braak & Braak staging. The severity of
Alzheimer’s disease is defined in neuropathology by the presence of tau-based neurofibrillary tangles
ranging from early stages (I and II) to extensive neocortical involvement in Braak & Braak stages V and
VI in advanced disease. Dysregulation of DNA methylation occurred earlier in brain areas affected at
onset by AD and appeared to have stronger effects (28.7%) than the combination of ApoE and other
risk genes (13.9%) identified by GWAS [1,2], indicating the importance of epigenetic changes in AD.
Additional studies by Yu et al. [34] confirmed the association of DNA methylation in SORL1, ABCA7,
HLA-DRB5, SLC24A4, and BIN1 genes with pathological diagnosis of AD including both Aβ load and
tau tangle density. RNA expression of transcripts of SORL1 and ABCA7 was associated with tau tangle
density, and the expression of BIN1 was associated with Aβ load [34]. Moreover, Lunnon et al. [5]
found hypermethylation of the ANK1 gene in the entorhinal cortex, superior temporal gyrus and
prefrontal cortex in LOAD. These findings confirm that AD involves significant disruption of DNA
methylation. Epigenetic age-associated alterations of DNA methylation have also been reported
in animal models of AD, in particular global DNA hypomethylation in the J20 model and DNA
hypermethylation in the triple transgenic 3xTg-AD model [35].
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3. miRNAs Epigenetic Effects

Long noncoding RNAs and noncoding microRNAs (miRNAs) that primarily repress target
messenger RNAs (mRNAs) play a pivotal role in oncology, cardiovascular diseases and dementia [7,8].
In AD, the miRNA-125b is overexpressed enhancing neuronal apoptosis and tau phosphorylation
by activation of cyclin-dependent kinase 5 (CDK5) and p35/25. FORKHEAD BOX Q1 (FOXQ1) is
the direct target gene of miR-125b [7]. Patrick and coworkers [8] studied the role of miRNA-132,
miRNA-129 and miRNA-99 in the dorsolateral prefrontal cortex of more than 500 brain samples
demonstrating a small number of specific alterations on target genes such as EP300 that encodes p300,
a histone acetyltransferase that regulates transcription in the cortex of subjects with AD.

4. Transsulfuration Metabolic Pathways and Remethylation Defects

The metabolism of sulfur-containing amino acids in the transsulfuration pathway involves the
transfer of the sulfur atom of methionine to serine to produce cysteine (Figure 1). Methionine first
reacts with ATP to form S-adenosyl-L-methionine (SAM), then S-adenosyl-homocysteine (SAH) and
finally, homocysteine. Plasma elevation of total homocysteine (tHcy) or hyperhomocysteinemia may
result from congenital deficiency of cystathionine β-synthase (CBS) leading to homocystinuria, or
more frequently from polymorphisms of the cystathionine γ lyase (CTH) gene (OMIM *607657; EC
4.4.1.1.) in chromosome 1 (1p31.1) [36]. CTH is the enzyme that converts cystathionine to cysteine,
the last step in the transsulfuration pathway. Wang et al [12] demonstrated that a single nucleotide
polymorphism (SNP), namely c.1364G > T in exon 12 of the CTH gene causes elevation of tHcy and
cystathioninuria. Caucasian subjects homozygous for the CTH 1364T/T SNP showed elevation of tHcy
that reached effects sizes similar to those caused by the 677C > T MTHFR gene polymorphism [12].

Closely related to the transsulfuration pathway are the remethylation defects resulting from
the failure to convert homocysteine to the amino acid methionine (Figure 1). This pathway requires
the integrity of the gene encoding methylenetetrahydrofolate reductase (MTHFR) required for the
interaction of folate and cobalamin (vitamin B12). Folate provides the methyl group required for the
remethylation pathway (Figure 1) to finally produce SAM, the main methyl donor for epigenetic
processes. The human MTHFR gene (OMIM *607093; EC 1.5.1.20) is localized in chromosome 1 (1p36.3)
and it encodes for 5,10-methylenetetrahydrofolate reductase (MTHFR) [37]. This enzyme catalyzes the
conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, a co-substrate with vitamin
B12 for the remethylation of homocysteine to methionine [11]. Mutations of this gene occur in 10–15%
of the population and the resulting MTHFR deficiency affects the production of methionine and SAM.
Patients with AD have low levels of SAM in the CSF [38].

MTHFR gene polymorphisms cause enzyme thermolability and involve C-to-T substitution
at nucleotide 667 and A-to-C at nucleotide 1298; these MTHFR mutations have been associated
with homocystinuria, neural tube defects, preeclampsia, cleft lip and cleft palate, cerebrovascular
disease, and psychiatric disorders including susceptibility to depression and schizophrenia [39,40].
Population-based international studies showed no increased risk of dementia in subjects with MTHFR
polymorphisms [41,42]. In Japan, Nishiyama et al. [43] found a slight association of the MTHFR-C667T
polymorphism with senile cognitive decline in men but not with AD. In Australia, a causal link
between high tHcy and incident dementia was demonstrated [44] but the study lacked power to
determine an effect of the MTHFR-C667T genotype. In contrast, de Lau and collaborators [45] in the
normal elderly population of the Rotterdam Study observed that the MTHFR-C665T genotype was
associated with elevated tHcy but not with cognitive loss or white matter lesions. In a small patient
population in Tunisia [46], the MTHFR-A1298C mutation was associated with susceptibility to AD. As
mentioned earlier, Román [11] found a very high frequency (above 90%) of MTHFR gene mutations
in an elderly population attending a memory clinic in the USA, with diagnoses ranging from mild
cognitive impairment (MCI) to LOAD; about 65% had single mutations; the MTHFR-C667T mutation
was found in 58.5% of the patients and 41.5% had the MTHFR-A1298C mutation whereas 20% were
compound heterozygous for both mutations [11].
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MTHFR and Epigenetic Drift

In 2005, a multinational study of identical twins by Fraga and collaborators [47] first demonstrated
that whereas DNA methylation and histone acetylation in young identical twins are indistinguishable,
older identical twins showed substantial differences; epigenetic changes were up to four times greater
than those of young twin pairs. The authors concluded that this “epigenetic drift” was associated
with aging [47]. Epigenetic drift of identical twins with aging also occurs among a large number of
animal species [48] following a non-Mendelian pattern. In identical twins with AD, the prognosis
and onset of AD can differ by more than ten years [3,49,50]; young identical twin pairs are essentially
indistinguishable in their epigenetic markings while older identical twin pairs show substantial
variations. Breitner et al. [50] suggested that twins with a history of systemic infection developed AD
at an earlier onset than their identical twin. Epigenetic drift can be caused by lifestyle, diet, infections,
folate status, homocysteine status or toxic exposure [51]. Wang et al. [30] demonstrated that the MTHFR
gene promoter in the brain displayed high interindividual variance in DNA methylation among twins.
The methylation level of MTHFR and APOE in individuals 30 years of age apart decreased by 10.6%,
whereas in patients with AD the methylation level increased by 6.8%. The epigenetic drift increases
with age particularly in genes that play pivotal roles in removing β-amyloid such as APOE and among
methylation genes such as MTHFR and DNMT1 [9,52].

Figure 1. Homocysteine metabolism: B12 = cobalamin (vitamin B12). B6 = pyridoxine (vitamin
B6). MTH = methylenetetrahydrofolate. MTHFR = methylenetetrahydrofolate reductase. SAM =
S-adenosyl- methionine. SAH = S-adenosylhomocysteine. 5-Me THF = 5-methyl tetrahydrofolate.
(From [53]).

5. Homocysteine (Hcy): A Risk Factor for Cognitive Loss and Dementia

Hcy is a sulfur-containing amino acid produced in the transsulfuration pathway
(Figure 1) from the reaction of methionine with ATP to form SAM, then SAH and finally
homocysteine. Homocystinuria due to congenital deficiency of the CBS gene causes
hyperhomocysteinemia. Polymorphisms of the CTH and MTHFR genes are common genetic causes of
hyperhomocysteinemia [38,39]. The remethylation pathway (Figure 1) involves reactions enzymatically
mediated by MTHFR requiring as co-substrates the B-group vitamins folic acid (vitamin B9) and
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cobalamin (vitamin B12) for the remethylation of homocysteine to methionine. Pyridoxine (vitamin B6)
is required by CBS for the conversion of homocysteine to cysteine (Figure 1).

5.1. Hyperhomocysteinemia is an Independent Vascular Risk Factor

Elevation of plasma or serum tHcy (hyperhomocysteinemia) is an independent vascular risk
factor linked to coronary disease, peripheral vascular disease, stroke and small-vessel cerebrovascular
disease [53]. More importantly, elevated tHcy is considered a risk factor for dementia and cognitive
decline in the elderly, particularly in association with low levels of folate and cobalamin [54,55].
A number of studies in cognitively normal elderly subjects, demonstrated that baseline tHcy is a strong
and independent predictor of cognitive decline after observation periods ranging from 3 years (USA,
n = 321 men [55] and Sydney, Australia, n = 889 [56]), 4 years (France, n = 1241) [57], 5 years (Wales,
UK, n = 32) [58], 6 years (Norway, n = 2189) [59], 7 years (Finland n = 274) [60] and up to 10 years (UK,
n = 691) [61]. In the Finland cohort [60], the magnetic resonance imaging (MRI) study demonstrated
the association of higher baseline vitamin B12 and holotranscobalamin levels with a decreased rate of
total brain volume loss during 8 years of the study period [62]. Increased tHcy levels were associated
with faster rates of total brain volume loss and with progression of white matter hyperintensities
among participants with hypertension (systolic blood pressure > 140 mm Hg) [62].

Regarding the risk of AD associated to elevated tHcy, in the Framingham Study, Seshadri and
colleagues [63] demonstrated in elderly subjects (mean age, 76 years) that raised tHcy above 14 μmol/L
nearly doubled the risk of LOAD over a period of 8 years. Similar findings were corroborated in two
large Finnish [60,64] and Australian [65] cohorts. In 2008, Smith [66] performed a comprehensive review
of cross-sectional and prospective studies involving >46,000 subjects and confirmed the association
between elevated tHcy and cognitive deficit or dementia.

According to a recent international consensus statement [67], moderately raised homocysteine
(>11 μmol/L) increases the relative risk of dementia in the elderly 1.15 to 2.5 fold, and the Population
Attributable risk from 4.3 to 31% [67]. From the Public Health viewpoint, homocysteine-lowering
treatment with B vitamins that markedly slows down the rate of brain atrophy and cognitive decline in
the elderly offers the possibility that, in addition to folic acid fortification, mandatory methylcobalamin
supplementation should also be considered for the prevention of LOAD [67].

5.2. Genetic and Nongenetic Causes of Hyperhomocysteinemia

Elevation of tHcy is caused by numerous factors including advancing age, diet, supplementation
of B-vitamins, obstructive sleep apnea, smoking, Helicobacter pylori infection, and renal failure, among
others [53,54]. As indicated earlier, both CBS gene polymorphisms and the C667T and the A1298C SNPs
in the MTHFR gene decrease the activity of the MTHFR enzyme leading to hyperhomocysteinemia.
Minagawa et al. [68] found that elevated Hcy inhibits the dimerization of ApoE3 and reduces
ApoE3-mediated high-density lipoprotein (HDL) concentrations involved in degradation of soluble
Aβ within microglia. ApoE4 was not affected; in patients with hyperhomocysteinemia the CSF
levels of ApoE3 dimers were significantly lower than in controls. Minagawa and colleagues [68]
suggested that the effects of elevated Hcy on ApoE3 contribute to the pathogenesis of AD. Smith
and Refsum [54] reviewed the proposed mechanisms responsible for the harmful cognitive effects
of hyperhomocysteinemia (Table 1). These include impaired endothelial function with reduced
inducible nitric oxide synthase; augmented oxidative stress and decreased activity of key antioxidant
enzymes; raised generation of the superoxide anion; alterations of lipid metabolism with increased
cholesterol synthesis and reduced synthesis of apolipoprotein 1; and, carotid stenosis and induction of
thrombosis [69,70].
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Table 1. Harmful effects of homocysteine on vascular function and cognition (modified from Smith &
Refsum [54]).

Proposed Mechanisms

Vascular Mechanisms

1 Impairs endothelial function reducing inducible NO synthase
2 NO-mediated endothelial dysfunction in brain vasculature
3 Causes a leaky blood-brain barrier
4 Induces thrombosis
5 Cerebrovascular ischemia leading to neuronal death and tau tangle deposition
6 Affects lipid metabolism increasing cholesterol synthesis
7 Reduces synthesis of apolipoprotein 1
8 Causes cerebral amyloid angiopathy

Neuronal Mechanisms

1 Direct activation of NMDA receptor causes excitotoxic neuronal death
2 Homocysteic acid and cysteine sulfinic acid activate NMDA receptor causing neuronal

death by excitotoxicity
3 Oxidative stress induced by generating superoxide and reactive oxygen species
4 Decreased activity of antioxidant enzymes
5 Formation and deposition of β-amyloid
6 Potentiates neurotoxic effects of β-amyloid by itself or via homocysteic acid
7 Activates tau kinases, such as Cdk5, causing tau tangle deposition
8 Triggers the cell cycle in neurons, leading to tangle formation and cell death
9 Causes DNA damage, limits DNA repair, leading to apoptosis
10 Increases SAH inhibiting methylation reactions, such as DNA cytosine methylation in

promoters for amyloid genes, causing epigenetic effects
11 Inhibits PP2A activity leading to tau tangle deposition
12 Inhibits methylation of phosphatidyletanolamine
13 Stimulates endoplasmic reticulum stress response leading to amyloid formation
14 Activates the immune system
15 Decreases SAM-dependent synthesis of catecholamines and other neurotransmitters

Hyperhomocysteinemia induces a decrease in the SAM-dependent synthesis of catecholamines
including dopamine, norepinephrine, and epinephrine, as well as non-catecholamine neurotransmitters
such as melatonin and serotonin (5-HT) that contribute to development of depression [69]. Moreover,
elevated tHcy produces two neurotoxic products, homocysteic acid (HCA) and cysteine sulfinic
acid (CSA), which are agonists of the N-methyl-D-aspartate (NMDA) glutamate receptor, with
neurotoxic effects on dopaminergic neurons derived from excessive Ca++ influx and reactive oxygen
generation [70]. The beneficial effects of B-group vitamins on elevated tHcy will be reviewed next.

6. Folate Metabolism

Vitamin B9 or folic acid (from the Latin folium, leaf) is abundantly found in green leafy vegetables.
Folate is vital for cell development and growth given its role in numerous biochemical one-carbon
(methyl-group, –CH3) reactions, many of them critical for cognition. The Nun Study [71] first provided
epidemiological and neuropathological data demonstrating that limited lifetime consumption of salads
with low blood folate levels increased the risk of cognitive decline and dementia. Also, the severity of
the atrophy in the neocortex and of the Alzheimer disease lesions were strongly correlated with low
serum folate levels; none of 18 other nutrients, lipoproteins, or nutritional markers measured in the
study correlated with the atrophy [71]. Further studies confirmed that normal cognitive scores were
highly associated with elevated blood folate despite the neuropathological evidence of LOAD brain
lesions [72].

The primary methyl-group donor for DNA methylation reactions is 5-methyl-tetrahydrofolate
(CH3-THF) required for the transformation of homocysteine into methionine mediated by methionine
synthase with cobalamin (vitamin B12) as a cosubstrate (Figure 1), leading to the synthesis of SAM.
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Also, CH3-THF is critical in the de novo purine synthesis to convert dUMP (deoxyuridylate) into
dTMP (thymidylate) for DNA and RNA synthesis, DNA repair or replication. Several forms of cancer
are associated with epigenetic differential methylation causing disturbances in nucleotide synthesis;
for instance, hypermethylation may inhibit tumor suppressors. Folate, therefore, is a B-vitamin
that plays an important role as a precursor in the epigenetic regulation of gene expression, DNA
stability, DNA integrity and mutagenesis. Abnormal folate status has been associated with neural tube
defects, cardiovascular and cerebrovascular diseases, cleft lip and palate, neurodegenerative diseases,
schizophrenia and depression [40,73,74].

Telomeres and Folate Levels

Telomeres protect chromosomes from abnormal combination and degradation. The shortening
of telomeres’ cap serve as a signature of cell division history, acting as biomarker of aging. In
peripheral leukocytes, short telomere length is associated with increased risk of cognitive decline
and LOAD [75,76]. Low folate levels are associated with short telomeres due to DNA damage in
the telomeric region. Telomere length is epigenetically regulated by DNA methylation and directly
influenced by folate status, a process independent of DNA damage due to uracil incorporation. Shorter
telomeres occur with age, infection, stress, and chronic diseases including LOAD [75].

Paul and collaborators [76] observed that decreased plasma folate concentration to <11.6 μmol/L
was correlated with a decrease in mean telomere length. In this population, homozygous carriers of the
MTHFR-C677T gene mutation showed decreased levels of plasma folate [77]. Decreased serum folate
induces anomalous integration of uracil in place of thymidine in DNA [78], a mechanism corrected
by folic acid supplementation. Troesch, Weber and Mohajeri [79] summarized the importance for the
development of LOAD of reduced SAM-dependent methylation reactions due to genetic factors along
with reduction of folate, vitamin B6 and vitamin B12 levels. The resulting elevation of Hcy levels and
the reduced capacity to synthetize, methylate and repair DNA, along with the impaired modulation
of neurotransmission, appears to favor the development of AD particularly when combined with
increased oxidative stress, particularly in ApoE ε4 carriers [80].

