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Abstract

Alzheimer’s disease (AD), one of the major forms of dementia in elderly population,
is characterized by amyloid beta (AB) plague along with commonly procured tau
hyperphosphorylation. Here, we set to recognize the molecules which are secreted
by ABi-42 treated astrocytes at very early stage and their probable role in conferring
neuroprotection along with improvement in cognitive behavior and pathogenesis of
AD. Astrocyte activation has been marked by various specific marker proteins like
GFAP, Vimentin, S100B. The conditioned medium obtained from the astrocytes
cultured from neonatal pups has been used to check the differential expression of
various cytokines in ABa42 treated astrocytes as compared to control cells. From there
soluble intercellular adhesion molecule-1 (sICAM-1) has been noted as a potential
candidate. We observed that sICAM-1 protects the cortical neurons from death
influenced by ABaz2 oligomers. It attenuates the PARP cleavage caused by AB42 and
increases the amount of anti-apoptotic proteins such as Bcl-2 and Bcl-xL, along with
decrease in the amount of pro-apoptotic protein Bim. TUNEL assay performed both
in cortex and hippocampus of AB42 infused rat brain and 5xFAD mice brain showed
that rriICAM-1 treatment reduced the number of TUNEL positive cells in vivo. Several
behavioral experiments namely open field test, contextual and cue dependent fear
conditioning, passive avoidance tests, novel object recognition and elevated plus
maze that can be related to multiple kinds of memory and learning have displayed
that rat recombinant ICAM-1 on being injected within the system intraperitoneally,
restored the malfunctioning in the rat behavior caused due to bilateral ABaz infusion.
We took further interest in checking the underlying disease modifying mechanism
rendered by ICAM-1 both in vitro and in vivo systems which might be considered

being a therapeutic target for neuroprotection. Mechanistically we observed that
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ICAM-1 administration decreases NF-kB protein level in AD pathology suggesting
that ICAM-1 might play a crucial role in manipulating the stability of NF-kB through
multiple degradation process. Also PDTC mediated inhibition of NF-kB protein in
5xFAD transgenic mice brain showed an improvement in cognitive behaviors
including learning and memory in mice. Therapeutic approach towards prevalent
neurodegenerative diseases like AD is one of the major concerns in the scientific
world. Our work suggests that ICAM-1 protein could be said as a potential
therapeutic agent that promotes neuronal protection along with recovery in cognitive
functioning complemented with clearance of AB in AB4z infused rats and 5xFAD mice

model of AD.
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“We are all the pieces of what we remember. As long as there is love
and memory, there is no frue loss.”— Cassandra Clare, City of Heavenly
Fire

General Introduction

Alzheimer’s disease (AD), one of the most widespread neurodegenerative diseases
was discovered by Dr. Alois Alzheimer’s in early 1900s. Worldwide more than 44
million people are affected by this disease causing impairment of synaptic plasticity
followed by neuronal death and severe reduction in cognitive abilities. The major
characterisation of pathological AD includes two core lesions: extracellular amyloid-8
(AB) plaques and intracellular neurofibrillary tangles (NFTs) (Serrano-Pozo et al.,
2011). An estimated survey of world health statistics by World Alzheimer Report
2020 shows that more than 55million peoples across the globe suffer the wrath of
dementia, and latest as of 2020 the average annual expenses indulged in this
diseases has surpassed $1.3 trillion. AD constitutes among 60 to 80% of the
dementia cases, less than half being pure AD and the majority expected to be mixed
dementias (Barker et al., 2002), others including mostly vascular dementia, Lewy
body dementia and frontotemporal lobe degeneration. The inevitable process of
aging is the utmost risk factor associated with AD, with a probable incidence for all
forms of dementia (Qiu et al., 2009).

Scrutinising the cognitive decline in patients and learning their underlying brain
pathology, has become one of the great challenges faced by neuroscientists and
neuropsychologists over several decades. This challenge has not only increased
substantially over the past years with the elderly population, but also has been

entangled in the age-related nature of major dementia-causing neurodegenerative
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diseases. Although the concept of dementia has existed for thousands of years
(Yang et al., 2016), the thorough knowledge about the disease has been seeing its
light of investigation since a century only. In 1907 Mrs. Auguste Deter, a 51 year
aged patient staying under Dr. Alois Alzheimer’s supervision at state mental asylum,
Frankfurt, Germany, caught his interest in the pathophysiological and medical
perspective. Upon her unfortunate death, her post mortem brain studied by Sir
Alzheimer’s by silver staining microscopically revealed the detailed neuritic plagues,
neurofibrillary tangles, and amyloid angiopathy, which in modern day are known to
be the major pathological hallmarks of this disease. The term “Alzheimer’s Disease”
was coined by Sir Eric Kraepelin at the Munich Medical School in his book Handbook
of Psychiatry in 1910, as a recognition to his student Dr. Alois Alzheimer.

The earliest and the most salient symptom of AD include the loss of episodic
memory, also known as amnesia, which may also coincide with an elaborate
underlying neuropathological lesions occurring in the medial temporal lobe structures
like the hippocampus and the entorhinal cortex (Hyman et al., 1984). Since last two
decades, breakthrough advances have been made in identifying genetic risk factors
for AD. Three separate genes were recognised in large families whose mutations
showed an autosomal dominant inheritance pattern in an early-onset form of AD,
generally before 60 years of age. They are namely the amyloid precursor protein
(APP) gene on chromosome 21, the presenilin 1 gene (PSN1) on chromosome 14,
and the presenilin 2 (PSN2) gene on chromosome 1 (Saunders A.M., 2001). These
are noted as the familial forms of AD and account for approximately 1 to 2% of
cumulative cases of AD. However type €4 allele apolipoprotein E (APOE) gene, a
low density lipoprotein cholesterol carrier has been identified as a far more common

and graver genetic risk factor for sporadic, late-onset AD (Strittmatter et al., 1993).
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In the last 20 years, a biomarker era has ushered in which it has been
complemented with several of the advanced neuroimaging methodologies like
functional MRI, diffuse tensor imaging and these has been used for developing
several algorithmic patterns to classify AD and mild cognitive impairment (MCI). By
combining forces among all disciplines and assembling the vivid and intricate facts,
new initiatives may be evolved which may not have been imagined previously.
Complex brain diseases like AD could only succumb to such integrated efforts. Each
effective pre-clinical diagnosis and treatments including exploding personal and
financial costs may help to attenuate the disease progression even before the

symptomatic onset.
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Review of literature:

1. Alzheimer’s Disease

“Be kind to your father, even if his mind fail him.” — Old Testament: Sirach 3:12
Though the concept of dementia has been written over long ages past, yet the deep
knowledge behind the cause underlying the phenomenon is nothing less than a
century old. Sir Alois Alzheimer may have published his famous case study
concerning the memory loss of Mrs. Auguste Deter a century ago, yet our modern
understanding and outlook accelerated only in the 1980s, witnessing an extreme
enthusiasm in the origin, characterization and every possible treatment of this deadly
neurodegenerative disease. The most prevalent form of dementia is AD, others
being Lewy body dementia, frontotemporal lobar degeneration, Parkinson’s disease
associated dementia, which are mostly associated with mixed pathology
(Karantzoulis et al., 2011).

1.1 Symptoms of AD

The major symptomatic hallmark of AD is neuro-psychiatric symptoms (NPS)
causing notable distress for both the patient and the caregiver. The major concern of
the disease lies in the fact that the initiation of the process may occur quite
superficially, showing majorly the under-recognized symptoms. According to the
recent reports of Alzheimer’s Association, the stages of AD, categorized on the basis
of symptoms and onset, are as follows:

A. Preclinical Stage: This is the earliest stage when the brain of an AD affiliated
patient starts showing initial changes without any real clinical symptom visible in the
patients. Much later the apparent symptoms become visible in the patients (Caselli

and Reiman, 2013).
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B. Early mild stage of AD (mild): The initial stages of AD show trivial alarms, for
the person may be competently functioning in daily household chores, like driving
and taking part in social activities. With progression, some discrepancy follows in
initial lapse and subtle memory details. Certain biochemical markers may show an
alteration but since no apparent changes in behaviour are observed in patients here,
most of the cases are left undiagnosed. Some common difficulties have been located
in some patients like their inability to come up with the right word, forgetting the
names of newly introduced people, having trouble in planning or executing a pre-
planned notion etc (Morris et al., 2001).

C. Middle-stage Alzheimer's (moderate): The middle stage of AD shows more
conspicuous features and displays a much prolonged duration among the patients
requiring extreme care and compassion from the caregiver towards the patient here.
At this stage, the affected person usually shows confusion in framing words and
expressing their ideals and thought. The defiling of the neuronal cells in brain makes
it extremely difficult for them to express themselves and performing daily chores like
bathing, cleansing etc without proper assistance. The manifestation may alter from
person to person but the basic forgetfulness of events and history, mood fluctuations
and social withdrawal is mostly common among all. Relentless change in the sleep
pattern is another noticeable change observed in these middle stages AD patients.
However still with proper encouragement and support these patients may be able to
participate in normal daily life and get involved in social life too (Boller et al., 2002).
D. Late-stage Alzheimer's (severe): The final stage of AD is the most dangerous of
all where the patient is absolutely unable to recollect and respond to the surrounding.
Their inability to communicate and identify people become prominent as the disease

progresses to an extreme level. Most importantly, even with a few imparting words of
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thought, yet the feelings of pain remain mostly non-communicated. With decline in
cognitive functioning and memory, remarkable personality changes may be observed
in the patients. At this phase of disease, a daily personal assistance is mandatory for
the patient as they lose their environmental awareness and confront alteration in
physical abilities like sitting, standing, and finally swallowing. At the final stages of
AD, the patient becomes more prone towards infections like pneumonia and may
breathe their last in the process (Voisin et al., 2009). Though AD mediated death is
not much heard of, yet a life so mundane might not be less than an afterlife.

1.2 Global Impact of AD

The impact of this exponential growth should be observed more in low- and middle-
income countries which centers around two-thirds of affected people, though the
overall impact will be felt almost around the world. Scientists have pointed out that
the ultimate reason behind this global explosion of dementia is primarily due to the
aging. In 2006, 500 million people above 65 years, which is about 8% of the world
population have been said to be affected under the curse of dementia; yet by 2030,
those above 65 years are expected to be among the affected 13% of the total
population. These statistics reflect that people, in the developing countries are living
longer and healthier due to medical advances with a significant reduction in
malnutrition and the incidence of communicable diseases (National Institute on
Aging: Why Population Aging Matters: a Global Perspective., 2007; United Nations:
World Population Prospects. The 2004 Revision). However, collaterally, chronic age-
related diseases including AD are rising (Barker et al., 2002; Fratiglioni et al., 2000).
The astronomical numbers of AD affected people exerts an immense strain on the
concerned governments public health systems across the world. In the year 2010,

total estimated worldwide cost of dementia was around USD 1.3 trillion, exceeding
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annual revenue of world’s top most companies (Alzheimer’s Disease International:
World Alzheimer Report, 2020). The major cost of dementia care is inclusive of
medical care, social care, and informal costs. About 70% of the dementia caring
expenses is common in Western Europe and North America including nursing home
care and professional care for the welfare of the community. However in the lower
income countries, predominance lies in the care provided by family. As the
prevalence of dementia increases worldwide, the costs of caring for people with
dementia should be increasing likewise. The responsibility of AD care falls on
families and caregivers, mainly in low and middle-income countries where patients
prefer home supervision rather than long-term residential facilities. Unfortunately,
with little or no research and awareness being seen about the caregiver’s burden,
the resource utilization process in the developing world makes it a very difficult and
underappreciated life for the caregivers. The major concern today still lies in the low
level awareness about the disease, with special emphasis on the lacking of
appropriate and affordable healthcare services, causing a heavy reliance on family
(Prince et al., 2009). NIA-Alzheimer’'s Association has published a revised guideline
which identifies people having predisposition to AD later in life, even during the
asymptomatic phase of the disease (Sperling et al., 2011; McKhann et al., 2011;
Albert et al., 2011). Even though all seems better to be further investigated, yet the
proposed framework directs towards a hopeful stage for future therapeutic trials

among asymptomatic populations.

1.3 Causes and Risk Factors of AD
AD has been long considered a composite disease having many facets to its cause

having associated with several risk factors like age, genetic predisposition,
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environmental factor, lifestyle manifestations etc. Over long periods, researchers
have proposed several theories which encapsulate the underlying causing
pathology, yet the probable cause has been narrowed down to two main hypotheses:
A. Cholinergic Hypothesis:

In the early 1970s, choline acetyltransferase (ChAT) enzyme was identified that
helps in the synthesis of acetylcholine along with other critical functions. This theory
involves around the faulty cholinergic neurotransmission caused by Ap along with a

reduced choline uptake and Acetyl Choline release.
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Figure 1: Cholinergic Hypothesis in Alzheimer’s Disease (Terry and Buccafusco, 2003)

AB brings about cholinergic neuronal degeneration causing serious alteration in the
cognitive functioning and memory loss. Studies have elucidated that a sound relation
exists between neurotoxicity caused by AB and cholinergic synaptic loss. Additional
factors like nicotinic and muscarinic (M2) ACh receptor reduction, and deficiency in

excitatory amino acid (EAA) neurotransmission, may be common in AD in which the
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glutamate concentration and D-aspartate uptake are extremely reduced in many
cortical areas of AD brain. Among AD patients, an uniform reduction in the
presynaptic markers of the cholinergic system was apparent. Also a significant drop
in ChAT activity and ACh synthesis was observed among patients with enhanced
degree of cognition among them (Francis et al., 1993; Wilcock et al., 1982; Sims et
al., 1983). Thus clinicians have been trying to reverse the effects by using
acetylcholine activators which may influence their formation within the mileu (Babic
et al., 1999; Ferreira-Vieira et al., 2016; Breijyeh et al., 2020).

B. The Amyloid Cascade Hypothesis

The concept of the amyloid hypothesis has been in strong discussion for decades
among scientists and clinicians. With aging, amyloid plaques (AP) have been found
to be deposited in healthy brains, which affirms the probability of AP deposition being
responsible for AD onset. The amyloid hypothesis holds true as the most accepted

pathological mechanism for inherited AD (IAD).

Figure 2: Left panel: AD post mortem brain showing 'Classical' AR (senile) plaques in the cortex of
stained with the Naoumenko-Feigin silver method and periodic acid-Schiff (PAS) counterstain. Right
panel: plaque stained with antibody 4G8 to the AR protein (brown) along with a Nissl counterstain
(blue)Bar = 20um for both panels (Walker L.C., 2020).
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The amyloid hypothesis suggests that the accumulation of AR peptides (AB40 and
ABa42) is accelerated by the inability of B- and y-secretase to degrade APP derived
AB, due to aging or other pathological conditions (Scheuner et al., 1996). The major
imbalance in the AB42/AB4o causes the formation of amyloid fibril, followed by tau
formation and neurodegeneration. Several AD risk factors and mutations of genes
namely APP, PSEN1, and PSEN2 results in faulty AB metabolism amplifying its
accumulation along with progression of the disease (Paroni et al., 2019; Kametani
and Hasegawa, 2018; Ricciarelli and Fedele, 2017). Initiation of this hypothesis
dates back to 1984, when the proposal given by George Glenner (Glenner and
Wong, 1984) met with superb skepticism but eventual steady accumulation of
evidence among the researchers led to strengthening of the theory (Beyreuther &
Masters, 1991; Hardy & Allsop, 1991; Selkoe D.J., 1991; Hardy and Higgins, 1992).
The underlying mechanism unfolded over years explained that the presenilin genes
are responsible for encoding the active site of the intra-membranal cleaving y-
secretase (De Strooper et al.,, 1998; Wolfe et al., 1999) and when in the
transmembrane/cytoplasmic interface of APP an initial endopeptidase cleavage
occurs, multiple carboxypeptidase cleavages follows, sequentially removing 3 or 4
C-terminal amino acids (Qi-Takahara et al., 2005; Takami et al., 2009; Chavez-
Gutierrez et al., 2012; Okochi et al., 2013; Fernandez et al.,, 2014). The initial
indication of the amyloid hypothesis was implied on the basis of a discovery of APP
gene residing on chromosome 21, suggesting that Down’s syndrome individuals
have a tendency of developing typical Alzheimer pathology producing too much Ap
throughout their life (Prasher et al., 1998). Another research group has imposed that

this mechanism is a representation a functional loss of presenilin causing the neural
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phenotype of AD patients, independent to the effects of only AB accumulation (Shen

& Kelleher, 2007; Xia et al., 2015)
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Figure 3:The method of APP processing in amyloidogenic pathway (Imbimbo and Lombard, 2005)

Recently a remarkable identification of missense mutation in APP (A673T) has taken
place, which may result in a permanent decrease in APP cleavage by B-secretase
(Jonsson et al., 2012) making the resultant mutant AR peptide having altered
aggregation properties (Benilova et al.,, 2014; Maloney et al., 2014; Zheng et al.,
2015). The patients carrying the A673T gene have shown a reduction in clinical AD
along with improved cognitive functions (Guyon et al., 2020), and surprisingly they
have been devoid of plague deposition even at a very old age as 100 years (Kero et
al., 2013). These finds have strengthened the amyloid hypothesis strongly and

paved the path for a better researching therapeutic ground.
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C.THE TAU HYPOTHESIS

Recent advances in imaging have shown that AR accumulation may sometimes be
sparse in the patient’'s brain whereas, several among the normal patients have
displayed amyloid deposits too (Edison et al., 2007; Li et al., 2008) along with a
comparable amount of senile plaques distribution as in the dementia aided patients
(Davis et al., 1999; Fagan et al., 2009; Price et al., 2009; Chetelat et al., 2013).
Recently, a new school of thought known as the Tau hypothesis has recently come

up drawing much attention to several clinicians and scientists across the world.

NFT Stages a-c NFT Stages I-Il NFT Stages IlI-IV NFT Stages V-VI
Locus coeruleus Transentorhinal & Spread into hippocampal & Spread into neocortex
(monoamines) entorhinal layer pre-a neocortical association areas including primary cortices

Temporal
Assoc. Cortex

Primary visual cortex (V1)

Nissl  Stagelll  StagelV  StageV  StageVl

Neurofibrillary
tangles in layer
pre-a cell islands

Figure 4. The sequence of tau pathology in the human brain (Arnsten et al., 2021)
A deep relation has been established between the AD and expression of Tau which
finds an appearance in the trans-entorhinal region spreading to the limbic region and
neocortical areas of the brain in the various stages (Braak and Braak, 1991). Recent
PET studies showing spatial patterns of tau by tracer binding have been closely
linked to cognitive decline in AD patients (Okamura and Yanai, 2017). In fact, it is
believed that the indication of early tauopathy in the medial temporal lobe, proves to
be a better marker for declined brain functioning than an elevated global increase of
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AB (Schdll et al., 2016; Hanseeuw et al., 2019; Schwarz et al., 2016; Buckley et al.,
2017). Furthermore, tau lesions in many cases have been noted to appear before A
accumulation (Braak and Del Tredici, 2014). Thus, in view of some researchers and
clinicians, progression of AD has been markedly associated with tau pathology, more

than AB amyloid accumulation.

1.4 Alzheimer’s Disease Risk Factors

Multiple risk factors associated with Alzheimer's Disease have been identified over
the time. They may be as follows :

A. Aging : Aging, known to be the complex and irreversible change of the body and
organs, has often been declared the primary risk factor of AD. This aging process
allows the reduction in brain volume which encourages the deposition of Neuro
Fibrillary Tangles (NFT) and Senile Plaque in brain reducing the synaptic
connections. Depending on the time of initiation of the disease, it can be classified as
Early-onset AD (EOAD) and Late-onset AD (LOAD), both being evitable in people
having an AD familial history in previous generations (Guerreiro and Bras, 2015;
Riedel et al., 2016)

B. Genetic risk factors : Over long years genetic factors have been known to play a
vital role in AD. One among the many important ones is APP, a type |
transmembrane protein, situated on chromosome 21. It requires the cleavage of -,
and y-secretase to release AB. Although a single protective mutation, A673T has
been identified to be helpful (Li et al., 2019,.Tcw and Goate, 2017), yet mutations
like KM670/671NL and D678H, E682K have been established to cause AP
accumulation along with cortical and hippocampal atrophy (Bi et al., 2019). Several

other mutations such as T714l, V715A, L723P, K724N, and 1716V have affected the
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y-secretase cleavage resulting in a AP42/AP4o ratio imbalance. Also E693G and
A692G cause mutations in the a-secretase cleavage site forming polymorphic
aggregates which disrupts the bilayer integrity. Other deletion mutation like E693
delta has shown to enhance the formation of synaptotoxic A (Dai et al., 2018; Zhao
et al., 2020).

The second most important genes responsible for AD are PSEN1 and PSEN2, which
are the autosomal dominant form of EOAD. They are located on chromosomes 14
and 1 respectively, homology being around 67% between the two. Mutation in
PSENL1 is reportedly more common, compared to PSEN2 gene (Cai et al., 2015,
Lanoiselee et al., 2017). Extensive research showed that PSEN1 knock-in mice
having C410Y or L435F mutations enhanced the AB42/AB4o ratio, reducing the APao
amount (De Strooper, 2007). However PSEN-2 mutations are rare and are not found
to play any major role in AR production. Another well-known gene, ApoE, with three
isoforms ApoE2, ApoE3, and ApoE4, is a strong risk factor for AD. The ApoEe4
allele is more vital for both EOAD and LOAD in comparison to ApoEe2 and ApoEe3
alleles which are known to have lower risk and protective effect, respectively (Kim et
al., 2009). ApoEe4 has not only been called another responsible candidate for
causing AP deposition as senile plaque and cerebral amyloid angiopathy (CAA),
marking AD symptom (Liu et al., 2013), but also has been associated with brain
vascular damage, leading to AD pathogenesis (Giau et al., 2015).

In 2009, two other genes clusterin (CLU), located on chromosome 8 and Bridging
Integrator 1 (BIN1) has been identified by Genome-Wide Association Studies
(GWAS) as novel risk factors for LOAD. Clusterin showed upregulation in the cortex
and hippocampus of AD brains, along with cerebrospinal fluid (CSF) and plasma,

making it a promising biomarker for this disease. Researches have also shown that
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CLU may play a dual beneficial or detrimental role by either promoting A clearance,
or by reducing AB clearance respectively (Foster et al., 2019). BIN1 is an adaptor
protein which interact with different proteins like clathrin, synaptojanin, and
amphiphysin 1 in brain, regulating the endocytosis of the synaptic vesicle. Recently,
seeing its role in AR production and tau and NFT pathology modulation, BIN1 has
been recognized as the second most important risk factor for LOAD after ApoE
(Holler et al., 2014; Andrew et al., 2019). Other genes like Evolutionarily Conserved
Signaling Intermediate in Toll pathway (ECSIT) stabilizing the mitochondrial
respiratory complex along with NF-kB, IRFs, and AP-1 activation and Estrogen
Receptor Gene (ESR), have recently been identified as a contributor to the genetic
risk factors associated with AD (Liu et al., 2018).

C. Environmental risk factors: In spite of the genetic predisposition and the age,
many AD cases are incomplete without the influence of serious environmental and
lifestyle issues, which we often take for granted. On exposure to high levels of air
pollution, several in vivo and in vitro models have shown damage to the olfactory
mucosa and bulb, along with frontal cortex region, similar to that observed in AD.
Individuals exposed to air pollutants have displayed clinical symptoms of oxidative
stress, neuroinflammation and neuronal degeneration, along with hyper-
phosphorylated tau and AB plaque deposition in the frontal cortex (Moulton and
Yang, 2012; Croze and Zimmer, 2018). Some of the metals like aluminium and lead
can be harmful for brain. Recent Studies demonstrated that too much of Aluminium
exposure may enhance the chance of its deposition in brain, causing protein
misfolding, aggregation, and phosphorylation of tau protein (Akiyama and Bush,
2006; Colomina and Peris-Sampedro, 2017). Lead has been reported to modify

neural differentiation and synaptogenesis competing with the binding site of bio-
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metals like calcium and can crossing the BBB rapidly. Also an acute exposure to
lead has been associated with increase of B-secretase expression and A
accumulation (Huat et al., 2019).

In recent past, role of nutrition on AD have been of real interest to the scientists and
healthcare personnel. The processed food being deficient of vitamin C and folates,
along with reduced water content has resulted in formation of toxic secondary
products like advanced glycation end products, AGEs. The AGE receptor (RAGE),
being a primary receptor of microglia and astrocytes, has been well established to be
overexpressed in AD patients serving as a cell surface receptor for A transporting
the same (Abate et al., 2017). Elevation in AGEs serum level has also been
associated with cognitive decline and AD progression. Malnutrition, causing
deficiency in folate, vitamin B12, and vitamin D is said to be another risk factor for
AD (Koyama et al., 2016).

Medical risk factors like cardiovascular disease (CVD), obesity, diabetes, and others
has been long associated with increased risk of AD (Stampfer M.J., 2006; Santos et
al., 2017). Chronic infections like herpes simplex virus (HSV-1) and syphilitic
dementia caused by spirochete bacteria (Treponema pallidum) may be responsible
for producing lesions similar to neurofibrillary tangles within the central nervous
system (CNS). Bacteria like Chlamydia pneumonia has also been reported to
activate astrocyte triggering LOAD, disrupting calcium regulation and apoptosis,
resulting in decline of cognitive function, increasing the risk of AD (Sochocka et al.,
2017; Fulop et al., 2018; Muzambi et al., 2019). Obesity and uncontrolled diabetes,
often caused by unhealthy diet and erroneous lifestyle has found an intricate
association with decreased brain blood supply causing brain ischemia, memory loss

and vascular dementia. These diseases are often responsible for increased pro-
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inflammatory cytokines secretions causing systemic inflammation, ultimately leading
to increased AR accumulation, mitochondrial dysfunction and neuroinflammation

(Alford et al., 2018; Pegueroles et al., 2018; Anjum et al., 2018; Lee et al., 2018).

1.5 Pathophysiology of AD

The pathological diagnosis of AD remains to be of gold standard with cumulation of
both several macroscopic and microscopic traits. The macroscopic analysis of post
mortem AD brain often shows cortical atrophy in moderation that marks its
multimodal association with cortices and limbic lobe areas. The frontal and temporal
cortices often show enlarged sulcal and gyrus region, while primary motor and
somatosensory cortices most often appearing unperturbed (Perl D.P., 2010). The
brain regions of amygdala and hippocampus often find medial temporal atrophy
along with temporal horn enlargement marking a typical feature in AD (Apostolova
et al.,, 2012). All these may accompany loss of neuromelanin pigmentation in the
region of locus coeruleus (Serrano-Pozo et al., 2011). The microscopic examination
of overall brain region is extremely essential for the conclusive diagnosis of AD,
employing various staining and scanning methods indicating much of the
neuropathological change (Montine et al., 2012), emphasising also on the diagnosis
depending upon the lesion morphology and density and partly also on their
topographic distribution.

Several of the brain regions vulnerable to AD type pathology has been found to be
predisposed to other disease processes too, like the a-synucleinopathy and TDP-43
proteinopathy. With observation aging over 100 years, localization of extracellular
amyloid plaques along with intracellular neurofibrillary tangles has been

guintessential for diagnosing the disease. The senile amyloid plaques or “miliary
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foci”, first elaborated by Oskar Fischer, results due to accumulation of extracellular
nonvascular AB4o and AB42 peptides, caused due to alteration of amyloid precursor
protein by the - and y-secretases accompanied by imbalance in the production and
clearance pathway of the same (Alzheimer et al., 1907; Kumar et al., 2015; Goedert
M., 2009; Thal et al., 2006).

The amyloid plaques may have a subset of dense rigid core plaques called neuritic
plaques (NPs) which may be associated to tau-positive or dystrophic neurites, which
has been well defined by synaptic markers and APP staining (Dickson D.W., 1997).
These dense cored NPs are marked by synaptic loss, activated microglia and
reactive astrocytes (Yasuhara et al., 1994). However the other type of diffused
plaques containing filamentous AB often lack these specific neuritic components and
can be observed in later stages of AD (DeTure and Dickson, 2019). Detailed clinical
observations also suggest that AR peptides may be deposited in parts of the cerebral
blood vessels too, estimating that gross 85-95% of AD cases constitute certain
degree of cerebral amyloid angiopathy (CAA). CAA have been known to affect
small arteries and arterioles along with the capillaries in leptomeningeal vessels and
in the gray matter of the cerebral cortices. They are also extremely like to be
associated to APOE4 and APOE2 depending on CAA type-1 or type 2-AD
respectively (Thal et al., 2002 ; Attems et al., 2010).

Another renowned pathological hallmark of AD include the Neurofibrillary tangles
(NFTs) which were first explained in Alzheimer's seminal paper as “neurofibrils,”
forming thick bundles near affected neurons (Ryan et al.,, 2015). These were well
visible when stained with Bielschowsky silver stain and is often associated with
neuronal cell death and adjournment resulting in extracellular neurofibrillary tangles

or “ghost tangles”. They are primarily composed of flamentous tau proteins and are
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known to find a better co-relation with cognitive impairment as compared to amyloid
deposits (Dickson et al., 1992). In AD brain, the tau filaments hold a nomenclature of
“paired helical filaments” (PHFs) (KIDD M., 1963), exhibiting marked periodicity in
electron microscopy and are composed of two small filaments of size about 10 nm
diameter twisting around leading to a periodic structure having 65-80 nm crossover
distance. Tau proteins in AD show hyperphosphorylation along with abnormal folding
having lost their normal nature of binding and stabilizing microtubules in the axon.
AD finds the dual property of lost functionality in tau along with enhanced

aggregation property in abnormal Tau (Alonso et al.,1994; Alonso et al.,1996).
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Figure 5 : Pathophysiology of AD (El Zowalaty, ME, 2015) .
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There are some other pathological alterations like Granulovacuolar degeneration,
which has shown an inevitability in display but requires detailed characterisation
(Kohler C., 2016; Woodard J.S., 1962). These autophagic granules, which can be
labelled with lysosomal markers like acid phosphatase (Hirano et al., 1968; Funk et
al.,, 2011) are most frequently found in the pyramidal neurons of the hippocampus.
Various stage analysis has shown that hippocampus shows its first accumulation
followed by the entorhinal and temporal neocortex. The parts affected at last are
amygdala, thalamus, cingulate gyrus along with the associated cortices (Thal et al.,
2011). Another rod-like eosinophilic intracytoplasmic inclusion bodies, also called
Hirano bodies, have been located in neuronal dendrites (Hirano A., 1994). They are
commonly observed in the CA1 region of the hippocampus in middle age and elderly
individuals suffering from AD (Gibson and Tomlinson, 1977). Hirano bodies have
also been associated with reduced synaptic responses and impaired spatial working
memory (Furgerson et al., 2014).

Inflammatory response caused by the phagocytic microglia and the astrocytes are
also among the essential pathological hallmarks pointing the disease. Microglial
activation during AB fibril and tau accumulation are common near senile plaques
which often increase in numbers due to neuronal damage associated with NFTs and
NT (Serrano-Pozo et al., 2011; Wake et al., 2009). Receptors on microglia like
TREM2, shows a tendency towards binding AR fibrils, driving an inflammatory
response similar to the M1 phenotype, claiming it to be a source of inflammatory
cause (Heneka et al.,, 2015). Reactive astrocytes are another set of inflammatory
response in the AD brain which are initially thought to serve protection towards the
damaged neurons trying to restore the initial homeostasis. Like microglia in AD, they

are often found grown around senile plagues (Steele and Robinson, 2012; Liddelow

32| Page



et al.,, 2017). Reactive astrocyte at later stages in AD, are known to be detrimental
with increased dementia and is often correlated with tau burden (Vehmas et al.,
2003). Numerous researches including electron microscopy of synaptic protein
markers have hinted that synaptic loss can be better correlated to cognitive decline
than tau burden (Gomez-Isla et al.,, 1997; Overk et al., 2014). Synaptic loss and
reduced density of hippocampus and medial temporal lobe appears to be in strong
association with cognitive decline in AD over neuronal loss and tau burden (Terry et
al., 1991). Earliest study demonstrating synaptic decline resulting due to axonal
dysfunction, along with transporter damage have been validated in AD (Scheff S.W.,
2006, Masliah E., 1991 Scheff S.W., 2011). These pathogenic alterations have
shown a direct relation to Alzheimer’s pathology, along with an association with

clinical symptoms.

2. Glia : General overview

Despite the fundamental significance held by neuron, functioning of CNS seems
inadequate without the non-neuronal cells like the glial cells (Barres B.A., 2008). In
spite of glia being traditionally recognised distinctively from neurons in their
morphology, lacking axons and dendrites and having separate synaptic junctions
(Morest and Silver, 2003), yet the specialised morphology and indispensable
functioning of the same has been unravelled with decades of detailed research
equipped by advanced RNA sequencing and high-dimensional, single-cell analysis
with regards to the system (Saunders et al., 2018; Bottcher et al., 2019 ; Masuda et
al., 2019). Cells like astrocytes along with oligodendrocytes and microglia comprise
the main subtypes of the CNS glia.

Astrocytes: They are cells containing multiple stellate shaped dendritic processes

constituting a widely depicted territory, located mostly throughout the central nervous
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system (Zhou et al., 2019 ). Other than forming widely intimate contact with synapse,
blood vesicular bodies and other glial cells, astrocytes perform multiple other
functions like metabolic modulation (Allen et al., 2012) while controlling the neuronal
excitement and plasticity by immediately uptaking various neurotransmitters (Bergles
and Jahr, 1997). Along with having wide functional domains including memory
accumulation and maintaining the circadian clock (Santello et al., 2019), astrocytes
have established their capacity to generate inflammation, subsequently resulting in
disease onset and progression (Heneka et al., 2018). In response to an acute injury
within the CNS caused by trauma or any specific disease, several astrocytes form
barriers which ensure proper restriction for the inflammatory cells to enter the CNS
(Anderson et al., 2016 ). Due to these vital functions performed by astrocytes in
maintaining health and adding resistance in a disease state and injury, detailed study
on astrocytes has been of utmost interest to scientists across the world since a long
time.

Oligodendrocytes: Oligodendrocytes primarily originate from their progenitor cells
called OPCs and are located across the Central Nervous System (Zhu et al., 2008)
overlapping the axons of neurons. They majorly help in myelin production enhancing
the axonal conductivity (Boulanger and Messier, 2014) and ensures advanced
network activity across the neuronal soma forming vascular structures (Battefeld et
al., 2016; Niu et al., 2019). In this way, oligodendrocytes are known to play a wide
range of functionality in maintaining health and disease holistically.

Microglia: Microglia which can be categorized as both glia and immune activating
cells, are myeloid cells often considered also as macrophages (Greter et al., 2015). It
has been shown that they are derived from yolk sac of the embryo, which clearly

suggest them being diverted from the postnatal blood vesicular system leading to
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intrinsic developmental and functional adaptation to the brain environment (Ginhoux
et al., 2010; Schulz et al., 2010). In spite of the reliability in the morphology based
study about the astrocytes activation (Kreutzberg G.W., 1996), microglial
morphology owing to its high dynamicity, has depicted the use of modern
technologies revealing that the genetic or translational signature of the same could
be a potent venture to describe the multiple microglial states (Beccari et al., 2018).
They are involved in producing a compulsive response to the brain when
encountered with an injury (Perry et al., 1998) and the multiple genetic mutations
also contribute in selective gene expressions during neurodegeneration (Jansen et
al., 2019 ; Villegas-Llerena et al., 2016). Also, microglia are known to develop strong
neuronal connections maintaining their plasticity within a system (Schafer et al.,
2012; Stevens et al.,, 2007). Although many more stories need to unveil, yet
microglia can be regarded a bit more than latent sentinels which are optimally
reactive to brain homeostasis alteration activating signalling system and facilitating

homeostasis to the milieu (Herz et al., 2017 ).

2.1 Astrocyte in AD
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Figure 6 : Left panel: Glia around AB plaque and neighboring neurons drawn by Alois Alzheimer.
Right panel: AD Post mortem hippocampal section showing reactive astroglia stained with GFAP-
DAKO (red), DAPI (blue) and 6E10 (green) surrounding an amyloid plaque. (Osborn, Lana M et al.
2016)

Astrocytes are exclusive glial cells, scaffolding the entire CNS in their protoplasmic
or fibrous form, which contribute to the BBB in collaboration with the endothelial cells
and deeply encased synapses (Sofroniew and Vinters, 2010). In consistence to their
phenotypic niche, the functionality of astroglia mainly includes cerebral blood flow
maintaining the homeostasis between the fluid and neurotransmitters. It also initiates
synapse formation providing them with suitable neurotrophic support (Rouach et al.,
2008; Eroglu and Barres, 2010). Astrocytes also form the glymphatic system
ensuring the removal of neurotoxic waste products like amyloid and tau proteins
(Jessen et al., 2015; Tarasoff-Conway et al., 2015). Given their multiple
housekeeping properties, it would be expected that astrocytes might attempt in
regaining homeostasis at early stages of AD. Most often astrocytes near the formed
plaques have been found to contain granules possessing AB protein which has left
scientists in suggesting that astrocytes make an ardent attempt in removing amyloid
deposition in course of the disease process (Thal et al., 200 ; Funato et al., 1998).
Further experiments have also revealed that a steady migration of astrocytes are
observed towards the formed plaque resulting in AB degradation both in vitro and in
vivo (Wyss-Coray et al., 2003). In AD animal model, reactive astrocytes often
release GABA and glutamate in excess, causing memory impairment and synaptic
loss (Jo et al., 2014, Chang et al., 2013). Moreover, these cells cause dysfunctional
microcirculation and BBB disturbance, causing sufficient progression of the disease

(Kisler et al., 2017).
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Extensive studies have shown that many AD associated factors in elderly patients,
revolve around the glial genes like APOE, APOJ and SORL. This has readily moved
the central feature of research away from neurons encouraging study of glia and
neuroinflammation. Ageing rodent models elucidating the molecular signaling
mechanism occurring within glia are quite insufficient for their mimic towards the
human system. So recently in-vivo models depicting astrocytic stem cell implantation
bringing insight into disease pathogenesis has been in vogue and is resulting in
developing specific astrocyte based biomarkers to stall the neurodegenerative
diseases like AD. 3xTg-AD animals having mutation for APPSwe and PS1M146V
mice have been found to undergo several phenotypic alterations resulting in altered
functions and morphology (Liddelow and Barres, 2017; Verkhratsky et al., 2016;
Rodriguez-Arellano et al., 2016). Reactive astrocytes stay at a separate niche
producing functionally different chemical oscillation and unprecedented calcium
waves (Zorec et al., 2017). Several inflammatory genes like CST-7, CCL-4, IL-13
and CLEC-7A are found to be upregulated in astrocytes (Orre et al., 2014). The dual
role played by astrocytes in AD raises an essential question of whether they being
innocent or playing a pivotal role in neurodegenerative process. Researchers have
shown that microglia secrete several cytokines like interleukin-1a (IL-1a), tumour
necrosis factor-a (TNF-a) and complement component 1q (C1q), which influence Al
neurotoxic astrocytes (Liddelow et al., 2017). These Al astrocytes upregulate
complement component 3 (C3) genes, releasing neurotoxin, which along with
reducing the synaptic ability and function, contribute widely in neuronal death
(Liddelow et al., 2017; Sekar et al., 2016; Hong et al., 2016). Prefrontal cortical
region of post-mortem brain of patients with AD show almost 60% of Al astrocytes

and further studies are currently being conducted about them.
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Astrocytes have been found to be involved in amyloid- generation by upregulating
the amyloid precursor protein and -secretasel (Frost et al., 2017). However, more
likeliness of astrocytes lie in being associated to amyloid-B clearance, with the help
of degrading enzymes proteins like ApoE, Apod, al-antichymotrypsin, and a2-
macroglobulin which regulate A transport across the blood—brain barrier (Ries et al.,
2016). Amyloid-$ activates the NF-kB pathway in astrocytes which instigates C3 to
be released into the extracellular matrix and binding to the C3A-receptor on neurons
causing disruption in dendritic network and morphology (Lian et al., 2015).

While neuroinflammation causes the rise in toxic A1 astrocyte, neuroprotective A2
astrocytes, characterized by upregulated neurotrophic genes such as cardiotrophin-
like cytokine factor 1, transglutaminase 1, pentraxin 3, or sphingosine kinase 1 are
often common in certain stages of AD. These A2 astrocytes produce several
neurotrophic factors which ensure survival and growth, along with synapse repair
(Liddelow et al., 2017). In fact, TGF-B secreted by activated astrocytes and microglia
increases AR uptake by microglia helping in neurons against the toxicity of the same
(Lian et al., 2016; Diniz et al., 2017). Also morphological analysis displaying the
phagocytosis of dystrophic neurites performed by reactive astrocytes add as a
further evidence towards reactive astroglia A2 being a protective component in
Alzheimer’s disease (Gomez-Arboledas et al., 2018). Current studies often tend to
stress on the dual role played by astrocytes in the neurodegenerative disease like

AD.

2.2. Microgliain AD
Pio del Rio-Hortega in 1919 first described the microglial phenotypic diversity in

human brain (Sierra et al., 2016) along with the altered morphology and state of the

same in neurogenerative diseases indicating that these cells have a common nature
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of being adaptable. Recently further studies introduced by detailed networking and
multi-functional high throughput tools showed the varied functional divergence of
microglial phenotype in pathological conditions (Hanisch and Ketternmann, 2007,
Ransohoff and Perry, 2009; Kierdorf and Prinz, 2017). Microglia are known to be the
major immunocompetent cells colonizing within an early prenatal period (Ginhoux et
al., 2010). The entire CNS microenvironment holds the major responsibility in
shaping the functionality of the microglia, providing them with capability to maintain
and support the brain homeostasis (Kierdorf and Prinz, 2017). Thus with an altered
brain homeostasis, microglia tend to switch their phenotype initiating a defense
program by undergoing multiple morphological and functional changes resulting in
various reactive states enabling receptor expression and cytokine secretion along
with other inflammatory molecules (Wolf et al., 2017). The main cause of the trigger
is found to be associated with danger or pathogen associated molecular patterns
(DAMPs/PAMPSs) which results in activation of several receptor.

The functioning of microglia may be mainly characterized as the gain or loss of
function. Gaining of function is possible in the cases where the complement proteins
like CR3 and C1q present in microglia contribute in synaptic pruning (Veerhuis et al.,

2011 ; Schafer et al., 2012).

39| Page



NLRP3 Nirp3*  Caspt™
inflhammasome

NLRP3 .
alternatively
activated microglia  /

Ase (M2 phenotype)

Caspase-1
F1zz1 Caspi
Arg1 IL-18
IL-4 NOS2

Casp1
IL-18
NOS2

activated microglia
(M1 phenotype)

APP/PS1 APPIPS1 \ %
Y & 7,
~ NS
W)
V. @\
neurodegeneration *  neuroprotection
chronic deposition of amyloid-B =  enhanced clearance of amyloid-§
cognitive impairment =  protection from spatial memory

impairment and memory deficits

Figure 7:Role of microglia in coordination with inflammasomes in AD (Goldmann et al., 2013)

Also another instance of gaining in function occurs with major inflammasomes
composed of the NLRP3 and ASC also known as apoptosis associated Speck-like
protein, containing caspase recruitment domain, which contribute to the pathology in
microglia (Martinon et al., 2002). Numerous studies have shown that all of these
eventually lead to failure in vital mechanism of autophagy and results in formation of
autophagosome (Nixon et al., 2005; Halle et al., 2008). Although majority of the
clinical studies revolve around the reactivity-acquired functions of the microglia, yet
the neuronal misfunctioning may be brought about by loss of homeostasis
contributing massively to the detrimental role played by microglia. For instance
glutamatergic synaptic maturation is caused by CX3CR1 which is present in
microglia and binds to Fractalkine maintaining the synaptic homeostasis (Paolicelli et
al., 2011; Hoshiko et al., 2012). However in AD, this CX3CR1 may decrease,
causing a major disruption in signaling and communication, resulted due to

aggravated pathophysiology of microglia (Keren-Shaulet al., 2017). Also P2y12 gene
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for a membrane receptor is normally present in microglia (Butovsky et al., 2014) but
in reactive microglia this particular receptor reduces resulting in changed microglial
migration and polarization (Haynes et al., 2006).

Apolipoprotein E (APOE) is known to be a very common risk factor associated with
Late Onset Alzheimer's Disease. Early post-mortem studies in patients have
revealed a much greater number of reactive microglia in APOE-g4 carriers
compared to APOEe3 (Egensperger et al., 1998), and recently researchers (Minett
et al., 2016) found that APOEe4 allele was strongly associated with reactive
microglia. One of the other primary genes expressing specific surface receptor in
microglia associated with AD is TREM2 (Schmid et al., 2002). Among several rare
genetic variants of this protein, the rs75932628 causing the loss-of-function by R47H
mutation, is known to provide significantly protective role for TREM2 activation in AD
(Guerreiro et al., 2013; Jonsson et al., 2013). This protein modulates inflammatory
reaction (Piccio et al., 2007) and chemokine secretion (Bouchon et al., 2002; Sieber
et al.,, 2013). Even though TREM2 is enhanced in plague-associated microglia
(Frank et al., 2008) of hippocampus and cortices in APP/PSltransgenic mice, yet
much detailed study of its role in AD is still to be understood (Jiang et al., 2014).
Several other microglial genes, like Cd33, Crl, or Abca7 helping in phagocytosis,
has been identified by genetic sequencing and regarded as a potential risk factor in
AD (Villegas-Llerena et al., 2016). Additionally, CD33 in conjugation with CR1 helps
in AP clearance (McQuade and Blurton-Jones, 2019).

Other than these, many other signaling cascades of microglia like the purinergic
signaling and calcium signaling quite useful and emerging in the field. Inculcating
these aspects into further details could help in improving the therapeutic role played

by microglia in AD.
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3. Neuroinflammation in AD

3.1. Components of neuroinflammation

Neuroinflammation may be defined as an acute or sustained response to a trauma or
insult causing inflammation in central nervous system. It often results in production of
proinflammatory cytokines, e.g. IL-1B, IL-6, IL-18 and TNF, leading to synaptic
malfunctioning and neuronal distress with reduced neurogenesis (Lyman et al.,
2014). The resultant products also include chemokines like CCL1, CCL5 and
CXCLL1. Several small-molecule messengers, like the prostaglandins and nitric oxide
(NO), along with the reactive oxygen species (ROS) are produced by the innate
immune cells (Di Sabato et al., 2016). The major cells taking part in
neuroinflammation include microglia and astrocytes. However the endothelial cells
within the minor capillaries and the infiltrating blood corpuscles are also found to
contribute to the neuroinflammation, particularly when mechanical damage in the
blood-brain barrier (BBB) takes place (Heneka et al., 2014). IL-1B helps in
upregulating the prostaglandin E2 secretion NMDA receptor activation resulting in
synaptic loss (Mishra et al., 2012) .On the other hand TNF activated TNFR1 along
with recruitment of caspase 8 leading to NF-kB pathway inhibition causing an
inappropriate demise of the neurons (Micheau and Tschopp, 2003). Additionally
activation of the complement system during neuroinflammation causing increased
phagocytosis in microglia can lead to its activation promoting the phagocytic
function of microglia, which might finally result in untimely synaptic pruning (Hong et
al., 2016). Neuroinflammation often results in secretion of several anti-inflammatory
cytokines too. Some of them are namely IL-4, IL-10 and IL-11, which take part in
preventing the excessive inflammatory process (Calsolaro and Edison, 2016).

However, in global neurodegenerative diseases, neuroinflammation remains a
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chronic process most of the time and its failure to resolve its condition acts as a vital
reason for the disease progression (Heneka et al., 2015).

Reactive astrogliosis is common neuroinflammatory response to varied mechanical
injury and ischemia along with abnormal protein assimilation through reactive gliosis
(Pekny et al., 2014). Inflammatory insults are suggested to result in A1l astrocyte
formation with the help of the NF-kB pathway, whereas with assistance of STAT-3
pathway, ischemia often induces A2 phenotype. Reportedly the major characteristic
of Al astrocyte lies in over-expressive inflammation along with induction of neuronal
and glial death destabilizing the homeostasis of the milieu and the neuro-protective
A2 cells are often marked by neurotrophic factors release (Liddelow et al., 2014;
Liddelow et al., 2017). Complementing the astrocytes, microglia behaves as an
ardent player in the trajectory of AD progression. Traditionally, function of microglia
has been defined exclusively by immune markers like CD68, HLADR along with the
altered morphology (Hopperton et al., 2018). The method of M1-M2 activation, is
often defined by M1 and M2 being the pro-inflammatory and anti-inflammatory
phenotype respectively (Varnum and lkezu, 2012). However, several school of
thoughts challenge this simple model suggesting the failure of microglia in
maintaining the M1-M2 dichotomy (Ransohoff R.M., 2016). Also the recognized
immunochemical markers of microglial like HLA-DR and CD68, do not specifically
identify the pro-inflammatory and anti-inflammatory phenotypes (Walker and Lue,
2015; Kim et al., 2016). However the classification still holds true widely for a sorted
idea of M2 and M1 being the protective and detrimental under various

circumstances.
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Inflammatory components in Alzheimer’s disease
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Figure 8 : Inflammatory components of Alzheimer’s Disease (Glass et al., 2010).

Studies delving into the depth of neuroinflammation has shown a well-defined
synchronization taking place between microglia, astrocytes and neurons to bring
about neurodegeneration. It was shown in astrocytes that AB causes activation of
the NF-kB pathway increasing the complement C3 release. Microglia and neurons
having the C3a receptors on them causing microglial activation followed by the
neuronal demise (Lian et al., 2015; Lian et al., 2016). Conversely, activated microglia
release IL-1a, C1q and TNF-38 inducing the Al neurotoxic astrocytes. This cellular
cross regulation among the glia could contribute towards forming a positive feedback
loop within the neuroinflammatory milieu in AD, causing damaged and self-
amplifying inflammatory response. Since long time, AD subjects have displayed a
chronic underlying malfunctioning in the neuron—glial crosstalk which is often caused
due to dysregulated CD200-CD200R and CX3CL1-CX3CR1 signaling pathways

present in microglia (Simon et al., 2019 ; Walker et al., 2014; Holtman et al., 2015).
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Given the importance of microglial physiological changes, targeting the dysregulated
inter-cellular communication could be a viable method for therapeutic intervention.

To unravel the basic feature of neuroinflammation in AD, several approaches both
clinical and preclinical have been embraced. It includes histopathological
examination along with detailed neuroimaging studies and evaluation of the
proteomic signatures of fluid biomarkers. In context to the biomarkers, various
studies involving the blood and CSF examination has revealed presence of several
cytokines among which upregulation was common in IL-1p3, IL-6, IL-12, IL-18, TNF-y
and TGF-B levels in AD patients as compared to the healthy controls (Swardfager et
al., 2010). The latest research focuses primarily on the new glial activation markers,
like chitinase 3-like protein 1, also known as YKL40, MCP1, VILIP1 and GFAP. A
meta-analysis result showed that amount of YKL40 and VILIP1 in the CSF was
significantly increased in AD, though the change in GFAP as a biomarker in CSF
was not sufficient (El Kadmiri et al., 2018). Detailed multifaceted studies showed that
amount of YKL40 was already upregulated in the preclinical stage and finds a better
correlation to the disease depicting it to be a potent biomarker (Sutphen et al., 2015,
Alcolea et al., 2015). The other essential method of detecting the neuroinflammation
in AD is the neuroimaging studies often performed with PET involving the radioactive
ligands which target translocator protein (TSPO). This protein, previously called the
PBR, is found to be expressed primarily in activated glial cells within the CNS. TSPO
is known as a constituent of the mitochondrial permeability transition pore and it
casts itself as an important player in synthesizing steroid, regulating the permeability
of mitochondria along with inflammatory modulation in glial cells (Edison et al.,

2018). Autoradiography studies of stroke and AD has revealed the attachment of

45|Page



elevated tracer binding to TSPO in the brain (Venneti et al., 2006 ; Diorio et al.,
1991).

The sequential procurance of AB plaques, activation of microglia and formation of
neurofibrillary tangles led to the extremely interesting hypothesis behind the amyloid
cascade—inflammation which propose the conjunction between pathological
phosphorylation and tau aggregation relies on the microglial activation primarily
(Hayes et al., 2002 ; Kitazawa et al., 2004; McGeer and McGeer, 2013). Previous
studies showed that varied isoforms of AB aggregates was able to cause glial
activation along with differential expression of several pro-inflammatory cytokines
like IL-1B, IL-6, IL-8, anti-inflammatory cytokine like TGF-B, chemokines namely
MCP-1 and MIP-1, several cell adhesion molecules, Nitric Oxide and ROS, all of
which helped in bringing about neuronal dysfunction and death (Del Bo et al., 1995 ;
Hanisch U.K., 2002) . The Toll-like receptors on microglia recognize AB species
activating molecular pathways inducing IL-8 and TNF expression along with IL-13
and NO production through NF-kB, c-JNK and MAPK pathways ultimately causing its
phenotypic alteration (Venegas and Heneka, 2017 ; Liu et al., 2012 ; Murgas et al.,
2012 ; Husemann et al, 2001). One molecule that marks the A-induced
inflammatory response in microglia is TRPM2 channel which is primarily induced as
a result of oxidative stress (Malko et al., 2019). AB42 induces oxidative stress through
the activation of PKC and NADPH oxidase, which results in activating poly (ADP-
ribose) polymerase-1, ADP-ribose and TRPM2. This causes an influx of calcium
which initiates a series of cytokine production and the MAPK positive feedback

pathway (Mortadza et al., 2017).
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3.2. Neuroinflammation and AD trajectory

Neuroinflammation is vital component to the initiation of AD pathology process in its
true sense (Dunn et al., 2005). Researchers have often debated that non-steroidal
anti-inflammatory drugs or NSAIDs often play a protective role against AD onset and
progression (t' Veld et al., 2001; Etminan et al., 2003), though the efficacy of them
are quite often questioned in inflammation. Epidemiological studies have shown that
systemic inflammation caused by risk factors like smoking, unhealthy lifestyle and
diabetes, can cause neuroinflammation in CNS through circumventricular organs,
along with active transport or disruption of the BBB (Calsolaro and Edison, 2016).
Microglial activation has been found to be common at the pre-plaque stage in animal
models of AD (Hanzel et al., 2014). Also detailed studies showed that infusing AB
into the brain could induce amyloid causing chronic systemic inflammation within the
system (Philippens et al., 2017). More-compelling evidence was revealed from a
human post-mortem study, which failed to show the relevant changes in microglia in
asymptomatic individuals having increased amyloid plaque burden at various ages
(Streit et al., 2009), strongly suggesting that both neuroinflammation and AR
deposition together is essential for AD pathogenesis. Genome wide analysis shows
that mutation in glial genes like CD33, TREM2 cause neuroinflammation and could
increase AD occurrence (Hollingworth et al., 2011; Lambert et al., 2013). The
accumulating evidence show that systemic inflammation and consistent ageing in AD
cause priming of microglia which results in quite an exaggerative inflammatory
response when manifested to multiple pathological stimuli (Perry et al., 2014).

The effect of neuroinflammation on the varied phases of AD has been concluded

from imaging studies that showed an inverse relation between microglial activation

47 |Page



and morphological or functional activity of the brain as assessed by volume of
hippocampus and glucose metabolism respectively (Femminella et al., 2016 ; Fan et
al., 2015.). The clinical imaging data braced with preclinical studies, showed that AR
activated microglia produced neurotoxic cytokines like TNF, IL-6, IL-18 and CCL2,
causing subsequent neuronal malfunction and death (Spangenberg and Green,
2017; , Combs et al., 2001 ; Floden et al., 2005; Martin et al.,, 2017). Moreover,
microglia activated due to the complement pathway can engulf synapses, causing an
early synaptic loss and defecting the long-term potentiation (Neniskyte et al., 2011 ).
Also it has been shown that, the knocking out the complement C3 in APP/PS1
hippocampus in mice, resulted in increased AR deposition but levels of IBA1, CD68
immunoreactivity and pro-inflammatory cytokine production was found to be reduced
(Shi et al., 2017).. Maintaining an accordance with imaging analysis, a study
suggested that AB plagues increased local toxicity with disease progression
(Serrano-Pozo et al., 2016). A substantial increase in CD68+ microglial activation but
not amyloid deposition throughout clinical stages of AD was observed, suggesting
that a major mediator of amyloid toxicity could be microglia. These findings have
navigated the further studies about the dynamic changes surrounding
neuroinflammation from the early to late stage of AD.

A meta-analysis of various accumulated evidences from neuroimaging aspects
provided assuring insights about the spatiao-temporal evolution of
neuroinflammation in AD subjects (Hardy and Higgins, 1992). MCI displayed lower
neuroinflammation than AD which corelated to the increased microglial activation
parallel to the AD trajectory. The study also explained the spatial pattern of
neuroinflammation in disease, with an initiation of microglial activation in neocortex

at the early stage accompanied by further spreading of the same throughout the

48 |Page



cerebellum and temporal regions where tau pathology is found to be present majorly
in the late stage of AD (Bradburn et al., 2016).

Three major intervention in the role of microglia played in the AD trajectory profile
are firstly the suppression of microglial pro-inflammatory properties limiting the
detrimental effect of microglia; secondly, modulation of the microglial phenotypic
alteration to encourage the anti-inflammatory properties; and thirdly, ensuring that
the priming of microglia may take place earlier. Though ineffective in several
individuals yet usage of NSAIDs to suppress the inflammation was extremely
common among all the early approaches taken by clinicians towards AD treatment
(Miguel-Alvarez et al., 2015). Also an antibiotic called the minocycline, often used to
inhibit the NO synthase IL-1B converting enzyme, and MMPs are common tool for
suppressing the microglial activation (Elewa et al., 2006). Attempts have also been
made targeting the NF-kB, NLPR3-caspase 1 and p38 MAPK pathways, causing
massive suppression of the pro-inflammatory microglial phenotype (Munoz and
Ammit, 2010; Thawkar et al.,, 2019; Mandrekar-Colucci et al., 2012). However,
compounds helpful in clinical applications are yet being developed which require
further testing and conformations. A preliminary clinical study involving subcutan
eous administration of IFNB-la has displayed a slowing down of the disease
progression in early AD patients (Grimaldi et al., 2014). Also sirtuin -1 which acts
against resveratrol, enabled a reduction in inflammation in CSF activating the caloric
restriction mechanisms. This lowering of markers like MMP-9 and IL-4, displayed a
marked potential towards attenuating the cognitive decline in early AD (Moussa et
al., 2017). According to several clinical trials, dietary discipline has also been
considered for the management of neuroinflammation as research suggested of folic

acid and omega-3 fatty acid supplementation being an inhibitory agent for the
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inflammatory markers within CSF and plasma of patients AD (Chen et al., 2016 ;

Vedin et al., 2008)

4. Role of Cognition and memory in AD

If ever asked to find and name a disease that concerns “memory,” most of the
clinicians and scientists would probably choose AD over all others. Consensus
studies reveal that the primary symptom of AD as assessed clinically gets initiated
with episodic memory loss along with various speech production or semantic
problems. Memory is often defined as a procedure involving the encoding, storage
and information retrieval concerning both external and inner stimuli, along with
representing the information to neuronal system such that the organism may conduct

a suitable reaction to the nascent stimuli.

Rodent brain

Dorsal subiculum
Presubiculum,
parasubiculum
Retrosplenial cortex
Anterior cingulate
Caudal lateral septum

Infralimbic, prelimbic
Megdiial prefrontal cortex | | Ventral subiculum
Amygdala
Bed nucleus of stria terminalis
Rostral lateral septum

W Sensory metor [l Higher-order

Figure 9: Parts of hippocampus influencing the memory as other cognitive abilities (Lisman et al.,
2017)

On the basis of neuroanatomical and neurophysiological states, memory has often

been categorized as short-term or long-term memory. Short-term memory is
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dependent on the frontal and parietal lobe of the brain lasting from few seconds to
minutes (Miller G.A., 1956). On the other hand, long-term memory quite unlimited in
its storage capacities, owes much to the de novo protein synthesis and altered
molecular components of the widely dispersed neuronal networks present within
certain cortical areas which attribute to varied memory types.

Memory can also be categorized into declarative or imperative on the basis of the
brain capacity of an individual to remember the facts and events in daily life.
Declarative memory further can be subdivided into semantic and episodic memory,
where context independent or dependent memory is stored respectively. Semantic
memory which occur at much earlier stages or prior to AD shows the first sign of
impaired language with faltered verbal fluency and naming (Verma et al., 2012).
Hippocampus contributes primarily to the major consolidation of essential information
to establish long-term memory from short-term making the storage of new memories
impossible without it. Clinically neuropsychological testing batteries like the CERAD
examination, the Mini-Mental State examination, and various other test constructs
the clinical dementia rating scale, which asserts different aspects of memory over a
wide range of multiple cognitive domains in comparison to healthy control individuals
(Morris J.C., 1997; Morris et al., 1989). AD patients typically show multiple impaired
cognitive profile coupled with a progressive decay in the working memory.
Interestingly, nowadays memantine and other acetylcholinesterase inhibitors are
prescribed to the patients with mild symptomatic AD enabling them to procure an
increased attention and concentration (Parsons et al., 2013). The attention and
working memory deficiency along with frontal subcortical circuits impairment also
bring an impact on the functional execution in patients. AD subjects failed adequately

in tests like Wisconsin Card Sorting Test, the Stroop test, that required organization,
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problem management, or maintaining cognitive flexibility. Another analysis namely
the Boston Naming test which assessed the potential to identify and name objects
through spontaneous recognition to cue related response, was also verified as a test
for AD (Jahn H., 2013). Other simple tests like the Clock Drawing test and Tralil
Making Test helps in checking the visuospatial and mental processing along with
differential work switching among the AD patients.

Subjective cognitive misfunctioning devoid of any detectable memory deficit are no
more regarded as “normal aging” because this underlying symptom could be a
major risk factor for upcoming dementia in a subject (Jessen et al., 2010). Subjective
cognitive impairment is a mild feeling of an individual of something not being in
order, and may be regarded as a preclinical stage of AD (Jessen et al.,, 2006).
Individuals having subjective memory problem showed similar AD gray matter
pattern, and the degenerative decline in episodic memory was strongly associated
with AD gray matter pattern with subjective memory impairment (Peter et al., 2014).