7. Vitamin B12 Deficiency and β-amyloid Deposition

Smith, Warren and Refsum [81] have recently provided a comprehensive review of vitamin
B12. Only bacteria can biosynthesize vitamin B12; in humans B12 from the diet is a cofactor for the
enzymes methionine synthase and L-methyl-malonyl-CoA mutase. B12 deficiency results in build-up
of homocysteine and lack of interaction with folate that is trapped as CH3-THF leading to depletion
of tetrahydrofolates used in thymidylate and purine synthesis blocking DNA for the production of
red cells in the bone marrow. B12 deficiency impedes cellular proliferation and protein synthesis and
thereby causes development of megaloblastic anemia [81].

7.1. Clinical Manifestations of Vitamin B12 Deficiency

In 1920, pernicious anemia—a fatal form of a megaloblastic anemia—was successfully treated by
adding liver to the diet. In 1955, Dorothy Hodgkin used crystallography to first identify the molecular
structure of cyanocobalamin or vitamin B12 from the deep-red cyanide-containing pigment isolated
from liver tissue. Pernicious anemia was the first disease to be identified as caused by vitamin B12

deficiency [81].
Stabler [82] reviewed the clinical manifestations of vitamin B12 deficiency. In addition

to megaloblastic anemia, acidemia from elevation of serum methylmalonic acid (MMA), and
methylmalonic aciduria, the neurological manifestations of pernicious anemia include memory loss
and cognitive decline, visual disturbances from optic nerve neuropathy, burning and painful sensations
in hands and feet from peripheral neuropathy, and spinal cord involvement with subacute combined
degeneration resulting in loss of proprioception from dorsal column involvement and pyramidal tract
symptoms such as paralysis and incontinence.
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7.2. Measuring Total Serum B12 Levels

Dietary sources of B12 include liver, meat, fish, shellfish and dairy products; vegans are prone
to B12 deficiency [81,82]. Vitamin B12 deficiency occurs from inborn metabolic errors, alterations of
B12-binding proteins including haptocorrin (HC) found in saliva, intrinsic factor (IF) produced by parietal
cells in the stomach (pernicious anemia is associated with anti-parietal-cell and anti-IF auto-antibodies),
and transcobalamin (TC), which binds B12 to facilitate uptake by the cells [81]. According to Stabler [82],
measurement of total serum B12 levels is unsatisfactory because it reflects B12 that is bound to either
HC or TC, and up to 60% of bound materials are cobalamin analogues (corrinoids). Therefore, “normal”
total serum B12 levels can mask deficiency if serum contains relatively large amounts of cobalamin
analogues [83]. Levels below 200 pg/mL usually indicate biochemical B12 insufficiency. Serum B12 <
350 pg/mL along with tHcy > 14 μmol/L indicate metabolic B12 deficiency [81,82]. For this reason,
holotranscobalamin, MMA and tHcy levels should be included in the evaluation of a patient suspected
of having B12 deficiency [83].

7.3. Causes of Vitamin B12 Deficiency

Other than pernicious anemia resulting from presence of anti-parietal-cell and anti-IF
autoantibodies, other causes of B12 deficiency include atrophic body gastritis, Helicobacter pylori
infection, malabsorption of vitamin B12, gastrectomy, gastric bypass or other bariatric surgery,
inflammatory bowel disease, tropical sprue, use of metformin, anticonvulsants, proton-pump inhibitors
and other drugs to block stomach acid, and vegetarian diets low in meat and dairy products.
Hemodialysis patients, nitrous oxide inhalation, and cholinesterase inhibitors in LOAD patients [84]
also increase the risk of vitamin B12 deficiency.

Epidemiological studies have shown that prevalence of vitamin B12 deficiency increases with
age [85,86], due to decreased saliva (e.g., dry eyes-dry mouth of Sjögren syndrome) [87] and gastric
atrophy with deficits respectively of haptocorrin and intrinsic factor. Andrès and colleagues [88]
have emphasized that as many as 20% of elderly people may have unrecognized B12 deficiency
due to food-cobalamin malabsorption plus insufficient dietary intake. According to Spence [89],
metabolic B12 deficiency occurs in 30% of vascular patients older than 71 years, increasing to as
many as 40% in patients above age 80 years; these patients usually have plasma levels of tHcy
>14 μmol/L resulting from B12 deficiency. Inadequate supply of B12 and folic acid is not only a strong
and independent vascular risk factor particularly for subcortical ischemic small-vessel disease [90],
a common and important contributor to cognitive impairment and memory complaints in the elderly,
but also enhancing the development of LOAD [91]. Animal experimental data confirms the importance
of B-vitamin deprivation in the expression of AD [92].

7.4. Effects of B-Group Vitamins on Cognition: Negative Clinical Trials

An international consensus [67] provided a comprehensive explanation of the negative results of
meta-analyses [93] based on reviews of the results from a number of inadequately controlled clinical
trials; most participants in those trials were enrolled in post-hoc studies which were not designed
primarily to assess cognition. Usually, these were short-duration trials without baseline cognitive
assessment and results were based on post-hoc brief cognitive assessments; only a few of these studies
assessed the incidence of dementia or mild cognitive impairment.

In contrast, solid positive results were obtained in the Oxford Project to Investigate Memory and
Ageing (OPTIMA) trial [94–96] that used comprehensive neuropsychological evaluations plus brain
imaging end-points. The results of this trial indicate that supplementation of B12, pyridoxine, and folic
acid in subjects with MCI and hyperhomocysteinemia decreases tHcy resulting in improved episodic
memory and global cognition [95], and most importantly, brain imaging demonstration of slowing
of the progression of the brain atrophy in areas affected by AD [96]. Current recommendation is to
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provide oral supplementation of methylcobalamin 1000 μg/d, folic acid 800 μg/d and pyridoxine
100 mg/d.

8. SAM in Depression and Cognitive Loss

As described above (Figure 1) SAM is the main methyl-group donor for the methylation reactions
reviewed here; as well as for synthesis of neurotransmitters, proteins, nucleic acids, phospholipids, and
myelin. SAM has been used as an adjuvant for the treatment of depression [97]. Linnebank et al. [38]
demonstrated a decrease of SAM in the cerebrospinal fluid (CSF) of patients with LOAD, affecting
mainly ApoE ε4 carriers. According to Dayon et al. [98], plasma levels of one-carbon metabolites
predicted cognitive decline. Despite the enhancing effects of SAM on antidepressants, no conclusive
clinical trials of SAM have been reported [99].

9. Conclusions

It is established that the damaging effects of deficiencies of folate and cobalamin and the resulting
elevation of tHcy contribute to the development of LOAD [67]. The numerous detrimental effects of
elevated tHcy include, among others, endothelial and cerebrovascular damage of large-vessels as well
as small-vessel disease [90]; activation of tau kinases; inhibition of methylation reactions; epigenetic
effects on the β-amyloid pathway; reduced protein phosphatase-2A; and, impaired formation of
phosphatidylcholine. Adequate supply of B-vitamins in the elderly, particularly in subjects with
MTHFR and CTH gene mutations, appears to be critical to prevent the development of cognitive
decline and to halt the progression of LOAD.
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Abstract: In this review article, yeast model-based research advances regarding the role of Amyloid-β
(Aβ), Tau and frameshift Ubiquitin UBB+1 in Alzheimer’s disease (AD) are discussed. Despite having
limitations with regard to intercellular and cognitive AD aspects, these models have clearly shown
their added value as complementary models for the study of the molecular aspects of these proteins,
including their interplay with AD-related cellular processes such as mitochondrial dysfunction
and altered proteostasis. Moreover, these yeast models have also shown their importance in
translational research, e.g., in compound screenings and for AD diagnostics development. In addition
to well-established Saccharomyces cerevisiae models, new upcoming Schizosaccharomyces pombe, Candida
glabrata and Kluyveromyces lactis yeast models for Aβ and Tau are briefly described. Finally, traditional
and more innovative research methodologies, e.g., for studying protein oligomerization/aggregation,
are highlighted.

Keywords: Alzheimer’s disease; yeast; Tau; amyloid β; ubiquitin; aggregation; oligomerization; prion

1. Introduction

1.1. Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is the most common neurodegenerative disease worldwide. It accounts
for approximately 60–70% of all dementia cases and affects about 6% of the population aged
over 65 (late-onset AD), whereas 2–10% of patients suffer from early-onset AD [1,2]. Currently,
around 50 million individuals live with this devastating chronic disease and it has been estimated
that the number will increase up to approximately 106 million people by 2050 due to an increasing
aging population [2,3]. At the cellular level, AD is characterized by an irreversible and progressive
loss of neuronal structure and function within certain regions of the brain including the hippocampus
and neocortical brain, leading to cognitive dysfunction and dementia [4]. Widespread experimental
evidence also suggests that AD is characterized by synaptic dysfunction early on in the disease process,
disrupting communication within neural circuits important for memory formation and other cognitive
functions such as intellectuality and comprehensive capacity [5–7].

Therefore, damage to these brain structures results in memory loss, language difficulties and
learning deficits that are typically observed within early stages of clinical manifestation of AD.
In addition, upon disease progression, a decline in other cognitive domains occurs which will result
in the complete inability to function independently in basic daily activities [7]. Besides AD having
a profound impact on the life quality of patients, this chronic disease also imposes a huge economic
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burden on healthcare systems globally with an associated cost which is estimated will exceed $1 trillion
by 2050 [8].

The neuronal damage is related to the accumulation of misfolded proteins into extracellular and
intracellular aggregates, consisting of Aβ peptides or protein Tau, respectively [9,10]. It is not yet
clear whether the presence of these two hallmarks is the cause of AD or mainly the result of a cascade
of cellular events including oxidative stress, mitochondrial dysfunction and apoptosis. Either way,
the exact mechanism by which these proteins damage neurons is still unknown.

1.2. Yeast as a Model Organism to Study AD: Advantages

Studies to gain more insights on AD primarily make use of human cell lines and transgenic mouse
models. However, yeast cell models are playing an increasingly important role in unravelling the
fundamental disease aspects of AD. In fact, the yeast S. cerevisiae is a very widely studied single-celled
model organism. With more than 6000 genes distributed on 16 chromosomes, its genome was the first
eukaryotic genome to be completely sequenced in 1996 [11]. Since then, it has been estimated that
nearly 31% of yeast genes have human orthologues [12]. Beyond the laboratory yeast strains, many
different natural, brewery and clinical isolates exist and all have a core genome of about 5000 shared
genes [12]. Yeast reproduction is through mitosis of either a haploid or a diploid cell. Haploids are of
2 different mating type (a or α) and a haploid cell can only mate with a cell of the opposite mating
type. Mating leads to the formation of a diploid cell that can either continue to exist and bud as
a diploid or, under conditions of stress, produce spores by meiosis. Spores can then later give rise
to haploid cells [12]. Haploidy implies that gene-knockout strains can easily be obtained. In 2001,
a collection of isogenic yeast strains, each deleted for one of the 6000 putative open reading frames
(ORFs), was created [12]. This allowed for the easy phenotypic analysis of mutants, paving the way
to determining gene function. In addition, yeast cells share many conserved biological processes
such as cell cycle progression, protein turnover, vesicular trafficking and signal transduction with
cells of higher eukaryotes [13], including human neurons. Its short generation time (1.5 h on rich
medium), means that it can be very easily cultured. Thanks to its susceptibility to simple genetic and
environmental manipulations, this model organism has become a valuable tool to shed more light on
the complex and fundamental intracellular mechanisms underlying neurodegenerative diseases.

So-called “humanized yeast model systems” have been constructed and used as a tool to
investigate the molecular mechanisms involved in several neurological disorders [14,15]. The main
advantage of using yeast is its reduced complexity compared to the mammalian models. On the
contrary, Tau and Aβ have no functional yeast orthologues. Heterologous expression of Tau and Aβ

can be highly informative and provides useful new insights into the pathobiology of these proteins
in vivo. At the same time, yeast is an excellent screening tool for compounds that may be useful in
treatment and/or prevention of AD.

1.3. Yeast as a Model Organism to Study AD: Limitations

Despite being a powerful and simplified model system, yeast also has its natural limitations.
As a unicellular organism, the most important limitation for neurodegenerative disease research
is the analysis of disease aspects that focus on multicellularity and cell–cell interactions.
These interactions include synaptic transmissions, axonal transport, glial-neuronal interactions,
immune and inflammatory responses and many neuronal specializations that are likely to play
an important role in neurodegeneration, but cannot be recapitulated in yeast [16]. Moreover, it is also
impossible to study the cognitive aspects of AD in yeast cells.

This review discusses the findings of more recent studies on neurodegenerative disorders
conducted using different yeast species.
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2. Humanized Yeast Models to Study Tau Biology

2.1. Protein Tau: Structure, Functions and Modifications

Protein Tau, encoded by the 16 exon long microtubule (MT)-associated protein Tau (MAPT) gene
located on chromosome 17q21.31, is present in neuronal and glial axons, but has also been detected
outside of cells [17–22]. Tau is natively unfolded and has the tendency to adapt a paperclip-like
shape, in which the N- and C-terminal domains and repeat regions are all closely located to each
other (see below) [23]. It is a MT associated protein, susceptive to dynamic (de-) phosphorylation.
These modifications influence its main cellular function which consists of regulating MT dynamic
instability i.e., the process of polymerization (rescue) and depolymerization (catastrophe) [24–27].
Besides being involved in the regulation of MT dynamics, Tau has functions in regulating axonal
transport/elongation/maturation, synaptic plasticity and maintaining DNA and RNA integrity [28–37].
It is clear that Tau is involved in numerous processes and that loss of Tau function can initiate
neurotoxicity through disruption of various processes in which it is involved. For a more complete
overview of physiological and pathological Tau functions, we refer to [38].

A first mechanism by which Tau function is regulated is alternative splicing. Due to alternative
splicing of exon 2, 3 and 10 of the MAPT gene, Tau can be present in 6 different isoforms differing
in the number of N-terminal inserts (1 or 2) and conserved 18 amino acid long repeats (3 to 4)
in the MT binding region (C-terminal region or assembly domain) [39,40]. Tau isoforms with 4
repeat regions show a stronger interaction with MT and are more efficient in MT assembly [41–43].
The N-terminal projection region of the protein is located adjacent to a proline rich region and
has a role in MT spacing and stabilization [44,45]. In addition, it was proposed that this domain,
which projects away from MT, interacts with cell organelles such as the plasma membrane, mitochondria
and actin filaments [46–51]. This binding could be facilitated via an interaction between the PXXP
motifs in the proline-rich region and the SH3 domains of the src-family non-receptor tyrosine kinases
(e.g., kinase FYN) [52–54]. Note that this plasma membrane interaction might play an important role
in vesicle-mediated secretion and therefore impact the cell-to-cell spreading of protein Tau. It was
proposed that the Tau-FYN interaction may regulate the post-synaptic targeting of FYN, and thereby
mediate Aβ-induced excitotoxicity [23]. Additional proposed pathways for cell-to-cell transfer are
tunneling nanotubes and trans-synaptic spreading [55–58]. This spreading process is still ill-defined
and it still needs to be proven if spreading of (a) toxic Tau species is sufficient or necessary for the
induction of a tauopathy. Guo and colleague published a comprehensive article on this emerging field
within Tau biology [59]. Finally, the proline-rich domain of Tau has a role in facilitating the binding of
the MT binding region to the MT [60,61].

Tau function is also regulated by several post-translational modifications including
phosphorylation, glycosylation, truncation, nitration, isomerisation, acetylation, glycation,
ubiquitination, deamidation, methylation, sumoylation and oxidation [38]. Tau phosphorylation has
been studied extensively. The protein contains 80 putative serine/threonine and 5 potential tyrosine
phosphorylation sites, of which the majority is phosphorylated in vitro, on the 2N/4R (2 N-terminal
inserts and 4 amino acid repeat regions) isoform. Tau is phosphorylated by numerous kinases,
grouped in 4 different classes [62,63]. More recently, GSK3α, GSK3β, MAPK13 and AMP-activated
protein kinase were found to play an actual role in in vivo Tau phosphorylation using different cell
lines [64,65]. Tau (de-) phosphorylation is an important factor influencing Tau’s affinity for MT, thereby
regulating its role in MT (de-) polymerization. On the other hand, aberrant phosphorylation (so-called
hyperphosphorylation) on several epitopes (e.g., Thr181, Thr231, Ser202, Ser205, Ser214, Ser396, Ser404,
Ser409, and Ser422), which severely affects Tau’s MT binding capacity and stabilizing properties [66–68]
can lead to an increased propensity of Tau to subsequently oligomerize and aggregate into paired
helical filaments (PHF) and neurofibrillary tangles (NFT) [66]. These NFT are characteristic for a group
of neurodegenerative diseases called tauopathies including AD.
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The aggregation is due to a redistribution of mainly MT bound to unbound Tau, which facilitates
Tau-Tau interactions made possible by 2 hexapeptide motives in repeat regions 2 and 3, which can
adapt β-sheet structures [69]. While the repeat domain makes up the PHF core, the N- and C-terminal
Tau region form a “coat” around this core [23].

Hyperphosphorylation can also induce pathology through other mechanisms. It can first of
all lead to Tau missorting from axons to the somatodendritic compartment, which might cause
synaptic dysfunction. Another consequence is affected substrate recognition, which leads to an altered
proteasomal degradation [70].