Another major cognitive functioning occurring in early stages of AD apart from PD is
losing the sense of smell or hyposmia (Peters et al., 2002). This phenomenon can
be linked to the fact that entorhinal cortex is the first location where plaque formation
starts and also the centre for smell processing lies here. A recent study involving the
meta-analysis of multiple studies showed that AD and PD patients are far more
faulty on odor identification and recognition tasks as compared to the odor detection
threshold tasks. AD patients suffered impairment on higher order olfactory work
involving certain cognitive processes (Rahayel et al., 2012). The degenerative neural
network of the entorhinal cortex results in an impairment in the capacity of brain to

store and recover different representations of smell.
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Sporadic AD patients have been observed to show quite high impulse of seizures as
compared to the control patients.1 among 5 sporadic AD candidates displays
minimum single apparent seizure during their condition, treatment being
recommended on a mandatory basis. Since several mutations in the presenilin-1
gene are related with epilepsy, hence the occurrence of epileptic activity is
suspected to be higher in the early-onset AD. Often AD patients display an
oscillation in cognitive tasks such as disoriented episodic features of amnestic
wandering which may primarily be caused due to undesired alteration in the epileptic
activity of neuronal works. A possibility may be there of extreme [-amyloid
deposition inducing the epileptiform activity, which in turn stimulates the
compensatory inhibitory reaction to counteract the hyper excitability leading to an
alteration in synaptic circuit in the temporal cortex (Palop and Mucke, 2009; Palop
and Mucke, 2010). These progressive toxicity of the trans-synaptic network due to
B-amyloid plague burden causing the epileptic activity across entorhinal cortex to
various brain regions may help in explaining the mechanism or feature of cognitive

dysfunctions in AD (Harris et al., 2010).
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4.1 Animal models in AD
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Figure 10 : Various animal models to study the disease pathology in Alzheimer’s Disease (Spanos

and Liddelow, 2020).

To find a therapeutic intervention and also with a sole purpose to mimic the AD
system, animal models are often selected by the scientists and the clinicians,
representing features of human mild cognitive impairment (MCI). Animals cannot
complain about memory loss or how their daily life is difficult owing to dementia.
Hence these models serve two essential purposes: (a) unraveling the underlying
pathogenic mechanisms of a disease and (b) testing the possible new drugs to
determine their therapeutic potential after which clinical trials may be performed.

The ideal features of these animal subjects are primarily minute memory impairment

owing to age along with light underlying neuropathological changes with altered
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cholinergic system and may vary within the species used (DeCarli et al., 2001).
Since AD is majorly characterized by cholinergic neuronal death of the forebrain,
early experimental strategies were planned with animal models obtained the nucleus
basalis destruction of the forebrain using neurotoxins (Pepeu G., 2001 ). However
this resulted in establishing the MCI model of AD rat only. Later extensive studies
showed that animals with lesion in the medial septal of brain exhibited better
behavioral deficits similar to the earliest stages of AD (McDonald and Overmier,
1998). Finally, transgenic mice with excessively expressing B-amyloid (AB) and
presenilin 1, and aged monkeys are often used as models in AD research. The rats
used in modelling the neurodegenerative disease may vary in species essentially like
the Wistar rats, Sprague Dawley rats, Dark Agouti rats etc. Detailed research has
been performed among the age group of all these young to adult group of rats to
check their onset of disease.

The earliest and the most essential symptoms of MCI expressing the cognitive
damage is the phenotypic memory loss (Petersen et al., 2001). To create such a
model, initially anticholinergic agents like scopolamine was introduced into the
animal subjects. But this essentially resulted in an “indiscriminate model” and further
analysis failed utterly (Sarter et al.,1992). Also other pharmacological models of
memory impairment obtained by blocking the NMDA-type receptors (Paoli et
al.,1990) or administration of benzodiazepines (McNamara and Skelton,1992) were
refrained from being entitled as an AD model for the features of MCI other than
memory impairment were lacking here. Recently transgenic mice, overexpressing
various genes like APP, presenilin etc. and having extensive amyloid-B plaque
burden have been engineered which has contributed essentially to the forthcoming

research in AD. Passive avoidance study showed that 9 months old C57BL/6 were
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more responsive to the study and memory loss as compared to the 3 months old
mice (Dean et al.,1981). Similar case was reported when 10 months aged mice
needed a higher number of trials to excel the T-maze task as compared to the 3-
month-old mice. The cognitive impairment obtained by the tests revealed that ageing
and inefficiency became progressively severe at 23 and 31 months of age (Sauer et
al., 1999). Since transgenic mice with AR deposits represent an AD model, it should
also indicate a prodromal phase of the disease having MCI features. Investigation
involving the loss in learning and memory corelated with aging and subsequent AR
plague formation in PDAPP transgenic and control mice of varied ages showed that
object recognition test in transgenic or wild-type mice was independent of its age
(Chen et al., 2000). However, Morris maze test, explained that transgenic mice
showed higher impairment of spatial memory linking a relationship between the AB
plaque burden and memory loss. Also in Transgenic model of Tg2576 mice which
overexpressed human APP695 along with “Swedish” mutation, spatial memory
faltering was observed by Morris water maze from 6 to 11 months age and it
matched with the appearance of A (Westerman et al., 2002). Transgenic mice
overexpressing mutant form of the human APP showed an initial cognitive
impairment, along with AB deposits, and cholinergic misfunctioning enabling it to be
considered as a model of MCI. These have been the therapeutic model using
vaccination, with a vison to reduce AB deposition and retrieving subsequent memory
loss (Janus et al., 2000; Morgan et al., 2000). All these work along with many others
helped in demonstrating the potential role of transgenic mice in testing drugs as AD

animal model.
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5. Neuroprotection

5.1. Neuroprotection targeting signaling pathways

The main concept of neuroprotection in AD revolve around strategies to delay the
onset or slowing down the progression of the same, primarily by trial to reduce the
AB plaque burden (Golde T., 2003 ; Selkoe and Schenk, 2003) or to bring down the
overtly expressed neuroinflammatory reaction in system (Golde T., 2003; McGeer et
al., 2002). Owing to the sufficient evidence indicating amyloid-f8 accumulation to be a
major cause for AD progression (Hardy & Selkoe, 2002), the primary strategies
involving inhibition of the AB generation, along with its clearance has been the
promising steps taken by the scientists (Holtzman et al., 2002). However certain
drawbacks escalate the therapeutic struggle. For instance, with AB burden being
several-fold above than those sufficient to cause maximum neural degeneration,
heavy proportionate reduction in its level by any agent might never be sufficient to
stall the degeneration. Secondly, the normal physiological role like that of anti-
oxidation played by AR (Smith et al., 2002) may be disrupted proving fatal to the
system. Also only AB-based therapies would definitely not be suffice to recover the
damaged but still surviving neurons. Finally, even though massive evidence points
to AB accumulation as a primary player of sporadic AD, several other potential
mechanisms might include important causative factors which may be synergistic
towards disease degeneration (Yankner B.A., 2000 ).

Evidence show that AB binding to multiple neuronal target receptors of neurotrophin
p75, APP, RAGE and BBP-1 with higher affinity (Niikura et al., 2006) finally results
in neuronal demise. Formation of Ca?*-permeable channels or modulation of K*
channels are other receptor independent methods which can be modulated by AR

leading to degeneration of neurons (Tran et al.,, 2002). In these cases, using

57| Page



compounds which inhibit the AB binding procedure are being considered as a potent
neuroprotective agent because they help in stopping the proximal stages of the
detrimental signaling. However these approaches are sometimes limited owing to the
fact that multiple targets of functional disruption might be active with the AP
introduction to a system. The ability of a selected small molecule to be able to apply
neuroprotection by inhibiting such interactions solely depends on the depth of
interaction between AR and its target. So an alternative approach often taken here is
to modulate the primary signaling pathways mediated by Ap.

Interestingly, studies of all AD models including the human, mice and in vitro
systems emphasize on the stimulation of stress-influenced protein kinases, like c-
JNK, MAPK, as critical players in the early onset of AD (Bozyczko-Coyne et al.,
2001). JNK activation in cortical neuron often results in subsequent downstream
activation of caspases followed by expression of several proapoptotic genes such as
bax (Morishima et al., 2001; Fogarty et al., 2003). This has been validated in post
mortem brain of AD patients (Shoji et al., 2000) also showing intraneuronal AB
congregation with tangle inclusions in entorhinal cortex (Pei et al., 2002; Savage et
al., 2002). CEP-1347 is a compound that successfully inhibits stress kinase signaling
resulting in partial blockage of neuronal degeneration (Harris et al., 2002).

Another neuroprotective target occurs with inhibiting GSK-33 which stimulates the
accumulation of phosphorylated tau forming the neurofibrillary tangles causing
disrupted microtubules and subsequent neuronal dysfunction (Trojanowski and Lee,
2002 ; Gozes I., 2002). It has been found that valproate and lithium often inhibit
GSK-3 stabilizing and improving the mood of the subject (Loy and Tariot, 2002).
Evidence that JNK contributes to tau phosphorylation suggests that inhibition of JINK

activation might promote the parallel beneficial effects of inhibiting tau
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phosphorylation along with cell death signaling (Yarza et al., 2016). The large
number of kinases found to be capable of phosphorylating tau, including extracellular
signal-regulated kinase (ERK) and cyclin-dependent kinase 5 (Cdk5), among others
(Mazanetz et al., 2007) introduce a number of potential small molecule targets. The
presence of multiple candidate targets raises the important questions of which
kinases play a critical pathophysiological role in AD, and if more than one is involved,
how many would have to be targeted to prevent pathological tau phosphorylation.
Another neuroprotective approach considered in the aspect of microtubular study is
the introduction of small molecules which could stabilize microtubules along with
preventing the disruption of the cytoskeletal accompanied by toxicity (Michaelis et
al., 2002)

5.2. Neuroprotection via inhibition of caspase activation

Several observations have established the possibility of neurofibrillary tangles (NFT)
associated caspases (Avila J., 2010 ) activated by upstream players like JNK, NF-
KB, contributing widely to the resultant neurodegeneration in AD (Tare et al., 2011;
Roth K.A., 2001 ). In vitro studies have shown that caspase inhibitors have helped in
blocking Ap-induced cell death compromising the metabolism along with reduced
glucose uptake and mitochondrial functioning (Fricker et al., 2013; D'Amelio et al.,
2010). Also finding an association between the senile plaque formation and caspase
activation during early onset of AD led the scientists to suggest that caspase
contributes well to early along with the terminal steps of neuronal apoptosis (Cribbs
et al., 2004 ). Minocycline which is a tetracycline-type antibiotic inhibiting caspases,

is currently undergoing trials in AD (Metz et al., 2017).
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5.3. Neuroprotection via activation of growth factor signaling

In recent past multiple contributions of the growth factors and various ligands and
peptides working in coordination with the receptors have been found to be
neuroprotective against AB toxicity. Neurotrophins like IGF-1(Chen et al., 2019), FGF
(Dordoe et al., 2021 ) and Humanin (Yen et al., 2018 ) regulate several extensive
network of signaling which along with their receptors while undergoing degradation
or malfunctioning contribute to the basic cause of neurodegenerative diseases.
Neurotrophins like NGF and BDNF help in synaptic stabilization and functioning
(Miranda et al., 2019; Latina et al., 2017). Neurotrophin signaling relates directly to
the anomaly in core signaling, causing neuronal degeneration in AD. Neurotrophins
like NGF and BDNF bind to TrkA and TrkB receptor expressed in hippocampal
pyramidal neurons and layer V cortical neurons respectively (Pradhan et al., 2019),
resulting in  fundamental pathways, including PI3K/Akt kinase, MAPK and
phospholipase C signaling (Matsumoto and Shimizu, 2013 ; Licznerski and Jonas,
2018). On activation, PI3K/Akt pathway downregulates two important players of
JNK activation SEK1 and ASK1, which results in JINK suppression, finally inhibiting
pro-apoptotic genes of Bcl-2 group. This as a result, activates CREB and I-kB
kinase/NF-kB signaling which helps in neuronal survival and protection of the same
against AB toxicity (Snow and Albensi, 2016; Ortega-Martinez S., 2015). NGF-
induced MAP kinase activation prevents formation of multiple reaction oxygen
species ROS (McCubrey et al.,, 2006). Multiple neurotrophins like “pro-NGF,” a
precursor form of NGF, bind to p75NTR regulating the cell death and trophic status
(De Nadai et al., 2016). The major pathways which are activated during the ligand-
induced activation of p75NTR preventing neuronal death, are either PI3K/Akt

pathway and/or NF-kB activation (Massa et al., 2006). Studies have shown that NGF
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along with AR up-regulates p75NTR expression in cultured E18 rat hippocampal
neurons causing neurotoxicity (Culmsee et al., 2002). An early pathological event
occurring in AD is most commonly the degeneration of the cholinergic neurons
present in the basal forebrain along with other brain areas like the hippocampus,
cortex and limbic region (Teipel et al., 2020 ). Strategies revolving around using
acetylcholinesterase inhibitors (ACIs) and cholinergic agonists have often remained
in focus to improve the cognitive and behavioral symptoms in AD. Recent clinical
observations, complemented with apparent insight into reciprocal interactions
between AP generation and cholinergic neuronal functioning, imply that therapies
depending on the cholinergic neurons might help in neuroprotection (Hampel et al.,
2018; Maurer and Williams, 2017) . Current trials of ACls are being performed on
patients with mild cognitive impairment (MCI) which would help in determining their
effort in delaying the disease progression. Several potential mechanisms which
might take place with application of ACIs or cholinergic agonists have been found
which by all means helps in reducing the disease progression (Colovi¢ et al., 2013).
M1 muscarinic acetylcholine receptors otherwise known as mAChR are mainly found
post-synaptically within the terminals of the cortical cholinergic neurons. This
receptor activates protein kinase C (PKC) signaling, which results in increasing APP
processing finally down-regulating AR production (Kim et al.,, 2011; Talman et al.,
2016). Besides reducing tau phosphorylation (Du et al., 2018), this signaling also
confers neuroprotection by releasing neurotrophin (Hongpaisan et al., 2011). Since
clinical trials by using M1 agonist have shown a significant reduction in AB levels in
CSF of AD patients (Hong-Qi et al., 2012), hence they have been included among
the primary methods for the development of therapeutics with sufficient potency and

receptor selectivity.
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5.4. Oxidative stress and antioxidant neuroprotective strategies

An extensive search still continues about the massive role played by oxidative
stress causing imbalance between the procurance and detoxification of products
formed due to oxidative reaction (Pizzino et al., 2017). While limited accumulation of
oxidation products is known in normal brain, yet with aging and progression of AD
their levels increase substantially (Liguori et al., 2018). Enhanced levels of hydrogen
peroxide and ROS like hydroxyl free radical and superoxide results in formation of
lipid peroxides, advanced glycosylation end products (AGEs), and other oxidized
proteins. All these cause anomaly in glutamate transport regulation leading to loss of
critical enzyme functions, resulting in accumulation of toxic extracellular glutamate
and loss of ion-transporting ATPases. These agents of neuroinflammation not only
brings about disrupted calcium homeostasis but also provokes impaired
mitochondrial function (de Oliveira et al., 2021). Neuroinflammation often causes
oxidative stress which subsequently activates JNK caspases and other stress
molecules (Mittal et al., 2014). However adding vitamin E to neuronal in vitro system
attenuates protein oxidation, and JNK and p38 MAPK activation followed by the
reduction in AR toxicity (Gu et al., 2018). Studies using AD transgenic mice like
Tg2576 revealed an enhanced peroxidation occurring much before the presence of
detectable accumulated AR and amyloid plaque formation (Boonruamkaew et al.,
2017). Also, administration of well-known antioxidant curcumin to these subjects
improved oxidative stress and amyloid pathology (Askarizadeh et al., 2020).
Clioquinol (CQ), containing Cu/Zn-chelating properties, as shown in Tg2576
transgenic mice, is also considered a potent agent for obstructing the AP

accumulation causing decreased ROS production and improved cognitive score
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(Grossi et al., 2009). Clinical trials are also being conducted though the results are
yet to be published.

5.5. Modulation of NMDA receptor function

Persistent depolarization caused due to the oxidative stress by AB accumulation
leads to NMDA receptor activation deleteriously increasing the intracellular Ca?*
concentration (Danysz and Parsons, 2012). Reports have suggested that increased
sensitivity to glutamate-induced excitotoxicity are visible in early stages of AD
pathophysiology where glutamate uptake gets reduced in synaptosomes and glia
(Sheldon and Robinson, 2007). These effects like increased glutamate release but
lowered uptake, followed by neuronal vulnerability, along with derogatory feedback
loop of excessive glutamate, causing enhanced depolarization indicates the role of
AB in neuroinflammation followed by excitotoxicity in AD (Harris et al., 1995). This
led the scientists to suggest that modulating the glutamate receptors could be a
potential neuroprotective strategy in AD. Memantine is an NMDA channel antagonist
which blocks channel opening and neuronal death caused owing to the enhanced
exposure to glutamate (Liu et al., 2019). Treatment of the same in AB infused rats
has shown an improvement in neuronal decay raising the possibility that memantine
could be protective against AB-induced degeneration (Martinez-Coria et al., 2010).
Recently a clinical trial among AD and the control patients have also shown that after
26 weeks of memantine administration, an overall improvement in the daily living
among the AD patients were evident (Reisberg et al., 2003 ).

Owing to various potential limitations of exclusive Ap-based therapies,
neuroprotection via targeting multiple events occurring widely during the process,
has been an essential parallel strategy against degenerative diseases like AD. Given

the multiple layers of potential integration and the synaptic reinforcement conferred
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by the nature of these processes, indispensability of the phenomenon assuring the
clinical achievement owing to the modulation of the same could help in improving the
onset or progression of the Alzheimer’s Disease.

5.6 Therapeutic approach in AD

Neurodegenerative diseases like AD require therapy not only for cure but also
holistic management. AD being a multifactorial disease has directed a shift in the
drug designing paradigms from single target approach (primarily amyloid-centric) to
drug development targeting multiple aspects. In modern world with greater
awareness and concern, preventive strategies at early onset of disease are
prioritized from treating AD at later stages with advanced progression.

The primary concern of AD is often the accumulation of AR across the hippocampus
and cortical regions (Morris J.C., 2005), caused primarily due to APP cleavage by [3-
secretase and y-secretase complex. So, modulating these enzymes to minimize A
production has been a major focus for AD therapies. The development of -site APP
cleaving enzyme 1 (BACEL) inhibitors has shown promising efficacy at AB reduction
in animal models (May et al., 2015; May et al., 2011), clinical trial however being
quite unsuccessful beyond phase Il/lll. Non-steroidal anti-inflammatory drugs or
NSAIDs like R-flurbiprofen were the first among the y-secretase modulators which
showed a shift in AR production from the aggregable form (AB42) to a more soluble
form (ABss) (Weggen et al., 2001) in vitro and in vivo models , but in Phase Il trial of
mild AD subjects, they seemed to be a failure (Green et al., 2009).

Scientists across the globe have used several other non-selective y-secretase
inhibitors like Semagacestat, Gleevec, Avagacestat and Notch-sparing y-secretase
inhibitor pinitol (NIC5-15)(Lanz et al., 2010 ; Albright et al., 2013), which have been

well appreciated in several animal and primary culture models. But unfortunately
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they found an end to their fate over stage 2 clinical trials. Another method of drug
targeting could be by accelerating the AR clearance. Crenezumab, Gantenerumab,
and Aducanumab targeted both soluble and aggregated A species (both oligomeric
and fibrillar AB), are currently in Phase Il trials in patients with prodromal, mild, and
early AD, respectively (Sevigny et al., 2016).

Tau when hyperphosphorylated contributes to AD pathogenesis (Buée et al., 2000,
Drechsel et al., 1992). Currently multiple Tau stabilizing and aggregation inhibitors
are being developed and undergoing phase trials but the success seems quite far
ahead till now (Bakota and Brandt, 2016). Inhibiting the action of GSK3 and CDK5
like kinases which cause hyper-phosphorylation of tau are also targeted to check the
aggregation but not much advancement has been yet seen in the trials (Pei et al.,
2008). Other approaches towards formation of a therapeutic model regarding the
Tau based AD has been by limiting the tau acetylation in K280/K281 (Trzeciakiewicz
et al., 2017) or by using the protein deacetylase SIRT1 (Min et al., 2018) to reduce
the same. Immunotherapy has been studied worldwide contributing globally to
prevent several diseases known. Several of such studies done by the clinicians have
involved the use of vaccines like AADvacl and ACI-35 in creating a phase such that
active immunization may be checked against phospho-tau peptides which has
proved to alter the tau pathology showing positive results in tauopathy or in AD
mouse model and patients (Chukwu et al., 2018 ; Rajamohamedsait et al., 2017).
Malfunctioning of the synaptic machinery caused due to aging, toxic product
accumulation resulting into neuroinflammation is extremely common in AD. Hence in
addition to the extensive efforts given towards clinical trials involving amyloid and
tau protein, several other strategies to ensure neuroprotection has also been under

the scrutiny recently. Even though in AD therapeutics neurotrophins and several
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other receptors have been a target for trials since long time (Malcangio and
Lessmann, 2003 ; Sah et al., 2003), yet their inability to cross BBB and restrained
ability to diffuse within the brain tissue has given rise to the need of exploring other
methods like the gene transfer technology (Pardridge W.M., 2002). The pivotal
strategy of therapies involving gene transfer mainly include developing small
molecules which can inhibit the p75 and Tropomyosin Receptor Kinase A (TrkA)
(Longo and Massa, 2013; Massa et al., 2006).

Wide number of studies complemented by extensive genetic study and network
analysis has directed towards neuroinflammation which is a major event involving
the glial activation occurring in degenerative diseases is neuroinflammation (Prokop
et al., 2013; Zhang et al., 2013). Multiple strategies including reduction in cytokine
production manipulating their respective genes such that their binding to the
receptors may also be prevented, has often been designed with the help of
molecules like minocycline (Garwood et al., 2010 ; Parachikova et al., 2010). In AD
models, passive immunization by the usage of anti-Af antibody (Wang et al., 2011),
or anti-ApoE antibody (Kim et al., 2012) have also shown an increase in microglia
recruitment near the plaque burden in the system. Also CX3CR1 receptor has
contributed in forming the microglial barrier bear amyloid plaques (Condello et al.,
2015). All these have contributed in reducing plaque load to further regulate
neuroinflammation in the disease (Lee et al., 2010 ; Liu et al., 2010).

Many a times improving the declining cognitive symptoms has been attempted by
using drug like memantine which inhibits the overtly excited NMDA receptors
preventing the glutamate release, causing a reduction in neurotoxicity (Johnson and
Kotermanski, 2010). Also Acetyl cholinesterase inhibitors namely Namzaric have

also known to decrease the acetylcholine degeneration which are produced by the
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cholinergic neurons, resulting in an excessive synaptic transmission bringing a major
alteration in the synaptic signaling functioning (Buckley and Salpeter, 2015).
Therapies involving the synaptic function modulators like protein kinase C (PKC-¢)
activators, inhibitors of Fyn kinase and phosphodiesterase (PDE) inhibitors have
been common recently. Bryostatin has been found to reduce PKC-¢ activity
improving impaired synaptic and cognitive functioning in AD models (Hongpaisan et
al., 2011). Moreover, Fyn kinase has often been corelated to synaptic functioning by
regulating trafficking of the NMDA glutamate receptor subunits NR2A and NR2B
(Prybylowski et al., 2005) and AD pathogenesis. Transgenic mice developed with
Fyn deficiency showed blunt long-term potentiation (LTP) and damaged contextual
fear memory functioning (Nakazawa et al., 2001). A preclinical study suggested that
saracatinib (AZD0530), which is a Src family kinase inhibitor, having substantial
potency for Fyn and Src kinase, prevented synaptic dysfunction along with impaired
spatial memory AD transgenic mice (Kaufman et al., 2015).

With advancement in AD research, the deep knowledge of underlying mechanism of
AD pathogenesis will guide the drug development effort for the cause in future. Since
a couple of decades, it has been seen that amyloid is definitely not the sole agent to
be targeted for therapeutic purpose. Combination therapy is also essential in
neurodegenerative disease like AD. Biomarkers have been established increasingly
to diagnose the preclinical AD (Bateman et al., 2012). Recent failures of multiple AD
clinical trials have indicate that after AD progressing to a certain level,
neurodegeneration takes an irreversible path and the aberrant neuronal network
fails to be repaired by reduction of amyloid burden or oxidative stress only. Currently
efforts are being made to prevent AD at an early onset (Hsu and Marshall., 2017;

Panza et al., 2014).
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OBJECTIVE




Alzheimer’s Disease is arguably one of the most fearsome neurodegenerative
diseases affecting people all over the world. Not only the main hallmark of the
disease pathology concerns around the inevitable neuronal degeneration but also
glial activation is another key symphony which synchronizes the whole disease
physiology. Astrocytes are known to modulate various chemical transmissions
causing interaction with the neurons , along with formation of various tripartite
synapses in the process affecting global synaptic plasticity. The ability of glial cells to
respond actively to AB has been well established since long, however its beneficial

and detrimental role has been a topic of debate ever since.

Astrocytes are known to perform a number of functions like restricting glutamic
uptake, synaptogenesis, release of various neurotransmitters and antioxidants.
Several recent investigations have disclosed the fact that a wide intercellular
communication between astroglia and neurons contribute to the homeostatic
maintenance of the milieu. Also, various proteins and chemokines travel across
these cells resulting in various pro- and anti-inflammatory signaling process. Reports
also suggest that an initial protective role is played by astrocytes towards neuronal
rescue from death upon AR exposure with the help of several secretary agents.
Searching for a wide perspective in role of astrocyte being neuroprotective in AD and
to assess the specific role of certain cytokines secreted from the same in restoring

homeostasis even in presence of A, the major objectives of our work include :

Chapter 1:

v’ Identifying certain signaling pathways involved in astrocyte activation
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v Profiling of cytokines and identification of neuroprotective secretary proteins in
primary astrocytes upon A treatment

v Neuroprotection offered by Astrocyte Conditioned Medium while in exposure to
AB

v' Translational and secretary status of sICAM-1 and its role played in

neuroprotection in in vitro.

Chapter 2:

v Investigating the importance of ICAM-1 in improving cellular health and AB
plaque load reduction in AB infused models of AD.
v Unraveling the role of ICAM-1 in improving cognitive functioning in cortical and

hippocampus infused AR rat model.

Chapter 3:

v" To determine the role of ICAM-1 in reducing AB plaque load and cell death in
5xXFAD transgenic AD model.

v' To recognize the role of ICAM-1 in improving cognitive and memory
functioning in 5xFAD mice.

v' Deciphering the underlying mechanism involved in neuronal protection
rendered by ICAM-1 both in vitro and in vivo.

v To determine the effect of NF-kB inhibition on cognition and memory in

5xFAD mice.
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2. Materials and methods

Cell culture medium Dulbecco’s modified Eagle’s medium (DMEM), DMEM-F12,
Foetal Bovine Serum (FBS), Penicillin-Streptomycin, Neurobasal medium (GIBCO)
which was supplemented with B27 purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Essentials for neuronal culture, like Poly-D-lysine, apo-
transferrin, insulin, progesterone, putrescine, selenium were purchased from Sigma-
Aldrich (St.Louis, MO,USA). Hoechst stain was provided by Invitrogen. ABi-42 was
purchased from American Peptide (Sunnyvale, CA, USA) and Alexotech (Umea,
Vasterbotten County, Sweden). DMSO, paraformaldehyde (PFA), 1,1,1,3,3,3
hexafluoro-2-propanol (HFIP), GFAP & Actin antibodies and NF-kB inhibitor PDTC
were supplied by Sigma-Aldric (St.Louis, MO, USA). Rat recombinant ICAM-1 were
purchased from Novus Biologicals (CO, USA). MAP2 and neprilysin antibodies were
supplied by SantaCruz Biotechnology (Santa Cruz, CA, USA). NF-kB, Bcl-2, Bcl-xL
and PARP antibodies were purchased from Cell Signaling Technology (Danvers,
MA, USA). Bim and ABi-42 antibodies were purchased from Abcam (Cambridge,
UK). ECL reagent and polyvinylidenedifluoride (PVDF) membrane were purchased
from GE Healthcare (Buckinghamshire, UK). Sodium dodecyl sulphate (SDS) was
purchased from Merck (Darmstadt, Germany). Trypsin and Bovine Serum Albumin
(BSA) were purchased from Sisco Research Laboratories Pvt. Ltd (Mumbai, India).

All other fine chemicals were procured from standard local suppliers

2.1. Primary astrocyte culture
Primary astrocytes were cultured following the protocol that has been described
earlier (Garwood et al., 2011; Saha & Biswas, 2015). Briefly, whole brain from 0-1

day aged Sprague Dawley rat pups were extracted followed by removing the
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meninges carefully. Cortical area of the brain was subjected to trypsinization at 37°C
for 30 min after which a careful trituration of the trypsinized brain tissue was
performed in DMEM+10%FBS. It was then passed through fine nylon mesh to avoid
tissue clumps and the single cell suspension was plated on a poly-D-lysine (PDL)
(0.1mg/ml) coated plate allowing it to be in plate for 2-3 min such that the
preferential sticking of neurons may occur. Next the astrocyte enriched cell
suspension was harvested by centrifugation for 5 min at 1200 rpm. Resuspension of
the cells was done in fresh medium and seeded at a density of 1.3 million/35 mm or
0.45 million/well of a 24-well PDL coated plates. Cells were maintained for 14 days
at 37°C in 5% CO2 incubator for maturation with occasional change to medium until

the treatment which was given on 13DIV.

2.2. Primary neuron culture

Primary neuron culture was followed from the method described earlier (Park et
al.,1998). Briefly, neocortical tissues from E18 rodent embryos were dissected and
triturated aseptically with Pasteur pipette. Triturated cell suspension was centrifuged
for 5 min at 1200 rpm and the harvested cells were resuspended in fresh complete
neuronal medium. The cells were plated at a seeding density of 1 million/well of 24
well and 3 million/35mm PDL coated plates and maintained in DMEM/F12 medium
supplemented with insulin (25ug/ml), glucose (6mg/ml), apo-transferrin (100ug/ml),
progesterone (20nM), putrescine (60uM) and selenium (30nM), 1% pen-strep. The
cells were provided with neurobasal medium supplemented with B-27 for 4 days

before the treatment. The neurons were treated with oligomeric AB1-42 on 5 DIV
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2.3 Astrocyte-neuron coculture
Astrocyte-neuron coculture was done by transferring astrocyte conditioned medium
(ACM) from multiple treated conditions to primary cultured neurons (Nagai et al.,

2007).

2.4. Preparation of ABi-42 oligomers

100% HFIP was used as a solvent to reconstitute the lyophilized AB1-42 peptide to a
final concentration of 1mM. This was followed by a vacuum centrifugation in a speed
vac (Eppendorf, Hamburg, Germany). The ABi-42 pellet was resuspended in DMSO
to obtain a 5mM solution after which sonication was done for 10min at 37°C. It was
then diluted in sterile phosphate-buffered saline (PBS: NaCl-137mmole/L, KCL-
2.7mmole/L, NazHPO4-10mmole/L, KH2POs-2mmole/L, pH7.2) and SDS (0.2%) to a
concentration of 400uM. This solution was incubated for 6h-18 h at 37°C and a final
concentration of 100 uM was achieved by adding PBS to it followed by incubation for
18-24h at 37 °C prior to treatment. SDS—polyacrylamide gel electrophoresis (SDS-
PAGE) followed by Sypro Ruby stain was done to confirm the oligomeric

conformation of AB1-42which was described before (Saha & Biswas, 2015).

2.5. Treatments on cells

Mature astrocyte was maintained in DMEM-FBS for 13 days and treated with sera
free DMEM/F-12 overnight. To remove the previous FBS including cytokine and
growth factors multiple washes was given before the treatment with same
medium.14DIV mature astrocytes were treated with41.5uM APi-42 at various time
points. Matured cultures were treated with ICAM-1 neutralizing antibody (Novus

Biochemicals, USA) at 4ug/ml concentration. Cortical neurons were treated with
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1.5uM A for 24h, both in presence and absence of rat recombinant ICAM-1 protein
(rrICAM-1)(R&D systems, USA) at 50 ng/ml for 24h. Neurons were further treated

with astrocyte conditioned medium (ACM) as indicated in the result sections.

2.6. Cytokine array

SICAM-1 level within the ACM was analyzed by cytokine array kit (R&D systems)
maintaining the manufacturer's instructions. In short, array membranes were
incubated for 1h at RT in blocking buffer provided. After mixing with reconstituted
detection antibody cocktails, samples were then incubated on the membranes
overnight at 4°C on platform shaker. All of the following steps were performed at RT,
and all wash procedures involved three washes with 1x wash buffer for 10 min. After
incubation with detection antibody, membranes were washed and incubated with
streptavidin-conjugated horseradish peroxidase (1:2000) for 30min. Unbound
reagents were removed by washing and the membranes were incubated in
chemiluminescent detection reagents for 1 min. The chemiluminescent signal on
each membrane was captured in UVP Bio-Imager 600, system equipped with Vision
Works Life Science software (UVP) V6.80. The intensity (pixel density) of each spot
on membrane was quantified using NIH-Image J software (National Institutes of

Health, Bethesda, MD, USA) and normalized to the membrane's positive control.

2.7. Cell viability assay

Trypan blue was used as the counting method. After being washed with PBS twice,
the cells, with or without treatment, were collected and centrifuged at 1900xg for 5
min and resuspended in PBS. 10 pl of cell suspension was mixed with equal volume

of 0.4% Trypan blue solution and the mix was checked in hemocytometer under light

75| Page



microscope. The live cells which did not take up the dye were counted and the
percentage (%) of live cells in the experimental samples was obtained as compared

to the control cell number.

2.8. ELISA

Quantitative Sandwich Enzyme Linked Immunosorbent Assay (ELISA) was
performed to quantify the amount of SICAM-1 secreted from AB1-42 treated astrocyte
in ACM using a kit (R&D systems, Minneapolis, USA). As per manufacturers
protocol, collected ACM from treated and control astrocytes were centrifuged at
900xg for 5 minutes to remove the debris and they were added to the microplate
which was precoated with rat SCAM-1 specific antibody. Several washing was done
by the buffer provided in the kit to remove the excess unattached substances, after
which the enzyme-linked polyclonal antibody specific for rat SICAM-1 was added.
This was followed by washing to ensure the removal of excess free antibody-enzyme
complex. In the next step the substrate solution was added to the wells and kept in
the dark. This incubation was followed by the addition of stop solution that turns the
blue solution into yellow. The colour intensity was measured spectrophotometrically
at 450 nm, and the amount of SICAM-1 in the medium was determined from standard

curve.

2.9. Western blot

Western blotting was done with lysed cells. After treatment, PBS was used to wash
the cells thoroughly, further collecting them post centrifugation at 900g at 4°C for
5min. Protein was extracted by Lysis buffer (10 mM Tris pH 7.4, 150 mM NaCl, 1%

Triton X-100, 0.5% NP-40, 1mM EDTA, 1mM EGTA, 20mM NaF, 0.2mM
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Orthovanadate, Protease Inhibitors) after centrifugation at 14000g for 15min and
guantification was done by Bradford method.

Regarding preparation of the brain samples, RIPA also known as the
radioimmunoprecipitation assay buffer (50 mM Tris- HCI, 1 mM EDTA, 150 mM
NacCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, protease inhibitor) was used to
extract protein from brain following the similar protocol as mentioned above. 40ug
protein was loaded in SDS—-PAGE gel and after separation they were transferred
onto PVDF membrane. Probing was done with the desired primary antibodies
overnight at 4°C, after the membrane being blocked with 5% BSA for 1h at RT. The
primary antibodies used are as follows: GFAP (1:2000, Sigma-Aldrich), ICAM-1
(2:500,Novus), Actin (1:20000, Sigma-Aldrich), NF-kB (1:1000), Bim (1:1000), Bcl-2
(1:1000), Bcl-xL (1:12000), PARP (1:1000), for overnight at 4°C. Next, HRP-
conjugated secondary antibodies were used with respect to the corresponding
primary antibody. Repeated washing was done by the Tris Buffer Saline-T (TBST)
buffer after which detection was done by Amersham ECL detection reagent. The
protein band was detected with UVP Biolmager 600, system equipped with Vision
Works Life Science software (UVP) V6.80. The intensity (pixel density) of each band
on membrane was quantified using NIH-Image J software, and corrected for

background intensity and normalized to the loading control band intensity.

2.10. Immunocytochemistry

Immunocytochemistry was performed following the methods described previously
(Biswas et al., 2005). 4% Paraformaldehyde (PFA) was used to fix the primary
neurons for 10 min at RT following which a couple of thorough PBS washes was

done for removing the excess PFA. To ensure proper permeabilization and blocking
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of the cells, samples were incubated in 3% goat serum, 0.3% Triton X-100 in PBS for
almost about 1hr. After this the cells were incubated with MAP2 (1:50) antibodies
overnight at 4°C and species specific secondary antibodies Alexafluor 546 was used
for 45min at RT. Nucleus was stained by Hoechst 33342 solution (Molecular Probes,
Invitrogen, MA, USA), concentration being used 1ug/ml in PBS solution for 30min at
RT. Images were captured in LeicaCTR4000 Fluorescence Microscope (Wetzlar,

Germany) at 20x or higher magnification.

2.11. Sholl Analysis

The dendritic arborization of the primary neurons post treatment was measured by
Sholl analysis with NIH-ImageJ software (Sholl D.A., 1953; Cuesto et al., 2011,
Sanphui and Biswas, 2013). Control and treated primary cortical neurons were
immuno-stained with MAP2 antibody and images were taken at low magnification.
With Image J, magnification of selected images were done followed by tracing the
processes. Several concentric circles were drawn from the cell body with increase in
radius by 10um. A 2-D analysis was done where the number of intersecting points
was calculated at each concentric circle. Data have been represented as the mean *

S.E.M. of five neurons from three independent experiments.

2.12. Animal housing and care

Equal population of adult male and female Sprague Dawley rats weighing on
average between 270-330 g and 5xFAD transgenic mice (purchased from Jackson
Laboratory), both male and female with an average body weight between 25 g and
30 g were kept in maximum three per cage in a room providing food and water to ad-

libitum and temperature being controlled around 25°C and humidity 65%. A 12h light-
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dark cycle was ensured in the animal house of CSIR-Indian Institute of Chemical
Biology, Kolkata. Those littermates which are non-transgenic in nature were marked
as “WT” and housed similarly as 5xFAD mice. All studies were conducted in
accordance with the guidelines formulated by the Committee for the Purpose of
Control and Supervision of Experiments on Animals (Animal Welfare Divisions,
Ministry of Environments and Forests, Govt. of India) with approval from the

Institutional Animal Ethics Committee (IAEC).

2.13. Brain stereotaxic surgery

Before performing the surgery, Sprague-Dawley rats (300-380g) were anesthetized
with 50mg/kg sodium thiopentone (Thiosol, Neon laboratories, Mumbai, India)
intraperitoneally (I.P.) in 0.9% normal saline (Paidi et al., 2015). The animals were
then kept on the stereotaxic frame (Stoelting, MO, USA) and infusion was done with
Hamilton syringe positioned on the frame after placing of the incision bar precisely at
the Bregma point. To manage the post-operative trauma, homeothermic blanket was
applied to maintain the body temperature at 37°C (Harvard apparatus, U.K.). The
infusion in the brain cortex and hippocampus was performed bilaterally with
oligomeric ABi42 at an amount of 2.25 pg in 5 pl in each hemisphere. Cortical
infusion was done with the bregma co-ordinates being AP:4.1, L:2.5, DV:1.3mm on
both sides of brain. For hippocampus at CALl region, the stereotaxic co-ordinates
from bregma were : AP: 3.6, L: 2.1, DV: 2.8 mm, according to the rat brain atlas. The
flow rate of the working syringe pump was 0.5 pl/min (BAS, West Lafayette, USA)
and diffusion of AB was allowed for an excess 5 min post- delivery. PBS was infused
bilaterally in the control animals in similar way. Furthermore, among them a cohort of

rats, PBS and A infused were treated with rrICAM-1 at 0.25ug/kg b.w. and 0.5ug/kg
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b.w after 11 days (5 doses alternately on each day) until sacrifice after 21 days. The
brain tissues of the respective animals were taken and processed for protein
preparation. To perform immunohistochemistry studies, the brains were collected
after cardiac perfusion, and fixed in 4% PFA for 24h. They were then incubated in a
30% sucrose solution for another 24h before proceeding for cryo-sectioning. 20pum

sections of the brain were taken in cryotome (Thermo, West Palm Beach, FL, USA).

2.14. Congo Red Staining

21 days post infusion (DPI), the control and the treated animals were subjected to
anesthesia with Urethane (1g/kg b.w.) followed by transcardial perfusion with 50 mL
of cold 100 mM potassium phosphate buffer at pH 7.4 followed by 50 mL of 4% (w/v)
PFA. The brains were dissected out and kept in 4% PFA overnight for fixation after
which they were kept in 30% (w/v) sucrose, at 4°C for cryoprotection. 20um thick
hippocampal sections were cut using cryotome (Thermo Shandon, Pittsburgh, PA,
USA), and collected on gelatin-coated slides for histological staining. Congo red
staining was performed with Accustain® amyloid stain-Congo red kit (Sigma-Aldrich).
Initially sections were stained with haematoxylin dye for 60-90 seconds, followed by
a rinsing process of slides in slow running tap water. Then the sections were covered
with alkaline NaCl solution for 20 min after which the Congo red stain was applied for
20 min. Finally sections were washed with absolute ethanol thrice, followed by
xylene and individual sections were mounted on coverslips with Dibutylphthalate

Polysterene Xylene (DPX).
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2.15. Immunohistochemistry

21 days post AB infusion, animals were anesthetized with urethane and perfused
with 4% (w/v) PFA. The brain was dissected out and fixed in 4% PFA overnight at
4°C. This was followed by immersion of the same in 30% (w/v) sucrose solution in
PBS at 4°C. 20 um thick sections were obtained using cryotome (Thermo Shandon,
Pittsburgh, PA, USA), and collected on gelatin-coated slides. The process of
immunofluorescence involved three rounds of initial washing with PBS after which
permeabilization was done with PBS + 0.4%Triton-X for 40 min. Then repeated
washing of the sections with PBS + 0.1% Triton-X was done for 5 min each. After
that, the samples were blocked using 4% BSA in 0.1% PBST for 1 h. Primary
antibodies used include ABi-42 (1:100), ICAM-1 (1:100), GFAP (1:50), Neprilysin
(2:50), NF-kB(1:100). The sections were subjected to primary antibody solution
diluted in blocking solution, for 48h at 4°C. The sections were washed with PBST
(0.1%) thrice to remove the excess unbound antibody. The secondary antibodies,
Alexafluor-tagged were used to incubate the sections at RT for further 2hr. Finally
Hoechst 33342 was used to stain the nuclei for 30min at 37°C, followed by three
times rinsing with PBS and mounting them with Prolong Gold Antifade with DAPI
(Thermo Fisher Scientific, Waltham, MA, USA) for further microscopic analysis. 5x
and 20x magnification images were captured through Leica CTR4000 Fluorescence
Microscope (Wetzlar, Germany). Leica DMI6000 B inverted microscope equipped
with Plan Apo100x/1.40 oil objective (Leica TCS SP8 confocal system) was used for
40x magnification images. APi-42 labeled plagues were analyzed quantitatively by
calculating a percentage of plaque area or number of plagues by NIH-ImageJ
software. The corrected total cell fluorescence (CTCF) was calculated by including

integrated density of staining, area of the cell, and the background fluorescence of
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different experimental conditions by ImageJ software. CTCF = Integrated
density—(area of selected cell x mean fluorescence of background value).

For DAB (Diamino benzidine) staining, tissue sections were subjected to quenching
by the quenching buffer (methanol and H202), followed by washing with phosphate
buffer saline. Then the tissues were blocked with 4% BSA, followed by an overnight
incubation of the same in primary antibody at 4°C. Next day, the tissues were
washed and incubated with HRP-conjugated secondary antibodies against the
primary antibodies for 1.30 h. Counter staining was done with 0.1% cresyl violet
followed by washing process of the tissue. After drying the tissue overnight, it was
dehydrated in gradients of ethanol and finally mounted with DPX. The images were

taken in light microscope (Leica DM2500, Wetzler, Germany)

2.16. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining

Apoptotic cell death in the PFA perfused brain sections were evaluated with terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining
using a TMR red in situ cell death detection kit (Roche, Indianapolis, IN) and
Clonetech Apo Alert DNA Fragmentation kit (Takara, Kusatsu, Shiga, Japan)
according to the manufacturer’s protocol. Firstly, washing of the sections were done
with Phosphate Buffer Saline after which the sections were subjected to digestion by
Proteinase K solution (20 pg/ml) for around 20 min. 4% PFA was given on them to
bring about stoppage to the reaction. The tissues were rewashed in PBS and
equilibrated in buffer at RT for 10 min. The experimental samples were then
incubated in the nucleotide mix and Tdt enzyme solution in equilibration buffer for 1h

at 37°C in absence of light. 2x SSC buffer was used to bring halt to the tailing
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reaction at RT for 15 min and PBS washing was done to the samples. Following this,
nuclei were stained with Hoechst 33342 for 30 min at 37°C and finally washed twice
with PBS before mounting with Prolong Gold Antifade with DAPI for microscopy
analysis. TUNEL images were captured through Leica CTR4000 Fluorescence
Microscope. The percentage of apoptotic cells were calculated by dividing the
number of TUNEL-positive cells with the total number of cells (Hoechst stained
nuclei) multiplied by 100. Negative controls were evaluated by using all reagents

except terminal transferase.

2.17. Behavioral Studies in AD model

To evaluate the cognitive deficits and their recovery with ICAM-1, AB-infused rats
and 5xFAD mice from various groups (Table 1, Table 2 ) were assessed sequentially
by open-field or locomotion test, novel object recognition test, elevated plus maze
test, passive avoidance test and fear conditioning tests as per the schedule indicated

below:

Infused Rat model

DAY 0 DAY 11 DAY 15-24

Bilateral injection I.P. injection of rrICAM- IHC

of AR inrat Recovery | 1 gyery alternate day | Recoven, Beﬁggi?ni:;es?:gies Sacrifice Waestern Blotting
Congo Red Staining

hippocampus until sacrifice

DAY 0 DAY 12-21
|.P. injection of rrICAM- IHC

Cognitive and sacrifice ;
1 every alternate day | Recovery . . Western Blotting
until sacrifice Behavioral Studies Congo Red Staining

5x FAD mice
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Table 1A: Total number of rats involved in cognitive experiments

PBS ICAM-1 AB AB+ICAM- AB+ICAM-
1(0.25 ug) 1(0.5 pg)
4

! ! : :
Elevated plus 6 4 6 6 6
maze(Cognition)
Novel object 4 4 6 6 4
recognition
6
6

Avoidance
Contextual Fear
conditioning

Table 1B: Total number of mice involved in cognitive experiments

WT ICAM-1 5xFAD 5XFAD+ICAM- 5xFAD+ICAM-
1(0.5 ug) 1(1 po)
8
8

Open Field Test 6 8 8 6

Elevated plus 6 10 8 10
maze(Cognition

Elevated plus 4 4 4 4 6
maze(Anxiet

Novel object 6 6 8 6 8
recognition

Contextual Fear i) 4 8 8 10
conditioning

Cue dependent §& 6 10 10 8

fear

conditioning

Single trial

Cue dependent S 6 8 8 8

fear

conditioning

multi trial trial
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Table 1C: Total number of mice involved in cognitive experiments

WT PDTC  5xFAD  5xFAD+PDTC
4 8 8 8
maze(Cognition

Novel object 8 6 10 8

recognition

Cue dependent & 6 10 10

fear

conditioning

Single trial

Cue dependent 3§ 6 8 8

fear
conditioning
multi trial trial

2.17a. Open Field Test (OFT)

The open field test involves the understanding of the general activity and exploratory
behavior in rodents (Crusio W.E., 2001). On the first day each of the subjects i.e.
AB-infused rats or 5XxFAD mice were placed on an empty plexiglass arena sized
40cm x 40cm x 40cm (IR Actimeter Panlab, Barcelona, Spain).They consisted of the
photocell emitters and receptors equally placed along the perimeter which builds a
grid of invisible infrared rays. Animals placed here while moving caused beam
breaks and subsequently data were recorded and analyzed by the analyzer. The
rodents were allowed to explore the arena for 10 min under dim lighting and the
distances travelled by rats were determined. The %centre distance covered depicts
the % of area travelled by subjects in the central grid of the arena, keeping the total
distance covered within the arena as 100%. The positions of the rodents were
tracked using custom PANLAB scripts (ActiTrack Software). A portion of videos were

generated by the machine to verify accuracy.
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2.17b. Elevated plus maze (EPM) test

Another essential tool used to assess the cognitive capability and memory in
experimental subjects was elevated plus-maze. The maze consists of an apparatus
with two open arms each measuring 50 x 10 cm, with a very small, 1 cm-wall in
between, and 60 cm high from the floor. To prevent the rodents from falling off the
edge during the experiment, the whole apparatus is provided with a 1 cm high
plywood edge surrounding the open arms. Perpendicular to the open arms, closed
arms of similar dimensions but with tall walls, 50 cm each are also found. On the
acquisition day, the subject was placed on the open arm facing away from the
center and the initial transfer latency (ITL) i.e time taken by subject to move from the
open to the closed arm was recorded. The time taken by the same animal, on the
following probe day to move from open to the closed arm is noted as retention
transfer latency (RTL). The maximum duration for which the trial took place was 300

SEecC.

2.17c. Novel object recognition (NOR) test

The Novel object recognition test is a primary task to decide the innovative
exploration and memory formation in rodents assessed by the index of differentiation
and preference. The basic principle here involves the subjects preferring a novel
object in comparison to a familiar one within an arena (Ennaceur A., 2010).
Habituation, familiarization, and test phase are the major determining steps of this
protocol. Firstly rodents are placed in the open field for 5 minutes. Next in
familiarization phase, the subject kept in front of two objects which have the same

diameter, color and length such that they could explore both within an arena (50 cm
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x 35 cm x 40 cm for rats and 40 cm x 30 cm x 40 cm for mice) for 10 min. On
probing day, one of the objects were replaced by another object different in shape
and color and the animals were exposed it (Hammond et al., 2004) for 5min. The
time duration employed by the animals in exploring each of the objects on test day or
second day was calculated and designated as TN and TF for the novel and familiar
objects respectively. Discrimination index (DI) and preference index (Pl) were
derived according to the formulas: DI = (TN = TF)/(TN + TF), Pl = TN/(TN + TF) x

100 (Janus et al., 2000; Antunes & Biala, 2012).

2.17d. Passive avoidance test

The Passive avoidance test recognizes the short term fear learning and memory by
exploiting natural trait of rats to prefer darker venue over lit up one. The system
consists of two identical chambers one having light and another being dark (25 x 25
x 20 cm), which are compartmentalized by a guillotine door (SHUTTLEBOX, Panlab,
Barcelona, Spain). The acclimatization of the individual animal was done for 5 min in
closed door condition. On the acquisition day, the animals were kept in light chamber
so that it would enter dark chamber by its innate nature. On entering the room,
0.8mA of foot shock was applied to them which compelled them to come back to the
other room. To verify their potential learning memory, during the probe test next
these were kept in the light chamber in the same condition. Those showing
maximum response latency while remembering not enter the dark chamber were
marked to be well trained for passive avoidance test. The wait latency was recorded
in the SHUTAVOID software. Threshold time of 300 seconds on the acquisition

phase for entering of the animals in to the dark chamber determined their efficiency
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on training. The animals taking less than 5 min to enter the dark chamber were

considered efficient as test subjects (Mc Gaugh et al., 1996).

2.17e. Fear conditioning tests

Fear conditioning tests has been a popular devise which enables us to rightly
determine the efficacy of the subjects in hippocampal dependent associative
cognitive learning and amygdala based memory and recognition (Fanselow and
Tighe, 1980).The study involves experimental subjects being held within a
soundproof dark chamber which has steel grids having controlled shock mechanism.
In response to the experimental input, %freezing is recorded in the machine as an
output reading of the same which is noted as the parameter of rodent fear defense
index. To create a virtual odor cue 1ml of 10% vanilla extract was provided to the
chamber. The tests were performed as described as follows:

A. Contextual fear conditioning test

Following a compulsory habituation time of 2 min, the contextual fear conditioning
test was performed where four consecutive unconditioned stimulus (89sec pre-shock
interval, 0.8 mA 1-s foot shock for rats and 0.4 mA 1-s foot shock for mice) were
delivered followed by 2min rest devoid of any stimuli. On the following probe day,
subjects were exposed to the same conditioning context (identical conditioning
chamber and odor cue) under shock free conditions. Freezing behavior, defined by
stillness of the animal, excluding the noted respiratory movements, was measured in
the absence of any shock stimuli for 8 min by PACKWIN 2.0 software (Panlab,

Barcelona, Spain).

B. Cue-Dependent Fear Conditioning test
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During this test, in addition to the previous context an extra cue of light and sound
was provided to the subjects. On the first day i.e. the day of acquisition the rodents
were kept in the chamber as described above and allowed a mandatory habituation
for 2 min. This was additionally followed by four consecutive sessions of 29 seconds
of light and sound exposure (85dB, 4000Hz for rat and 85dB, 2500 Hz for mice) co-
terminating with a foot shock (0.8 mA, 1-s for rat and 0.4 mA, 1-s for mice) with an
inter-trial interval of 60s, followed by a 2min rest without stimuli. For 1-trial
experiment, the practice was provided for a single day and for multi-trial cue
dependent test, the training was performed for consecutive four days. During the
probe stage the context of the chamber was altered with the addition of a white
plexiglass floor on top of the shock grid, a black teepee to alter the shape/size of the
chamber, and a 0.5mL 10% Eucalyptus oil odor cue. On the probing day, rodents
were exposed to the identical testing paradigm as on conditioning day but without
the shock stimuli. Again, freezing behavior was measured in the absence of any

shock stimuli by PACKWIN 2.0 software (Panlab, Barcelona, Spain).

2.18. Statistical Analysis

All of the experimental data were analyzed with the help of one way ANOVA which
was followed by Bonferroni‘s test and Tukey’s multiple comparison of means post
hoc test by using Graphpad software for comparing more than two experimental
groups. Student’s t-test was used to compare the significant difference among two
groups,. Data are presented as mean + standard error of mean, and p<0.05 was

considered to be statistically significant.
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Introduction

One of the major forms of dementia in elderly patients is the Alzheimer’s disease
(AD) chiefly beginning with an elusive decline in episodic memory, followed by a
devaluation in cognition and functioning in daily life. Although the exact underlying
mechanism triggering this course of event is yet to be unfolded, yet the involvement
of astrocytes and its reactivity due to Amyloid-B (AB) is undeniable from the
neuropathological point of view. It was long proposed by Sir Santiago Ramo'n Y
Cajal and Camillo Golgi, that astrocytes hold a much integral role in functionality than
only in its simple structural support (Garci’a-Mari'n et al., 2007; Kettenmann and
Verkhratsky, 2008). There are molecular mechanisms triggered during astrogliosis
both in prenatal and postnatal phase, which are determined by the expression of
mainly two proteins: Glial Acidic Fibrillary protein (GFAP) and calcium binding protein
S1008 (Guillemot F., 2007; He et al.,, 2005). The embryonic development of
astrocytes is determined by Notch, JAK-STAT signalling working in a synergistic
fashion (Kanski et al., 2013) whereas the initiation of glial differentiation is decided
by the family of IL-6 cytokines namely CNTF etc (Nakashima et al.,1999). In the
postnatal astrogenesis, predominance of BMP-SMAD pathway is extremely well
documented, for its inactivation causes an evident reduction in GFAP and S10083

activation (Qin et al., 2014).

Multiple research findings have explained the beneficial protection offered by
reactive astrocytes on neighbouring neurons. The majority of reactive astrocytes
help to restrict the damage by tissue repairing, integrating the blood brain barrier
(BBB), and providing nutrients to substantiate energy supply when the requirement

is high (Buffo et al., 2010). Many instances have shown that disruption in astrogliosis
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initiation by attenuation of the signal transducer and activator of transcription-3
(STAT3) pathway, a key molecule in causing gliosis, has caused an increased
oxidative stress, where the effect has been sufficiently detrimental for the system
(Sarafian et al., 2010). The success of the homeostatic maintenance offered by
astroglia lies in its immensely varied secretary ability. The secreted agents derived
from astrocytes include various classical neurotransmitters like Glutamate, GABA,
Glycine and their precursors (Malarkey and Parpura, 2008 ; Unichenko et al., 2013;
Eulenburg and Gomeza, 2010) neuromodulators like D-Serine, Taurine, L-aspartate
(Martineau et al., 2014; Kimelberg et al., 1990), hormones, peptides, various
metabolic substrates and several relevant inflammatory factors like IL-1, IL-6 and
other complementary factors, eg. C3a (Choi et al., 2014; Erta et al., 2015; Lafon-

Cazal et al., 2003).

A sufficient amount of recent work establishes the fact that astrocytes play a pivotal
role in maintaining a balance between neuronal health and homeostasis. Our work
tries to initially identify the major pathway which holds the responsibility in glial
differentiation, followed by an investigation of the neuroprotection offered by AR-
treated astrocyte conditioned medium. As discussed earlier, astrocytes are known to
secrete several cytokines which provide a beneficial role in neuronal survival and
health improvement (Saha et al., 2020). In our study, we have tried to identify an
array of cytokines secreted from astrocytes in treatment to AB. Among them, we
identified a single cytokine sICAM-1 which previously has been shown to have a
beneficial role over neuronal health (Kim et al., 2000). In our findings, we have
shown that AB treatment increases ICAM-1 both at translational and secretary level
in astrocytes. Besides, we observed that ICAM-1 treatment in vitro provided

neuroprotection by reducing the neuronal death and improving the neuronal
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connectivity. Neuronal death is often measured by cleaved PARP (Chaitanya et al.,
2010), which showed a significant reduction with ICAM-1 administration in AB treated
neuronal cells. In this study, we explored whether ICAM-1 can be a therapeutic

target in models of AD.

Results

Exposure to AB leads to activation and proliferation in astrocytes

Activation of astrocytes are an integral part and pathological hallmark of several
neurodegenerative disease, especially in AD. The initial assessment of the activation
of astrocytes, also known as astrogliosis were performed both in vitro and in vivo.
Firstly primary cultured astrocytes isolated from 0-1 day rat pups were treated with
oligomeric amyloid-B in a dose of 1.5um which is pathologically commemorative to
the milieu (Saha et al., 2013). Immunocytochemistry performed in the cultured cells
against GFAP when seen microscopically revealed a significant increase in
activation of astrocyte along with increased proliferation (Fig.1A).
Immunohistochemistry of AB-infused rat brain also showed an increase in glial
fibrillary acidic protein in astrocytes as compared to the PBS-infused rats. Also
protein isolated from the primary cultured astrocytes both in presence and absence
of oligomeric AB1-42, was subjected to western blotting and a significant increase in

GFAP was observed at increasing timepoints (Fig. 1B,C).
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Figure 1: Amyloid-B leads to activation of astrocytes both in-vitro and in-vivo. Astrocyte
developed from brain of 0-1 days rat pups were kept for maturation for 14 days and treated with
1.5uM A1-42 at various time points. (A) Fluorescence microscopic image taken at 40x magnification
shows glial activation with AB1-42 treatment as compared to control marked by GFAP. scale bar:20um
(B) Western blot showing significant increase in GFAP at various time points 6h, 16h, 24h with AB
treatment. Experiments performed in triplicates. Bar diagram showing the increased fold change in
GFAP at selected time points ***p<0.0001, **p<0.001. (C) Adult Sprague Dawley rats were infused
with oligomeric ABi42 in cortical region of brain following perfusion and isolation of the same.
Fluorescence images of immunohistochemical staining of brain cryo-sections taken at 20x
magnification showed an enhanced GFAP in AB infused rats as compared to the PBS infused group
of animals in vivo. Scale bar :50um.

To further validate the increase in astrocyte activation and proliferation in vitro,
cultured primary astrocytes were subjected to 1.5uM AB and immunocytochemistry
was performed against the astrocyte proliferative markers S100B8 and vimentin.
Microscopic images taken at 40x magnification showed astrocyte activation with
increase in proliferation of the same as indicated by markers S1003 and Vimentin

(Fig. 2A, B).
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Figure 2: Validation of astrocyte proliferation and activation in vitro. (A, B) Primary cultured astrocytes
(14DIV) were subjected to 1.5uM AB treatment. After 24h, immunocytochemistry was done in both
control and treated cells against S1008 and Vimentin. The nuclei were stained with Hoechst and

images were taken at 40x magnification using fluorescence microscopy. Scale bar: 50um.

Astrocyte activation involves mainly MAPK pathways activation

Since long time multiple signaling cascades including JNK pathway has been
reported to be activated with astrocyte activation (Gadea et al., 2008; Li et al., 2017).
Also the involvement of JNK along with its notable downstream target c-Jun has
been known to play a role in neuronal apoptosis brought about by AR (Morishima et
al., 2001; Troy et al., 2001; Yao et al., 2005). However, the role played by the same
in AB induced astrocyte activation is yet to be investigated. Astrogliosis shows an
alteration in several metabolic aspects which leads to multiple changes in various
pathways and molecules, one of the essential being MAPK. MAPK may include an

involvement of mainly three molecules namely, ERK, p38, JNK (Plotnikov et al.,
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2018; Raman et al., 2007) and in our study a differential expression in essentially
most of the molecules involved in MAPK signaling i.e. p-JNK, p-p38, although no
change in ERK has been observed (Saha et al., 2020). With treatment of 1.5 yM AR,
astrocyte cells, p38K and JNK phosphorylation showed a significant increase in 16h
and 24h time point of AR treatment. However the corresponding total p38 and total

JNK showed an unaltered levels at all the time points (Fig. 3A, B).
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Figure 3 : MAPK shows an significant upregulation with Amyloid B treatment in-vitro. Primary
astrocytes cultured from 0-1 day were treated with ABi42 14DIV. The cell lysates were collected
followed by western blotting with antibodies against JNK and p38 (both phospho and total forms were
considered). (A,B) Representative western blot showing p-JNK and p-p38 in the upper panel with the
corresponding total forms of each below. Lower panel indicates the densitometric representation of

the corresponding blot. Values expressed as mean+SEM. n=3, ***p<0.0001, **p<0.001, *p<0.01.

Also the molecules downstream to MAP kinases signaling namely c-JUN and p-ATF-

2 had been checked in primary astrocytes both in presence and absence of AR. The
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results showed a consistent increase in each of the molecules corresponding to the

increasing time point of 4h,8h,16h and 24h (Fig. 4 A,B).
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Figure 4: Amyloid-B contributes significantly in upregulating p-c-jun and p-ATF-2 in-vitro. (A,B)
Upper panel shows representative western blot of p-c-Jun and p-ATF-2 along with their corresponding
total forms. Lower panel indicates the graphical representation of the densitometry of the

corresponding blot. Values expressed as meantSEM: n=3, ***p<0.0001, **p<0.001, *p<0.01.

p38 plays an essential role in astrocyte activation

Activation of p38 MAPK pathway has been long known to play a pivotal role in
several pro-inflammatory cytokine production, which often takes place during
astrocyte activation (Smith et al., 2006). So to check whether they are involved in AB
mediated astrocyte activation, primary astrocytes were treated with AB in 1.5uM at
16hrs time point. It was observed that a significant upregulation was present in p-p38
in the glial cells upon AB treatment, with no alteration being observed in the total

form of p-p38 (Fig. 5).
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Figure 5: Astrocytes show an increased P38 MAPK with treatment to AB in vitro. Primary
astrocytes were treated with AR for 16h and immunocytochemistry was done with antibody against
phospho and total p38K along with GFAP. Nuclei was stained with Hoechst. Fluorescence
microscopic images showing the panels representing GFAP, p38K, Hoechst and merged (from left).
Top two panels show control phospho-p38K and total-p38K and lower two panels indicate AB treated
sections. Images were taken at 40X magnification. scale bar:30um. Right panel indicates the

graphical representation of the corresponding fluorescence images. *p<0.01.