Phosphorylation is, however, only one potential covalent modification Tau can undergo and it
should be noted that this modification alone is not sufficient to cause aggregation. Phosphorylation at
some sites (e.g., Ser214 and Ser262) in the repeat domain can even protect against aggregation [69].
Thus, it is suggested that phosphorylation might facilitate this process, and therefore serves as
an indirect aggregation inducer, and that other factors are involved as well. Indeed, other modifications,
and especially truncation, can be equally important for disease development. Tau truncated at
Glu391 and Asp421, for example, has been identified as an event following phosphorylation and
facilitating Tau filament formation. Tau truncation can even induce neurodegeneration independently
of Tau aggregation through the formation of specific Tau fragments [69]. Tau truncation disrupts
the paperclip-like structure, thereby promoting Tau aggregation. Tau ubiquitination, on the
other hand, is considered a protective strategy of the cell to get rid of toxic Tau intermediates
and accumulations of hyperphosphorylated Tau are mainly found in cells with a defective or
malfunctioning ubiquitin/proteasome system. The latter can be caused by oxidative stress due
to mitochondrial malfunctioning, illustrating the complex cellular pathways involved in the induction
of Tau-mediated toxicity. For a more complete overview of Tau post-translational modifications and
their consequences on Tau pathology, we refer to [38,71].

The Tau aggregation process itself seems to be a requirement for Tau-induced toxicity and
although recent papers are pointing towards the soluble mono- or oligomeric hyperphosphorylated
Tau species as being the toxic Tau forms, their relative contribution remains largely unclear.
The insoluble aggregated structures are thought to act as protective structures by sequestering the
toxic species [72–76].

Numerous Tau mutations, either causing AD or other tauopathies such as frontotemporal
dementia and parkinsonism linked to chromosome 17 (FTDP-17), have been documented over the
years and can either be missense, silent or causing a deletion. Depending on the mutation’s nature and
its gene location, the mutation can directly disturb Tau’s MT binding capacity, thereby increasing Tau’s
tendency for aggregation, or indirectly by affecting the 4R:3R ratio by influencing Tau splicing [77–85].
Most of these mutations are nicely documented on the “Alzforum” website.

2.2. From Complementary Disease Models to AD Diagnostics

Historically, the AD field has been dominated by research supporting Aβ having the main role in
pathogenesis. Only after the discovery of several MAPT mutations in FTDP-17 did Tau research receive
a significant and rightful boost. Indeed, both in vitro and in vivo studies show evidence that Tau is
required for Aβ-mediated neurotoxicity [86]. Therefore, only a limited amount of research articles on
the pathological aspects of protein Tau using the yeast S. cerevisiae as a model organism have been
published to date [87–89].

Figure 1 gives a visual overview of human Tau processes and modifications in S. cerevisiae.
These studies have already been extensively reviewed, so a brief summary will be given.
Upon overexpression in S. cerevisiae, Tau becomes hyperphosphorylated and acquires several
pathological phospho-epitopes (AD2 (p-Ser396/p-Ser404), AT8 (p-Ser202/p-Ser205), AT270 (p-Thr181),
AT180 (p-Thr231/p-Ser235) AT100 (p-Thr212/p-Ser214) and PG5 (p-Ser409)). Moreover, it was possible
to detect the disease-relevant conformational epitope recognized by the MC1 antibody.
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Figure 1. Humanized yeast model expressing human protein Tau: overview of Tau processes and
modifications in S. cerevisiae. Double arrows indicate a bidirectional/reversible reaction and dashed
lines specify the promoter and expressed human Tau gene on the plasmid. ‘TPI’; Triosephosphate
isomerase promoter, ‘P’; phosphate group.

Pho85 and Mds1 protein kinases, yeast orthologues of human Tau kinases Cdk5 and GSK3β,
respectively, were shown to play a key role in modulating Tau phosphorylation. It was suggested that
Pho85 may have a direct or indirect inhibitory effect on the activity of Mds1. Upon deletion of Pho85,
phosphorylation of Tau was enriched on the AD2 and PG5 epitopes. Accordingly, the MC1-reactive
Tau fraction was also higher. Tau aggregation in this pho85Δ strain was assessed by measuring the
sarkosyl-insoluble Tau (SinT) fraction and it was proposed that Tau epitopes PG5 and AT100 might play
a crucial role in the accumulation of SinT aggregates, since these epitopes were especially enriched in
the insoluble fraction [87]. The importance of phosphorylation of the PG5 epitope for Tau aggregation
was also confirmed in a follow-up study in which aggregation of several Tau mutants was assessed.
In addition, PG5 epitope phosphorylation is detrimental for Tau’s MAPT function, illustrated by lack
of Tau binding to taxol-stabilized MT from porcine Tubulin in vitro [88,89].

Despite all of this, Tau 2N/4R and 2N/3R expression does not induce an impaired growth
phenotype in S. cerevisiae [87,88,90]. The latter is not necessarily expected since little attention was
paid to the extent of formation of early stage, presumably toxic, soluble (oligomeric) Tau species in
these studies. The possibility exists that these oligomeric Tau species are rapidly sequestered in inert
aggregates as a cell protection mechanism.

As described above, several other post-translational modifications are expected to contribute
to tauopathy development, besides phosphorylation. Therefore, it might be highly interesting to
verify if these modifications are also recapitulated in yeast, and if so, to what extend they could offer
an explanation for the (lack of) aggregation/toxicity in yeast cells.

On top of that, it was found that oxidative stress and mitochondrial dysfunction, independently
of Tau phosphorylation, also strongly induce Tau aggregation in yeast cells [88]. It is also worth
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mentioning that inducing oxidative stress resulted in Tau dephosphorylation, in accordance with
other results obtained from human, rat and mice neuronal cells [91,92]. One potential mechanism
is oxidative stress-induced Pin1 activation. Pin1, a peptidyl prolyl cis/trans isomerase, can then
subsequently activate Phosphatase 2a. De Vos and colleagues reported, in accordance with this finding,
that a dysfunctional Ess1, Pin1’s yeast orthologue, increases Tau hyperphosphorylation [93].

On the other hand, other studies point out that oxidative stress does not alter Tau phosphorylation
or even induces Tau hyperphosphorylation. These studies were performed using a Dropsophila
melanogaster model and human neuronal cells [94], respectively. The interplay between oxidative
stress and Tau phosphorylation, therefore, needs more attention in future studies to further elucidate
their relationship.

Tau was also purified, using anion-exchange chromatography, from the previously mentioned
pho85Δ S. cerevisiae strain, maintaining its hyperphosphorylated MC1-reactive state, and could
subsequently seed aggregation of wt 2N/4R Tau protein purified from a wt strain in vitro [87].
The possibility of purifying these stable, pathologically-relevant, Tau structures from S. cerevisiae
cells paved the way for using yeast-purified Tau as an antigen source for mice immunization [95]. This
strategy offers a significant benefit over E. coli based Tau purifications and antibody generation [76,96,
97], since Tau is not post-translationally modified in bacterial cells.

Although oligomerization can be induced by use of, for example, arachidonic acid or heparin,
there is no evidence that these artificially formed oligomers/aggregates are the actual toxic species
and, therefore, that the produced monoclonal antibodies recognize pathologically relevant Tau species.
ADx215, an antibody developed by immunizing mice with 2N/4R Tau purified from a pho85Δ
S. cerevisiae strain, is capable of detecting both mono- and oligomeric Tau protein [95]. This antibody
was recently successfully implemented in a digital enzyme-linked immunosorbent assay (ELISA)
platform and able to detect attomolar concentrations of Tau protein, thereby unlocking the potential
of Tau as a serum-based AD biomarker [98]. So, over the last decade, yeast has developed from
a reliable model organism, merely used to gain more understanding of pathological Tau features
such as aggregation and phosphorylation, to a highly suitable platform model for disease-relevant
antigen production.

In the NFT of transgenic mice models, α-synuclein can co-localize with Tau and it has been shown
that α-synuclein can seed Tau aggregation in vitro and in vivo and even enhance Tau’s toxicity in
mice models [99–103]. It is, therefore, clear that the interplay between both proteins is important.
Yeast models have been developed that enable the study of both proteins and the resulting effects
on toxicity and aggregation [104,105]. Episomal expression of wt and A53T α-synuclein and wt and
P301L Tau resulted in increased phosphorylation on the AD2 epitope and Tau aggregation, but no
growth-inhibiting effect was detected [105]. The latter was in contrast to a previously reported
study [104], where synergistic toxicity was observed upon stable genomic integration of plasmids
expressing wt α-synuclein and wt Tau. This is in accordance with increased α-synuclein inclusion
formation and Tau phosphorylation/aggregation [105].

2.3. Future Perspectives

Baker’s yeast has been of interest to humans since the existence of brewing and bread-making.
Since these two activities have been subject to continuous improvement, research on S. cerevisiae’s
physiology was mainly application-driven. In contrast, focus on the fission yeast S. pombe was
mainly interested-driven and initial studies were performed to gain more insights in its mating type
system and sexual and cell division cycle [106]. Nevertheless, S. pombe might offer great potential as
a complementary model to study Tau biology since several features such as the cell division machinery,
cell polarity and cytoskeleton organization are more closely related to higher eukaryotes compared to
S. cerevisiae [106–108]. This organism could, therefore, be advantageous to study Tau characteristics
such as in vivo MT binding, which has not been observed so far in budding yeast models most likely
due to critical gene sequence differences. So far, binding to porcine MT has only been shown for yeast
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extracted Tau [88]. Indeed, fluorescence microscopy studies indicate potential binding of protein Tau
to MT in vivo in S. pombe cells. Moreover, preliminary data points out that several Tau epitopes also
become phosphorylated in S. pombe (data not shown). The precise role(s) of each of the fission yeast
Tau kinase orthologues remains unresolved.

Heinisch and colleague also proposed several arguments why the milk yeast K. lactis could serve
as a useful model to study Tau biology, more specifically the effects of energy signaling and oxidative
stress on Tau aggregation [109]. K. lactis has several advantages over the traditional baker’s yeast
model. For example, a respiratory metabolism more resembling that of mammalian cells. Moreover,
K. lactis did not undergo a whole genome duplication throughout evolution which limits the number
of redundant gene functions. This ensures a more easily trackable phenotype upon single gene
deletions [110].

Experimental methodologies used in the aforementioned reports, e.g., SinT assay or fluorescence
microscopy using a green fluorescent protein (GFP)-tagged Tau protein, are well suited for the study of
Tau aggregation, but lack applicability for analysis of Tau oligomerization. Since the current consensus
is that oligomeric, rather than aggregated, Tau is the toxic Tau species, neat technologies to study
oligomerization could enhance yeast’s value as a model for the study of neurodegenerative diseases
such as AD. An example is the use of a split-GFP sensor system. Several split-GFP technologies are
described in [111–115].

3. Humanized Yeast Models to Study Aβ Biology

3.1. Protein Aβ: Structure, Function and Aggregation

Glycoprotein amyloid precursor protein (APP) plays an important role in numerous biological
activities, ranging from neuronal development and homeostasis to signaling and intracellular
transport [116–119]. After synthesis in the endoplasmatic reticulum (ER), the protein is subsequently
transported from the Golgi apparatus to the plasma membrane where it is cleaved by α- and
γ-secretase or β- and γ-secretase following the non-amyloidogenic or amyloidogenic pathway,
respectively [120,121]. This cleavage yields several Aβ species with amino acid sequences varying from
40 to 51 amino acids with Aβ40 and Aβ42 being the final fragments [122,123]. While β-secretase activity
is primarily mediated by BACE1, γ-secretase activity actually requires the presence of 4 proteins;
Presenilin 1 or 2, Nicastrin, Presenilin enhancer 2 and Anterior pharynx defective 1 (Aph1) [124].
These peptides can then be released in the extracellular space where they can bind to a variety
of receptors or they remain associated with the plasma membrane and lipid raft structures [119].
The amyloidogenic pathway is central in the so-called “amyloid cascade hypothesis”, which states
that the formed Aβ structures sequentially oligomerize and aggregate thereby causing neurotoxicity
and dementia [125]. Aβ peptides can aggregate in different structural forms i.e., soluble oligomers,
protofibrils, but also insoluble amyloid fibrils and all of them feature β-sheet structures [126,127].
While the oligomers may spread throughout the brain, the fibrils can further assemble into plaques,
which are commonly found in the neocortex of the AD patient brains [128]. However, there is no
direct correlation between amyloid plaques and the loss of synapses and neurons in AD patient
brains [129–131].

In fact, cognitive deficits appear before plaque deposition or the deposition of insoluble amyloid
fibrils. Similarly to protein Tau, it is suggested that the Aβ oligomers trigger synapse dysfunction
and memory impairment [132,133]. Extracellular receptor-bound Aβ oligomers were proposed to
induce neurotoxic effects by causing mitochondrial dysfunction and oxidative stress in neuronal cells,
which can cause a massive calcium influx [134]. This can then impair the ability of cells to conduct
normal physiological functions [135].

It should be mentioned, however, that it is highly possible that different Aβ forms may contribute
to neurodegeneration at different disease stages [135]. A proposed link between Aβ and Tau pathology
is the Aβ aggregation-mediated kinase activation, which results in Tau hyperphosphorylation
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(see above) that in turn results in NFT formation. This is, however, only one possible hypothesis
linking these two proteins and their interplay is presumed to be more complex [135]. Other secondary,
toxicity inducing, effects of Aβ aggregation are the involvement of the innate immune system and
inflammatory responses [136–138].

To maintain Aβ protein homeostasis both in the brain and in plasma, production of Aβ is
counterbalanced by mechanisms such as proteolytic degradation [139–141], active transport via the
blood brain barrier [142–147] and deposition of Aβ in insoluble aggregates [148,149]. This does not only
involve neurons, but also other cells of the neurovascular unit, such as astrocytes [150–152]. Disruption
of any of these processes might result in neuropathology. Cathepsin B, for example, was identified as
a major Aβ-degrading enzyme and its expression level is altered in the brain of AD patients [153].

3.2. From Heterologously Expressed APP to Secretory Pathway-Targeted Aβ Peptides

Since Aβ peptides are generated by Secretase cleavage of APP, modelling of Aβ pathology in
yeast cells can be done via a number of approaches. The APP, or the Aβ peptides can be heterologously
expressed in yeast. Although there are no orthologues of the human Secretases in yeast present,
both α- and β-secretase activity has been reported [154,155], with the yeast proteases Yap3 and Mkc7
suggested to exhibit α-secretase activity [156,157]. γ-secretase activity was successfully reconstituted
in S. cerevisiae upon combined expression of APP-based substrates and human γ- secretase, resulting
in the production of Aβ40, Aβ42, and Aβ43 [158,159] (Figure 2).

Figure 2. Humanized yeast model expressing human proteins, APP and γ-secretase: overview of
Secretase-mediated APP processing and Aβ peptide production. The scissors icon indicates cleavage
of the respective proteins.

As mentioned above, the γ-secretase complex consists of 4 different components and the influence
of different combinations of Presenilin and Aph1 proteins on function and substrate specificity of the
γ-secretase was tested in a yeast system [160,161]. Although differences were observed, the results
were not well in line with parallel studies performed in mammalian cells, which, they reasoned,
could be explained by the lack of additional proteins (e.g., GSAP and CD147) that affect γ-secretase
function and that are not present in yeast. Moreover, the same group found that Nicastrin can be
dispensable for protease activity of double-mutated γ-secretase, e.g., F411Y/S438P [162]. This first
group of yeast models, in which pre-Aβ components (i.e., APP-like substrates and Secretases) are
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expressed, offers the possibility to screen for components and drugs that interfere with Aβ peptide
generation and, therefore, have therapeutic potential.

The focus, however, has shifted more towards the expression of the actual Aβ peptides in yeast
cells. This has one major benefit since it limits the amount of heterologously expressed proteins in
yeast and, therefore, also any potential side reactions which result in non-Aβ pathology associated
phenotypes. In this context, the prion-forming capability of S. cerevisiae has also been exploited to gain
more insight in Aβ’s oligomerization and aggregation capability.

Sup35, for example, is a translation termination factor and has the natural propensity to form
self-propagating infectious amyloid aggregates which results in a prion phenotype “[PSI+]” [163].

Bagriantsev and colleague fused the MRF (middle- and release factor domain) of the protein
to Aβ42 and screened for the ability of an ade1-14 strain to grown on medium lacking adenine.
They showed that fusion of Aβ42 to this MRF domain resulted in a similar phenotype as did the N
(N-terminal domain) MRF protein, which makes up the entire amino acid sequence of the Sup35
protein. The N-terminal domain is required and sufficient for induction of the prion properties. Aβ42

induced oligomerization, resulting in the inability of Sup35 to terminate translation, enabled growth
of the ade1-14 strain on medium lacking adenine by restoring adenine prototrophy [164]. This setup
offers a neat in vivo system to screen for modulators of oligomerization. A second, independent study
yielded a similar result in that the Aβ42-Sup35 fusion was able to form aggregates, although less stable
compared to Sup35 aggregates, and restore the [PSI+] phenotype of Sup35 lacking the prion forming
domain [165].

To investigate Aβ42’s location and interactions, it was fused to GFP. Apart from inducing a growth
defect, Aβ42 also induced a heat shock response [166]. The latter is in correspondence with data
obtained from AD patients that indicate that heat shock protein expression is upregulated in AD as
a protective measure [167]. A study on oligomerization/aggregation modifiers using this Aβ42-GFP
construct suggested that folinic acid might assist in preventing Aβ42 misfolding and aggregation [168].