To validate the previous observation in an in-vivo model of AD, AB-infused rat brain
slices were subjected to immunohistochemistry against p-p38 and t-p38 proteins.
The treated rat brain sections showed around 2 fold elevation in p-p38K level which
colocalized with the GFAP+ve cells. This was in comparison to ABa42-1 infused brain
sections. The level of total p38K in both AB42-1 and ABi-42 infused brain cortex was
observed to remain same. The microscopic image was analysed by Image J

software and graphically represented to show the CTCF value (Fig. 6).
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Figure 6: Amyloid-B1-42 and its reverse peptide was infused in rat cortex and cryo-sections were used
for immunohistochemistry against phospho and total p38K along with GFAP. Nuclei were stained with
Hoechst. From left, panels reveal GFAP, p38K, Hoechst and merged images. From top, first two
panels indicate reverse peptide infused within phospho and total p38K staining posed as control and
the lower two panels are showing AB induced phospho and total p38K level respective. Right panel
indicates the bar diagram indicating the graphical representation of the corresponding fluorescence

images. *p<0.01.

To finally check whether the p-p38 MAPK is essential for GFAP enhancement during
AB mediated astrocyte activation , primary astrocytes were exposed to p38 inhibitor
(SB239063), both in presence and absence of AB for 24 hrs. By western blotting
analysis, it was observed that GFAP increased almost 2 fold in only AR treated
astrocytes, whereas after co-treating the same with p38 inhibitor, a significant drop
was found in GFAP (Fig.7). This indicated that p38 pathway is extremely vital for

astrocyte differentiation and activation.
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Figure 7: SB239063, an inhibitor of p38K was co-treated along with AB for 24h on astrocytes. Upper
panel shows western blotting against GFAP done with the cell lysates. Lower panel depicts the
graphical representation of the GFAP level quantitation among various treated and untreated

samples. Densitometric analysis expressed as mean +SEM. n=3.*p<0.05.

Primary rat astrocytes secrete sSICAM-1 in response to AB

Astrocyte secretion and its useful properties has been well documented since a long
time, the concept being as old as the discovery of the glial cell itself. A wide amount
of work all over the world is currently dedicated to determine the molecules and
factors secreted by astrocytes which contribute in improving the neuronal health and
mortality. Human astrocytes are known to secrete wide array of cytokines specifically
including the interleukins (Choi et al., 2014), with a possibility that several of them
may be transported by extracellular vesicles, for the defined mechanism is yet to be
elucidated well. Since it was seen in our previous experiments that AB treated

astrocyte conditioned medium (AB-ACM) contributed in improving the AB mediated
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degenerating neurons to a high extent, we decided to unravel the specific cytokines

which may contribute in doing so (Fig. 8).
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Figure 8: Left panel indicates the experimental plan of applying astrocyte conditioned medium on
primary cultured neurons to check the cytokine secretion and further possibilities of neuroprotection.
Right panel shows the improvement in neuronal morphology with application of AB-astrocyte
conditioned medium (AB-ACM) on A treatment.

Having seen previously, the beneficial contribution of 6h AB-ACM on neuronal
health, the same was selected to determine the various cytokines secreted from
primary astrocyte culture by performing the cytokine array. Several differentially
expressed cytokines were identified, from which a subset of adhesion molecules,
sICAM-1 showed a 2-fold increase in AB-treated astrocytes as compared to the
control (Fig. 9A).The molecule was selected on the basis of a very interesting finding
established by Kim et al. in 2014, which stated that sSICAM-1 influenced microglia to
produce neprilysin which helped in reducing AB plaque load in neuron. Also serum
processed from human blood of normal and AD patients (Male, aged 65years) were
subjected to cytokine profiling where an increase in sSICAM-1 was observed in AD
patients as compared to the normal patients(Fig. 9B).
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Figure 9:Differential release of sSICAM-1 cytokine in response to A treatment. Brain obtained from O-
1 day rat pups yielded astrocytes, along with neuron cultured from E16-18 rat embryo. Astrocyte
conditioned medium was applied to AR treated degrading neurons to check their phenotypic
betterment. (A) In order to check the differential secretary status of various astrocyte originated
cytokines, ACM of the control and treated cells subjected to cytokines array. Red Box shows the
SICAM-1 dot blot. Densitometric analysis of sSICAM-1 indicates the relative fold change of sICAM-1
represented as mean + SEM, n=3, ***p< 0.0001.(B) Cytokine array of control and AD patient showing
differential expression of cytokines emphasizing increase in sSICAM-1.

ICAM-1 level increases with AB treatment in vitro and in vivo

In order to check the abundance of intracellular protein levels of ICAM-1, western
blotting of primary cultured rat astrocytes were done which showed a significant 2.5
fold increase in 6h, 16h, 24h time point with treatment of 1.5uM AB1-42 (Fig. 10 A,B).
Furthermore, to gain insight into the detailed secretary status of the molecule sICAM-
1, Enzyme-linked immune assay (ELISA) was performed with the treated and
untreated astrocyte conditioned medium which showed that sICAM-1 in Ap-treated
ACM was significantly increased by 2 folds, 2.5 folds and 3folds in 6h, 16h and 24h

AB-treated ACM respectively in a time dependent manner (Fig.10C).
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Figure 10: (A) Expression of ICAM-1 in primary astrocytes with or without treatment of A was
checked by western blotting with antibody against ICAM-1. (B) The data was represented as mean *
SEM of three independent experiments, n=3,***p<0.0001, *p<0.01. (C) Conditioned medium collected
from primary astrocytes treated with 1.5uM AR were subjected to ELISA. Graph showing the
guantitation of sICAM-1 in ACM of the control and treated cells. The data represented as mean +
SEM of three independent experiments; n=6,***p<0.0001, **p<0.001.

Finally, the differential expression of ICAM-1 in AR treated astrocytes was validated
in-vivo using infusion model performed in Sprague Dawley rat and 5xFAD transgenic
mouse model. First, a specific animal model where ABi142 peptide was
stereotactically infused in the hippocampus of Sprague Dawley rat brain (Sanphui &
Biswas, 2013). In corroboration with the in vitro data, in AB-infused rat brain cortex
area, a significant increase of about 3-4 folds in immunoreactivity of ICAM-1 and
GFAP was found, and ICAM-1 immunoreactivity was mostly present in the GFAP-

positive astrocytes (Fig. 11A-D).
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Figure 11: ICAM-1 expression in response to AR infused Sprague Dawley rat. A was stereotactically
infused in the rat brain cortex and sacrificed at day 24.(A) Immunohistochemistry in 20um brain tissue
sections of PBS infused and AR -infused rats was performed with antibody against ICAM-1 protein
and was checked by DAB. Left panel shows a 5x magnification of the same with an inset; scale bar:
200 um. Right panel depicts the 40x image of the inset, arrows indicate higher expression of ICAM-1
protein in AB-infused rat brain; scale bar: 20um. The infusion site (IS) of the protein and sham has
been indicated in arrow in the left panel. (B) Bar diagram shows the differential expression of the
protein within two experimental groups. n=3 for each group, 3 slices of each rat brain (**p<.001). (C)
20um cortical slices were co-immunostained with ICAM-1 and GFAP antibodies. Fluorescence
images were taken at 5x (scale bar: 100 ym) and 40x (scale bar: 12.5uym) magnifications. (D) Bar
diagram represents the intracellular intensity of the same. Values are expressed as Mean + SEM from

three independent experiments: ***p < 0.0001 (n=3).

In cumulation, these observations led us to conclude that AB induces intracellular
ICAM-1 level in astrocytes both in vitro and in vivo and thereby an increased

secretion of its soluble form, sICAM-1 in ACM of activated astrocytes.

105|Page



ICAM-1 improves neuronal health and viability in vitro

Our initial hypothesis was to check whether ICAM-1 offers any protection on A
treated neurons in vitro. So to check the part played by secreted sICAM-1 against
AB, the activity of SICAM-1 was halted by adding neutralizing antibody (4pg/ml) in
ACM and transferring it to the primary cortical neuron culture in presence and
absence of AB. Neurons were treated with control, ACM, 6h AB-ACM or only AB. 24h
following the treatment, trypan blue assay was done to count the number of viable
cells. A significant cellular death of 40% were observed in those which were treated
only with AB as compared to the untreated ones, whereas AB-ACM treatment
significantly recovered cell viability. However, by neutralizing sICAM-1 in AB-ACM
milieu neuroprotection against Ap toxicity was found to reduce significantly (Fig.
12A).To further strengthen these observations, rat recombinant ICAM-1(rrfICAM-1)
was added to the cortical neurons both in presence and absence of AB and checked
for cell viability with trypan blue assay. A significant recovery in cell viability was with

rrICAM-1 treatment even in the presence of A (Fig. 12B).
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Figure 12: (A) 6h ACM with and without 1.5 yM AP treatment was transferred to the cultured neurons
exposed to 1.5uM AR for 24h and cell viability was checked both in presence and absence of
neutralizing antibody against ICAM-1(4ug/ml). Trypan Blue test was performed to check the cell
viability. Graphical data represents the %viable cells with treatment of AB-ACM as compared to only
AB treatment. Values are expressed as Mean + SEM of six independent experiments. **p< 0.001.(B)

Primary cortical neurons were treated with AB, with and without rrlCAM-1 (50 ng/ml).The graph shows
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the recovery in cell viability in Ap treated cells when subjected to treatment with rrICAM-1. Values are

expressed as Mean + SEM of five independent experiments: ***p < 0.0001.

The morphological integrity of the neurons was checked by immunocytochemistry
with  MAP2 antibody in all treatment groups including the controls. Dendritic
arborization was measured by Sholl analysis (Sholl D.A.,1953). Imaging showed that
rrICAM-1 treatment ensured sufficient recovery of the disintegrated neuronal process
among the AR treated neurons (Fig. 13A,B). Further apoptosis was checked by
western blot with cleaved PARP antibody and significant decrease in cleaved PARP
level was observed upon treatment with rrfICAM-1 treated primary neurons even in
presence of AB compared to only neurons which were solely treated with AR (Fig.

13C,D).
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Figure 13:(A) Primary cultures of neurons were treated as mentioned above and subjected to

immunocytochemistry with antibody against MAP2. 40x Fluorescence images of neurons with and
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without treatment of rrfICAM-1 in presence of Ap showed a morphological recovery with treatment of
rrICAM-1.(B) Represents the corresponding Sholl analysis for the arborisation of neurons present
under different treatment. (C) Primary cortical neurons were treated with AR, ICAM-1 or ICAM-1+AB
for 24 h and were subjected to western blot analysis using PARP antibody.(D) Bar diagram shows the
fold change in cleaved PARP (normalized with Actin) derived from densitometric analysis. Values are

expressed as Mean+SEM from three independent experiments; **p<0.001.

Considering all the above findings it can be well concluded that AB helps in activating
astrocytes which may lead to secretion of SICAM-1.This cytokine helps in improving
the health and morphology of neighbouring neurons and reduces cell death in the

AD subjects.
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Discussion

Alzheimer’s disease (AD) is one of the major forms of neurodegenerative diseases
which progress in a complex fashion involving a serious contribution of glia-mediated
neuroinflammation, which may be also proclaimed to be a “double-edged sword”,
having both detrimental and beneficial role. Astrocytes being the most abundant glial
cell type, has always taken part in playing an important role in influencing the cellular
and pathological processes. Role of astrocytes in neurodegenerative diseases like
AD has always evoked controversy for numerous studies having implied the direct

role played by glia in partial attenuation of the disease.

In our study, we have shown that astrocyte activation is inevitable in exposure to AR
and it involves several pathways especially MAPK signalling in causing the
differentiation of astrocytes which is known to be a commemoration to astrocyte
activation. Astrogliosis is a well-established phenomenon both in animal AD model
brain and human AD patient brain. In our investigation regarding the activation of
astrocytes we focussed mainly on MAPK pathway, which is known to play a vital role
in basic cellular events like proliferation, growth, differentiation and other vital
transformations (Kaminska B. 2005, Shaul & Seger, 2007). Several reports also
suggest the involvement of MAPK in astrocyte activation and varied inflammatory
responses in brain. However the accurate role of MAPK p38 or JNK has not yet been
well established in altered morphology of astrocytes in exposure to AB. Firstly, in
corroboration with previous findings, we have shown that AR activates astrocytes
causing activation of specific markers like GFAP, S1008 and vimentin. Also we have
shown that p38 signalling shows a significant upregulation in exposure to AR in

astrocytes at various timepoints. We checked the downstream molecules of MAPK

109 |Page



signalling such as the c-Jun and p-ATF-2 as well and found a positive co-relation to

the above mentioned data.

With exposure to AB or following any traumatic signals, astrocytes are known to
secrete several molecules, especially cytokines like IL-1, IL-6, and TNF-a (Sajja et
al., 2016). Also AB can instigate the production of chemokines like MCP1 which
actively take part in recruiting the astrocytes at the site of lesion during the
neurodegeneration process (Smits et al.,, 2002; Wyss-Coray et al., 2003). The
guestion which is still being addressed all over is regarding the prevalence of the
advantageous or the injurious role of astrocytes in neurodegeneration process in

AD.

Although, astrocytes are proclaimed to mediate amyloid plaques degradation,
reports also suggest their capability to produce AR under specific inflammatory
conditions. For example, TGF-B1 (Lesné et al.,, 2003) or IFN-y along with TNF-a
(Zhao et al., 2012) or IL-1B (Blasko et al., 2000) accelerates AB production by
astrocytes. Large amounts of partially digested AR is also known to be engulfed by
astroglia eventually causing an autocrine defect and neuronal apoptosis (Sollvander
et al., 2014). Moreover, despite the secretion of beneficial trophic factors like GDNF,
improving neuronal functioning and cognition in rodents (Pertusa et al., 2008),
astroglia may overexpress NGF causing neurotoxicity and degeneration of
hippocampal neurons in-vitro (Sdez et al.,, 2006). However we found in our study,
that secretome of AB treated astrocytes were causing a holistic improvement in the
degenerating neurons, and this led our inquisitive mind to locate the factors,
especially the cytokines, which might cause improvement in AD conditions. We
performed a cytokine array and observed differential expression in several of the
cytokines.
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A previous study in our laboratory had shown that one of the cytokines, TIMP-1 was
upregulated (Saha et al., 2020) in astrocytes in exposure to AR, which provided
protection to degenerating neurons at initial time points. So in our work, we selected
sICAM-1, in accordance with Kim et al., 2012 , who showed ICAM-1 secreted from
MSC-BV2 cells could influence microglia to produce neprilysin causing AR
degradation, further providing neuronal protection.

Adhesion molecules have been known to be an important player in the
regulating several peripheral immune processes, one major example being ICAM-5
another intercellular adhesion molecule, preferentially expressed in dendrites and
soma is known well to bring about neuronal development (Yoshihara et al., 1994). It
also contributes in stabilising the post synaptic connections B1 integrins binding
(Ning et al., 2013). Previously, ICAM-1 has been found to be compartmentalized in
some of the reactive astrocytes surrounding the amyloid plagues in post-mortem
brain of AD patients (Akiyama et al., 1993, Miguel-Hidalgo et al., 2007). Also,
SICAM-1 shows a marked elevation in CSF in AD brain and often has been
proclaimed as a biomarker for neuroinflammation (Nielsen et al., 2007, Wennstrom
et al., 2014).

ICAM-1 which on induction with IL-1 and TNF , bind to endothelial cells and with the
assistance of receptors like LFA-1/MAC-1, they contribute in transmigration of the
tissue of the CNS. Also, ICAM-1-deficient mice experienced increased levels of
pathology in gray matter regions of the brain. Numerous studies in a variety of CNS
disease models have associated ICAM-1 expression with pathology (Kraus et al.,
1998; Mycko et al., 1998; Samoilova et al., 1998; McDonnell et al., 1999). However
not much has been elucidated about whether sICAM-1 has any role or whether any

underlying mechanism enables it to help provide neuroprotection, if any in AB
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exposed brain cells. Here we showed that sSICAM-1 shows an upregulation in
astrocytes both in vitro and in vivo in treatment to AB. The secretion of the molecule
also increased in astrocyte conditioned medium with AR treatment. To our
excitement when we treated this AB-ACM in degenerating neurons we observed an
improvement in the neuronal health and viability, however with application of
neutralizing antibody against ICAM-1, we found a decreased protection in cell
viability of neurons. The same result was observed in treatment with rriCAM-1 which
offered protection in degenerating primary neurons in AD conditions. Besides, PARP
cleavage assay also confirmed that ICAM-1 was reducing neuronal death in vitro.
These results corroborated with some of the previous findings and enabled us to
initiate a further journey with a hope that sSICAM-1 may be neuroprotective and could

bring an aid in AD therapeutics.
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Introduction

The primary clinical manifestation of AD, considered quite essential for identifying
the disease, is mainly the accumulation of AB in the cortical and hippocampal
regions of brain. This often leads to an acute progressive decline in cognitive
functioning of the patient. It has been long known that major pathological hallmarks
of AD include amyloid plague formation and neurofibrillary tangles (NFTs). Many
reports have shown that the synaptic loss found in AD patients form the best
correlation with the cognitive decline (Davies et al., 1987; DeKosky and Scheff,
1990; Terry et al., 1991). The prefibrillar forms of AR, along with its wide soluble and
insoluble embodiments have been suggested to be highly neurotoxic causing
disruption of learning and memory (Walsh and Selko, 2004). Most of the clinical
therapy suggested by numerous scientists have strictly aimed to bring down the
formed A levels in brain. The major enzymes controlling the AB reduction, mainly
involves the various metallomatrix protease (MMP) enzymes, Insulin Degrading
enzyme (IDE), Neprilysin. Across the world several research organisations have
been searching successful strategies to attenuate the formation and effects of AR
and human clinical trials have been also initiated for the cause. However it was close
to apparent success with Aducanumab trial in 2016, where Aducanumab was an
antibody binding to AB plaques along with its soluble forms. This showed a
decrease in plaque levels in the brain and also slowed down the cognitive decline
and memory loss within the subjects having mild clinical predisposition to AD. In our
study we have tried to investigate if ICAM-1 could have any specific role in reducing
AB plaque or reducing the cellular death in animal models of AD.

Because cognitive decline in the disease begins several years before individuals
develop dementia the transition from cognitive health through dementia can take a

decade or more. The lengthy duration of cognitive symptoms in the disease makes it
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difficult to track individuals across the full spectrum from cognitive health through
dementia, limiting knowledge about the temporal course of cognitive decline in AD.
Since AD known to be disconnecting syndrome, many MRI based techniques have
been established to form a connectome study to venture into detailed therapeutic
measures for the disease. Animal models have been long used in scientific
experiments to perform the detailed study regarding the disease progression of AD.
Along with neuroimaging, various cognitive functioning tests have been always
regarded as reliable parameters to verify the improvement of neurodegenerative
diseases with various drug administration. Here in our study we have focussed on
analysing the cognitive functioning in rat with AR infused models with several
behavioural tests. The anxiety tests along with short term memory association and
recognition has been selected as the basic parameter to establish our hypothesis of

ICAM-1 being a beneficial cytokine which may improve depressive behaviour in rats.
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Results

ICAM-1 reduces apoptosis and AB plaque load in AB-infused cortex in rodents

To ascertain whether ICAM-1 had any protective effect on in-vivo model of AD, the
cortical infusion model of AD was used where ABi-42 was infused in the cortical
region of adult rat brain. On 14 DPI, the rats were subjected to IP injection of rrICAM-
1 (0.5ug/kg b.w.) and the brain sections were subjected to TUNEL assay in the
cortical region near the site of infusion to check the level of apoptosis. In tissue
sections from ApB-infused rats, the % of TUNEL—positive cells were found to be
significantly higher in cortical regions as compared to the control. In contrast, TUNEL
positive cells decreased significantly when rrICAM-1 was administered
intraperitoneally into the AB-infused rats (Fig.1).Commemorating with the previous

result it showed that ICAM-1 reduced cell death in AB infused rat brain cortex in vivo.
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Figure 1: TUNEL assay performed to assess the status of apoptosis in brain cortical sections of

various treated and untreated groups, 23 DPI of AR infusion in cortex. All vertical image panels
depicts 20x images (left to right) of cortex — Hoechst, TUNEL and merged. Each horizontal row
represents each experimental group, Control, AR, and AB +ICAM-1 (0.5ug/kg b.w.). AR + ICAM-1
treated group showed a significant reduction in the % of apoptotic cells compared to AR alone group.

Images taken at 20x magnification (n=3 for each group; ***p < 0.0001).
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Administration of ICAM-1 fails to improve cognitive functioning in cortically
infused AB rat model of AD
Since a significant reduction was found in the TUNEL+ve cells in cortical part of rat

brain with ICAM-1 administration, an attempt was made to further observe the effect
of the same on behavioral anomalies in cortically AB-infused rats. Following the
previous infusion and treatment method in the cortex of rat brain only, Open Field
Test (OFT) was performed among the various experimental group of rats to
determine the anxiety of the rodents. AB-infused animals showed a significant
increase in the distance travelled compared to control animals indicating a higher
level of anxiety and hyperlocomotion. This enhanced distance covered was lessened
upon ICAM-1 administration (0.5pg/kg b.w.) in cortical AB-infused rats which showed
that the anxiety level seemingly reduced with the treatment (Fig. 2A). Furthermore
we wanted to check the effect of ICAM-1 on passive avoidance test which highlights
the formation of short term memory in rat brain. Results showed that the AB-infused
animals on the probe day displayed a significantly reduced wait latency suggesting
memory loss as compared to the PBS infused. However, unlike the OFT, in passive
avoidance test, ICAM-1 treatment failed to show the recovery in wait latency of AB-
infused rats explaining that the administration of ICAM-1 did not improve short term

memory in cortically infused A rats (Fig. 2B,C).
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Figure 2: Adult rats were infused with 5l of 100 uM oligomeric AB1-42 within brain cortex bilaterally
followed by an I.P. systemic administration of rrICAM-1(0.5ug/kg b.w.).(A)Open field test (OFT)
showing distance covered by rats, induced by AB (*p < 0.01) was significantly reduced by rriICAM-1
(#p<0.01). (B,C) Passive Avoidance test: The graph represents the significantly lower wait latency
time of AR groups as compared to the PBS infused control (*p < 0.05) but no improvement was
observed in wait latency among the AB+ICAM-1 groups on the probing day. Data set represent the

mean + SEM of three independent experiments.

Furthermore the associated memory tests namely the contextual and the cue
dependent memory learning test were performed among all the experimental groups
of animals. This test is specifically performed to elucidate the associated memory
improvement by the implanting fear memory in animals with the help of a series of
foot shocks. After several single and multiple trials too, the AB infused animals did
not show any reduction in the freezing % both in presence and absence of ICAM-1

(Fig.3A-C).
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Figure 3: To analyze the short term memory retention and cognitive behavior fear conditioning was
performed in the AB infused rats with or without the intraperitoneal injection of rriICAM-1.(A)The
graphical data represent non-significant freezing % among all the treated groups of animals. Values
are expressed as mean + SEM of three independent experiments. (B,C) Cue dependent fear
conditioning performed in the rodent groups in single and multi-shock trial. Graphical expression
shows unaltered freezing% in all individual treated group. All data have been shown as mean + SEM

of three independent experiments.

These results clearly showed that even though infusion of AB in the cortical region of
brain could result in formation of AR plaque and initiate the cell death, yet the model
was not suffice to establish a behavioral assessment study of AD. Animal behavior is
mainly governed by the hippocampus along with amygdala and entorhinal cortex
(Anand and Dhikav, 2012). So in order to establish an animal model to check

whether [ICAM-1 had any role in improving the behavior in AD rats, bilateral

hippocampal infusion of AB in rat brain was performed.
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rriCAM-1 causes AB load reduction and reduces cellular death in
hippocampally AB-infused rat model of AD
ICAM-1 finds a primary expression in glial cells, especially in astrocytes and

microglia of the CNS (Mduller N., 2019). Also report shows that hUCB-MSC is a good
source of ICAM-1 which, on transplantation in hippocampus helps in reducing the A
plagues in an AD transgenic mouse (Kim et al., 2012). Thus the effect of systemic
administration of ICAM-1, may have a chance in facilitating AB clearance in ApB-
infused rat brain. To obtain a definitive insight into the fact that ICAM-1 contributes in
significantly reducing the AB plaque accumulation in rat hippocampus,
immunohistochemical studies of rat brain slices were done by probing them with Ap
protein. This revealed a significant reduction in AR plaque numbers along with
decrease in AB plaque burden (~2-4 folds) in hippocampal regions of AB-infused rats

upon ICAM-1 (0.5ug/kg body weight) treatment (Fig 4A-C).
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Figure 4: (A) Fluorescence imaging of hippocampal slices was done after immunostaining with anti-
AB antibody. The left vertical panels show the 5x image of the hippocampus and cortex regions of rat
brain of all experimental groups (scale bar: 200 ym). Remaining panels show the respective 20x
images of the same. (left to right: Hoechst, AR, merged. Scale bar: 50um). (B-C) Bar diagrams show
significant reduction in A plaque number and % plaque burden respectively with rriICAM-1 treatment.
n = 3 for each group, 3 slices of each rat brain:

In order to check the plaque reduction further, we performed Congo-red staining and
immunohistochemical analysis by DAB staining in the hippocampal site of infusion
(HCSI) of the brain. DAB staining revealed the significant reduction in plaque burden

with ICAM-1 administration in vivo (Fig.5A-C).
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Figure 5: (A) DAB imaging of brain slices was done after immunostaining with anti-Af antibody. The
upper horizontal panel shows the 5x image of adult rat brain slices of all experimental groups along
with the plaque formation at the infusion site, scale bar: 200um. The lower horizontal panels depict
the 40x images of all the experimental groups, scale bar:50um. (B-C) Bar diagrams show significant
reduction in AR %plaque burden and plague number respectively with rrlICAM-1 treatment. n=3 for
each group, 3 slices of each rat brain:***p<0.0001. (D) 40x bright field images of Congo red staining
of hippocampal slices from ABi42 infused rat brains are showing the AR plaque formation and
reduction in plaque burden and number while treating the same with rrICAM-1 (0.5 ug/kg body
weight). (E-F) Bar diagrams show significant reduction in plaque number and % plaque burden

respectively. n = 3 for each group, 3 slices of each rat brain, ***p < 0.0001, scale bar: 20 ym.

The Congo-red staining showed a decrease of about 3 folds in AR plaque numbers
and almost 20% reduction in plaque load in the hippocampal region in rrICAM-1
treated AB-infused rats. Graphical representation of image was obtained by plotting
the plaque burden and plaque number among the untreated and treated groups (Fig.
5D-F).

Next, hippocampally infused AD rats were used to assess the effect of rrICAM-1 on
apoptosis in hippocampus in vivo. On 14th DPI, the rats were given IP injection of
rrICAM-1 with doses 0.25ug/kg and 0.5ug/kg b.w. for 11 days alternately. To check
apoptosis, we performed TUNEL staining in the hippocampus. In tissue sections
from AB-infused rats, the % of TUNEL+ve cells were found to be significantly higher
in hippocampal regions than the control sections. In contrast, the numbers of TUNEL
positive cells were observed to be reduced on a significant amount when rriICAM-1

was administered intra-peritoneally (Fig.6)
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Figure 6: Apoptosis showed in the hippocampal region of various control and treated groups of rats
24 DPI of AB infusion. The 3 vertical panels show the 20x images (left to right) — TUNEL, Hoechst,
and Merged. Each row represents each experimental group, Control, ICAM-1, AB, AB + ICAM-1 (0.25
pug/kg b.w.) and AB+ICAM-1(0.5 pg/kg b.w.).AB+ICAM-1 treated groups displayed a significant
reduction in the apoptotic cells % compared to AB only group. Right panel shows the bar diagram
depicting the %apoptotic cells among all the various experimental groups (n = 3 for each group,***p <
0.0001).

So it could be concluded that these in vitro and in vivo data indicate that ICAM-1
contributes to AB-ACM mediated neuroprotection and protects neurons against A if

administered exogenously.
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Administration of ICAM-1 leads to enhancement in cognitive functioning in
AB-infused rat model of AD

Several reports have shown that the major area of brain which control the memory
and cognitive behavior in rodent is primarily the hippocampus, along with associated
memory formation by the entorhinal cortex and amygdala (Preston and Eichenbaum,
2013). With a failure to observe an improvement in behavior of cortically infused rats,
the task was taken up to establish the hippocampal infusion model of AD to check for
the behavioral changes if any. AR was infused in the near CAl region of the
hippocampus in brain bilaterally at stereotaxic co-ordinates from bregma: AP: 3.6, L:
2.1, DV: 2.8 mm.

To check the anxiety levels of the rodents, all experimental sets of animals were
made to perform an open field test (OFT). AB-infused animals displayed higher
locomotory activity compared to PBS treated control animals. However, rrflICAM-1
administration (0.5pg/kg b.w.) in AB-infused rats showed a reduced distance
travelled in open platform indicating an improvement in the anxiety level (Fig.7A).
Additionally the rats displayed a reduced anxiety level upon ICAM-1 administration
as the %centre distance covered increased significantly on treatment as compared
to the AB-infused rats (Fig. 7B). To further validate the role of ICAM-1 on anxiety and
memory in rodents, the elevated plus maze (EPM) study was performed. AB infusion
in rats showed increased retention transfer latency (RTL) as compared to the initial
transfer latency (ITL) and rrICAM-1 treatment helped in decreasing RTL than ITL.
ITL-RTL being considered as an important parameter to determine the cognitive
memory ability in the EPM test, showed a negative difference in AR infused animals.
Contrastingly, on rrICAM-1 treatment AB-infused rats showed a positive recovery in

the ITL-RTL values indicating cognitive memory got improved by it (Fig. 7C).
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Figure 7: Ap-infused adult rat following the intra-peritoneal administration of rrICAM-1 (0.25 pg/kg
b.w. or 0.5 pg/kg b.w.) every alternate day after 11 days, were subjected to various behavioural tests
prior to being sacrificed at day 24. (A,B) Open field test (OFT) showed that the total distance travelled
(cm), induced by AB (*p<0.05) was significantly reduced by 0.5ug/kg b.w. of rrICAM-1 (#p<0.05) along
with a significant recovery in the % central distance covered in the same (*p<0.01). (C) In Elevated
plus maze test (EPM), retention transfer latency (RTL) on day-2 was significantly less than the initial
transfer latency (ITL) on day-1 in all the experimental groups except AB animals (*p<0.05). The
difference between ITL and RTL (ITL-RTL) was significantly negative for AR group (*p<0.05) which
was reversed to positive values by treatment with 0.5 pg/kg b.w. of ICAM-1 (#p<0.05). Values are
expressed as mean + SEM. (*) indicates p-values in comparison to PBS group and (#) indicates p-

values in comparison to Af group.