Recently, yeast was also used as a model to screen for rationally designed compounds [169].
More specifically, Thioflavin assays, circular dichroism measurements and transmission electron
microscopy were used to assess the efficiency of peptidomimetic inhibitors to inhibit Aβ42 aggregation
by targeting non-covalent interactions (Table 1). This way, two compounds were able to rescue
yeast from Aβ42-induced toxicity. Yeast also served as an excellent tool to shed more light on the
mechanism of action of the anti-histamine latrepirdine (Dimebon™) [170], which showed promising
aggregate clearing activity in vivo (Table 1). The compound was suggested to upregulate the
sequestering of aggregated GFP-Aβ42 into autophagic-like vesicles which get targeted for degradation.
Autophagy plays a crucial role in the removal of aggregated or misfolded proteins, such as Aβ,
in neurodegenerative diseases [171–173] and impaired clearance of autophagic vesicles is also observed
in the brains of AD mice models and patients [171–173]. Highly similar results were obtained in other
cell and animal models: Steele and colleagues reported that the treatment of cultured mammalian cells
with latrepirdine led to enhanced mTOR- and Atg5-dependent autophagy. Moreover, latrepirdine
treatment of TgCRND8 transgenic mice was associated with improved learning behavior and with
a reduction in accumulation of Aβ42 [174].

Finally, a yeast-based screen identified clioquinol and dihydropyrimidine-thiones as compounds
being able to ameliorate Aβ toxicity in a synergistic, metal-dependent, way via different mechanisms
such as increasing Aβ turnover, restoring vesicle trafficking and oxidative stress protection [175,176]
(Table 1). Again, also in transgenic mice models, treatment with clioquinol (analogue) compounds
inhibited Aβ accumulation [177] and resulted in a dramatic improvement in learning and memory,
accompanied by marked inhibition of AD-like neuropathology [178]. Finally, a study assessed the
clinical effect of clioquinol analogue PBT2 using human patient cohorts. Compared to the placebo
group, Aβ CSF concentration was reduced upon treating AD patients with PBT2. In addition,
some cognitive test results indicated an improvement in AD patients treated with the clioquinol
analogue [179]. These research and clinical studies highlight the fact that yeast-based compound

190



Int. J. Mol. Sci. 2018, 19, 1947

screenings are extremely valuable to identify promising molecules that ameliorate Aβ pathology.
Secondly, in several cases, the proposed mechanism of action of a compound, based on insights
obtained from yeast research, was confirmed by other, often more comprehensive, pathological AD
models [174].

Aβ peptides are generated at the plasma membrane and can subsequently be secreted and
re-uptaken in the cell and eventually be found in the cytosol, mitochondria, secretory pathway and
autophagosomes [180]. To recapitulate Aβ’s multi-compartment trafficking, Treusch and colleagues
fused a Kar2 sequence to the N-terminus of Aβ42, targeting the peptide to the ER [181] (Figure 3).

After cleavage of this sequence, Aβ42 is released in the secretory pathway. The presence of a cell
wall prevents diffusing of the peptides in the medium, thereby allowing interaction with the plasma
membrane and endocytosis. Cell growth was decreased after expression of Aβ42 using a multicopy
plasmid and galactose-inducible promoter and this in contrast to Aβ40. Screening of an overexpression
library consisting of >5000 ORFs yielded several suppressors and enhancers of Aβ42 toxicity.

 

Figure 3. Humanized yeast model expressing GFP-fused Aβ peptides tagged with an endoplasmatic
reticulum (ER) or Golgi complex targeting sequence. Treusch and colleagues expressed Aβ42

N-terminally tagged with the Kar2 sequence, while D’Angelo and colleagues expressed Aβ42/ARC

N-terminally tagged with the α prepro-leader sequence (with and without a C-terminal GFP tag).
The scissors icon indicates cleavage of the respective proteins.

PICALM (phosphatidylinositol-binding Clathrin assembly protein), of which Yap1801 and
Yap1802 are the yeast homologues [182], was one of the toxicity suppressor hits and is one the
most highly validated AD risk factors. The exact role of PICALM in AD is unknown, but it is thought
to play a role in APP trafficking [183]. Since Aβ perturbs endocytotic trafficking, it was suggested that
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PICALM has a role in restoring this process. These findings were backed up by data obtained from rat
cortical neurons, in which Aβ-induced cell death was partly prevented upon PICALM expression [181].
A more recent study also reported on the beneficial role of PICALM, since it was able to reduce
Aβ42 oligomerization [183] (Table 1). In another article [184], the same yeast model was used to
study the effects of native Aβ and in addition to previously shown lower growth rate, a reduced
respiratory rate and elevated levels of reactive oxygen species (ROS) were exhibited. These are
hallmarks of mitochondrial and ubiquitin-proteasome system dysfunction, which also occur in neurons
and peripheral tissues of AD patients [185], and nicely illustrate the applicability of such a yeast model
to study the role of Aβ in cell stress and damage. In fact, these results were in accordance with findings
obtained from a yeast model after prolonged exposure to cytosolic Aβ42. Several signs of mitochondrial
dysfunction were observed, including increased ROS production, decreased mitochondrial membrane
potential and reduced oxygen consumption [184]. A major question that remains is how Aβ peptides
actually are taken up in the mitochondria.

In a follow-up study, using a more systems biology approach, the interplay between ER stress
and the unfolded protein response (UPR) were studied upon constitutive expression of Aβ40 and
Aβ42 [186]. In comparison to Aβ40 which only induced mild stress, Aβ42 expression resulted in
prolonged high stress and an UPR failing to cope with the unfolded protein load resulting in cellular
dysfunction, a shorter chronological lifespan and deregulation of lipid metabolism. These results are
highly relevant for other diseases as well, especially cancer and diabetes due to the emerging role of
the UPR in these diseases.

Using a similar strategy by fusing the mating type factor α prepro-leader sequence to Aβ, another
group also showed that targeting Aβ in the secretory pathway is essential for toxicity in yeast [182]
(Figure 3). The researchers tested both native and C-terminally GFP-tagged Aβ42 and AβARC and
detected aggregate formation and a more profound toxic effect in case of the prepro-Aβ-linker-GFP
constructs, especially AβARC for which they measured a decrease in respiratory rate. They also
suggested that Hsp104 could play a role in mediating this toxicity by favoring the conversion of
large aggregates into smaller oligomeric species. Western blot data showed a decreased protein level
in the case of native Aβ peptides, which indicated that the GFP moiety might have a stabilizing
effect. These results were not in line with the results published by Treusch and colleagues, since in
their research native Aβ42 expression resulted in significant toxicity when ending up in the secretory
pathway. Another difference was the presumed role of PICALM. In the paper published by D’Angelo
and colleagues, deletion of Yap1801 and Yap1802 resulted in a decrease in Aβ-induced toxicity.
Upon expression of PICALM, this toxic effect was partly restored. Therefore, more research is necessary
to shed light on the actual role of PICALM in Aβ-induced toxicity.

Since it is clear that AD, mitochondrial dysfunction and altered proteostasis are linked to
one another, two studies also more closely investigated the interplay between the Pitrilysin
Metallopeptidase 1 (PITRM1), an oligopeptide-digesting mitochondrial matrix enzyme, and Aβ.
In addition to its role in cleaving the mitochondrial targeting sequence (MTS) of proteins imported
across the inner mitochondrial membrane, it also disposes mitochondrial Aβ [187–190]. However,
in a first study, it was shown that the accumulation of Aβ peptides inhibits the activity of Cym1,
which is the yeast PITRM1 orthologue, leading to impaired MTS processing and accumulation of
precursor proteins [191]. In a second study, the effect of a missense mutation in this enzyme was
documented using yeast by modelling the R183Q mutation in the Cym1 protein [192]. This resulted
in a reduced Aβ42 degradation compared to wt Cym1, suggesting a pathogenic role of this mutated
protein, displaying similar behavior as in human beings.

Cenini and colleagues reported that Aβ peptides, especially Aβ42, inhibited mitochondrial protein
import by affecting an early process step when newly synthesized mitochondrial polypeptides are
exposed to the cytosolic environment, rather than affecting mitochondrial membrane potential, TOM
and TIM (Translocase of the outer and inner membrane, respectively) or respiratory chain metabolic
protein complex composition [193]. These findings are in contrast to the study described earlier in this
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paragraph [191], in which Aβ peptides indirectly interfered with the processing of imported precursor
proteins to the mature and active forms, which is a late step of the mitochondrial import reaction.

Finally, a C. glabrata model was used to assess toxicity of extracellular chemically-synthesized
Aβ [194] by determining the viable colony count, using a water-based assay. It was shown that Aβ

did bind the plasma membrane of C. glabrata, but the exact mechanism by which Aβ kills C. glabrata
remains to be determined. Interestingly, upon oligomerization Aβ loses its toxic effect, while Aβ has
a protective function against sodium hydroxide toxicity [195].

Table 1. Overview of Tau and Aβ toxicity modifiers identified using yeast-based screens.

Protein Toxicity Modifiers Description Other Models References

Tau Pin1 (yeast homologue Ess1) Depletion of Pin1 isomerase activity results in
reduced growth of Tau expressing yeast cells. mouse model [93,196,197]

Aβ peptidomimetic inhibitors Inhibition of Aβ42 aggregation by peptidomimetics. - [169]

Aβ latrepirdine (Dimebon™) Latrepirdine induces autophagy and decreases the
intracellular GFP-Aβ42 levels in yeast.

Hela cells, mouse
model [170,174]

Aβ clioquinol
Small molecule screen identified several
8-hydroxyquinolines, including clioquinol, that
ameliorate Aβ toxicity.

mouse model,
nematode model [175–179]

Aβ dihydropyrimidine-thiones
Phenotypic small molecule yeast screen identified
dihydropyrimidine-thiones that rescue Aβ-induced
toxicity in a metal dependent manner.

nematode model [176]

Aβ
PICALM (yeast homologues
Yap1801, Yap1802)

Screening of overexpression library yielded
suppressors and enhancers of Aβ42 toxicity,
including the PICALM suppressor.

rat cortical neurons [181–183]

4. Humanized Yeast Models to Study Frameshift Ubiquitin Mutant UBB+1 Biology

Yeast models expressing the frameshift Ubiquitin mutant UBB+1 have also been developed.
UBB+1 accumulation is found in neurons of all AD patients, but absent in those of Parkinson’s
disease patients, and co-localizes with the MC1 marker, i.e., NFT [198]. How UBB+1 is related
to aberrant and phosphorylated Tau protein, both spatially and temporally, still needs to be
elucidated [198]. The authors suggested that these mutant proteins may be responsible for the lack of
multi-ubiquitination of the hyperphosphorylated Tau fraction found in the NFT [199]. These UBB+1

molecules are unable to bind to lysine residues in target molecules, since they lack the COOH-terminal
glycine residue in the first repeat region, which is essential for subsequent multi-ubiquitination and
activation of the proteasomal machinery [200]. Upon expression of UBB+1 in yeast, the protein becomes
a substrate of the UPR and accumulated UBB+1 impairs the UPR both in yeast and mammalian
cells [201–204]. This results in an accumulation of polyubiquitinated substrates which do not get
degraded, partially accomplished by the inhibition of deubiquitinating enzymes [205].

Despite this impairment, no toxicity is observed. By contrast, upon prolonged expression of high
levels of UBB+1, cell death and mitochondrial dysfunction were observed in neuronal cells and yeast
models [203,206,207]. Interestingly to keep in mind here is the fact that UBB+1 can be a toxic protein by
itself, but it could also act as a potent modifier of toxicity of other neurotoxic proteins, such as Tau
and Aβ. Therefore, yeast models combining expression of these proteins in combination with UBB+1

could unravel molecular mechanisms important in AD, such as UPS dysfunction and mitochondrial
activity [208].

5. Studying Prion Characteristics of Aβ and Tau in Yeast

Prions are self-propagating infection protein species. They were first discovered as causative
agents in mammalian diseases like Creutzfeldt-Jakob or Scrapie [209,210]. There, a normal protein
(PrPC) conformationally changes into a malicious and infectious PrPSc prion protein [211]. Besides these
disease-causing prions, a plethora of prions with mostly unknown function has been discovered also
in yeast [212,213]. Except for Podospora anserina’s [Het-s] prion, most functions of all these prions are
unclear and all are toxic, or at least growth-inhibitory, but still are supposed to be beneficial for the
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survival of cells under stress conditions [214–216]. To ensure optimal survival but limit malicious
effects, prion formation has to be tightly controlled and carefully balanced. Several factors promote or
inhibit prion formation like Hsp104, Hsp70, Sse1, Cur1, Btn2 [217–221]. Interestingly, some of these
factors, like Hsp104, promote and inhibit prion formation depending on co-factors and expression
levels [222,223].

Many human diseases are described or at least suspected to be prion diseases such as type 2
diabetes mellitus, AD or Huntington’s disease [209,224,225]. Most prions are amyloid and, as its name
indicates, Aβ for example stacks β-sheets to form toxic amyloid oligomers which were shown to be
transmittable and infectious in mice [226–228]. If Aβ is a prion or not is still to be discussed but more
and more hints are pointing towards it [227,229]. It is almost accepted that the second key-player
in AD, Tau, might be a prion as well. Several studies point towards the MT binding domain of Tau
being responsible for aggregation and prionization [230,231]. Several of the yeast models to study AD
discussed above [181,182,191,232] are not only used to study the impact of Aβ or Tau on biochemical
pathways and on organelles, but also the prion characteristics of these proteins are the focus of research.
Evidence for Aβ and Tau being prions were found in mice or other higher eukaryotic model organisms
but not in yeast. Tau is hyperphosphorylated and forms aggregates but it is hardly toxic in yeast
models [95]. Also, transmission of neither aggregated Tau nor Aβ from affected yeast to healthy
strains has been shown so far. But still, there are excellent and robust yeast in vivo techniques to
study prion domains and push this field towards greater success. Brachmann and colleagues extended
a model developed by Schlumperger and colleagues which makes use of the Ure2 prion system in
yeast [233,234]. By replacing promoters of reporter genes by the Ure2 suppressed DAL5 promotor
(pDAL5) it is possible to track Ure2-prion strength. If Ure2 is in a non-prion state it binds Gln3,
the transcription factor activating pDAL5. When Ure2 forms its prion, [URE3], it releases Gln3 and,
thus, induces the reporter gene expression through pDAL5. By replacing Ure2’s own prion domain by
any protein domain, one can easily test if it is a prion domain. By making use of different reporter
genes it is not only possible to check for a domain to be a prion domain in a black-white manner,
like with the URA reporter, but it is also possible to measure the strength of a prion domain by using
ADE2 as a reporter. The “redness” of the reporter strain indicates the strength of prion formation and
thus the release of Gln3 from unprionized Ure2.

Another technique based on a similar principle is the recently developed yTRAP [235]. Here,
suspected prions are fused to a synthetic transcription factor, the synTA. When the protein is soluble
and thus not prionized, it allows the synTA to bind the promotor and induce expression of a fluorescent
protein, in this case mNeonGreen or mKate2. When aggregated, the transcription factor cannot reach
its promotor and the expression of the reporter gene is suppressed. An overview of several traditional
and more innovative yeast techniques that play(ed) a crucial role in unravelling Tau and Aβ functions
such as protein–protein interaction and prion formation can be found in Table 2.

Table 2. Summary of yeast-based techniques applicable in studies on proteins involved in
neurodegenerative diseases.

Technique Used for Description

Split-GFP system [111–115,236] Protein–protein interaction GFP fluorescence is reconstituted when its two subunits are
in close proximity.

Synthetic genetic array [237] Synthetic lethality Approach for the systematic construction of double mutants
for large-scale mapping of synthetic genetic interactions.

Yeast two-hybrid [238] Protein–protein interaction Protein interaction leads to reporter gene expression.

Prion-forming assay [233] Prion forming

The prion domain of the yeast Ure2 prion is replaced by
a potential prion domain of any protein. Reporter gene
expression is induced if this domain can complement for the
Ure2 prion domain.

Yeast transcriptional reporting
aggregating proteins (yTRAP) [235] Prion forming High-throughput quantitative prion forming assay. Uses

fluorescence as quantifiable reporter.
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6. Conclusions

It is clear from the above discussed articles that yeast has proven its value in modern AD
research. Although S. cerevisiae models are most prevalent, it is inspiring to see that alternative
models such as S. pombe or C. glabrata are gaining popularity. The pathobiology of proteins such
as Tau and Aβ is robustly recapitulated in yeast. Research using these models has shed more
light on the oligomerization/aggregation and prion properties of these proteins, including their
role in mitochondrial dysfunction and altered proteostasis, which are two important pathological
AD-related cellular processes. This, in combination with the intrinsic benefits of using yeast such
as speed and lower costs of research, puts these humanized yeast models in a unique position as
a complementary model organism. Therefore, yeast may play a crucial role in overcoming the major
future challenges in AD research, including identifying the relationship between all these different
pathological AD-related processes.
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de Silva, R.; Giovanni, G.D.; et al. Tau protein hyperphosphorylation and aggregation in alzheimer’s
disease and other tauopathies, and possible neuroprotective strategies. Biomolecules 2016, 6, 2–28. [CrossRef]
[PubMed]

72. Berger, Z.; Roder, H.; Hanna, A.; Carlson, A.; Rangachari, V.; Yue, M.; Wszolek, Z.; Ashe, K.; Knight, J.;
Dickson, D.; et al. Accumulation of Pathological Tau Species and Memory Loss in a Conditional Model of
Tauopathy. J. Neurosci. 2007, 27, 3650–3662. [CrossRef] [PubMed]

73. Bretteville, A.; Planel, E. Tau aggregates: Toxic, inert, or protective species? J. Alzheimer’s Dis. 2008, 14,
431–436. [CrossRef]

74. Cowan, C.M.; Mudher, A. Are tau aggregates toxic or protective in tauopathies? Front. Neurol. 2013, 4, 1–13.
[CrossRef] [PubMed]

75. Maeda, S.; Sahara, N.; Saito, Y.; Murayama, M.; Yoshiike, Y.; Kim, H.; Miyasaka, T.; Murayama, S.; Ikai, A.;
Takashima, A. Granular Tau Oligomers as Intermediates of Tau Filaments. Biochemistry 2007, 46, 3856–3861.
[CrossRef] [PubMed]

198



Int. J. Mol. Sci. 2018, 19, 1947

76. Lasagna-Reeves, C.A.; Castillo-Carranza, D.L.; Sengupta, U.; Sarmiento, J.; Troncoso, J.; Jackson, G.R.;
Kayed, R. Identification of oligomers at early stages of tau aggregation in Alzheimer’s disease. FASEB J.
2012, 26, 1946–1959. [CrossRef] [PubMed]

77. Hutton, M.; Lendon, C.L.; Rizzu, P.; Baker, M.; Froelich, S.; Houlden, H.; Pickering-Brown, S.; Chakraverty, S.;
Isaacs, A.; Grover, A.; et al. Association of missense and 5′-splice-site mutations in tau with the inherited
dementia FTDP-17. Nature 1998, 393, 702–705. [CrossRef] [PubMed]

78. Poorkaj, P.; Bird, T.D.; Wijsman, E.; Nemens, E.; Garruto, R.M.; Anderson, L.; Andreadis, A.; Wiederholt, W.C.;
Raskind, M.; Schellenberg, G.D. Tau is a candidate gene for chromosome 17 frontotemporal dementia.
Ann. Neurol. 1998, 43, 815–825. [CrossRef] [PubMed]

79. Spillantini, M.G.; Murrell, J.R.; Goedert, M.; Farlow, M.R.; Klug, A.; Ghetti, B. Mutation in the tau gene in
familial multiple system tauopathy with presenile dementia. Proc. Natl. Acad. Sci. USA 1998, 95, 7737–7741.
[CrossRef] [PubMed]

80. Spillantini, M.G.; Bird, T.D.; Ghetti, B. Frontotemporal dementia and Parkinsonism linked to chromosome
17: A new group of tauopathies. Brain Pathol. 1998, 8, 387–402. [CrossRef] [PubMed]

81. Rademakers, R.; Cruts, M.; van Broeckhoven, C. The role of tau (MAPT) in frontotemporal dementia and
related tauopathies. Hum. Mutat. 2004, 24, 277–295. [CrossRef] [PubMed]

82. Dermaut, B.; Kumar-Singh, S.; Rademakers, R.; Theuns, J.; Cruts, M.; Van Broeckhoven, C. Tau is central
in the genetic Alzheimer–frontotemporal dementia spectrum. Trends Genet. 2005, 21, 664–672. [CrossRef]
[PubMed]

83. D’Souza, I.; Poorkaj, P.; Hong, M.; Nochlin, D.; Lee, V.M.; Bird, T.D.; Schellenberg, G.D. Missense and silent
tau gene mutations cause frontotemporal dementia with parkinsonism-chromosome 17 type, by affecting
multiple alternative RNA splicing regulatory elements. Proc. Natl. Acad. Sci. USA 1999, 96, 5598–5603.
[CrossRef] [PubMed]

84. Barghorn, S.; Zheng-Fischhöfer, Q.; Ackmann, M.; Biernat, J.; von Bergen, M.; Mandelkow, E.M.;
Mandelkow, E. Structure, microtubule interactions, and paired helical filament aggregation by tau mutants
of frontotemporal dementias. Biochemistry 2000, 39, 11714–11721. [CrossRef] [PubMed]

85. Hong, M.; Zhukareva, V.; Vogelsberg-Ragaglia, V.; Wszolek, Z.; Reed, L.; Miller, B.I.; Geschwind, D.H.;
Bird, T.D.; McKeel, D.; Goate, A.; et al. Mutation-specific functional impairments in distinct tau isoforms of
hereditary FTDP-17. Science 1998, 282, 1914–1917. [CrossRef] [PubMed]

86. Roberson, E.D.; Scearce-Levie, K.; Palop, J.J.; Yan, F.; Cheng, I.H.; Wu, T.; Gerstein, H.; Yu, G.-Q.; Mucke, L.
Reducing Endogenous Tau Ameliorates Amyloid β-Induced Deficits in an Alzheimer’s Disease Mouse
Model. Science 2007, 316, 750–754. [CrossRef] [PubMed]

87. Vandebroek, T.; Vanhelmont, T.; Terwel, D.; Borghgraef, P.; Lemaire, K.; Snauwaert, J.; Wera, S.; Van Leuven, F.;
Winderickx, J. Identification and isolation of a hyperphosphorylated, conformationally changed intermediate
of human protein tau expressed in yeast. Biochemistry 2005, 44, 11466–11475. [CrossRef] [PubMed]

88. Vanhelmont, T.; Vandebroek, T.; De Vos, A.; Terwel, D.; Lemaire, K.; Anandhakumar, J.; Franssens, V.;
Swinnen, E.; Van Leuven, F.; Winderickx, J. Serine-409 phosphorylation and oxidative damage define
aggregation of human protein tau in yeast. FEMS Yeast Res. 2010, 10, 992–1005. [CrossRef] [PubMed]

89. Vandebroek, T.; Terwel, D.; Vanhelmont, T.; Gysemans, M.; Van Haesendonck, C.; Engelborghs, Y.;
Winderickx, J.; Van Leuven, F. Microtubule binding and clustering of human Tau-4R and Tau-P301L proteins
isolated from yeast deficient in orthologues of glycogen synthase kinase-3beta or cdk5. J. Biol. Chem. 2006,
281, 25388–25397. [CrossRef] [PubMed]

90. De Vos, A.; Anandhakumar, J.; Van den Brande, J.; Verduyckt, M.; Franssens, V.; Winderickx, J.; Swinnen, E.
Yeast as a model system to study tau biology. Int. J. Alzheimers Dis. 2011, 2011, 428970. [CrossRef] [PubMed]

91. Zambrano, C.A.; Egaña, J.T.; Núñez, M.T.; Maccioni, R.B.; González-Billault, C. Oxidative stress promotes tau
dephosphorylation in neuronal cells: The roles of cdk5 and PP1. Free Radic. Biol. Med. 2004, 36, 1393–1402.
[CrossRef] [PubMed]

92. Kang, S.W.; Kim, S.J.; Kim, M.S. Oxidative stress with tau hyperphosphorylation in memory impaired
1,2-diacetylbenzene-treated mice. Toxicol. Lett. 2017, 279, 53–59. [CrossRef] [PubMed]

93. De Vos, A.; Bynens, T.; Rosseels, J.; Coun, C.; Ring, J.; Madeo, F.; Galas, M.-C.; Winderickx, J.; Franssens, V.
The peptidyl prolyl cis/trans isomerase Pin1/Ess1 inhibits phosphorylation and toxicity of tau in a yeast
model for Alzheimer’s disease. AIMS Mol. Sci. 2015, 2, 144–160. [CrossRef]

199



Int. J. Mol. Sci. 2018, 19, 1947

94. Su, B.; Wang, X.; Lee, H.; Tabaton, M.; Perry, G.; Smith, M.A.; Zhu, X. Chronic oxidative stress causes
increased tau phosphorylation in M17 neuroblastoma cells. Neurosci. Lett. 2010, 468, 267–271. [CrossRef]
[PubMed]

95. Rosseels, J.; Van Den Brande, J.; Violet, M.; Jacobs, D.; Grognet, P.; Lopez, J.; Huvent, I.; Caldara, M.;
Swinnen, E.; Papegaey, A.; et al. Tau monoclonal antibody generation based on humanized yeast models:
Impact on tau oligomerization and diagnostics. J. Biol. Chem. 2015, 290, 4059–4074. [CrossRef] [PubMed]

96. Castillo-Carranza, D.L.; Gerson, J.E.; Sengupta, U.; Guerrero-Muñoz, M.J.; Lasagna-Reeves, C.A.; Kayed, R.
Specific Targeting of Tau Oligomers in Htau Mice Prevents Cognitive Impairment and Tau Toxicity Following
Injection with Brain-Derived Tau Oligomeric Seeds. J. Alzheimer Dis. 2014, 40, S97–S111. [CrossRef] [PubMed]

97. Patterson, K.R.; Remmers, C.; Fu, Y.; Brooker, S.; Kanaan, N.M.; Vana, L.; Ward, S.; Reyes, J.F.; Philibert, K.;
Glucksman, M.J.; et al. Characterization of prefibrillar Tau oligomers in vitro and in Alzheimer disease.
J. Biol. Chem. 2011, 286, 23063–23076. [CrossRef] [PubMed]

98. Pérez-Ruiz, E.; Decrop, D.; Ven, K.; Tripodi, L.; Leirs, K.; Rosseels, J.; van de Wouwer, M.; Geukens, N.;
De Vos, A.; Vanmechelen, E.; et al. Digital ELISA for the quantification of attomolar concentrations of
Alzheimer’s disease biomarker protein Tau in biological samples. Anal. Chim. Acta 2018, 1015, 74–81.
[CrossRef] [PubMed]

99. Giasson, B.I.; Forman, M.S.; Higuchi, M.; Golbe, L.I.; Graves, C.L.; Kotzbauer, P.T.; Trojanowski, J.Q.;
Lee, V.M.Y. Initiation and synergistic fibrillization of tau and alpha-synuctein. Science 2003, 300, 636–640.
[CrossRef] [PubMed]

100. Jensen, P.H.; Hager, H.; Nielsen, M.S.; Hojrup, P.; Gliemann, J.; Jakes, R. alpha-synuclein binds to Tau and
stimulates the protein kinase A-catalyzed tau phosphorylation of serine residues 262 and 356. J. Biol. Chem.
1999, 274, 25481–25489. [CrossRef] [PubMed]

101. Duka, T.; Rusnak, M.; Drolet, R.E.; Duka, V.; Wersinger, C.; Goudreau, J.L.; Sidhu, A. Alpha-Synuclein
Induces Hyperphosphorylation of Au in the Mptp Model of Parkinsonism. FASEB J. 2006, 20, 2302–2312.
[CrossRef] [PubMed]

102. Waxman, E.A.; Giasson, B.I. Induction of Intracellular Tau Aggregation Is Promoted by α-Synuclein Seeds
and Provides Novel Insights into the Hyperphosphorylation of Tau. J. Neurosci. 2011, 31, 7604–7618.
[CrossRef] [PubMed]

103. Frasier, M.; Walzer, M.; McCarthy, L.; Magnuson, D.; Lee, J.M.; Haas, C.; Kahle, P.; Wolozin, B. Tau
phosphorylation increases in symptomatic mice overexpressing A30P α-synuclein. Exp. Neurol. 2005,
192, 274–287. [CrossRef] [PubMed]

104. Zabrocki, P.; Pellens, K.; Vanhelmont, T.; Vandebroek, T.; Griffioen, G.; Wera, S.; Van Leuven, F.; Winderickx, J.
Characterization of α-synuclein aggregation and synergistic toxicity with protein tau in yeast. FEBS J. 2005,
272, 1386–1400. [CrossRef] [PubMed]

105. Ciaccioli, G.; Martins, A.; Rodrigues, C.; Vieira, H.; Calado, P. A powerful yeast model to investigate the
synergistic interaction of α-synuclein and tau in neurodegeneration. PLoS ONE 2013, 8, e55848. [CrossRef]
[PubMed]

106. Hoffman, C.S.; Wood, V.; Fantes, P.A. An Ancient Yeast for Young Geneticists: A Primer on the
Schizosaccharomyces pombe Model System. Genetics 2015, 201, 403–423. [CrossRef] [PubMed]

107. Balasubramanian, M.K.; Bi, E.; Glotzer, M. Comparative analysis of cytokinesis in budding yeast, fission
yeast and animal cells. Curr. Biol. 2004, 14, R806–R818. [CrossRef] [PubMed]

108. Humphrey, T.; Pearce, A. Cell cycle molecules and mechanisms of the budding and fission yeasts.
Methods Mol. Biol. 2005, 296, 3–29. [PubMed]

109. Heinisch, J.J.; Brandt, R. Signaling pathways and posttranslational modifications of tau in Alzheimer’s
disease: The humanization of yeast cells. Microb. Cell 2016, 3, 135–146. [CrossRef] [PubMed]

110. Rodicio, R.; Heinisch, J.J. Yeast on the milky way: Genetics, physiology and biotechnology of Kluyveromyces
lactis. Yeast 2013, 30, 165–177. [CrossRef] [PubMed]

111. Barnard, E.; McFerran, N.V.; Trudgett, A.; Nelson, J.; Timson, D.J. Development and implementation of
split-GFP-based bimolecular fluorescence complementation (BiFC) assays in yeast. Biochem. Soc. Trans. 2008,
36, 479–482. [CrossRef] [PubMed]

112. Cabantous, S.; Nguyen, H.B.; Pedelacq, J.D.; Koraïchi, F.; Chaudhary, A.; Ganguly, K.; Lockard, M.A.;
Favre, G.; Terwilliger, T.C.; Waldo, G.S. A new protein-protein interaction sensor based on tripartite split-GFP
association. Sci. Rep. 2013, 3, 02854. [CrossRef] [PubMed]

200



Int. J. Mol. Sci. 2018, 19, 1947

113. Cabantous, S.; Terwilliger, T.C.; Waldo, G.S. Protein tagging and detection with engineered self-assembling
fragments of green fluorescent protein. Nat. Biotechnol. 2005, 23, 102–107. [CrossRef] [PubMed]

114. Cabantous, S.; Waldo, G.S. In vivo and in vitro protein solubility assays using split GFP. Nat. Methods 2006,
3, 845–854. [CrossRef] [PubMed]

115. Foglieni, C.; Papin, S.; Salvadè, A.; Afroz, T.; Pinton, S.; Pedrioli, G.; Ulrich, G.; Polymenidou, M.; Paganetti, P.
Split GFP technologies to structurally characterize and quantify functional biomolecular interactions of
FTD-related proteins. Sci. Rep. 2017, 7, 14013. [CrossRef] [PubMed]

116. Priller, C.; Bauer, T.; Mitteregger, G.; Krebs, B.; Kretzschmar, H.A.; Herms, J. Synapse Formation and Function
Is Modulated by the Amyloid Precursor Protein. J. Neurosci. 2006, 26, 7212–7221. [CrossRef] [PubMed]

117. Turner, P.R.; O’Connor, K.; Tate, W.P.; Abraham, W.C. Roles of amyloid precursor protein and its fragments
in regulating neural activity, plasticity and memory. Prog. Neurobiol. 2003, 70, 1–32. [CrossRef]

118. Duce, J.A.; Tsatsanis, A.; Cater, M.A.; James, S.A.; Robb, E.; Wikhe, K.; Leong, S.L.; Perez, K.; Johanssen, T.;
Greenough, M.A.; et al. Iron-Export Ferroxidase Activity of β-Amyloid Precursor Protein Is Inhibited by
Zinc in Alzheimer’s Disease. Cell 2010, 142, 857–867. [CrossRef] [PubMed]

119. Chen, G.; Xu, T.; Yan, Y.; Zhou, Y.; Jiang, Y.; Melcher, K.; Xu, H.E. Amyloid beta: Structure, biology and
structure-based therapeutic development. Acta Pharmacol. Sin. 2017, 38, 1205–1235. [CrossRef] [PubMed]

120. Haass, C.; Koo, E.H.; Mellon, A.; Hung, A.Y.; Selkoe, D.J. Targeting of cell-surface β-amyloid precursor
protein to lysosomes: Alternative processing into amyloid-bearing fragments. Nature 1992, 357, 500–503.
[CrossRef] [PubMed]

121. Joshi, G.; Wang, Y. Golgi defects enhance APP amyloidogenic processing in Alzheimer’s disease. BioEssays
2015, 37, 240–247. [CrossRef] [PubMed]

122. Olsson, F.; Schmidt, S.; Althoff, V.; Munter, L.M.; Jin, S.; Rosqvist, S.; Lendahl, U.; Multhaup, G.; Lundkvist, J.
Characterization of Intermediate Steps in Amyloid Beta (Aβ) Production under Near-native Conditions.
J. Biol. Chem. 2014, 289, 1540–1550. [CrossRef] [PubMed]

123. Takami, M.; Nagashima, Y.; Sano, Y.; Ishihara, S.; Morishima-Kawashima, M.; Funamoto, S.; Ihara, Y.
γ-Secretase: Successive Tripeptide and Tetrapeptide Release from the Transmembrane Domain of β-Carboxyl
Terminal Fragment. J. Neurosci. 2009, 29, 13042–13052. [CrossRef] [PubMed]

124. Wolfe, M.S. Inhibition and modulation of γ-secretase for Alzheimer’s disease. Neurotherapeutics 2008, 5,
391–398. [CrossRef] [PubMed]

125. Hensley, K.; Carney, J.M.; Mattson, M.P.; Aksenova, M.; Harris, M.; Wu, J.F.; Floyd, R.A.; Butterfield, D.A.
A model for beta-amyloid aggregation and neurotoxicity based on free radical generation by the peptide:
Relevance to Alzheimer disease. Proc. Natl. Acad. Sci. USA 1994, 91, 3270–3274. [CrossRef] [PubMed]

126. .Benzinger, T.L.; Gregory, D.M.; Burkoth, T.S.; Miller-Auer, H.; Lynn, D.G.; Botto, R.E.; Meredith, S.C.
Propagating structure of Alzheimer’s beta-amyloid(10-35) is parallel beta-sheet with residues in exact
register. Proc. Natl. Acad. Sci. USA 1998, 95, 13407–13412. [CrossRef] [PubMed]

127. Yu, L.; Edalji, R.; Harlan, J.E.; Holzman, T.F.; Lopez, A.P.; Labkovsky, B.; Hillen, H.; Barghorn, S.; Ebert, U.;
Richardson, P.L.; et al. Structural Characterization of a Soluble Amyloid β-Peptide Oligomer. Biochemistry
2009, 48, 1870–1877. [CrossRef] [PubMed]