To further detect the effect of ICAM-1 administration in determining the eagerness of
the subject to explore novel objects and memory retention of the same, an additional
cognitive task, Novel Object Recognition test was performed. Animals were allowed

to explore two similar objects on an open arena on the first day and one of the object
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was replaced with a one with different shape and color to determine the exploratory
interest of the subject on the novel one the next day. Results showed that loss in
ability to recognize the novel object was evident in the AB infused animals along with
a significant reduction in preference (PI) and discrimination index (DI) in contrast to
the control animals. However rrICAM-1(0.5ug/kg b.w.) treatment, enabled the AR
infused rodent group to significantly increase the novel object exploration time along
with an enhanced PI and DI score. This strengthened the proposal that ICAM-1
positively escalates the recognition and learning memory in AB-infused rats (Fig. 8A-

C).
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Figure 8: Novel object recognition test performed and compared to PBS and ICAM-1 only treated
groups both in presence and absence of AB.(A) Exploration time taken by AB-infused animals at the

novel (Nov) object were less than the familiar (Fam) object while AB+ICAM-1(0.5 ug/kg b.w.) group
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found to spend longer time with the novel object than familiar one(*p < 0.05). (B) Preference index for
the novel object was significantly lowered in the AR group(*p<0.05) while it was recovered in the A3+
ICAM-1 (0.5ug/kg b.w.) group (#p<0.05). (C) AB-infused animals gave a negative discrimination index
value (*p<0.05) while for A + ICAM-1 (0.5ug/kg b.w.) group, it was improved (#p<0.05).

Next, Passive Avoidance test which employs the principle of the innate nature of the
animal of preferring a dark niche was performed. The AB-infused animals on the
probe day displayed a lower wait latency suggesting a suffered memory loss in
comparison to the control rats. It was interesting to note that after treating with ICAM-
1, animals showed increased wait latency in returning to the dark chamber as
compared to AB infused ones, explaining the therapeutic role of ICAM-1 leading to
recovery of lost memory among the subjects (Fig.9A,B).

Finally, to assess the most essential task which directs towards learning memory
formation, fear conditioning test was done among the experimental subjects
providing an insight into the tendency of an animal to potentially recall and act to the
false fear context while being enclosed within the dark chamber. In contextual fear
conditioning test, the mean value of the %freezing of four trials is measured in the
probe stage. The AB-infused animals displayed much lesser freezing% in
comparison to the control animals. This indicated the loss in acquisition of contextual
fear conditioning on following day. However administering ICAM-1(0.5 ug/kg b.w.)
into the AB-infused rats improved their percent freezing. This clearly showed that the
substantial memory was recovered along with an improvement in cognitive
functioning (Fig.9C,D). Also the cue dependent fear conditioning was also
performed, but no significant change was observed within the group of rodents,

control and AR treated.
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Figure 9: (A,B) Passive Avoidance test - the graphs represent the significantly lower wait latency time
of AB groups (*p<0.05) and a significant regain in wait latency in the AB+ ICAM-1 (0.5pg/kg b.w.)
group on the probe day (#p<0.01). Data set represent the mean = SEM of three independent
experiments: *p<0.05. (*) indicates p-values in comparison to PBS group and (#) indicates p-values in
comparison to AB group. (C)Graph indicating the Contextual fear conditioning among AB-infused rats
in presence and absence of rrfICAM-1 and freezing % was significantly attenuated in Ap-infused rats
(*p<0.05) whereas this effect was significantly recovered by ICAM-1 treatment given at a dose of
0.5ug/kg b.w. (#p<0.05). (D) Graph showing no significant change among the animal groups on

conducting the cue dependent fear conditioning with multiple trials.

Taken together, these findings show that AB-infused rats on administration of ICAM-

1 intraperitoneally leads to decreased AP load in various parts of brain like the cortex
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and hippocampus and helps in improving the impaired memory and cognitive

functioning of the subjects.

Discussion

AD has always been one of the most complicated diseases whose underlying
mechanism still remain to be elucidated. The post mortem brains of the affected
patients have shown degenerating neurons and synapses with diverse accumulation
of AR plaque and Neurofibrillary Tangles. Scientists have tried various therapy in
human and animal model systems to stall the disease and check if the reversal of

the memory loss is ever possible.

To therapeutically target AD on previous occasions, several organic and inorganic
factors have been tried and tested to check whether they can cause any reduction in
accumulated AB. For instance, protein kinase A (PKA) and acetyl choline inhibitors
when administered have had a decline in the accumulating AB plaque along with its
production (Su et al., 2003; Huttunen et al., 2009). Also inhibitory agents of zinc and
O-glycosylation stalled the APP maturation finally causing a significant decrease in
formation of AB (Lee et al., 2009; Tomita et al.,1998). Involvement of cytokines,
being an intriguing factor, was cultivated to check the attenuating process of AD
progression. In our study, we have tried to dig deep into the probability of using
cytokine like ICAM-1 as a major factor which might help in reducing the AB plaque
load. Intraperitoneal ICAM-1 administration showed a significant decrease in plague
load and burden in AB infused models of AD (both cortical and hippocampal) along
with reduction in the apoptotic cells in brain as indicated by TUNEL assay. The
detailed mechanism underlying the process of reducing AR may still be scrutinized

in details. Some of the earlier reports suggested involvement of several enzymes like
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IDE, MMP and neprilysin which often help in cleaving the specific AR plaque and
reducing the extracellular accumulation of the same. Besides targeting the a and y-
secretase enzymes is also another mode which has been targeted by various

scientists to check the inhibition of AR production and maturation in cases of AD.

The extreme interest towards the impaired cognitive functioning as a major
symptom of AD onset has been nurtured by clinicians and scientists globally since a
long time. Previously in our lab, detailed experiments have shown that cytokine like
TIMP-1 when administered within the brain has improved the cognitive functioning
of rats affected with AD (Saha et al., 2020). Also use of various acetyl
cholinesterase inhibitors and NMDA inhibitors has shown an improvement in
behavioral pattern of various subjects of AD. In our study we have tried to find out
the effect of ICAM-1 on degenerative behavioral anomaly of AB infused rats. Initially
rats having AB infused in the cortical area were subjected to behavioral analysis in
presence of ICAM-1. However not much changes were observed in the cortically AR
infused rodent groups only to suggest that infusing AB in cortical region was not
sufficient to establish the AD model. Reports are there which have shown that
memory functioning is influenced primarily by the specific regions of brain namely the
hippocampus, entorhinal cortex and amygdala which led us to establish the AD
model by infusing the AR in the hippocampus CA1 region of the rat brain. On
systemic infiltration of rat recombinant ICAM-1 by injecting it intraperitoneally several
cognitive functioning tests like open field test, elevated plus maze along with novel
object recognition tests showed significant improvement in lost memory and
cognition suggesting that ICAM-1 could play a potent role in recovering the brain

functioning in AD rats. Furthermore, improvement in associated memory learning by
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various fear conditioning test with ICAM-1 treatment really suggested an avenue for

further therapeutic possibility.
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Introduction

Genetic mice models of AD have contributed tremendously to obtain a detailed
insight into the functionality of various active and inactive genes related to the
disease. For e.g. transgenic mouse model has been made by mutating the basic
genes like APP, secretases including BACE, presenilin-1 and 2, and ADAM 10 and
17 (Shen et al.,, 1997; Herreman et al., 1999 ; Luo et al., 2001; Hartmann et
al.,2002; Lee et al., 2003). Also tau knockout mice models have contributed
invaluably in unearthing the underlying mechanism behind the complex disease
mechanism. The major objective behind our work was to initiate the identification of a
factor which would eventually help to procure a remedy or at least stall the process
of neurodegeneration. To do so, previously in our experiments, AR was infused
within the hippocampus of rats resulting in a model to identify the effect of ICAM-1 on
the same. Furthermore keeping in mind, the progressive nature of the disease and
the genetic mutations responsible for the cause, 5xFAD mouse model was used to
assess the utility of ICAM-1 in improving the pathology of AD in vivo. 5XFAD mouse
model widely used globally is known to have five major mutations. They are Swedish
(K670N/M671L), Florida (1716V), and London (V7171) mutations occurring in APP
gene, and M146L, L286V mutations in PSEN1 gene enabling scientists to consider it
to be a sufficiently suitable model for studying AD pathology. We have tried to check
here whether ICAM-1 helps to improve the cognitive behaviors and anxiety in 5xFAD
mice. Anxiety tests like open field test and elevated plus maze have been performed
to detect the improvement if any in the transgenic mice subjects. Besides other
recognition tests, learning memory tests have been performed too with the help of

fear conditioning programs.
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In 2012 Kim et al. showed that mesenchymal stem cell derived from human umbilical
cord bloods cells was able to secrete sSICAM-1. They reported for the first time that
within such a system, not only the protein helped in reducing AB plague load, with
enzyme neprilysin but also nurtured the dying neurons helping in preventing their
death. So in our study, we searched for appropriate role played by ICAM-1 in
improving the degenerative cognitive behaviour and whether neprilysin helped in
reducing the AB loads in 5XFAD mouse model mimicking familial AD.

Another essential aspect towards installing therapy mediated remission of certain
disease is to identify the player molecule which undergoes differential regulation
resulting in corresponding signaling cascades. Various pathways like the MAPK
pathway, mTOR signaling etc. have been known to get altered during the onset and
later stages of AD. However, whether and how ICAM-1 helps the system to
overcome these dysregulation and contribute in stalling the disease is still unknown.
In our scientific venture we have delved into the details of the signaling which may
play a role in ICAM-1 mediated neuroprotection. Several pathway screening had
been performed to find the real player and its definitive role in improving cognitive

functioning in 5XxFAD model of AD.
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Results
Characterization of 5xFAD mice model

There are several reports regarding the age of AD related pathology onset in 5xFAD
mice but not much has been reported regarding the age to be considered which
would help in analyzing the behavioral improvement. To determine the anxiety level
onset in the transgenic mice, control C56/BL7 and the 5XxFAD mice of age 2 months
to 7 months were subjected to open field test where results clearly indicated that
from 5 months, the mice started displaying an agitative nature. All the mice from 5
months of age and higher, travelled a greater distance and thus showed their

hyperactive nature as compared to the control mice (Fig. 1A-E).
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Figurel: Graphical representation of behavioural study in 2-7 months old 5xFAD mice. (A-E)
Locomotory activity of all control and treated group of mice was tested by open field test (OFT). Bar
diagrams show the significant hyperactivity in mice emphasizing their anxiety in age dependent

manner starting from 5 months (*p<0.05).

Furthermore to check the onset of plaque formation, 20um cryo-sections of the

transgenic mice brain were taken and subjected to immunohistochemistry with DAB
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staining against AB. The microscopic images of the age dependent transgenic mice
clearly showed that plaque formation was evident from 2months of age, the

progression being in correlation to the increasing age (Fig. 2).

2mths “ 4mths Smths

Figure 2: Age dependent formation of AB plague in 5xFAD transgenic mice. Immunostaining with
DAB against AB was performed in 20pm cryo-sections of fixed 5xFAD mice brain of different ages as
indicated in the figure. 40x bright field images showing increase in AR plaque formation from 2-7

months. Arrow indicates plaques formed in brain, scale bar: 50um.

ICAM-1 reduces TUNEL+ve cells in 5XxFAD mice brain

Next, we used WT and 5xFAD transgenic mice to assess the effect of rrICAM-1 on
apoptosis in vivo. The mice were subjected to I.P. injection of rrICAM-1 (1ug/kg b.w.)
on alternate day for 21 days until sacrifice. We performed TUNEL staining in the
brain sections to check the apoptosis both in hippocampal and cortical brain regions.
In tissue sections from 5xFAD mice, the % of TUNEL—positive cells were found to be
significantly higher in both cortical and hippocampal regions than the control (WT)
sections (Fig. 3, Fig. 4). In contrast, the numbers of TUNEL positive cells were found
to be decreased significantly in both the brain regions when rrICAM-1 was

administered intra-peritoneally (Fig. 3, Fig. 4). Taken together, these in vitro and in
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vivo data indicate that ICAM-1 contributes to AB-ACM mediated neuroprotection and

protects neurons against AB if administered exogenously.
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Figure 3: Apoptosis in the cortical regions of the different treatment groups of wild type and 5xFAD
mice. The 3 vertical panels show the 20x images (left to right) — Hoechst, TUNEL and merged. Each
row represents each experimental group: WT, ICAM-1, 5xFAD, and 5xFAD+ICAM-1 (1ug/kg b.w.).
5xFAD+ ICAM-1 treated group showed a significant reduction in the % of apoptotic cells compared to
AP alone group (n = 3 for each group, 3 slices of each rat brain, 500 cells/ slice at 20x magnification:
***n<0.0001(scale bar: 30um).
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Figure 4: Apoptosis in the hippocampus of the different WT and 5xFAD treatment groups. The 3
vertical panels show the 20x images (left to right)-Hoechst, TUNEL and merged. Each row represents
each experimental group, WT, ICAM-1, 5xFAD, 5XFAD+ICAM-1 (1ug/kg b.w.). 5xFAD+ICAM-1
treated groups showed a significant reduction in the % of apoptotic cells compared to 5xFAD alone

group (n=3 for each group, 3 slices of each rat brain, 500 cells/ slice at 20x magnification)
***n<0.0001 (scale bar: 30 um).

ICAM-1 treatment reduces AB plaque and increases neprilysin in 5XxFAD mice
model

From our previous experiments performed in AB infused rat brain, it was seen clearly
that ICAM-1 was quite efficient in reducing the accumulated plague number and
burden both in cortex and hippocampus. Many earlier reports also suggest reduction
in AB plaque as a therapeutic strategy to deal with ushering neurodegeneration of
AD. Several enzyme like the neprilysin , metallomatrix protease (MMP) and IDE
have been identified with ability to degrade AP aggregates (lwata et al., 2001; lwata

et al., 2000). Next, we sought to look whether administration of rrICAM-1 produced
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any similar recovering effect in transgenic mouse brain or not. To check that, 5
months old 5xFAD mice were subjected to intraperitoneal injection of rrlICAM-1 on
every alternate day for 21 days until sacrifice. Perfused brains were subjected to
cryosectioning. Immunohistochemistry of brain slices of ICAM-1 treated 5xFAD mice,
both in fluorescence and DAB staining, showed a significant decrease in plaque
number and plaque load of AR as compared to the 5xFAD mouse (Fig. 5A-C, Fig.

6A-C).
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Figure 5: 5XxFAD mice along with their wild type control C57BL/6 were treated with rriICAM-1 (1ug/kg
b.w.). Immunostaining of hippocampus of all slices performed with anti-Ap antibody, were subjected to
fluorescence imaging. (A) The first vertical panel shows the 5x image of HCSI region of mice brain of
all experimental groups (scale bar: 200um). The last three vertical panels depict the 20x images (left
to right-Hoechst, AB and merged), scale bar: 50um.(B,C) Bar diagrams show significant reduction in
AB plague number and % plagque burden respectively with rrlCAM-1 treatment. n = 3 for each group, 3
slices of each rat brain: ***p<0.0001, *p<0.01. # depicts *p<0.01, showing significant decrease in

plague number and burden in 5XxFAD+ICAM-1 as compared to 5XxFAD mice.
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Figure 6: (A) 5xFAD mice along with their wild type control C56BL/7 were treated with rrfICAM-1 (1
pa/kg b.w.). Immunostaining of hippocampus of all slices performed with anti-AB antibody, were
subjected to DAB staining. The upper horizontal panel show the 5x image of HCSI region of mice
brain of all experimental groups, scale bar: 200 um. The lower horizontal panels depict the 40x
images (left to right — WT, 5xFAD and 5xFAD+ICAM-1), scale bar: 50 um. (B-C) Bar diagrams show
significant reduction in AB plaque number and % plaque burden respectively with rrlCAM-1 treatment

in 5XFAD mice. n = 3 for each group, 3 slices of each mouse brain: ***p < 0.0001, **p < 0.001

Neprilysin is one of the important enzymes that is able to degrade A aggregate and
resist the accumulation of the AB plaque burden. We checked the plaque load of
5xFAD mice at different ages starting from 2 months. We found that although AR
plaques appear even in 2 months but a substantial level reached by 5 months (Fig.
2) and thus we performed immunohistochemical analysis of neprilysin protein in
brain sections of 5 months old 5xFAD mouse. Our results showed that upon ICAM-1
treatment, a significant increase in neprilysin expression (about 20%) takes place in

the cortical region of this model (Fig. 7).
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Figure 7: Fluorescence images of 5x (scale bar: 100um) and confocal images of 40x (scale bar:
15um) of brain slices of WT, 5xFAD and 5xFAD+ICAM-1 mice show neprilysin indicated in red,
Hoechst in blue. Each row represents each experimental group: WT, 5xFAD and 5xFAD + ICAM-1
(1pg/kg b.w.): n=3 for each group, 3 slices of each rat brain *p<0.01. Insets in 5x images shown as

the 40x magnified images.

Collectively, these findings indicate that ICAM-1 decreases AR plaque formation and
burden of the same, through modulation of the expression of AB degrading enzyme,

neprilysin in vivo in a transgenic model of AD.

5xFAD transgenic mice show an improvement in learning and cognitive
behavior with intraperitoneal administration of rrICAM-1.

AB-infused within rat hippocampus was more of an acute model which was obtained
by injecting synthetic AB locally, So to assess the systemic efficacy of ICAM-1 in AD
transgenic model where multiple mutations were present, recovery in memory and
cognitive functioning was checked in 5xFAD mouse. The 5xFAD mice were

subjected to I.P. injection of rrICAM-1 in two doses (0.5pg/kg b.w. & 1pg/kg b.w.)
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every alternative day until performance. Open Field Test showed significant
decrease in total distance traversed by the rrfICAM-1-5xFAD mice compared to the
5XFAD mice, whereas the % central distance travelled was increased in both the
doses (Fig. 8A,B). To further ascertain whether ICAM-1 caused any further
improvement in spatial memory and the reduction in anxiety of the cohort of mice,
the experimental animals were subjected to Elevated Pus Maze test. The decrease
in (ITL-RTL) in 5xFAD as compared to WT, was regained back on rrICAM-1
treatment (Fig. 8C). However, when anxiety test was performed in EPM, rarely any

change was observed in 5XFAD as compared to the wild type C57BL/6 (Fig. 8D).
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Figure 8: I.P. rrICAM-1 administered to 5 months-aged 5xFAD mice on alternative day for 21 days till
sacrifice control being the C57BL/6(WT) injected with sterile PBS. (A-B) OFT of all experimental
groups of mice showed a significant reduction in distance travelled along with an increase in the
%central distance covered by 5xFAD+ICAM-1 (1ug/kg b.w.) group (#p<0.01) as compared to 5xFAD
mice (*p <0.005). Values are expressed as mean + SEM of three independent experiments. (C) EPM

test performed where, (RTL) on day-2 was significantly lower than (ITL) on day-1 among all
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experimental groups except 5xFAD mice(@ p<0.05).The difference between ITL and RTL (ITL-RTL)
was significantly negative for 5XxFAD group (*p<0.05) which was reversed to positive values by
treatment with both doses of ICAM-1(#p<0.05).Values are expressed as mean = SEM. (*) indicates p-
values when compared to WT group and (#) indicates p-values with respect to 5XxFAD group. (D) In
EPM test, Test performed in association with the % of anxiety in specific zones showed no significant
alteration. (Control n=6, ICAM-1 n=6, 5x FAD n=6, 5XxFAD+ICAM-1 (0.5ug/kg body weight) n=6,
5XFAD+ICAM-1(1pg/kg body weight) n=6). Values are expressed as mean * SEM of three

independent experiments.

Next, to further check whether ICAM-1 could actually improve learning memory and
preference, Novel Object Recognition test was performed in 5XxFAD mice both in
presence and absence of the recombinant protein. rrICAM-1 treated animals
displayed greater interest towards the novel object displaying a higher exploration
time as compared to the wild type (Fig. 9A). Also as for the discrimination and
preference index between the familiar and novel object was concerned, rrICAM-

1+5xFAD mice showed a better ability to recognize the novel objects than 5xFAD

mice in a dose dependent manner (Fig. 9B,C)

Exploration time (Sec)
Preference Index (%)

Figure 9: (A) In NOR-probe day, in comparison to WT and ICAM-1 treated groups, exploration time
spent by 5xFAD mice at the novel (Nov) object was less than the familiar (Fam) object whereas
5xFAD+ICAM-1(1ug/kg b.w.) group spent significantly longer time with the novel object than familiar
object (*p<0.05). (B) 5xFAD mice showed negative discrimination index (*p<0.05) while 5xFAD+
ICAM-1 displayed a significantly positive response in discrimination (#p<0.05).(C) Preference index

for the novel object was significantly lowered in the 5xFAD group (*p<0.05) while it was significantly
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higher in the 5x FAD+ICAM-1 (1pg/kg b.w.) group than the AR group (#p<0.05).All values expressed
as mean * SEM of three independent experiments.

Fear related memory is by far the most important associated memory and helps to
create a bigger picture regarding assessment of the cognitive degeneration or
improvement. So, to further check the effect of ICAM-1 on learning memory and
functioning in 5xFAD, fear conditioning tests both contextual and cue dependent
were performed. A significant decrease in freezing behavior of 5xFAD indicated
reduced contextually formed memory, which showed a positive recovery with ICAM-
1 treatment in a dose dependent manner (Fig. 10A). To determine the involvement
of rrICAM-1 in cue dependent associated memory formation, we subjected the mice
cohort to one trial and multi trial cue dependent fear conditioning tests. ICAM-1
treated 5xFAD mice showed a significant increase in freezing% suggesting
improvement in fear associated memory formation compared to the 5xFAD mice

(Fig. 10B,C).
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Figure 10:(A-C) Contextual and cue dependent fear (one trial and multi-trial) conditioning performed
in 5xFAD mice both in presence and absence of intraperitoneal injection of rrICAM-1. Graphical data
represent the significant regain in %freezing of 5xFAD+ICAM-1 (1ug/kg b.w.) group as compared to
the 5XxFAD group which showed a significant decrease compared to WT group. Values are expressed

as mean+SEM of three independent experiments: *p<0.05.

144 |Page



ICAM-1 provides neuroprotection by mitigating the action of NF-kB both in in
vitro and in vivo models of AD

Unraveling the mystery behind the mechanism of any phenomenon has always been
a challenge for the scientists. In search for the detailed molecular pattern through
which ICAM-1 might render neuroprotection and cognitive recovery, signaling
molecules were screened to identify the one responsible for improving the neuronal
health in AD. Western blotting against important cellular proteins like mTOR,
phospho and total forms of PKC was performed from hippocampus of PBS and
ICAM-1 infused rats, both in absence and presence of ICAM-1, to check the

probable metabolic changes in brain. The results obtained were insignificant

(Fig.11A,B).
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Figure 11:(A,B) Western blot of AR infused animals along with their respective control both in
presence and absence of AB administration. Protein p-mTOR and p-PKC showed no significant

change among the experimental groups.

Also similar experiment was performed to check the protein activation level of p-p38

MAPK, p-IJNK, p-ERK in same group of animals. Western blotting showed clearly
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that no change was visible in either of the proteins with or without treatment on

ICAM-1 on the AB infused rat brain (Figl2 A-C).
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Figure 12: (A-C) Western blot of AR infused animals along with their respective control both in
presence and absence of AR administration. MAPK specific proteins p-p38, p-ERK and p-JNK
showed no significant change among the experimental groups.

Among all the transcription factors, NF-kB is well known to be the major inflammation
marker. NF-kB, which on many occasions has been seen to be unregulated in
neurons, are also known to be involved in maintaining synaptic conglomeration along
with, learning and memory in AD (Kaltschmidt et al., 1997; Mattson & Meffert, 2006).
Although various studies indicate that NF-kB can draw out ICAM-1 expression during
neuroinflammation, yet by far no evidence confirms that ICAM-1 contributes in
regulating the functionality of NF-kB activity. To check the possibility of this

phenomenon, the NF-kB expression in both AD models of rats and 5xFAD mice with

systemic administration of ICAM-1 was tested with the help of western blot. In both
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of these AD models, we found a significant upregulation of NF-kB in cortical and
hippocampal tissues (Fig.13A,B). Interestingly upon treatment with ICAM-1, a
significant decrease of about 2 folds in NF-kB levels was found in tissues of AD
models. This was similar for primary cultured neurons also suggesting that ICAM-1

treatment led to decrease in overtly expressed NF-kB both in vitro and in vivo

(Fig.13C).
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Figure 13:(A) AB142 was infused in adult rat brain and rrICAM-1 was treated. Brain tissues of all
experimental groups were collected and subjected to western blotting against NF-kB, with B-actin as
the loading control, **p<0.001, *p<0.01. (B) WT and 5xFAD mice both were treated with ICAM-1 and
western blotting was performed against NF-kB.**p<0.001.(C) Western blotting and its analysis
depicting differential expression of NF-kB in primary neurons when subjected to ICAM-1 treatment in
treated and control neurons. Values expressed as mean +* SEM from three independent

experiments.**p<0.001, *p<0.01.

To further confirm this observation, 20um coronal sections from 5xFAD mice were

taken and immunohistochemical staining was done. Confocal imaging of the same
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was done in the tissues being treated and untreated with ICAM-1.The increased NF-
KB in 5XFAD brain was found to be decreased significantly upon ICAM-1 treatment

(Fig.14).
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Figure 14: Confocal microscopic images taken at 20x magnification of WT, 5xFAD and
5XFAD+ICAM-1 (shown in vertical 3 panels) mice in hippocampus, showing upregulation in NF-kB
detected by immunostaining with NF-kB antibody(Red). Nucleus stained by Hoechst (Blue). Right
panel shows the graphical representation of the fluorescence intensity of three different experimental
groups expressed as the CTCF score. Values expressed as mean + SEM from three independent
experiments. ***p<0.0001, *p<0.01.

ICAM-1 changes level of apoptotic proteins in primary neuron

Huge amount of evidences reveal that various pro- and anti-apoptotic genes get
their expression controlled by transcription factor NF-kB (Inta et al., 2006). So the
level of pro-apoptotic protein Bim and anti-apoptotic proteins Bcl-2 and Bcl-xL was
checked by western blotting. This strengthened the possibility NF-kB and its

downstream targets being involved in ICAM-1 mediated neuroprotection in AD. The
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results obtained elucidated that AB mediated upregulation of Bim was reduced with
ICAM-1 treatment in cultured primary neurons (Fig.15A) and also Bcl-2 and Bcl-xL
levels were significantly restored even in the presence of AB when co-treated with

ICAM-1(Fig.15B,C).
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Figure 15: (A-C) Primary neurons harvested and western blotting against Bim, Bcl-2, Bcl-xL was
done with B-actin as the loading control. Lower panel suggests the analyzed densitometry
corresponding to each of the blots. Values expressed as mean + SEM from three independent
experiments: ***p<0.0001, **p<0.001, *p<0.01.

Inhibiting NF-kB reduces anxiety and improves cognitive memory in 5xFAD
mice

From our earlier experiments and studies it was found that NF-kB showed a
significant upregulation when treated with AB and also in 5xFAD transgenic mice.
However, the same showed a reduction in presence of ICAM-1. So it was essential
to check whether deficiency in NF-kB held any significant outcomes on behavioral
deficits caused due to Alzheimer’s Disease. In order to learn the roles played by NF-
KB, in rescuing memory failure, cognitive malfunctioning or anxiety like behavior,
inhibitor of NF-kB namely pyrrolidine dithiocarbamate (PDTC) was introduced
systemically into the wild-type C56BL/7 and 5xFAD transgenic mice. The dose used
here was 50mg/kg b.w. for 7 days, following which several behavioral tests were

performed on the animals. Firstly the OFT was done. The results obtained on
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administration of PDTC, showed a significant reduction in the anxiety which was
common in 5XFAD mice. This was compared to wild type C56BL/7 and also to the
untreated transgenic mice (Fig.16A, B). Also, the EPM test results, showed a
significant lessening in RTL and positive difference was observed between ITL and
RTL when 5xFAD mice were treated with PDTC. This was compared to higher RTL
and (ITL-RTL) in untreated 5xFAD mice implying an improvement in cognitive

functioning of the subjects (Fig 16C).
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Figure 16: Effect of PDTC on cognitive functioning in 5xFAD mice. 5-month-old 5xFAD mice and
corresponding age-matched WT mice were subjected to intraperitoneal administration of 50 mg/kg
b.w. of PDTC, inhibitor of NF-kB, for 7 days whereby the mice cohorts were subjected to behavioral
experiments and analyzed for results as indicated below. (A,B) OFT-graphical data represent a
significant reduction in distance travelled and recovered % central distance covered by 5xFAD+PDTC
(50 mg/kg) (#p<0.01) group as compared to the increase in 5XxFAD mice (*p<0.005). Data represent
mean + SEM of three independent experiments, (A)*p<0.05, #p<0.01 (B)**p<0.001, #p<0.05 (C) In
EPM test, retention transfer latency (RTL) on day-2 was significantly less than the initial transfer
latency (ITL) on day-1 in all the experimental groups except 5XxFAD mice (@p<0.05). The difference
between ITL and RTL (ITL-RTL) was significantly negative for 5xFAD group (*p<0.05) which was
reversed to positive values by treatment with 50 mg/kg b.w. PDTC administration (#p<0.05). Values
are expressed as mean + SEM. (*) indicates p-values in comparison to WT group and (#) indicates p-

values in comparison to 5xFAD group.

Novel Object Recognition helps to measure the occurrent state of spatial learning

and short-term memory. Administration of PDTC displayed an improvement in the
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exploration time towards the novel object as compared to the familiar object was
observed in 5xFAD mice. Besides positive preference towards new object and
discrimination ability of the subject determined by the preference index and
discrimination index respectively was also found to improve with ICAM-1 treatment

on 5xFAD mice (Fig 17A-C).
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Figure 17:NOR on probe day (A) In comparison to WT and PDTC treated groups, time taken for
exploration by 5xFAD mice near novel (Nov) object was less than the familiar (Fam) object whereas
5XxFAD+PDTC (50 mg/kg) group spent significantly longer time with novel object than familiar object
(*p<0.05).(B) 5xFAD mice gave a negative discrimination index value (*p<0.05) while for
5xFAD+PDTC (50 mg/kg),data showed to be significantly positive (#p<0.05). (C) Preference index for
the novel object was much lower in the 5XxFAD group(*p<0.05) while it became significantly higher in
the 5XxFAD+PDTC (50 mg/kg) group as compared to the 5xFAD group (#p<0.05). Values are

expressed as mean + SEM of three independent experiments.

Finally hippocampus associated short-term and long-term memory was tested with
the cue-dependent memory tests single and multi-trial was assessed. The percent
freezing showed a significant increase upon PDTC administration which decreased
in 5XFAD mice. This was compared to wild type both in single and multi-trial cue-
dependent fear conditioning tests designating that NF-kB inhibition helped in

recovery of short and long term associated memory malfunctioning (Fig 18 A,B).
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Figure 18: Cue dependent fear conditioning was performed in the mice groups in two different
methods of single shock trial and multi shock trial. (A) and (B) show the graphical expression of
altered percent freezing in individual group. Values are expressed as mean = SEM of three

independent experiments (A)*p<0.05 #p<0.05 (B) *p<0.05 #p<0.05.