128. Haass, C.; Schlossmacher, M.G.; Hung, A.Y.; Vigo-Pelfrey, C.; Mellon, A.; Ostaszewski, B.L.; Lieberburg, I.;
Koo, E.H.; Schenk, D.; Teplow, D.B.; et al. Amyloid β-peptide is produced by cultured cells during normal
metabolism. Nature 1992, 359, 322–325. [CrossRef] [PubMed]

129. Terry, R.D.; Masliah, E.; Salmon, D.P.; Butters, N.; DeTeresa, R.; Hill, R.; Hansen, L.A.; Katzman, R. Physical
basis of cognitive alterations in alzheimer’s disease: Synapse loss is the major correlate of cognitive
impairment. Ann. Neurol. 1991, 30, 572–580. [CrossRef] [PubMed]

130. Masliah, E.; Terry, R.D.; Alford, M.; DeTeresa, R.; Hansen, L.A. Cortical and subcortical patterns of
synaptophysinlike immunoreactivity in Alzheimer’s disease. Am. J. Pathol. 1991, 138, 235–246. [PubMed]

131. Masliah, E.; Achim, C.L.; Ge, N.; DeTeresa, R.; Terry, R.D.; Wiley, C.A. Spectrum of human immunodeficiency
virus-associated neocortical damage. Ann. Neurol. 1992, 32, 321–329. [CrossRef] [PubMed]

132. Mucke, L.; Masliah, E.; Yu, G.Q.; Mallory, M.; Rockenstein, E.M.; Tatsuno, G.; Hu, K.; Kholodenko, D.;
Johnson-Wood, K.; McConlogue, L. High-level neuronal expression of abeta 1-42 in wild-type human
amyloid protein precursor transgenic mice: Synaptotoxicity without plaque formation. J. Neurosci. 2000, 20,
4050–4058. [CrossRef] [PubMed]

201



Int. J. Mol. Sci. 2018, 19, 1947

133. Hsia, A.Y.; Masliah, E.; McConlogue, L.; Yu, G.Q.; Tatsuno, G.; Hu, K.; Kholodenko, D.; Malenka, R.C.;
Nicoll, R.A.; Mucke, L. Plaque-independent disruption of neural circuits in Alzheimer’s disease mouse
models. Proc. Natl. Acad. Sci. USA 1999, 96, 3228–3233. [CrossRef] [PubMed]

134. Canevari, L.; Abramov, A.Y.; Duchen, M.R. Toxicity of amyloid beta peptide: Tales of calcium, mitochondria,
and oxidative stress. Neurochem. Res. 2004, 29, 637–650. [CrossRef] [PubMed]

135. Mattson, M.P. Pathways towards and away from Alzheimer’s disease. Nature 2004, 430, 631–639. [CrossRef]
[PubMed]

136. Weggen, S.; Eriksen, J.L.; Das, P.; Sagi, S.A.; Wang, R.; Pietrzik, C.U.; Findlay, K.A.; Smith, T.E.; Murphy, M.P.;
Bulter, T.; et al. A subset of NSAIDs lower amyloidogenic Aβ42 independently of cyclooxygenase activity.
Nature 2001, 414, 212–216. [CrossRef] [PubMed]

137. Neniskyte, U.; Neher, J.J.; Brown, G.C. Neuronal Death Induced by Nanomolar Amyloid β Is Mediated by
Primary Phagocytosis of Neurons by Microglia. J. Biol. Chem. 2011, 286, 39904–39913. [CrossRef] [PubMed]

138. Heneka, M.T.; Golenbock, D.T.; Latz, E. Innate immunity in Alzheimer’s disease. Nat. Immunol. 2015, 16,
229–236. [CrossRef] [PubMed]

139. Iwata, N.; Tsubuki, S.; Takaki, Y.; Watanabe, K.; Sekiguchi, M.; Hosoki, E.; Kawashima-Morishima, M.;
Lee, H.-J.; Hama, E.; Sekine-Aizawa, Y.; et al. Identification of the major Aβ1–42-degrading catabolic pathway
in brain parenchyma: Suppression leads to biochemical and pathological deposition. Nat. Med. 2000, 6,
143–150. [CrossRef] [PubMed]

140. Iwata, N.; Tsubuki, S.; Takaki, Y.; Shirotani, K.; Lu, B.; Gerard, N.P.; Gerard, C.; Hama, E.; Lee, H.J.; Saido, T.C.
Metabolic Regulation of Brain Abeta by Neprilysin. Science 2001, 292, 1550–1552. [CrossRef] [PubMed]

141. Selkoe, D.J. Clearing the brain’s amyloid cobwebs. Neuron 2001, 32, 177–180. [CrossRef]
142. DeMattos, R.B.; Bales, K.R.; Cummins, D.J.; Dodart, J.-C.; Paul, S.M.; Holtzman, D.M. Peripheral anti-Aβ

antibody alters CNS and plasma Aβ clearance and decreases brain Aβ burden in a mouse model of
Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2001, 98, 8850–8855. [CrossRef] [PubMed]

143. Zlokovic, B.V.; Yamada, S.; Holtzman, D.; Ghiso, J.; Frangione, B. Clearance of amyloid beta-peptide from
brain: Transport or metabolism? Nat. Med. 2000, 6, 718. [CrossRef] [PubMed]

144. Martel, C.L.; Mackic, J.B.; Matsubara, E.; Governale, S.; Miguel, C.; Miao, W.; McComb, J.G.; Frangione, B.;
Ghiso, J.; Zlokovic, B. V Isoform-specific effects of apolipoproteins E2, E3, and E4 on cerebral capillary
sequestration and blood-brain barrier transport of circulating Alzheimer’s amyloid beta. J. Neurochem. 1997,
69, 1995–2004. [CrossRef] [PubMed]

145. Ghersi-Egea, J.F.; Gorevic, P.D.; Ghiso, J.; Frangione, B.; Patlak, C.S.; Fenstermacher, J.D. Fate of cerebrospinal
fluid-borne amyloid beta-peptide: Rapid clearance into blood and appreciable accumulation by cerebral
arteries. J. Neurochem. 1996, 67, 880–883. [CrossRef] [PubMed]

146. Maness, L.M.; Banks, W.A.; Podlisny, M.B.; Selkoe, D.J.; Kastin, A.J. Passage of human amyloid beta-protein
1–40 across the murine blood-brain barrier. Life Sci. 1994, 55, 1643–1650. [CrossRef]

147. Zlokovic, B.V.; Martel, C.L.; Mackic, J.B.; Matsubara, E.; Wisniewski, T.; Mccomb, J.G.; Frangione, B.; Ghiso, J.
Brain Uptake of Circulating Apolipoproteins J and E Complexed to Alzheimer′s Amyloid β. Biochem. Biophys.
Res. Commun. 1994, 205, 1431–1437. [CrossRef] [PubMed]

148. Hardy, J.; Selkoe, D.J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the Road
to Therapeutics. Science 2002, 297, 353–356. [CrossRef] [PubMed]

149. Tanzi, R.E.; Moir, R.D.; Wagner, S.L. Clearance of Alzheimer’s Aβ Peptide. Neuron 2004, 43, 605–608.
[CrossRef] [PubMed]

150. Wyss-Coray, T.; Loike, J.D.; Brionne, T.C.; Lu, E.; Anankov, R.; Yan, F.; Silverstein, S.C.; Husemann, J. Adult
mouse astrocytes degrade amyloid-β in vitro and in situ. Nat. Med. 2003, 9, 453–457. [CrossRef] [PubMed]

151. Koistinaho, M.; Lin, S.; Wu, X.; Esterman, M.; Koger, D.; Hanson, J.; Higgs, R.; Liu, F.; Malkani, S.;
Bales, K.R.; et al. Apolipoprotein E promotes astrocyte colocalization and degradation of deposited
amyloid-β peptides. Nat. Med. 2004, 10, 719–726. [CrossRef] [PubMed]

152. Zlokovic, B.V.; Deane, R.; Sallstrom, J.; Chow, N.; Miano, J.M. Neurovascular pathways and Alzheimer
amyloid beta-peptide. Brain Pathol. 2005, 15, 78–83. [CrossRef] [PubMed]

153. Cataldo, A.M.; Hamilton, D.J.; Barnett, J.L.; Paskevich, P.A.; Nixon, R.A. Properties of the
endosomal-lysosomal system in the human central nervous system: Disturbances mark most neurons
in populations at risk to degenerate in Alzheimer’s disease. J. Neurosci. 1996, 16, 186–199. [CrossRef]
[PubMed]

202



Int. J. Mol. Sci. 2018, 19, 1947

154. Zhang, H.; Komano, H.; Fuller, R.S.; Gandy, S.E.; Frail, D.E. Proteolytic processing and secretion of human
beta-amyloid precursor protein in yeast. Evidence for a yeast secretase activity. J. Biol. Chem. 1994, 269,
27799–27802. [PubMed]

155. Hines, V.; Zhang, W.; Ramakrishna, N.; Styles, J.; Mehta, P.; Kim, K.S.; Innis, M.; Miller, D.L. The expression
and processing of human beta-amyloid peptide precursors in Saccharomyces cerevisiae: Evidence for a novel
endopeptidase in the yeast secretory system. Cell. Mol. Biol. Res. 1994, 40, 273–284. [PubMed]

156. Zhang, W.; Espinoza, D.; Hines, V.; Innis, M.; Mehta, P.; Miller, D.L. Characterization of β-amyloid peptide
precursor processing by the yeast Yap3 and Mkc7 proteases. Biochim. Biophys. Acta Mol. Cell Res. 1997, 1359,
110–122. [CrossRef]

157. Komano, H.; Seeger, M.; Gandy, S.; Wang, G.T.; Krafft, G.A.; Fuller, R.S. Involvement of cell surface
glycosyl-phosphatidylinositol-linked aspartyl proteases in alpha-secretase-type cleavage and ectodomain
solubilization of human Alzheimer beta-amyloid precursor protein in yeast. J. Biol. Chem. 1998, 273,
31648–31651. [CrossRef] [PubMed]

158. Edbauer, D.; Winkler, E.; Regula, J.T.; Pesold, B.; Steiner, H.; Haass, C. Reconstitution of γ-secretase activity.
Nat. Cell Biol. 2003, 5, 486–488. [CrossRef] [PubMed]

159. Yagishita, S.; Futai, E.; Ishiura, S. In vitro reconstitution of gamma-secretase activity using yeast microsomes.
Biochem. Biophys. Res. Commun. 2008, 377, 141–145. [CrossRef] [PubMed]

160. Yonemura, Y.; Futai, E.; Yagishita, S.; Suo, S.; Tomita, T.; Iwatsubo, T.; Ishiura, S. Comparison of presenilin
1 and presenilin 2 γ-secretase activities using a yeast reconstitution system. J. Biol. Chem. 2011, 286,
44569–44575. [CrossRef] [PubMed]

161. Yonemura, Y.; Futai, E.; Yagishita, S.; Kaether, C.; Ishiura, S. Specific combinations of presenilins and Aph1s
affect the substrate specificity and activity of γ-secretase. Biochem. Biophys. Res. Commun. 2016, 478,
1751–1757. [CrossRef] [PubMed]

162. Futai, E.; Yagishita, S.; Ishiura, S. Nicastrin is dispensable for gamma-secretase protease activity in the
presence of specific presenilin mutations. J. Biol. Chem. 2009, 284, 13013–13022. [CrossRef] [PubMed]

163. Wickner, R.B.; Edskes, H.K.; Kryndushkin, D.; McGlinchey, R.; Bateman, D.; Kelly, A. Prion diseases of yeast:
Amyloid structure and biology. Semin. Cell Dev. Biol. 2011, 22, 469–475. [CrossRef] [PubMed]

164. Bagriantsev, S.; Liebman, S. Modulation of Abeta42 low-n oligomerization using a novel yeast reporter
system. BMC Biol. 2006, 4, 32. [CrossRef] [PubMed]

165. von der Haar, T.; Jossé, L.; Wright, P.; Zenthon, J.; Tuite, M.F. Development of a novel yeast cell-based system
for studying the aggregation of Alzheimer’s disease-associated Abeta peptides in vivo. Neurodegener. Dis.
2007, 4, 136–147. [CrossRef] [PubMed]

166. Caine, J.; Sankovich, S.; Antony, H.; Waddington, L.; Macreadie, P.; Varghese, J.; Macreadie, I. Alzheimer’s
Abeta fused to green fluorescent protein induces growth stress and a heat shock response. FEMS Yeast Res.
2007, 7, 1230–1236. [CrossRef] [PubMed]

167. Hamos, J.E.; Oblas, B.; Pulaski-Salo, D.; Welch, W.J.; Bole, D.G.; Drachman, D.A. Expression of heat shock
proteins in Alzheimer’s disease. Neurology 1991, 41, 345–350. [CrossRef] [PubMed]

168. Macreadie, I.; Lotfi-Miri, M.; Mohotti, S.; Shapira, D.; Bennett, L.; Varghese, J. Validation of folate in
a convenient yeast assay suited for identification of inhibitors of Alzheimer’s amyloid-beta aggregation.
J. Alzheimer’s Dis. 2008, 15, 391–396. [CrossRef]

169. Rajasekhar, K.; Suresh, S.N.; Manjithaya, R.; Govindaraju, T. Rationally Designed Peptidomimetic Modulators
of Aβ Toxicity in Alzheimer’s Disease. Sci. Rep. 2015, 5, 8139. [CrossRef] [PubMed]

170. Bharadwaj, P.R.; Verdile, G.; Barr, R.K.; Gupta, V.; Steele, J.W.; Lachenmayer, M.L.; Yue, Z.; Ehrlich, M.E.;
Petsko, G.; Ju, S.; et al. Latrepirdine (dimebon) enhances autophagy and reduces intracellular GFP-Aβ42
levels in yeast. J. Alzheimer’s Dis. 2012, 32, 949–967. [CrossRef] [PubMed]

171. .Nixon, R.A.; Wegiel, J.; Kumar, A.; Yu, W.H.; Peterhoff, C.; Cataldo, A.; Cuervo, A.M. Extensive involvement
of autophagy in Alzheimer disease: An immuno-electron microscopy study. J. Neuropathol. Exp. Neurol. 2005,
64, 113–122. [CrossRef] [PubMed]

172. Yu, W.H.; Cuervo, A.M.; Kumar, A.; Peterhoff, C.M.; Schmidt, S.D.; Lee, J.-H.; Mohan, P.S.; Mercken, M.;
Farmery, M.R.; Tjernberg, L.O.; et al. Macroautophagy—A novel β-amyloid peptide-generating pathway
activated in Alzheimer’s disease. J. Cell Biol. 2005, 171, 87–98. [CrossRef] [PubMed]

203



Int. J. Mol. Sci. 2018, 19, 1947

173. Lee, J.-H.; Yu, W.H.; Kumar, A.; Lee, S.; Mohan, P.S.; Peterhoff, C.M.; Wolfe, D.M.; Martinez-Vicente, M.;
Massey, A.C.; Sovak, G.; et al. Lysosomal Proteolysis and Autophagy Require Presenilin 1 and Are Disrupted
by Alzheimer-Related PS1 Mutations. Cell 2010, 141, 1146–1158. [CrossRef] [PubMed]

174. Steele, J.W.; Lachenmayer, M.L.; Ju, S.; Stock, A.; Liken, J.; Kim, S.H.; Delgado, L.M.; Alfaro, I.E.;
Bernales, S.; Verdile, G.; et al. Latrepirdine improves cognition and arrests progression of neuropathology in
an Alzheimer’s mouse model. Mol. Psychiatry 2013, 18, 889–897. [CrossRef] [PubMed]

175. Matlack, K.E.S.; Tardiff, D.F.; Narayan, P.; Hamamichi, S.; Caldwell, K.A.; Caldwell, G.A.; Lindquist, S.
Clioquinol promotes the degradation of metal-dependent amyloid-β (Aβ) oligomers to restore endocytosis
and ameliorate Aβ toxicity. Proc. Natl. Acad. Sci. USA 2014, 111, 4013–4018. [CrossRef] [PubMed]

176. Tardiff, D.F.; Brown, L.E.; Yan, X.; Trilles, R.; Jui, N.T.; Barrasa, M.I.; Caldwell, K.A.; Caldwell, G.A.;
Schaus, S.E.; Lindquist, S. Dihydropyrimidine-Thiones and Clioquinol Synergize To Target β-Amyloid
Cellular Pathologies through a Metal-Dependent Mechanism. ACS Chem. Neurosci. 2017, 8, 2039–2055.
[CrossRef] [PubMed]

177. Cherny, R.A.; Atwood, C.S.; Xilinas, M.E.; Gray, D.N.; Jones, W.D.; McLean, C.A.; Barnham, K.J.; Volitakis, I.;
Fraser, F.W.; Kim, Y.-S.; et al. Treatment with a Copper-Zinc Chelator Markedly and Rapidly Inhibits
β-Amyloid Accumulation in Alzheimer’s Disease Transgenic Mice. Neuron 2001, 30, 665–676. [CrossRef]

178. Adlard, P.A.; Cherny, R.A.; Finkelstein, D.I.; Gautier, E.; Robb, E.; Cortes, M.; Volitakis, I.; Liu, X.; Smith, J.P.;
Perez, K.; et al. Rapid Restoration of Cognition in Alzheimer’s Transgenic Mice with 8-Hydroxy Quinoline
Analogs Is Associated with Decreased Interstitial Aβ. Neuron 2008, 59, 43–55. [CrossRef] [PubMed]

179. Lannfelt, L.; Blennow, K.; Zetterberg, H.; Batsman, S.; Ames, D.; Harrison, J.; Masters, C.L.; Targum, S.;
Bush, A.I.; Murdoch, R.; et al. Safety, efficacy, and biomarker findings of PBT2 in targeting Aβ as
a modifying therapy for Alzheimer’s disease: A phase IIa, double-blind, randomised, placebo-controlled
trial. Lancet Neurol. 2008, 7, 779–786. [CrossRef]

180. LaFerla, F.M.; Green, K.N.; Oddo, S. Intracellular amyloid-β in Alzheimer’s disease. Nat. Rev. Neurosci. 2007,
8, 499–509. [CrossRef] [PubMed]

181. .Treusch, S.; Hamamichi, S.; Goodman, J.L.; Matlack, K.E.S.; Chung, C.Y.; Baru, V.; Shulman, J.M.; Parrado, A.;
Bevis, B.J.; Valastyan, J.S.; et al. Functional links between Aβ toxicity, endocytic trafficking, and Alzheimer’s
disease risk factors in yeast. Science 2011, 334, 1241–1245. [CrossRef] [PubMed]

182. D’Angelo, F.; Vignaud, H.; Di Martino, J.; Salin, B.; Devin, A.; Cullin, C.; Marchal, C. A yeast model
for amyloid-β aggregation exemplifies the role of membrane trafficking and PICALM in cytotoxicity.
Dis. Model. Mech. 2013, 6, 206–216. [CrossRef] [PubMed]

183. Park, S.-K.; Ratia, K.; Ba, M.; Valencik, M.; Liebman, S.W. Inhibition of Aβ42 oligomerization in yeast by
a PICALM ortholog and certain FDA approved drugs. Microb. Cell 2016, 3, 53–64. [CrossRef] [PubMed]

184. Chen, X.; Petranovic, D. Amyloid-β peptide-induced cytotoxicity and mitochondrial dysfunction in yeast.
FEMS Yeast Res. 2015, 15, fov061. [CrossRef] [PubMed]

185. Fukui, H.; Moraes, C.T. The mitochondrial impairment, oxidative stress and neurodegeneration connection:
Reality or just an attractive hypothesis? Trends Neurosci. 2008, 31, 251–256. [CrossRef] [PubMed]

186. Chen, X.; Bisschops, M.M.M.; Agarwal, N.R.; Ji, B.; Shanmugavel, K.P.; Petranovic, D. Interplay of Energetics
and ER Stress Exacerbates Alzheimer’s Amyloid-β (Aβ) Toxicity in Yeast. Front. Mol. Neurosci. 2017, 10, 232.
[CrossRef] [PubMed]

187. Stahl, A.; Moberg, P.; Ytterberg, J.; Panfilov, O.; Brockenhuus Von Lowenhielm, H.; Nilsson, F.; Glaser, E.
Isolation and identification of a novel mitochondrial metalloprotease (PreP) that degrades targeting
presequences in plants. J. Biol. Chem. 2002, 277, 41931–41939. [CrossRef] [PubMed]

188. Alikhani, N.; Berglund, A.-K.; Engmann, T.; Spånning, E.; Vögtle, F.-N.; Pavlov, P.; Meisinger, C.; Langer, T.;
Glaser, E. Targeting Capacity and Conservation of PreP Homologues Localization in Mitochondria of
Different Species. J. Mol. Biol. 2011, 410, 400–410. [CrossRef] [PubMed]

189. Alikhani, N.; Guo, L.; Yan, S.; Du, H.; Pinho, C.M.; Chen, J.X.; Glaser, E.; Yan, S.S. Decreased proteolytic
activity of the mitochondrial amyloid-β degrading enzyme, PreP peptidasome, in Alzheimer’s disease brain
mitochondria. J. Alzheimer’s Dis. 2011, 27, 75–87. [CrossRef] [PubMed]

190. Teixeira, P.F.; Glaser, E. Processing peptidases in mitochondria and chloroplasts. Biochim. Biophys. Acta-Mol.
Cell Res. 2013, 1833, 360–370. [CrossRef] [PubMed]

204



Int. J. Mol. Sci. 2018, 19, 1947

191. Mossmann, D.; Vögtle, F.-N.; Taskin, A.A.; Teixeira, P.F.; Ring, J.; Burkhart, J.M.; Burger, N.; Pinho, C.M.;
Tadic, J.; Loreth, D.; et al. Amyloid-β Peptide Induces Mitochondrial Dysfunction by Inhibition of Preprotein
Maturation. Cell Metab. 2014, 20, 662–669. [CrossRef] [PubMed]

192. Brunetti, D.; Torsvik, J.; Dallabona, C.; Teixeira, P.; Sztromwasser, P.; Fernandez-Vizarra, E.; Cerutti, R.;
Reyes, A.; Preziuso, C.; D’Amati, G.; et al. Defective PITRM1 mitochondrial peptidase is associated with A
amyloidotic neurodegeneration. EMBO Mol. Med. 2016, 8, 176–190. [CrossRef] [PubMed]

193. Cenini, G.; Rub, C.; Bruderek, M.; Voos, W. Amyloid β-peptides interfere with mitochondrial preprotein
import competence by a coaggregation process. Mol. Biol. Cell 2016, 27, 3257–3272. [CrossRef] [PubMed]

194. Bharadwaj, P.; Waddington, L.; Varghese, J.; Macreadie, I.G. A new method to measure cellular toxicity of
non-fibrillar and fibrillar Alzheimer’s Abeta using yeast. J. Alzheimer’s Dis. 2008, 13, 147–150. [CrossRef]

195. Dubey, A.K.; Bharadwaj, P.R.; Varghese, J.N.; Macreadie, I.G. Alzheimer’s Amyloid-β Rescues Yeast from
Hydroxide Toxicity. J. Alzheimer’s Dis. 2009, 18, 31–33. [CrossRef] [PubMed]

196. Liou, Y.-C.; Sun, A.; Ryo, A.; Zhou, X. Z.; Yu, Z.-X.; Huang, H.-K.; Uchida, T.; Bronson, R.; Bing, G.; Li, X.; et al.
Role of the prolyl isomerase Pin1 in protecting against age-dependent neurodegeneration. Nature 2003, 424,
556–561. [CrossRef] [PubMed]

197. Kondo, A.; Albayram, O.; Zhou, X.Z.; Lu, K.P. Pin1 Knockout Mice: A Model for the Study of Tau Pathology
in Alzheimer’s Disease. Methods Mol Biol. 2017, 1523, 415–425. [PubMed]

198. van Leeuwen, F.W.; de Kleijn, D.P.; van den Hurk, H.H.; Neubauer, A.; Sonnemans, M.A.; Sluijs, J.A.;
Köycü, S.; Ramdjielal, R.D.; Salehi, A.; Martens, G.J.; et al. Frameshift mutants of beta amyloid precursor
protein and ubiquitin-B in Alzheimer’s and Down patients. Science 1998, 279, 242–247. [CrossRef] [PubMed]

199. Morishima-Kawashima, M.; Hasegawa, M.; Takio, K.; Suzuki, M.; Titani, K.; Ihara, Y. Ubiquitin is conjugated
with amino-terminally processed tau in paired helical filaments. Neuron 1993, 10, 1151–1160. [CrossRef]

200. Hilt, W.; Wolf, D.H. Proteasomes: Destruction as a programme. Trends Biochem. Sci. 1996, 21, 96–102.
[CrossRef]

201. van Tijn, P.; de Vrij, F.M.S.; Schuurman, K.G.; Dantuma, N.P.; Fischer, D.F.; van Leeuwen, F.W.; Hol, E.M.
Dose-dependent inhibition of proteasome activity by a mutant ubiquitin associated with neurodegenerative
disease. J. Cell Sci. 2007, 120, 1615–1623. [CrossRef] [PubMed]

202. Lindsten, K.; de Vrij, F.M.S.; Verhoef, L.G.G.C.; Fischer, D.F.; van Leeuwen, F.W.; Hol, E.M.; Masucci, M.G.;
Dantuma, N.P. Mutant ubiquitin found in neurodegenerative disorders is a ubiquitin fusion degradation
substrate that blocks proteasomal degradation. J. Cell Biol. 2002, 157, 417–427. [CrossRef] [PubMed]

203. Braun, R.J.; Sommer, C.; Leibiger, C.; Gentier, R.J.G.; Dumit, V.I.; Paduch, K.; Eisenberg, T.; Habernig, L.;
Trausinger, G.; Magnes, C.; et al. Accumulation of Basic Amino Acids at Mitochondria Dictates the
Cytotoxicity of Aberrant Ubiquitin. Cell Rep. 2015, 10, 1557–1571. [CrossRef] [PubMed]

204. Tank, E.M.H.; True, H.L. Disease-Associated Mutant Ubiquitin Causes Proteasomal Impairment and
Enhances the Toxicity of Protein Aggregates. PLoS Genet. 2009, 5, e1000382. [CrossRef] [PubMed]

205. Krutauz, D.; Reis, N.; Nakasone, M.A.; Siman, P.; Zhang, D.; Kirkpatrick, D.S.; Gygi, S.P.; Brik, A.;
Fushman, D.; Glickman, M.H. Extended ubiquitin species are protein-based DUB inhibitors. Nat. Chem. Biol.
2014, 10, 664–670. [CrossRef] [PubMed]

206. De Vrij, F.M.S.; Sluijs, J.A.; Gregori, L.; Fischer, D.F.; Hermens, W.T.J.M.C.; Goldgaber, D.; Verhaagen, J.; Van
Leeuwen, F.W.; Hol, E.M. Mutant ubiquitin expressed in Alzheimer’s disease causes neuronal death. FASEB
J. 2001, 15, 2680–2688. [CrossRef] [PubMed]

207. Tan, Z.; Sun, X.; Hou, F.-S.; Oh, H.-W.; Hilgenberg, L.G.W.; Hol, E.M.; van Leeuwen, F.W.; Smith, M.A.;
O’Dowd, D.K.; Schreiber, S.S. Mutant ubiquitin found in Alzheimer’s disease causes neuritic beading of
mitochondria in association with neuronal degeneration. Cell Death Differ. 2007, 14, 1721–1732. [CrossRef]
[PubMed]

208. Braun, R.J. Ubiquitin-dependent proteolysis in yeast cells expressing neurotoxic proteins. Front. Mol. Neurosci.
2015, 8, 8. [CrossRef] [PubMed]

209. Colby, D.W.; Prusiner, S.B. Prions. Cold Spring Harb. Perspect. Biol. 2011, 3, a006833. [CrossRef] [PubMed]
210. Prusiner, S.B. Creutzfeldt-Jakob disease and scrapie prions. Alzheimer Dis. Assoc. Disord. 1989, 3, 52–78.

[CrossRef] [PubMed]
211. Safar, J.G. Molecular pathogenesis of sporadic prion diseases in man. Prion 2012, 6, 108–115. [CrossRef]

[PubMed]

205



Int. J. Mol. Sci. 2018, 19, 1947

212. Wickner, R.B.; Shewmaker, F.P.; Bateman, D.A.; Edskes, H.K.; Gorkovskiy, A.; Dayani, Y.; Bezsonov, E.E.
Yeast Prions: Structure, Biology, and Prion-Handling Systems. Microbiol. Mol. Biol. Rev. 2015, 79, 1–17.
[CrossRef] [PubMed]

213. Wickner, R.B.; Edskes, H.K.; Son, M.; Bezsonov, E.E.; DeWilde, M.; Ducatez, M. Yeast Prions Compared to
Functional Prions and Amyloids. J. Mol. Biol. 2018. [CrossRef] [PubMed]

214. Riek, R.; Saupe, S.J. The HET-S/s Prion Motif in the Control of Programmed Cell Death. Cold Spring Harb.
Perspect. Biol. 2016, 8, a023515. [CrossRef] [PubMed]

215. Coustou, V.; Deleu, C.; Saupe, S.; Begueret, J. The protein product of the het-s heterokaryon incompatibility
gene of the fungus Podospora anserina behaves as a prion analog. Proc. Natl. Acad. Sci. USA 1997, 94,
9773–9778. [CrossRef] [PubMed]

216. Wickner, R.B.; Bezsonov, E.E.; Son, M.; Ducatez, M.; DeWilde, M.; Edskes, H.K. Anti-Prion Systems in Yeast
and Inositol Polyphosphates. Biochemistry 2018, 57, 1285–1292. [CrossRef] [PubMed]

217. Wu, Y.-X.; Greene, L.E.; Masison, D.C.; Eisenberg, E. Curing of yeast [PSI+] prion by guanidine inactivation
of Hsp104 does not require cell division. Proc. Natl. Acad. Sci. USA 2005, 102, 12789–12794. [CrossRef]
[PubMed]

218. Wegrzyn, R.D.; Bapat, K.; Newnam, G.P.; Zink, A.D.; Chernoff, Y.O. Mechanism of prion loss after Hsp104
inactivation in yeast. Mol. Cell. Biol. 2001, 21, 4656–4669. [CrossRef] [PubMed]

219. Moriyama, H.; Edskes, H.K.; Wickner, R.B. [URE3] prion propagation in Saccharomyces cerevisiae:
Requirement for chaperone Hsp104 and curing by overexpressed chaperone Ydj1p. Mol. Cell. Biol. 2000, 20,
8916–8922. [CrossRef] [PubMed]

220. Kryndushkin, D.S.; Shewmaker, F.; Wickner, R.B. Curing of the [URE3] prion by Btn2p, a Batten
disease-related protein. EMBO J. 2008, 27, 2725–2735. [CrossRef] [PubMed]

221. Wickner, R.B.; Bezsonov, E.; Bateman, D.A. Normal levels of the antiprion proteins Btn2 and Cur1 cure
most newly formed [URE3] prion variants. Proc. Natl. Acad. Sci. USA 2014, 111, E2711–E2720. [CrossRef]
[PubMed]

222. O’Driscoll, J.; Clare, D.; Saibil, H. Prion aggregate structure in yeast cells is determined by the Hsp104-Hsp110
disaggregase machinery. J. Cell Biol. 2015, 211, 145–158. [CrossRef] [PubMed]

223. Romanova, N.V.; Chernoff, Y.O. Hsp104 and prion propagation. Protein Pept. Lett. 2009, 16, 598–605.
[CrossRef] [PubMed]

224. Mukherjee, A.; Soto, C. Prion-Like Protein Aggregates and Type 2 Diabetes. Cold Spring Harb. Perspect. Med.
2017, 7, a024315. [CrossRef] [PubMed]

225. Moore, R.C.; Xiang, F.; Monaghan, J.; Han, D.; Zhang, Z.; Edström, L.; Anvret, M.; Prusiner, S.B. Huntington
Disease Phenocopy Is a Familial Prion Disease. Am. J. Hum. Genet. 2001, 69, 1385–1388. [CrossRef] [PubMed]

226. Abbott, A. The red-hot debate about transmissible Alzheimer’s. Nature 2016, 531, 294–297. [CrossRef]
[PubMed]

227. Olsson, T.T.; Klementieva, O.; Gouras, G.K. Prion-like seeding and nucleation of intracellular amyloid-β.
Neurobiol. Dis. 2018, 113, 1–10. [CrossRef] [PubMed]

228. Lu, J.-X.; Qiang, W.; Yau, W.-M.; Schwieters, C.D.; Meredith, S.C.; Tycko, R. Molecular Structure of β-Amyloid
Fibrils in Alzheimer’s Disease Brain Tissue. Cell 2013, 154, 1257–1268. [CrossRef] [PubMed]

229. Coalier, K.A.; Paranjape, G.S.; Karki, S.; Nichols, M.R. Stability of early-stage amyloid-β(1–42) aggregation
species. Biochim. Biophys. Acta Proteins Proteom. 2013, 1834, 65–70. [CrossRef] [PubMed]

230. Holmes, B.B.; Diamond, M.I. Prion-like properties of Tau protein: The importance of extracellular Tau as
a therapeutic target. J. Biol. Chem. 2014, 289, 19855–19861. [CrossRef] [PubMed]

231. .Kaufman, S.K.; Sanders, D.W.; Thomas, T.L.; Ruchinskas, A.J.; Vaquer-Alicea, J.; Sharma, A.M.; Miller, T.M.;
Diamond, M.I. Tau Prion Strains Dictate Patterns of Cell Pathology, Progression Rate, and Regional
Vulnerability In Vivo. Neuron 2016, 92, 796–812. [CrossRef] [PubMed]

232. Fruhmann, G.; Seynnaeve, D.; Zheng, J.; Ven, K.; Molenberghs, S.; Wilms, T.; Liu, B.; Winderickx, J.;
Franssens, V. Yeast buddies helping to unravel the complexity of neurodegenerative disorders.
Mech. Ageing Dev. 2017, 161, 288–305. [CrossRef] [PubMed]

233. Brachmann, A.; Toombs, J.A.; Ross, E.D. Reporter assay systems for [URE3] detection and analysis. Methods
2006, 39, 35–42. [CrossRef] [PubMed]

234. Schlumpberger, M.; Prusiner, S.B.; Herskowitz, I. Induction of distinct [URE3] yeast prion strains.
Mol. Cell. Biol. 2001, 21, 7035–7046. [CrossRef] [PubMed]

206



Int. J. Mol. Sci. 2018, 19, 1947

235. Newby, G.A.; Kiriakov, S.; Hallacli, E.; Kayatekin, C.; Tsvetkov, P.; Mancuso, C.P.; Bonner, J.M.; Hesse, W.R.;
Chakrabortee, S.; Manogaran, A.L.; et al. A Genetic Tool to Track Protein Aggregates and Control Prion
Inheritance. Cell 2017, 171, 966–979.e18. [CrossRef] [PubMed]