Taken together, it can be concluded that transcription factor NF-kB on being
upregulated plays an essential role in Ap influenced neuronal death and toxicity after
which ushers the cognitive memory decline leading to neurodegeneration. Systemic
administration of ICAM-1 could help in blocking the NF-kB upregulation leading to

recovery of the detailed cellular damage and cognitive shortfall in models of AD.
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Discussion

Since long time scientists have been trying to decode some serious therapeutic
strategy which could contribute in designing a remedial method for AD. One major
method involved in the journey has been an attempt to identify specific biomarkers
which can be targeted as identifying agent to the disease. Among several cytokines
which are known to display a differential expression in exposure to AB, we had
identified a cytokine molecule namely soluble ICAM-1 during our initial study.
Previous reports have suggested that in AD, there is a marked elevation of SICAM-1
in CSF and may hence be a probable candidate for being a biomarker during
neuroinflammation (Wennstrom et al., 2014). Also the fact that SICAM-1 was also
located in CSF of those patients who were initially not suffering from dementia but
subsequently developed a significant deterioration in memory retention and cognitive
functioning, makes sICAM-1 a potential preclinical biomarker (Janelidze et al., 2018).
Even though typically ICAM-1 mainly functions as a cell adhesion molecule, yet
recent studies enlighten its role in variety of neurological disorders (Kim et al., 2012,
Muller N., 2019). Also mICAM-1 plays an significant role in allowing the infiltration of
various immune cells across BBB with the help of its cognate receptor (LFA-1) and
help in causing neuroinflammation (Witkowska & Borawska, 2004, Lawson & Wolf,
2009). Keeping all these benefits in mind, we hypothesized the probability of ICAM-1
having a potential role in staling the method of neurodegeneration and helping in
recovering cognitive functioning in animal models of AD. Our studies reveal that
injecting ICAM-1 in 5XxFAD mice reduced AB load by inducing NEP and improved
learning memory in experimental subjects. While the transgenic subjects showed an

anxious behavior induced by deposition of AB, systemic administration of rrlCAM-1
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helped in improving the symptoms of hyperactivity in the subjects. Also short term
and long term associated memory recovery was checked by various novel object
recognition and fear conditioning tests. All of these suggested that ICAM-1 treatment
improved cognitive abilities in this transgenic model of AD.

Furthermore we tried to explore the underlying mechanism which guided the
neuroprotective functioning of ICAM-1. A lot of research has been done regarding
the identification of various pathways activated in AD. Among our screening process
we found NF-kB to be a key player which gets upregulated in exposure to AR both in
vitro and in vivo models of AD. However by treating the subjects with ICAM-1, NF-kB
expression was found to be significantly downregulated. Transcription factor NF-kB
has often been known to influence the downstream apoptotic protein like Bim and
Bcl-2 genes (Lanzillotta et al., 2010; Sarnico et al., 2009). So it was seen that ICAM-
1 injection significantly decreased the AB-induced Bim upregulation and Bcl-2 and
Bcl-xL levels were restored back in the primary cultured cellular AD model. Finally it
was checked whether ICAM-1 influenced recovery of rodent cognitive functioning
was NF-kB mediated or not. To do that, PDTC, an inhibitor of NF-kB was
administered within system in WT and 5xFAD mice and all the behavioral tests were
performed. All of them indicated that downregulating the excess NF-kB helped in
recovering lost memory and cognitive malfunctioning in 5xFAD mice.

Since long time , clinicians and basic scientists have collaborated in search of a
biomarker such that a holistic therapy could be carved in various neurodegenerative
diseases like AD. Our current work strongly suggests that ICAM-1 has strong
potential as a therapeutic agent as it is seen improving the cognitive functioning even
in transgenic mouse model. This perspective calls for reassessing the importance of

cytokines in neuroprotective venture, also elaborating the limited role of ICAM-1 as
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adhesion molecules merely enabling helping in assisting transmembrane

attachments.
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AB increases ICAM-1 in astrocyte, contributing significantly in improving the

neuronal health and viability both in vitro and in vivo.

ICAM-1 reduces AP plaque load in 5XFAD mice by increasing Neprilysin.

ICAM-1 improves cognitive behavior and memory in AB infused and 5xFAD

mice AD model.

ICAM-1 modulates NF-kB to improve neuronal health & regulates apoptotic

protein like Bim, Bcl-2 and Bcl-xL in neurons.

Targeting NF-kB could contribute in reducing cognitive decline in 5xFAD

transgenic mice
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Decades of research has reflected the fact that astroglia at later stage of Alzheimer’s
disease (AD) contribute primarily in creating a toxic milieu adding to the fact that
synaptic signaling disturbance contribute in causing cognitive impairment (Chung et
al., 2015; Perez-Nievas & Serrano-Pozo, 2018). Neuronal cross talk along with
synaptic functioning is mainly possible through a variety of intercellularly secreted
cytokines and other soluble growth factors. In our study we have found that sSICAM-1
secreted from astrocytes in excess, with AB treatment attempts to rescue neuronal
degeneration and death caused in the process. ICAM-1 level found to be
upregulated in in vivo AD model is found to reduce AB plaque burden. Moreover,
systemic injection of rrICAM-1 in AD rodent model attenuates the cognitive and
learning malfunctioning in the subjects too. Furthermore, our experimental strategies
have revealed that ICAM-1 assures neuronal protection causing neutralization of
pro-apoptotic signaling of NF-kB. Finally, our data showing that inhibition of NF-kB
mitigates learning deficits, suggest NF-kB to be a potential target molecule in AD
therapy.

Though not a prominent molecule in neuronal signaling arcade, ICAM-1 was found to
be present within certain reactive astrocytes near amyloid plaques in several post-
mortem brain of AD patient. (Akiyama et al., 1993; Miguel-Hidalgo et al., 2007). Also,
increased trace of SICAM-1 found in CSF in AD brain, has caused it to be regarded
as biomarker for neuroinflammation (Nielsen et al., 2007). However, the mechanism
involved within cellular milieu in response to sICAM-1 in AD are yet to be found out.
Our study shows that AB treatment results in higher secretion of sICAM-1 within the
astrocyte conditioned media and co-localization of ICAM-1 with GFAP activated
astrocytes are also evident from immunohistochemical imaging. Traditionally, ICAM-

1 being an essential adherence protein has mostly involved its purpose in cell-cell
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interactions and adhesion until recently where detailed studies have revealed its role
played in several neurological disorders. For example, ICAM-1 helps immune cells to
cross BBB causing neuroinflammation (Greenwood et al. 2002) and helps in
reducing AB plaque accumulation with the help of Neprilysin (Kim et al., 2012). In our
study too we found that systemic administration of rrfICAM-1 into the AB-infused rat
and 5xFAD mice helped in lowering the AR plaque burden by inducing Neprilysin,
also improving the cognitive functioning among the subjects.

Activated astrocytes are known to dissolute the AB by activating several enzymes
like NEP, insulin degrading enzyme (IDE) and MMPs (Leal et al., 2006; Yin et al.,
2006). However, during the early to late stage transition of AD progress, complex
and consecutive flow of cytokine signaling is essential to bring in the degradation
(Ries & Sastre, 2016) In this respect, IL-1B, IL-6 and other pro-inflammatory
cytokines like TNF-a causes transient accumulation of AR whereas anti-inflammatory
cytokines like IL-10 help in attenuating AR deposition. On the other hand, reports
indicating IL-10 might help in promoting AR pathology, also suggest otherwise
(Yamamoto et al., 2008). So it was essential to investigate the convoluted activities
of the cytokines secreted from reactive astrocytes in various stages of AD.
Interestingly, our studies revealed that ICAM-1 administration within in vivo system
showed reduction in AB plague number and burden across cortex and hippocampus
areas in 5XFAD mouse. This finding helped showed commemoration with our earlier
report of astrocyte activation being neuroprotective in early stages of AD.
Researchers have often found an intrinsic relation between AB plaque load and
memory impairment bringing in cognitive anomaly (Nelson et al., 2012). This
motivated us to further check if any restoration in cognitive functioning was

happening in AD models. The AD model used in our study comprised of AB-infused
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rats and 5xFAD mice which clearly displayed symptoms of anxiety and reduced
exploratory capability. However on administration of ICAM-1, all the symptoms were
found reduced and improvement in their novelty seeking behavior was noticed.
Moreover, various short-term and associated memory approving performance tests
like the passive avoidance tests and the fear conditioning tests were also performed
only to find a significant improvement in retaining the improved memory in both AD
models following ICAM-1 injection.

Regarding the signaling pathways underlying ICAM-1 treatment, majority of findings
involve vascular endothelial cells and immune cell system. ICAM-1 shows close
interaction with LFA-1 receptor on microglia (Kim et al., 2012) and T-cells activating
ERK and JNK pathways (Hubbard & Rothlein, 2000). Here in our study, we have
checked the possible pathways like PKC, p-38, p-JNK, p-mTOR along with NF-kB
which might be involved in ICAM-1 mediated signaling. Although NF-kB expression
remains essential for neuronal survival (Bhakar et al., 2002), yet reports also suggest
AB triggered neuronal degeneration may also occur through NF-kB activation (Chami
et al., 2012). The results obtained by us clearly showed that AB was able to
upregulate NF-kB in cellular and in vivo models of AD. However, with ICAM-1
treatment, significant reduction of the same was found. Being a pleiotropic regulator
of cell death and neuroinflammation, NF-kB may positively or negatively activate
several pro-apoptotic and anti-apoptotic proteins players (Inta et al., 2006, Lanzillotta
et al., 2010; Sohur et al., 1999). So, to study the anti-survival effect of NF-kB, the
level of pro-apoptotic protein Bim and anti-apoptotic proteins, Bcl-2 and Bcl-xL were
further checked in AD models along with the treating effect of ICAM-1. Our finding
suggested that ICAM-1 administration could bring about a significant reduction in the

Bim upregulation and restoration of the Bcl-2 and Bcl-xL expression were possible
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too in the system. Finally, importance of deactivating NF-kB to instigate ICAM-1
mediated memory improvement was also checked in our study where we treated
5XxFAD mice with PDTC, an inhibitor of NF-kB, only to find that this caused a
significant recovery of cognition and memory deficiency. Numerous reports provided
strong correlation between neuronal survival and NF-kB activity (Mattson & Meffert,
2006). However, dual roles of NF-kB is also evident where neuroprotection is
common early phases of AD but eventually at later stages a deleterious effect on the
neuroprotective genes is possible (Srinivasan & Lahiri, 2015). So, this hypothesis
required a strong validation in disease onset and progressive severity of the same
which may also be explained by a finding which says that attenuation of cognitive
impairment is possible by deactivating NF-kB signalling by minocycline in rodents
with diabetes (Cai et al., 2011). Our results validate the possibility of inhibition of NF-
KB pathway being a therapeutic target for improving cognitive functioning in 5xFAD
mice. However, further work and detailed research is necessary because NF-kB
activation may also occur independent to ICAM-1 mediated signaling (Lawson et al.,
1999).

Since long time, physicians and clinical researchers have often made an attempt to
decide upon the intrinsic role played by astroglia in neurodegenerative disease like
AD in a bigger holistic fashion. Our current hypothesis and the detailed study
strongly imply that soluble ICAM-1 secreted by astrocyte can be a therapeutic
biomarker in AD. Hence, a halt to the disease may be brought about either by
altering the astrocytic secretion of SICAM-1 or including it within the system through

a minimal invasive method.
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ARTICLE INFO ABSTRACT

Astrocyte activation is one of the crucial hallmarks of Alzheimer's disease (AD) along with amyloid-} (AR)
plaques, neurofibrillary tangles and neuron death. Glial scar and factors secreted from activated astrocytes have
important contribution on neuronal health in AD. In this study, we investigated the mechanisms of astrocyte

Keywords:
Alzheimer's disease
MAPK signalling

Aslt\r‘)gllio_is activation both in in vitro and in vivo models of AD. In this regard, mitogen activated protein kinase (MAPK)
B 3 8‘;}' ot signalling cascades that control several fundamental and stress related cellular events, has been implicated in
ENK astrocyte activation in various neurological diseases. We checked activation of different MAPKs by western blot

and immunocytochemistry and found that both JNK and p38K, but not ERK pathways are activated in Ap-treated
astrocytes in culture and in AB-infused rat brain cortex. Next, to investigate the downstream consequences of
these two MAPKs (JNK and p38K) in AB-induced astrocyte activation, we individually blocked these pathways
by specific inhibitors in presence and absence of AR and checked AB-induced cellular proliferation, morpholo-
gical changes and glial fibrillary acidic protein (GFAP) upregulation. We found that activation of both JNK and
p38K signalling cascades are involved in astrocyte proliferation evoked by AP, whereas only p38K pathway is
implicated in morphological changes and GFAP upregulation in astrocytes exposed to AP. To further validate the
implication of p38K pathway in AP-induced astrocyte activation, we also observed that transcription factor
ATF2, a downstream phosphorylation substrate of p38, is phosphorylated upon AP treatment. Taken together,
our study indicates that p38K and JNK pathways mediate astrocyte activation and both the pathways are in-
volved in cellular proliferation but only p38K pathway contributes in morphological changes triggered by Ap.

a different set of responses collectively known as astrocyte activation
when exposed to AB (Abeti et al., 2011; Abramov et al., 2004; Furman
et al., 2012; Garwood et al., 2011; Hu et al., 1998; Paradisi et al., 2004;

1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder with no

cure and most common form of dementia that occurs mostly in elderly.
Extracellular amyloid-B(AP) deposition in senile plaques (Hardy and
Selkoe, 2002; Beyreuther et al., 1991; Moro et al., 2010; Villemagne
et al., 2013) and intracellular neurofibrillary tangles formation due to
hyperphosphorylation of tau (Hanger et al., 1998; Igbal et al., 2002) are
two important characteristic pathological features of the disease. In
addition, reactive astrogliosis or astrocyte activation (Olabarria et al.,
2010; Kraner and Norris, 2018) and neuron death underlie the pa-
thology of the disease (Biswas et al., 2007; Hardy and Selkoe, 2002;
LaFerla et al., 1995; Nakagawa et al., 2000; Selkoe, 2001). While Ap
exposure to neuron results its death, astrocytes have been found to elicit

Ahmad et al., 2019). Astrocyte activation is characterized by cellular
hypertrophy, cell proliferation and cytokine secretion (Garwood et al.,
2011; Olabarria et al., 2010; Zhang et al., 2018). These events have
immense effects on neuronal health in various neurodegenerative dis-
eases including AD (Abeti et al., 2011; Abramov et al., 2004; Furman
et al.,, 2012). However, the mechanism of astrocyte activation in re-
sponse to AP still remains elusive. During the course of inflammation, a
number of signal transduction pathways are activated in astrocytes and
in effect, neurons are affected through a number of neuroinflammatory
molecules secreted by astrocytes (Gadea et al., 2008; Liu et al., 2014;
McLennan et al., 2008; Xie et al.,, 2004; Allen and Eroglu, 2017).

Abbreviation: AD, Alzheimer's disease; A, B-Amyloid; MAPK, Mitogen activated protein kinase; NFT, Neurofibrillary tangles; CNS, Central nervous system; JNK, c-
Jun NH2 terminal kinase; ERK, extracellular signal related kinase; SAA, Serum Amyloid A; PI3K, Phosphatidylinositol 3-kinase; GFAP, Glial fibrillary acidic protein;
SDF-1a, stromal cell derived factor-1a; ET, Endothelin; TNF-a, tumour necrosis factor-a; IL-6, Interleukin-6; IL-1(3, Interleukin-1p; IL-a, Interleukin-a
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Although very little is known about the intricate mechanisms of as-
trocyte activation but mitogen activated protein kinase (MAPK) path-
ways have been found to be activated in astrocytes and in neurons in
several neuropathological conditions (Bhat et al., 1998; Correa and
Eales, 2012; Fields and Ghorpade, 2012; Gadea et al., 2008; Jin et al.,
2005; Liu et al., 2014; McLennan et al., 2008; Morishima et al., 2001;
Tang et al., 2008; Wang et al., 2002; Xie et al., 2004; Li et al., 2017).
The role of these pathways has been strongly implicated in Af-induced
neuron death but how MAPK pathways are regulating Af-induced as-
trocyte activation has not been fully elucidated (Jin et al., 2005;
Kaminska, 2005).

MAPK signal transduction pathways are involved in many crucial
cellular events including cell proliferation, differentiation, survival,
apoptosis and transformation upon various stimuli (Kaminska, 2005;
Plotnikov et al., 2011; Raman et al., 2007; Shaul and Seger, 2007;
Morganti et al., 2019). There are three types of MAPKs in mammals
namely, extracellular signal related kinase (ERK), p38, c-Jun NH2
terminal kinase (JNK; also known as stress related protein kinase or
SAPK). ERK is further classified into ERK1 to ERKS8 isotypes (Kaminska,
2005; Plotnikov et al., 2011; Raman et al., 2007; Shaul and Seger, 2007;
Arkun and Yasemi, 2018). There are four isoforms of p38; p38-a, p38-3,
p38-y and p38-8 and three isoforms of JNK; JNK1, JNK2 and JNK3 are
reported (Plotnikov et al., 2011; Raman et al., 2007; Shaul and Seger,
2007; Zarubin and Han, 2005).

Different MAPK pathways have been found to be activated in as-
trocytes under various pathological stimuli (Gorina et al., 2011; Lee and
Kim, 2017; Li et al., 2017). It has been found that endothelin-1; a va-
soactive peptide promotes a reactive phenotype in cultured astrocytes
through ERK- and JNK-dependent pathways (Gadea et al., 2008).
Whereas traumatic scratch injury triggers astrocyte activation through
a calcium influx dependent activation of JNK/c-Jun/AP-1 pathway
(Gao et al., 2013). The p38K pathway activation has been implicated in
glial cells activation in several disease models (Bhat et al., 1998; Da
Silva et al., 1997; Lee and Kim, 2017; Lee et al., 2000; Lo et al., 2014;
Roy Choudhury et al., 2014). It has also been shown that activation of
all three MAPK pathways is involved in lipopolysaccharides and
thrombin induced astrocyte activation (, Bhat et al., 1998; Gorina et al.,
2011; Wang et al., 2002). Moreover, pro-inflammatory cytokine, IL-13
and brain injury can activate JNK, p38K and ERK pathways in astro-
cytes (Li et al., 2017). Although, AP fibrils can activate p38K pathway
in microglia (McDonald et al., 1998; Giovannini et al., 2002) but the
role of MAPK pathways (JNK, p38K and ERK) in AB-induced astrocyte
activation, has not been fully established.

In this study, we investigated all three MAPK pathways and their
specific roles in different functional and morphological characteristics
that are found in activated astrocytes in response to AB exposure. We
observed that two MAPK pathways, JNK and p38K are activated in
astrocytes upon A exposure in vitro and in vivo. Both of these pathways
are involved in AB mediated astrocyte cell proliferation, whereas only
p38K pathway is required for characteristic morphological changes in
astrocytes upon AP exposure.

2. Materials and methods
2.1. Materials

DMEM, DMEM-F12, FBS, Penstrep, Goat serum, Alexafluor 546/488
— Thermo Fisher Scientific (Waltham, Massachusetts, USA)/Poly-p-
Lysine, HFIP, DMSO, Paraformaldehyde, Triton-X-100, anti-rabbit
GFAP antibody, Hoechst, Sucrose — Sigma (St. Louis, Missouri, United
States)/ AP — American peptide (Sunnyvale, CA, USA)/JNK inhibitor II,
SB239063, U0126 — Calbiochem (Billerica, Massachusetts, USA)/anti-
rabbit c-Jun antibody, anti-rabbit p38K antibody, anti-rabbit pATF2
antibody, anti-rabbit ERK antibody, anti-rabbit Ki67 antibody, anti-
rabbit B-actin antibody, anti-rabbit vimentin antibody — Cell Signaling
Technology (Danvers, Massachusetts, USA)/ Anti-rabbit S100B
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antibody, anti-rabbit AB; 4> antibody -Abcam (Cambridge, UK).
2.2. Animals and ethics

All animal experiments were performed in accordance with the
guidelines formulated by the Committee for the Purpose of Control and
Supervision of Experiments on Animals (Animal Welfare Divisions,
Ministry of Environment and Forests, Govt. of India), with approval
from the Animal Ethics Committee of Indian Institute of Chemical
Biology (IICB-AEC). Adult Sprague-Dawley rats, procured from the
random bred colony of the animal house of our institute, were main-
tained under good husbandry conditions supported by diurnal cycles of
12 h light and 12 h darkness with lights on at 06.00 h daily.

2.3. Astrocyte primary culture

Astrocytes primary cultures were done from 0 to 1 day old Sprague-
Dawley rat pups. First, whole brain was dissected out after removing
the skin and skull. Very carefully meninges were removed. Neocortex
parts from each hemisphere were isolated and cut into pieces. The small
cortical pieces of tissues were minced and subjected to trypsinization
for 30 min at 37 °C. Trypsinized brain tissue was then triturated in
complete astrocyte medium [DMEM supplemented with 10% fetal bo-
vine serum (FBS)] and to remove the remaining clumps, it was passed
through nylon mesh. To remove neurons, the resultant single cell sus-
pension was transferred onto PDL (Sigma-Aldrich, St. Louis, MO, USA)
coated plate and incubated for 2-3 min for preferential sticking of
neurons. The unattached cells in the suspension were collected and cells
were harvested by centrifugation. Cell's pellet was resuspended in fresh
astrocyte medium and seeded in a density of 1.2 million/35 mm plate
or 0.4 million/well of 24-wells plate. Cells were maintained for 13 days
in vitro (DIV) with medium change given every other day.

2.4. Oligomeric Af preparation

AP1_4- lyophilized peptide (American peptide, Sunnyvale, CA, USA)
was resuspended in 100% 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP)
(Sigma-Aldrich) to 1 mM concentration and centrifuged under vacuum
condition in a speed vac (Eppendorf, Hamburg, Germany) until all the
liquid HFIP get evaporated. The resultant peptide pellet was again
dissolved in DMSO (Sigma-Aldrich) at 5 mM concentration and sub-
jected to sonication in 37 °C water bath for 10 min. Then the solution
was further diluted with phosphate buffer saline (PBS: NaCl 137mmole/
L, KCL 2.7mmole/L, Na2HPO4 10mmole/L, KH2PO4 2mmole/L,
pH 7.2) and SDS (0.2%) to a concentration of 400 UM and incubated for
6-18 h at 37 °C. Finally PBS was added to a final concentration of
100 pM and again incubated for 18-24 h at 37 °C.

2.5. AP and MAPK inhibitors treatment to astrocytes

Mature astrocytes (13DIV) were kept for 24 h in sera free condition
prior to treatment. Cells were then treated with 1.5uM Af oligomers in
the presence or absence of 10 uM JNK inhibitor II or 100 nM p38K
inhibitor (SB 239063) or 10 uM ERK inhibitor (U0126) in the same sera
free medium for different time points like 4 h, 8 h, 16 h and 24 h or for
24 h only at 37 °C or as mentioned in the figures. The concentration of
inhibitors was used based on available literatures (Bennett et al., 2001;
Roy Choudhury et al., 2014).

2.6. Immunocytochemistry

Both the control and treated cells on glass cover slips were fixed by
4% paraformaldehyde in PBS for 10 min at room temperature. For
permeabilization and blocking, fixed cells were incubated with 3% goat
serum, 0.3% Triton X-100 in PBS for 1-2 h. Cells were then incubated
with anti-rabbit or anti-mouse GFAP (1:50), anti-rabbit total and
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phospho-c-Jun, anti-rabbit total and phospho-p38K, anti-rabbit Ki67
(1:40) overnight at 4 °C. On the next day, cells were washed with PBST
(0.3% Triton X-100 in PBS) to remove the excess antibodies. Then the
cells were subjected to specific species matched secondary antibody,
incubation with Alexafluor546/488 for 1-2 h at room temperature.
Finally nuclei were stained with Hoechst 33342 at a concentration of
2 pg/ml in PBS for 30 min at room temperature. Images were taken
under LeicaCTR4000 fluorescence microscope at X 20 or X 40 objec-
tives as mentioned in the images. We calculated the corrected total cell
fluorescence (CTCF) in ImageJ software by including integrated density
of staining, area of the cell, and the background fluorescence of dif-
ferent experimental conditions. CTCF = Integrated density — (area of
selected cell x mean fluorescence of background readings). Data have
been represented as the mean = S.E.M. of ten astrocytes from three
independent experiments. The morphological changes of reactivated
astrocytes have been evaluated by sholl analysis using NIH-ImageJ
software that has been previously described (Sholl, 1953; Cuesto et al.,
2011; Sanphui and Biswas, 2013). GFAP stained primary cultures of
astrocytes have been taken and imaging was performed at higher
magnification. By using ImageJ plugin, the higher magnification images
were traced and a number of concentric circles were drawn from the
astrocytic soma with a 10 pm increasing radius. We performed a two-
dimensional analysis on astrocyte primary culture where the number of
intersecting points was calculated at each concentric circle. Data have
been represented as the mean + S.E.M. of five astrocytes from three
independent experiments.

2.7. AB infusion in rat brain

Oligomeric preparation of A was injected in male Sprague-Dawley
rat brains following the method described previously (Sanphui and
Biswas, 2013). Briefly, adult rats of 300-380 g were anesthetized with
xylazine-ketamine mix and their head were fixed in a stereotaxic frame.
Then a volume of 5 pl of 100 pM Af;_45 in PBS was infused with the use
of a 27-gauge Hamilton syringe, in right cerebral cortex at stereotaxic
co-ordinates from bregma: AP: —4.1, L:2.5, DV:1.3 mm. In control
animals, an equal volume and concentration of AP, jreverse peptide
was infused. After at least 21 days of injection, animals were sacrificed
through anesthetization and after cardiac perfusion; brains were dis-
sected out and fixed in 4% PFA for 24 h. Both control and Af peptide
treated brains were transferred to a 30% sucrose solution for another
24 h. Finally 20 um sections were cut using a cryotome (Thermo Sci-
entific).

2.8. Immunohistochemistry

Brain sections of both AB; 45 (n = 3) and AB4> 1 (n = 3) infused
adult rats were blocked with 3% goat serum, 0.3% Triton X-100 in PBS
for 1 h. The sections were then incubated with primary antibody rabbit
anti-GFAP with either anti-rabbit total/phospho-c-Jun or anti-rabbit
total/phospho-p38K and anti-Af;_4, antibody for overnight at 4 °C. On
next day sections were washed thrice for 5 min with 0.3% Triton X-100
in PBS. Then species specific fluorescence-tagged secondary antibody
was added and incubated for 1 h. After washing with the same solution
for three times for 5 min each nuclei were stained with Hoechst33342
and mounted on glass slides. Pictures were taken under LeicaCTR4000
fluorescence microscope at X 20 magnification.

2.9. Preparation of cell lysate

All the treated cells along with the control were washed with PBS
and collected by scraping in PBS. Cells were harvested by centrifugation
at 1200 rpm at 4 °C for 5 min followed by lysis using lysis-buffer (10
mM Tris (pH.4), 150 mM NacCl, 1% Triton X-100, 0.5% NP-40, 1 mM
EDTA, 1 mM EGTA, 20 mM NaF, 0.2 mM Orthovanadate, Protease
Inhibitors) and incubation for 10 min in ice. The cell lysates were
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centrifuged at 14000 rpm at 4 °C for 15 min. Supernatant was collected
and proteins were estimated by Bradford method.

2.10. Western blotting

Lysates containing equal amount of protein of each condition were
resolved in SDS-PAGE. The protein bands were transferred to PVDF
membrane. After blocking with 5% non-fat dry milk for 1 h at room
temperature, the membranes were incubated with primary antibodies
using anti-rabbit GFAP (1:1000), anti-rabbit phospho- and total-ATF2
(1:1000), anti-rabbit phospho- and total-c-Jun (1:500), anti-rabbit
phospho- and total-JNK (1:500), anti-rabbit phospho- and total-p38K
(1:500), anti-rabbit phospho- and total-ERK1/2 (1:2000), anti-mouse [3-
Actin (1:2000) antibodies for overnight at 4 °C. Membranes were wa-
shed 3 times with TBST [1.5 M NaCl, 1 M Tris (pH 7.5), 0.1% Tween20]
followed by HRP tagged secondary antibody incubation for 1-2 h at
room temperature. Protein bands were detected on X-ray film by using
ECL reagents after 3 times wash with TBST. Densitometric quantitation
of each band was done by ImageJ software.

2.11. Cell survival assay

Cell survival assay of control and AP;_4» treated astrocytes in pre-
sence or absence of different inhibitors [JNK inhibitor II, p38K inhibitor
(SB 239063), ERK inhibitor (U0126)] was performed by a method that
has been routinely used to assess viability of neuronal cells (Rukenstein
et al., 1991; Sanphui et al., 2013; Troy et al., 2002). According to the
method, cells were lysed in a detergent containing buffer that pre-
ferentially dissolves cell membrane leaving nuclear membrane intact.
The absolute number of intact nuclei was then directly counted on a
haemocytometer.

2.12. Statistical analysis

Data were analysed using student t-test and the differences were
considered statistically significant when p < 0.05.