236. Chun, W.; Waldo, G.S.; Johnson, G.V.W. Split GFP complementation assay: a novel approach to quantitatively
measure aggregation of tau in situ: Effects of GSK3β activation and caspase 3 cleavage. J. Neurochem. 2007,
103, 2529–2539. [CrossRef] [PubMed]

237. Zhao, L.; Yang, Q.; Zheng, J.; Zhu, X.; Hao, X.; Song, J.; Lebacq, T.; Franssens, V.; Winderickx, J.;
Nystrom, T.; et al. A genome-wide imaging-based screening to identify genes involved in synphilin-1
inclusion formation in Saccharomyces cerevisiae. Sci. Rep. 2016, 6, 30134. [CrossRef] [PubMed]

238. Yu, Y.; Li, Y.; Zhang, Y. Screening of APP interaction proteins by DUALmembrane yeast two-hybrid system.
Int. J. Clin. Exp. Pathol. 2015, 8, 2802–2808. [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

207



 International Journal of 

Molecular Sciences

Article

Development of Convenient System for Detecting
Yeast Cell Stress, Including That of Amyloid Beta

Yen Nhi Luu and Ian Macreadie *

School of Science, RMIT University, Bundoora, VIC 3083, Australia; s3691025@student.rmit.edu.au
* Correspondence: ian.macreadie@rmit.edu.au; Tel.: +61-3-9925-6627

Received: 19 June 2018; Accepted: 21 July 2018; Published: 23 July 2018

Abstract: (1) Background: As a model eukaryote, the study of stress responses in yeast can be
employed for studying human health and disease, and the effects of various drugs that may impact
health. “Reporting” of stress in yeast has frequently utilised enzymes like β-galactosidase that
require laborious assays for quantitative results. The use of a stress reporter that can be measured
quantitatively and with high sensitivity in living cells in a multi-well plate reader is a more
desirable approach; (2) Methods: A multi-copy yeast-Escherichia coli shuttle plasmid containing
the HSP42 promoter upstream of the mCherry reporter, along with the URA3 selectable marker
was constructed and tested; (3) Results: Under certain stress conditions inducing the heat shock
response, transformants containing the plasmid produced red fluorescence that could be readily
quantitated in a microtitre plate reader. Stresses that produced red fluorescence included exposure to
heat shock, copper ions, oligomeric amyloid beta (Aβ42) and fibrillar Aβ42; (4) Conclusions: Being
able to conveniently and quantitatively monitor stresses in whole live populations of yeast offers
great opportunities to screen compounds and conditions that cause stress, as well as conditions that
alleviate stress. While freshly prepared oligomeric amyloid beta has previously been shown to exhibit
high toxicity, fibrils have been generally considered to be non-toxic or of low toxicity. In this study,
fibrillar amyloid beta has also been shown to induce stress.

Keywords: heat shock response; heat shock protein; Alzheimer’s disease; beta amyloid; yeast

1. Introduction

Heat shock proteins (HSPs) are ubiquitously expressed and conserved in both yeast and
humans [1]. Low level, constitutive expression of HSPs perform housekeeping functions, assisting in
maintenance of proteostasis [2]. HSPs target up to 3% of the total number of genes in yeast, with some
acting as molecular chaperones to assist in binding of and folding of proteins and sequester misfolded
polypeptides towards proteolytic pathways, while others are involved in intracellular transport, cell
wall maintenance, and oxidative stress mechanisms [3–5]. While HSPs are always present within cells,
their expression may be upregulated during the heat shock response (HSR) in response to cellular
stress which may include changes in environment, such as elevated temperature [6,7], misfolding or
aggregation of proteins [2,3], and reactive oxygen species (ROS) production [8,9]. The HSR is mediated
by activity of heat response factors (HRFs) that bind to a 5 bp heat shock element (HSE) in the promotor
regions of heat shock genes to initiate transcription [4,10,11].

As a defense mechanism against misfolded and aggregated proteins, HSPs are vital in the response
against the toxic Alzheimer’s disease (AD) protein Aβ. Aβ is present in many forms in an AD-affected
brain including monomers, toxic oligomeric intermediates and fibrils. The soluble oligomeric form,
particularly Aβ42, produces cytotoxic effects that initiate a cascade of events that contribute to the
development of AD due to a higher propensity to aggregate [12–14]. HSPs are found at elevated levels
in AD-affected brains, activating microglial phagocytosis and degradation, inhibiting Aβ formation,
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and slowing down or inhibiting the rate of aggregation, thereby contributing to the clearance of
Aβ [3,5,15,16].

β-galactosidase reporter assays have previously been used for measurement of the HSR towards
Aβ, in which a yeast HSE was placed upstream of the lacZ gene and β-galactosidase levels were
measured with and without the presence of Aβ [17]. The use of such an assay is somewhat inconvenient
in that a preparation of cell lysate is required as well as several commercial reagents.

The aim of this study was to develop an alternative reporter assay for quick screening of the HSR
using the mCherry fluorescence reporter, to measure cell stress in whole living cell populations without
a need for any reagent addition. Development of this expression system could allow for quick, high
throughput screening assays to determine conditions that may cause stress to cells. The demonstration
of the use of this system is outlined as follows.

2. Results

2.1. Construction of the pYHSRed1 Plasmid

The schematic map of the pYHSRed1 plasmid is shown in Figure 1. It has a 2 μ ori for high copy
replication in S. cerevisiae. The mCherry reporter is located downstream from the promotor of HSP42,
the most abundant cytosolic HSP in yeast for suppression of aggregation [18]. It contains a URA3
gene for selection in S. cerevisiae strains that have a URA3 gene mutation or disruption and therefore
require uracil supplementation. For propagation of the plasmid in E. coli it contains the pUC ori and an
ampicillin resistance selection marker (encoding β-lactamase). Transformation of this plasmid into a
ura3 mutant S. cerevisiae BY4743 strain that requires uracil for growth produces a transformant that no
longer requires uracil supplementation. The expression of mCherry expression and red fluorescence
should be regulated by the HSP42 promoter, so the intensity of red fluorescence should indicate the
amount of the stress response in the recombinant yeast.

Figure 1. Schematic map of the pYHSRed1 plasmid.
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2.2. Transformation of Yeast with pYHSRed1 and Basal Expression of mCherry

To examine the basal levels of red fluorescence afforded by pYHSRed1, a comparison was made
between BY4743 and its transformant, BY4743 [pYHSRed1]. BY4743 and BY4743 [pYHSRed1] were
grown to exponential phase in liquid minimal media with the appropriate supplementation required
by each strain, incubated at 30 ◦C for two hours. Transformants had some production of mCherry, as
indicated by the increased red fluorescence (Figure 2). This basal expression of mCherry fluorescence
in BY4743 [pYHSRed1] was significantly higher (p < 0.05 for all comparisons at same cell density) than
that of the untransformed parental BY4743 strain, indicative of the low level constitutive expression of
HSPs in yeast cells when unstressed (Figure 2). The measurement of mCherry fluorescence in cultures
of varying cell densities was also analysed to determine how the density of cell cultures affected
fluorescence. Fluorescence was proportional to cell density, with cell cultures of larger OD600 readings
producing higher mCherry fluorescence. Arbitrary measurements of higher mCherry fluorescence of
the parental BY4743 strain were also observed at greater cell densities which may be attributed to high
sensitivity of the spectrophotometer. For measurement of fluorescence in successive experiments, cell
cultures of OD600 ≥ 0.6 were utilised.

Figure 2. Comparison of basal levels of red fluorescence in BY4743 and BY4743 [pYHSRed1] in cultures
of varying cell densities. Mean ±SEM of Data are shown as triplicate measurements.

2.3. Increased mCherry Fluorescence in Cells Exposed to Heat Shock and Copper Sulphate

The mCherry reporter was examined under conditions that induce HSR in cells: elevated
temperatures and exposure to metal ions. BY4743 [pYHSRed1] cells were incubated at 42 ◦C for
two hours, with control cells being incubated at 30 ◦C. Exposure to 42 ◦C resulted in a significant
increase in mCherry fluorescence being measured, indicating a significant upregulation in heat shock
response genes compared to the control (Figure 3a).

Yeast cells were also exposed to copper sulphate for two hours. Treatment with 0.1 and 0.3 mM
CuSO4 did not produce a significant increase in HSR but cells treated with 0.5 mM CuSO4 produced a
significant increase in mCherry fluorescence (Figure 3b).
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Figure 3. mCherry fluorescence in BY4743 [pYHSRed1] under heat and copper stress. (a) Heat
stress; (b) Stress due to copper sulphate. Data shown as mean ± SEM of triplicate measurements;
**** p < 0.0001.

2.4. Stress Induced by Oligomeric and Fibrillar Aβ42 Measured by mCherry Fluorescence

Elevated mCherry levels were measured when yeast cells were treated with both oligomeric and
fibrillar Aβ42. Cell responses of both exponential and stationary phase cells were measured due to the
differing vulnerability of yeast cells in different growth phases to Aβ42 toxicity [19].

Oligomeric Aβ42 (Figure 4) induced a dose-dependent response in mCherry fluorescence in both
stationary and exponential phase cells. A significant increase in mCherry fluorescence was observed
in stationary phase yeast cells at 500 nM and 1 μM Aβ42, but not with 50 nM Aβ42. Aβ42 also induced
significant mCherry fluorescence at 50 nM in exponential phase yeast cells, but there was no significant
effect at lower levels.

Figure 4. Measurement of mCherry fluorescence of BY4743 [pYHSRed1] cells in stationary and
exponential phase growth treated with oligomeric Aβ42. Data are shown as mean ± SEM of triplicate
measurements; *** p > 0.001, **** p < 0.0001.
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Fibrillar Aβ42 (Figure 5) induced a significant elevation in mCherry fluorescence in stationary
phase yeast cells at 50, 500 nM and 1 μM Aβ42. Levels of 30 and 50 nM Aβ42 also induced significant
mCherry fluorescence in exponential phase yeast cells.
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Figure 5. Measurement of mCherry fluorescence of BY4743 [pYHSRed1] cells in stationary and
exponential phase growth treated with fibrillar Aβ42. Data are shown as mean ± SEM of triplicate
measurements; ** p > 0.01, *** p > 0.001, **** p < 0.0001.

3. Discussion

This study aimed to develop a convenient yeast reporter system to measure cell stress correlated
with induction of the heat shock response by measuring fluorescence of the mCherry reporter, induced
from the HSE of HSP42.

Significant basal mCherry expression of the transformant compared to the wildtype was observed,
confirming functionality of pYHSRed1 in transformed yeast. Basal expression of HSPs is expected,
as in unstressed conditions, HSPs perform housekeeping functions for proteostasis and regulation of
protein quality control [9,20].

mCherry fluorescence in BY4743 [pYHSRed1] transformants after exposure to some known
inducers of the heat shock response was measured and significant increases in red fluorescence were
observed. For example, there was a significant increase in HSR at 42 ◦C, as this temperature is a heat
shock condition in both mammalian and yeast cells and known to activate HSFs [4,21]. Likewise the
HSR is also induced by heavy metal ions and oxidants [22], and at 0.5 mM levels it induced highly
significant red mCherry expression. Copper can cause stress as it is a heavy metal and may promote
oxidative damage at elevated levels in cells [23].

Oligomeric Aβ42 is unstable and toxic, with many studies showing its effect in killing of both
yeast cells and neurons [24–26]. Effects of externally supplemented Aβ42 cells may differ based on
growth stages, as non-quiescent cells are more susceptible to Aβ42 toxicity compared to quiescent
cells in the first 24 h of exposure [19]. There is reduced viability of cells exposed to Aβ42 oligomers
compared to fibrils [24], therefore, lower concentrations of oligomers were applied for treatment. The
lower levels of mCherry fluorescence observed compared to fibrillar Aβ42 treatment may be due to
this cell killing, reducing the number of cells able to emit fluorescence.

In contrast to oligomers, fibrils are generally viewed as harmless and benign, contributing to the
non-toxic plaques found in the brain [14]. Though HSPs can sequester oligomer aggregates, they do
not cause significant changes to fibrillar Aβ, possibly accumulating on the fibrils due to their inability
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to process them [3,27]. However, insoluble fibrils may induce oxidative stress from fibrillization [28,29].
Ladiwala et al. [30] also found fibrils formed at elevated concentrations of Aβ were toxic. Fibrils
prepared with both HFIP and NH4OH pretreatment caused toxicity to S. cerevisiae [19]. It is possible
that, while not cytotoxic like oligomers, the fibrils cause stress and HSR induction in cells through
production of ROS and mild cell killing.

Further work needs to be performed to gain greater understanding of this new attribute of
fibrillar Aβ42.

4. Materials and Methods

4.1. pYHSRed1, Yeast Strain and Transformation

The pYHSRed1 was custom designed and produced by VectorBuilder (Cyagen, Santa Clara,
CA, USA). It utilises a URA3 multi-copy VectorBuilder plasmid with 238 nt of the HSP42 promoter
sequences inserted immediately upstream of the mCherry reporter.

The Saccharomyces cerevisiae yeast strain BY4743 (MATa/α his3Δ1/his3Δ1, leu2Δ0/leu2Δ0 LYS2/lys2Δ0
met15Δ0/MET15 ura3Δ0/ura3Δ0) was the host strain used in this study. The plasmid pYHSRed1 was
transformed into the host strain as described by Porzoor and Macreadie [31].

4.2. Yeast Culture Protocol

Minimal media was used for growth of the BY4743 transformants. The media composition is
as follows: Yeast nitrogen base without amino acids (0.67%) and dextrose (2%). For solidification of
media agar (1.5%) was added. Supplementation of auxotrophic requirements of BY4743 [pYHSRed1]
was performed by adding 20 mg/L histidine and 30 mg/L leucine.

Overnight fresh cultures of the transformants were obtained by inoculating one colony into
10 mL fresh selective minimal media in a 50 mL tube. The tubes were incubated at 30 ◦C at 250 rpm.
Overnight stationary cultures were further grown to exponential phase by transferring 100 μL aliquot
to fresh selective minimal media in 15 mL tubes and incubating at 30 ◦C at 250 rpm for a further
two hours.

4.3. Preparation of Aβ42

Aβ42 was pretreated with NH4OH as described by [19]. To obtain oligomers, Aβ42 was solubilized
in water and used immediately. To obtain fibrils, the Aβ42 was solubilised in water and incubated at
37 ◦C for 24 h.

4.4. Exposure of Yeast Cells to Heat Shock

Yeast cells were analysed for the effect of exposure to heat shock conditions on mCherry levels.
Yeast cells from exponential phase cultures were aliquoted into wells in 96-well microtiter plates. Cells
were incubated for a further two hours at 30 and 42 ◦C.

4.5. Exposure of Yeast Cells to Copper Ions

Yeast cells were analysed for the effect of exposure to copper sulphate on mCherry levels. Cells
from overnight cultures and exponential phase cultures were suspended in water and then were
aliquoted into wells in 96-well microtiter plates. Copper sulphate was added to the diluted cell
suspension to required concentrations. The final volume of each well was made up to 200 μL. The
microtiter plate was incubated at 30 ◦C for two hours.

4.6. Effect of Exposure to Oligomeric and Fibrillar Aβ on Yeast Cells

Yeast cells were analysed for the effect of exposure to fibrillar and oligomeric Aβ42 on mCherry
levels. Cells from overnight cultures and exponential phase cultures were pelleted by centrifugation
and resuspended in water and aliquoted into wells in 96-well microtiter plates. Oligomeric and fibrillar
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Aβ42 were added to the diluted cell suspension to required concentrations. The final volume of each
well was made up to 200 μL. The microtiter plate was incubated at 30 ◦C for two hours.

4.7. Spectrophotometry

Cell density and mCherry fluorescence was measured with the POLARstar omega microplate
reader and analysed with BMG Labtech Mars Data Analysis Software (Ortenberg, Germany). Cell
density was measured in Corning 96 Well TC-Treated microplates at 600 nm. mCherry fluorescence
was measured from a Nunclon Surface black F96 microtiter plate with top optics using an Ex584
excitation filter and 600–680 emission filter.

Raw data was blank corrected, subtracting the mCherry fluorescence reading of the liquid the cell
culture was suspended in, to remove background fluorescence. This figure was then divided by the
cell density (OD600) reading for the culture.

5. Conclusions

The heat shock response is vital in both yeast and human cells for defense against various cell
stressors, including misfolded and aggregated proteins associated with neurodegenerative diseases
such as Alzheimer’s disease. A novel outcome in this study was development of pYHSRed1, a plasmid
reporting on stress, especially the HSR, in yeast cells. Coupled with measurement of mCherry
fluorescence by a spectrophotometer, the level of stress in live yeast cells may be determined.

Yeast cells containing the pYHSRed1 plasmid were exposed to several conditions known to induce
the heat shock response. Elevated temperatures, exposure to metal ions and the subsequent ROS
production, and oligomeric and fibrillar Aβ42 all induced significant increases in mCherry production,
indicative of the upregulation of transcription of heat shock genes. The significant upregulation of
mCherry observed after exposure to fibrillar Aβ, considered to be of low or no toxicity, implicates
fibrils as a contributor to cellular stress by induction of the HSR.

Transformation of this plasmid into yeast provides an improved method of stress and HSR
detection and may be useful for high throughput analysis of therapeutic compounds that may reduce
stress caused by Aβ. Future studies could also determine the stress of mutant versions of Aβ on yeast
cells and to identify therapeutic compounds that may alleviate the effects of other deleterious proteins,
biochemicals or cellular states that cause cellular stress.
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