3. Results
3.1. Astrocytes are activated in response to Af} exposure

Astrocyte activation is an integral part of pathophysiology and has
an immense effect on neuronal health in AD. To study the mechanism of
astrocyte activation in response to AP, we first checked whether upon
AP treatment astrocytes get activated in culture or not. We considered
morphological changes and GFAP, S100B and vimentin upregulation as
markers for astrocyte activation. We exposed 14DIV mature astrocyte
cultures to oligomeric A for 24 h and performed im-
munocytochemistry with anti-GFAP, anti-S100B or anti-vimentin anti-
bodies. We found a significant upregulation of GFAP (around 3 fold),
S100B and vimentin, and characteristic morphological changes in terms
of increase in perimeter (around 2 fold) from flat polygonal shapes to
strong process bearing ones in response to AP treatment
(Fig. 1A,B,C,E,F, p = 0.05). We further evaluated the extension of re-
activated astrocyte processes by sholl analysis and found a significant
extension in strong processes of the activated astrocytes (Fig. 1D).
Moreover, GFAP upregulation and hypertrophied strong process
bearing astrocytes which is an indication of astrocyte activation, were
also found in rat brain in the vicinity of AP infused sites when cortical
sections of AP-infused rat brain were subjected to im-
munohistochemistry with anti-GFAP antibody (Fig. 1G,H,I, p < 0.05).
The deposition of AB;_4, in the AP infused rat brain cortex has been
confirmed (Supplementary Fig. 1). Finally, we performed western blot
analysis to check GFAP levels at different time points (4 h, 8 h, 16 h and
24 h) of AP treatment on cultured astrocytes and found that the levels
of GFAP were increased gradually starting from 8 h till 24 h after Af
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Fig. 1. Effect of AR on morphology and GFAP expression in astrocytes in vitro and in vivo. (A, E, F) Cultured astrocytes (14DIV) were treated with 1.5 pM Af. After
24 h, both control and treated cells were subjected to immunocytochemistry with anti-GFAP, S100B and Vimentin antibodies followed by nuclear Hoechst staining.
Pictures were taken at X 40 magnification under a fluorescent microscope. Scale bar is indicating 50 um. (B, C) Bar diagrams are representing the quantitative
analysis of GFAP intensity (as CTCF value) and morphological change (as perimeter value) of control and AP treated astrocytes. (D) Sholl analysis of cultured
astrocyte treated with AB. (G) AB;_42 or vehicle (PBS) infused rat brains were fixed after cardiac perfusion. The cryosections of brains were subjected to im-
munohistochemistry using anti-GFAP antibody to stain astrocytes. Nuclei were stained with Hoechst. Pictures were taken at x 40 magnification under a fluorescent
microscope. (H, I) Bar diagrams are showing the quantitative GFAP intensity through CTCF values and morphological changes in terms of perimeter. (J) Mature
astrocyte cultures (14DIV) were treated with A for different time points (4 h, 8 h, 16 h & 24 h). Equal amount of lysates from control and treated samples were
subjected to SDS-PAGE followed by western blotting with GFAP antibody. Actin was used as loading control. (K) Bar diagram is representing the densitometry of the
blots. Values are expressed as mean + SEM:n = 3, *p < 0.05.

exposure (Fig. 1J,K, p < 0.05). and other have shown the involvement of JNK and its downstream
target c-Jun in AfB-induced neuronal apoptosis (Akhter et al., 2015;

Morishima et al., 2001; Troy et al., 2001; Yao et al., 2005). However, its

3.2. JNK and its downstream target c-Jun are activated in astrocytes both in
vitro and in vivo in response to Af

Several signal transduction pathways including JNK have been re-
ported to be implicated in astrocyte activation upon exposure to dif-
ferent stimuli (Gadea et al., 2008; Gao et al., 2013; Li et al., 2017). We

specific role in Ap mediated astrocyte activation is not clearly known.
We checked this possibility by using 14DIV astrocyte primary cultures
and treating them with oligomeric A for different time points such as
4 h, 8 h, 16 h and 24 h. All treated samples along with control were
subjected to western blot with phospho-JNK, total-JNK, phospho-c-Jun
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and total-c-Jun antibodies. We found a significant increase of phospho- Again we found a clear increase in phospho-c-Jun levels upon AP

JNK levels at 16 h and at 24 h of Af} treatment whereas the total JNK treatment at 16 h and at 24 h. But the total c-Jun levels were remained
levels were remained unchanged (Fig. 2A,B, p < 0.05). We further unaltered upon AP treatment at any time points (Fig. 2C,D, p < 0.05).
checked the activation of c-Jun, which is a downstream target of JNK. To further confirm, we checked the phospho- and total c-Jun levels in
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Fig. 2. Activation of JNK/c-Jun in astrocytes in vitro and in vivo upon AP exposure. Primary cultures of astrocyte (14DIV) were treated with AP for 4 h, 8 h, 16 h &
24 h. After each time points cells were harvested and equal amount of lysates were analysed by SDS-PAGE and subsequent western blot analysis with anti-phospho-
JNK (p-JNK), -total-JNK (t-JNK) and anti-phospho-c-Jun (p-cJun), anti-total-c-Jun (t-cJun) antibodies. (A, B) Representative western blots for phospho-JNK and total-
JNK levels at different time points of AB exposure are shown. Bar diagrams are representing the quantitative analysis of the blots. Values are expressed as
mean *+ SEM:n = 3, *p < 0.05. (C, D) Representative western blots for phospho-c-Jun and total-c-Jun levels at different time points of AR exposure are shown.
Lower panel: Densitometric analysis was performed by NIH ImageJ software. P-c-Jun values were normalized with t-c-Jun and are plotted as different time points of
AP treatment vs level of p-c-Jun values. Values are expressed as mean = SEM:n = 3, *p < 0.05. (E, G) Cultured astrocytes were treated with Af for 24 h, and then
subjected to immunocytochemistry with GFAP, phospho- and total-c-Jun antibodies followed by nuclear staining with Hoechst. Images were taken at X 40 mag-
nification under a fluorescent microscope. Scale bar is indicating 50 um. Nuclear intensity of p-cJun and t-cJun was calculated and the CTCF values are represented as
bar diagrams. (F, H) Ap infused rat brain sections were subjected to immunohistochemistry with GFAP, phospho- and total-c-Jun antibodies. Nuclei were stained with
Hoechst. Images were taken at X 40 magnification under a fluorescent microscope. Scale bar is indicating 50 pm. Bar diagrams are showing the quantitative CTCF

values of the ratio of p-cJun and t-cJun.

astrocytes by immunocytochemistry and found that upon A} exposure,
there was a significant nuclear upregulation (around 3 fold) of
phospho-c-Jun in GFAP positive astroglial cells while the total-c-Jun
levels did not show any changes (Fig. 2E,G, p < 0.05). Next, we de-
termined whether c-Jun is also activated in response to Af in vivo.
Cortical sections of AB-infused rat brain were subjected to im-
munohistochemistry with phospho- and total-c-Jun antibodies along
with astrocytic marker GFAP antibody. We found that there was a
significant increase (around 3.5 fold) in phospho-c-Jun/total-c-Jun
ratio in GFAP positive cortical astrocytes in AP-infused brain tissue
sections compared to that of control brain section where AB42-1 re-
verse peptide was injected (Fig. 2F,H, p < 0.05).

3.3. AP activates the p38K pathway in astrocytes both in vitro and in vivo

The p38K pathway is also implicated in astrocyte activation and its
inhibition has been considered a promising therapeutic strategy for AD
(Lee and Kim, 2017). Upon IL-1 exposure, activation of p38K pathway
and its partial contribution to astrocyte activation have been reported
(Fields and Ghorpade, 2012). Microglia is activated by AB and cyto-
kines (i.e., IL-1P) secreted from activated microglia can activate astro-
cytes thereafter (Lee and Kim, 2017). So p38K pathway is presumed to
be activated and have important roles to play in Af induced astrocyte
activation. In order to investigate the role of p38K pathway in Af-in-
duced astrocyte activation, we checked the phosphorylation level of
p38K which is the indication of its activation, in cultured astrocytes of
14DIV, upon AP treatment at different time points. A significant in-
crease in p38K phosphorylation was found at 16h and 24 h of AP
treatment. The total p38K levels were remained unchanged at all the
time points we checked (Fig. 3A,B, p < 0.05). This observation was
further validated by immunocytochemistry studies. Matured astrocyte
cultures of 14DIV were subjected to immunocytochemistry after treat-
ment with AR for 24 h using phospho- and total-p38K antibodies. We
found that there was a significant upregulation (around 2 fold) of
phospho-p38K levels in Ap-treated astrocytes compared to that of
control while changes in the total-p38K levels remain non-significant in
both control and AB-treated astrocytes (Fig. 3C,D, p < 0.05). This in
vitro finding was further strengthened by in vivo data where Af-infused
rat brain sections were shown to have elevated levels (around 6 fold) of
phospho-p38K level which were localized in the GFAP positive cells
compared to that of AB42-1 peptide infused-brain sections (Fig. 3E,F,
p < 0.05). The total p38K levels in both AB42-1 (control peptide) and
AP1_42 infused brain cortex remained same.

ERK signalling which is a key regulator of cell proliferation and
differentiation is another important member of MAPK pathway. Along
with JNK, p38K, we also investigated the contribution of ERK pathway
in AP induced astrocyte activation. Again, 14DIV mature cultured as-
trocytes were treated with A} for 4 h, 8 h, 16 h & 24 h and western
blotting was performed with phospho- and total-ERK antibodies.
Interestingly, we did not find any significant upregulation of phospho-
ERK levels at any time points suggesting that, ERK pathway is not ac-
tivated during the course of AP treatment we tested (Fig. 3G,H). Col-
lectively, we found that JNK and p38K but not ERK pathway are

activated in astrocytes in response to AP both in vitro and in vivo.

3.4. JNK and p38K pathways but not ERK pathway, are involved in AB
induced astrocyte proliferation

Astrocyte proliferation is one of the important changes that occur
during the course of astrogliosis or astrocyte activation in AD (Bajetto
et al., 2001; Gadea et al., 2008; McLennan et al., 2008; Olabarria et al.,
20105 Sorensen et al., 2003; Wang et al., 2002). So next we checked
whether A induces astrocyte proliferation and if so which MAPK
pathways are involved therein. We found that, AP at low dose (1.5 pM)
triggers significant proliferation (2 to 2.5 fold) of cultured astrocytes
within 24 h (Fig. 4A,C, p < 0.05). To check which pathways are in-
volved in astrocyte proliferation, we treated mature astrocyte cultures
of 14DIV with A in presence and absence of specific inhibitors of JNK
(JNK inhibitor II), p38K (SB 239063) or ERK (U0126). After 24 h of
incubation, cells were counted by nuclei counting method and we found
that AB caused around 2-fold increase in the number of astrocytes
compared to control. Interestingly, when cells were treated with JNK or
p38K inhibitors in the presence of AP, a clear and significant inhibition
of cell proliferation was observed suggesting that JNK & p38K are in-
volved in AP mediated astrocyte proliferation. But we failed to find any
involvement of ERK pathway in A induced cell proliferation as there
was no significant reduction of cell numbers when astrocytes were
treated with AP along with ERK inhibitor (Fig. 4A, p < 0.05). To fur-
ther strengthen this observation, we performed immunocytochemistry
with an antibody Ki67 which is a cell proliferation marker with A
treated astrocytes along with inhibitors of all three MAPK pathways.
Similar results were found where Ap triggered 2.5 fold increase in Ki67
positive cells compared to the control (Fig. 4B,C, p < 0.05). And in
accordance with earlier results, JNK and p38K inhibitors showed a
significant reduction of Ki67 positive cell numbers that was otherwise
increased significantly in the presence of AB. Whereas, as seen by nuclei
counting method earlier, the ERK inhibitor could not show any sig-
nificant reduction of Ki67 positive cell numbers in presence of AP
(Fig. 4B,C, p < 0.05). To further confirm the involvement of the p38K
and JNK pathways in AP} mediated astrocyte proliferation, we have
checked the active phosphorylated status of both these MAPKs after
treating the cells with corresponding inhibitors in the presence and
absence of AP (Fig. 4D,E, p < 0.05). We found that, inhibiting both of
these pathways could significantly reduce the phosphorylation levels of
them even in the presence of A further suggesting that phosphorylated
active forms of p38K and JNK are involved in AP induced astrocyte
proliferation.

3.5. p38K is required for morphological changes of astrocyte in response to

Ap

As shown in Fig. 1, we found a clear morphological change and time
dependent upregulation of GFAP levels in cultured astrocytes upon Af}
treatment. Along with these observations, we found that Af could cause
activation of both JNK and p38K pathways in astrocytes. We presumed
that this AR induced morphological changes and GFAP upregulation
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estingly, we failed to find the restoration of morphological changes
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induced by A in presence of JNK inhibitor (Fig. 5A).

Next, we checked whether p38K pathway has any contribution in
astrocyte morphological changes induced by AP. To do this, mature
astrocyte cultures of 14DIV were treated with A in the presence or
absence of p38K inhibitor (SB 239063). After 24 h of incubation, im-
munocytochemistry was done with GFAP antibody to check astrocyte
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Fig. 3. Activation of p38K in astrocytes in vitro and in vivo in response to Af. Cultured astrocytes were treated with A3 for 4 h, 8 h, 16 h and 24 h. Equal amount of cell
lysates were subjected to western blot analysis with phospho- and total-p38K or phospho- and total-ERK antibody. (A, B) Representative western blots are showing
phospho-p38K (p-p38K) and total-p38K (t-p38K) levels at different time points of A treatment. Densitometric analysis was performed by NIH ImageJ software and p-
p38K values were normalized with t-p38K values. Lower panel: Graphical representation of densitometric analysis of fold changes of phospho-p38K levels in the
indicated conditions. Values are expressed as mean * SEM: n = 3, *p < 0.05. (C, D) Cultured astrocytes were treated with AP for 24 h and subjected to
immunocytochemistry with GFAP and phospho-ortotal-p38K antibodies followed by nuclei staining with Hoechst. Pictures were taken at X 40 magnification under a
fluorescent microscope. Scale bar is indicating 50 pm. Bar diagrams are showing the quantitative CTCF value of p-p38k and t-p38k. (E, F) Brain sections of both
AB1_4o and AP4>_ 4 (reverse peptide) infused rats were subjected to immunohistochemistry with GFAP and phospho- or total-p38K antibodies. Nuclei were stained with
Hoechst. Pictures were taken at X 40 magnification under an inverted fluorescent microscope. Scale bar is indicating 50 pm. Bar diagrams are representations of
quantitative analysis of p-p38k. (G, H) Representative blots are showing levels of phospho- and total-ERK at different time points of AP treatment. Lower panel:

Graphical representation of densitometric analysis of fold change of phospho-ERK levels in the indicated conditions.

morphology by measuring perimeter. We found that, when astrocytes
were treated with Af, they changed their morphology from flat poly-
gonal to strong process bearing cells. But when Af} along with a p38K
inhibitor were used to treat astrocytes, a clear restoration of morpho-
logical changes was observed (Fig. 5B,D, p < 0.05). To further check
whether this morphological change by p38K requires GFAP upregula-
tion, we determined the GFAP intensity of immunostained astrocytes
and protein level of GFAP in astrocytes those were treated with Af} in
presence and absence of p38K inhibitor by western blot using GFAP
antibody. We found that AB caused upregulation of GFAP levels sig-
nificantly (around 2 fold) in astrocytes whereas this upregulation was
completely blocked when astrocytes were treated with specific p38K
inhibitor (Fig. 5C,E,F, p < 0.05). Interestingly, we also found that
phosphorylation of transcription factor ATF2, a target of p38K pathway
was increased in time dependent manner in response to Af} treatment
(Fig. 5G,H, p = 0.05). These results suggest that, AB triggers mor-
phological changes in astrocytes by activating p38K pathway and its
target ATF2 which might upregulate GFAP expression thereafter. Taken
together, our findings indicate that two MAPK pathways, JNK and p38K
are activated in astrocytes upon Af exposure in vitro and in vivo, both of
these pathways are involved in AR mediated proliferation of astrocytes,
whereas only p38K pathway is required for characteristic morpholo-
gical changes in astrocytes upon AP exposure.

4. Discussion

Recently, we have shown that cortical astrocytes are activated in
response to very low dose (1.5 uM) (Saha and Biswas, 2015) and within
very short period of time (6 h) following AR exposure (Saha et al.,
2020). In this study, we investigated the molecular mechanisms in-
volved in astrocyte activation in response to AP exposure. We focused
our study on MAPK pathways, the evolutionarily conserved signalling
pathways that control a myriad of fundamental cellular events like
growth, survival, apoptosis, differentiation, transformation, motility,
stress in response to various extracellular stimuli (Kaminska, 2005;
Plotnikov et al., 2011; Raman et al., 2007; Shaul and Seger, 2007). The
MAPK pathways are also shown to be involved in astrocyte activation in
various brain inflammatory conditions (Bhat et al., 1998; Fields and
Ghorpade, 2012; Gadea et al., 2008; Kaminska, 2005; Liu et al., 2014;
Wang et al., 2002). However, how MAPK pathways instigate pheno-
types of astrocyte activation in response to AP stimuli has not been
delineated.

Upregulation of intermediate filament protein, GFAP and char-
acteristic morphological changes are widely accepted and reliable signs
of astrocyte transformation from quiescent to activated one (Furman
et al., 2012; Gadea et al., 2008; Garwood et al., 2011; Hu et al., 1998;
Kamphuis et al., 2012; Kamphuis et al., 2014; Olabarria et al., 2010;
Paradisi et al., 2004; Pekny and Nilsson, 2005; Placone et al., 2015;
Gomes et al., 1999). First, we checked the astrocyte activation both in
vitro and in vivo by exposing cultured astrocytes to AB and infusing A3
in rat brain respectively. We observed characteristic morphological
changes with strong processes and hypertrophy of astrocytes. As mor-
phological changes are associated with upregulation of GFAP in astro-
cytes, we also checked the levels of GFAP in A treated astrocytes and

found a significant and gradual upregulation of this protein over time.
Moreover, other important astrocyte activation markers such as S100B
and vimentin were also found to be upregulated in A( treated astro-
cytes. Previously we and others have shown that, both in cultured and
in vivo conditions, astrocytes get activated upon AP exposure (Saha and
Biswas, 2015; Olabarria et al., 2010; Rodriguez et al., 2009; Saha et al.,
2020). Thus, our results corroborated with previous findings and fur-
ther indicate that astrocyte activation is associated with GFAP upre-
gulation. In contrast, reports are there that claim during astrocyte ac-
tivation, GFAP reorganization and condensation might take place
without upregulation of its mRNA or protein levels (Hu et al., 1998).

Next we checked MAPK pathways that are activated in astrocytes
both in vitro and in vivo model of AD. JNK/c-Jun pathway gets activated
in astrocytes under adverse and pathological conditions like ischemia,
scratch induced astrocyte activation, amyotrophic lateral sclerosis
(Dong et al., 2009; Gao et al., 2013; Migheli et al., 1997). We found
that, both JNK and its downstream target c-Jun are activated in cul-
tured astrocytes in response to AP treatment. The immunocytochemical
analysis shows a high nuclear expression of p-c-Jun in Af treated as-
trocytes. Our in vivo data also shows the similar effect of AP in astro-
cytes in rat brain cortex where a higher number of GFAP positive as-
trocytes are having nuclear p-c-Jun stain. Interestingly, c-Jun has been
mainly implicated in AP induced death of neurons (Morishima et al.,
2001; Troy et al., 2001). Here we show that it is also involved in as-
trocyte activation and proliferation upon Af exposure. Recently we
have reported that astrocyte proliferation takes place at lower AP dose
(1.5 uM), however, at high A dose (4 uM), astrocyte death occurs
(Saha and Biswas, 2015). Therefore, it would be interesting to know
whether c-Jun is involved in astrocyte death in response to high dose of
Ap as well. In fact a recent investigation reveals this possibility where it
has been shown that Af;_4 can induce astrocyte cell death through
JNK and c-JUN pathway (Li et al., 2018).

Another well-known MAPK, p38K which is conventionally known as
stress kinase, involved in various cellular functions including apoptosis,
survival and immunological effects, and it considerably shares a wide
array of JNK downstream components (Kyriakis and Avruch, 2001;
Zarubin and Han, 2005; Santos-Carvalho et al., 2013; Xie et al., 2004;
Luft et al., 2004; Correa and Eales, 2012). Most importantly, p38K
cascade has long been implicated in neuroinflammation and neurode-
generation especially in AD (Correa and Eales, 2012; Xie et al., 2004).
One of the very first evidences that p38K pathway is involved in as-
trocyte mediated neuroinflammation comes from the study where it has
been shown that the involvement of p38K pathway in iNOS and TNFa
gene expression in response to LPS endotoxins in primary culture (Bhat
et al., 1998). It has been reported that, p38K can hyper-phosphorylate
tau protein and through other downstream target proteins, it also in-
duce the release of pro-inflammatory cytokines like TNF-a, IL-6, IL-1f3,
IL-a, eventually culminating neuronal death (Correa and Eales, 2012).
In addition, this pathway is also involved in IL-13 mediated astrocyte
activation that finally causes the COX-2 upregulation through C/EBPf
transcription modulator and thereby implicated in AD (Fields and
Ghorpade, 2012). So far AR mediated direct activation of microglia
through p38K pathway has been better understood (Lee et al., 2000;
McDonald et al., 1998). Here we show that Af} oligomers can stimulate
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Fig. 4. JNK and p38K pathways are implicated in AP induced astrocyte cell proliferation. Mature astrocyte cultures (14DIV) were treated with three MAPK inhibitors:
JNK inhibitor II, p38K inhibitor (SB 239063), ERK inhibitor (U0126) for 24 h in presence and absence of AP. (A) Cells were lysed with nuclei counting buffer that
dissolve plasma membrane but not nuclear membrane. Nuclei were counted under phase contrast microscope with the help of haemocytometer. Percent of intact
nuclei (represent viable cells) are plotted against different treatment conditions. Values are expressed as mean = SEM: n = 3, *p < 0.05.(B) Astrocytes were
treated with indicated conditions and then were fixed and subjected to immunocytochemistry with anti-Ki67 antibody followed by nuclei stain by Hoechst. Pictures
were taken at x 20 magnification under an inverted fluorescent microscope. (C) Number of Ki67 positive cells and total number of Hoechst stained nuclei were
enumerated and the percentage of Ki67 positive cells were plotted against different treatment conditions. Bar diagram is showing the percentage of Ki67 positive cells
vs different treatment condition. Values are expressed as mean *+ SEM:n = 3, *p < 0.05.(D,E) Cultured astrocytes were treated with either p38K or JNK inhibitors
with or without Af for 24 h. Equal amount of cell lysates were subjected to western blot analysis with phospho- and total-p38K or phospho- and total-JNK antibodies.
Densitometric analysis was performed by NIH ImageJ software and p-p38K and p-JNK values were normalized with t-p38K and t-JNK values respectively. Lower
panel: Graphical representation of densitometric analysis of fold changes of p-p38K and p-JNK levels in the indicated conditions. Values are expressed as
mean * SEM:n = 3, *p < 0.05.
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Fig. 5. Role of p38K and JNK pathways in astrocyte morphological changes and GFAP upregulation induced by AB. Mature astrocyte cultures were treated with Af
for 24 h in presence and absence of either JNK inhibitor II (JNKi) (A) or p38K inhibitor, SB 239063 (p38Ki) (B). After 24 h, cells were fixed and subjected to
immunocytochemistry with anti-GFAP antibody followed by nuclei staining with Hoechst. Pictures were taken at X 40 magnification under an inverted fluorescence
microscope. Scale bar is indicating 50 pm. (C, D) Bar diagrams are showing the quantitative GFAP intensity through CTCF values and morphological changes in terms
of perimeter. (E, F) Equal amount of cell lysates from treated astrocytes (AP, p38K inhibitor and AR + p38K inhibitor) along with controls were subjected to western
blot with anti-GFAP antibody. Actin was taken as internal loading control. Graphical representation of densitometric analysis of fold change of GFAP levels in the
indicated conditions. Bar diagram is representing the quantitative ImageJ analysis of the blots. Values are expressed as mean + SEM:n = 3, *p < 0.05.(G,H) 4 h,
8 h, 16 h and 24 h AP treated astrocyte samples were subjected to western blot analysis with p-ATF2 and t-ATF2 antibodies. p-ATF2 values were normalized with t-
ATF2 values and bar diagram are showing the quantitative analysis of band intensities at different time points. Values are expressed as mean * SEM: n = 3,
*p < 0.05.

the phosphorylation and hence the activation of p38K in astrocytes in characteristics of astrogliosis upon external stimuli (Garwood et al.,
both the in vitro and in vivo models of AD. The distribution of p38K has 2011; Olabarria et al., 2010). Recently we have reported that astrocytes
been found to be both in cytosol and nuclei where the cytosolic dis- undergo rapid proliferation upon oligomeric A treatment at a com-
tribution was higher than nuclei with a relatively higher proportion in paratively lower dose (1.5 uM) compared to the doses reported pre-
the cytosol. This is again in agreement with the previous reports that viously (Garwood et al., 2011; Olabarria et al., 2010; Rodriguez et al.,
suggest p38K has both cytosolic and nuclear downstream substrates 2009; Saha and Biswas, 2015). In this study, we found that, out of three
(Ben-Levy et al., 1998; Correa and Eales, 2012). Surprisingly, although MAPK pathways tested, JNK/c-Jun and p38K cascades induce astrocyte
activation of ERK pathway has been reported in activated astrocytes in proliferation, as specific inhibitor could block the astrocyte prolifera-
various neurodegenerative models (Bajetto et al., 2001; Biesiada et al., tion in response to AP treatment. It has been reported that Endothelin-1
1996; Wang et al., 2002), but we were unable to find activation of ERK which is implicated in many CNS pathologies that involve reactive
pathway in cultured astrocytes upon A treatment. gliosis, causes astrocyte proliferation via both JNK and ERK pathways

Astrocyte proliferation is considered as one of the important (Gadea et al., 2008). There are other inducers of astrocyte proliferation
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like thrombin, stromal cell derived factor-laa (SDF-la) and ET-3
(Bajetto et al., 2001; Biesiada et al., 1996; Wang et al., 2002). Inter-
estingly, in most of these cases, ERK pathway gets activated and in few
cases JNK pathway was also activated. In an ischemic stroke model it
has been shown that permanent MCAO mediated astrogliosis could be
blocked in a p38K KO mouse (Roy Choudhury et al., 2014). Here, we
clearly show that, Ap can cause a rapid increase in astrocyte pro-
liferation within 24 h of treatment and both the JNK and p38K (but not
ERK) pathways are activated and play a crucial role in astrocyte pro-
liferation. Hence, the type of stimulus is important determinative factor
for MAPK pathways activation and their involvement in astrocyte
proliferation.

Finally and interestingly, we found that inhibition of p38K could
block the activation specific morphological changes in astrocytes
evoked by AP. Not only that, Af} induced upregulation of GFAP also get
reduced when astrocytes are treated with specific inhibitor of p38K
pathway. Although it has been reported that accumulation of mutant
GFAP in astrocytes in Alexander disease is enhanced when p38K is
inhibited, but a direct role of p38K on GFAP upregulation is novel (Tang
et al., 2008). So, this might be the first instance where we show that
p38K activation upregulates the expression of GFAP and thereby induce
morphological changes in astrocytes upon AP exposure. p38K has a
wide array of both cytosolic and nuclear substrates (Plotnikov et al.,
2011; Raman et al., 2007). We investigated the levels of a well- known
transcription factor, ATF2 which is the downstream substrate of p38
signalling pathway (Watson et al., 2017) and found its upregulation in
response to Af} treatment. In addition, it will be worth investigating if
ATF-2 binding motif is present in GFAP promoter as inhibiting p38K,
restores GFAP level in AP treated astrocytes. In this regard, there is no
report that suggests any ATF-2 binding motif in GFAP promoter. But
existing report indicate that ATF-2 can also recognize activator protein-
1 (AP-1) and GFAP promoter has intrinsic AP-1 binging sequence
(Bachetti et al., 2010). A current report is suggesting that p38K
pathway activation is strongly correlated with the immunological re-
sponse and thereafter the release of several inflammatory chemokines
and cytokines from activated astrocytes due to LPS incorporation (Lo
et al., 2014). So it will be further worth studying the altered profile of
different cytokines and chemokines those can be secreted from astro-
cytes upon AP exposure specifically through p38K pathway. In con-
clusion, this work on the role of MAPK pathways on astrocyte activation
in an AD model reveals that although both JNK/c-Jun and p38K
pathways are activated but they are differentially involved in eliciting
different phenotypical and functional changes of astrocyte activation,
whereby both the pathways are involved in cellular proliferation but
only p38K pathway contributes in morphological changes in astrocytes
triggered by Ap.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mcn.2020.103551.
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Deposition of amyloid beta plaques in adult rat or human brain
is associated with increased production of proinflammatory cy-
tokines by associated glial cells that are responsible for degener-
ation of the diseased tissue. The expression of these cytokines is
usually under check and is controlled at the post-transcriptional
level via several microRNAs. Computational analysis of gene
expression profiles of cortical regions of Alzheimer’s disease pa-
tients’ brain suggests ineffective target cytokine mRNA suppres-
sion by existing micro-ribonucleoproteins (miRNPs) in diseased
brain. Exploring the mechanism of amyloid beta-induced cyto-
kine expression, we have identified how the inactivation of the
repressive miR-146 miRNPs causes increased production of cy-
tokines in amyloid beta-exposed glial cells. In exploration of the
cause of miRNP inactivation, we have noted amyloid beta olig-
omer-induced sequestration of the mTORCI complex to early
endosomes that results in decreased Ago2 phosphorylation,
limited Ago2-miRNA uncoupling, and retarded Ago2-cytokine
mRNA interaction in rat astrocytes. Interestingly, constitutive
activation of mTORCI1 by Rheb activator restricts proinflamma-
tory cytokine production by reactivating miR-146 miRNPs in
amyloid beta-exposed glial cells to rescue the disease phenotype
in the in vivo rat model of Alzheimer’s disease.

INTRODUCTION

MicroRNAs (miRNAs) are 20- to 22-nt-long non-coding RNAs that
can fine-tune the expression of their target mRNAs post-transcrip-
tionally in metazoan cells by imperfect base pairing."> As in other tis-
sues, miRNAs are important gene regulators in the mammalian brain,
where hundreds of miRNAs are known to control thousands of tran-
scripts encoding important proteins that affect several physiological
processes and events in the mammalian brain.” Differentiation of
embryonic stem cells to neuronal cells is also controlled by specific
miRNAs such as miR-9," while miR-128 regulates the growth of the
dendrites.” There is also evidence of miRNA playing a significant
role in neurodegenerative diseases (NDDs) such as in Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
or in amyotrophic lateral sclerosis (ALS).” There have been reports

868 Molecular Therapy: Nucleic Acids Vol. 24 June 2021 © 2021 The Author(s).

that show the effect of conditional knockout of Dicer, an essential
enzyme for miRNA biogenesis, on neuronal death.” Additionally, dif-
ferential miRNA expression profiles from postmortem brains of pa-
tients who died of AD have shown the possible importance of miRNA
expression in the pathophysiology of this disease.”’

Astrocytes are the most abundant cells in the mammalian brain. The
increases in the number and complexity of this glial cell population
during brain development support their possible role in regulating
complex traits such as human cognition and behavior.'” Astrocytes
provide support to the neuronal function by regulating ion homeosta-
sis,'" or by controlling CNS blood flow,'> and they also play a crucial
role in synaptic transmission by forming tripartite synapse.'>'* Apart
from their supportive role, astrocytes are also immunomodulatory
cells known to secrete various cytokines and chemokines, which
play an important role in the pathophysiology of different diseases,
including AD."” In AD, increased production of inflammatory cyto-
kines may lead to death of the neighboring neurons and is considered
as the major path that amyloid beta (AB) oligomers activate in the

16
° However, the exact

glial cell population, leading to neuronal death.
mechanism of the excess cytokine production in glial cells by AB
exposure is not clear. miRNAs are important regulators of the im-
mune response, and they can control hyperresponsiveness of immune
cells by reversibly regulating miRNA activity in activated macrophage
cells.'”""” Thus, the expression and activity of miRNAs in astroglia,
the major immune cells in brain context, are likely to have a role in

controlling neuroinflammation during neurodegenerative diseases.

Argonaute (Ago) proteins play a crucial role in post-transcriptional
gene silencing in eukaryotic cells. According to published reports,
Ago proteins are responsible for the regulation of expression of
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most protein-coding genes primarily by associating with specific
miRNAs having complementarities with those protein-coding
genes.”””! In mammals, there are four Ago proteins (Agol-Ago4),
and Ago2 is the major and most widely expressed Ago in different tis-
sues, including the brain.? Upon its association with miRNAs, it can
cleave the target mRNAs, having perfect complementarities with
bound miRNAs.”” Post-translational modification of Ago protein
can also determine its function. Increased Ago stability and catalytic
activity are associated with modifications such as hydroxylation and
methylation of Ago.”**”> Among all of the modifications, phosphory-
lation at different positions may play a significant role in miRNA
binding of Ago2 and its subcellular localization.”® **

Mammalian target of rapamycin (mTOR), a master regulator of cell
growth, is comprised of mMTORC1 and mTORC?2, which are different
forms of structural and functional complexes involving mTOR pro-
tein. Raptor and mLST8, along with mTOR, are the major subunits
of mTORCI, which regulates cell growth, protein homeostasis and
synthesis, and autophagy.” mTORC2 constitutes mTOR, Rictor,
mSinl, and mLST8. The major function of this complex includes lip-
ogenetic regulation and that of the cytoskeletal structure.’® The
mTOR pathway specializes in sensing multiple external stimuli
such as growth factors and oxygen level, and it is known to respond
by sensing amino acid and glucose concentrations as well. Important
neuronal physiological phenomena such as synaptic plasticity, mem-
ory, and learning are often maintained by mTOR.”" Faulty mTORCI1
signaling has been linked with AD previously, and TREM2-deficient
microglial cells were shown to have a decrease in mTORCI activity
that contributed to high autophagic flux, leading to weakened micro-
glial fitness.”® Studies have shown that in spite of known upstream
and downstream regulatory factors, the major key to the mTOR-asso-
ciated signaling lies in the compartmentalization of the mTORCI1 to
specific cellular sites.”>** How disease conditions influence mTOR
localization and whether mTOR localization plays a role in the path-
ophysiology of a disease are unresolved questions in the field.

In this study, we report how the exposure of an AP oligomer (AB;_45)
in rat astrocytes decreases cellular mTORCI activity by enhancing the
sequestration of mTORC1 complexes to the early endosome. AB;_4,
also restricts translocation of mTORCI to the lysosome, which is
found to be important for mTORCI activation. mTOR inactivation
reduces miRNA activity due to a decrease in Ago2 phosphorylation.
Interestingly, reactivation of mTORCI1 through the expression of
the constitutive activator Rheb reverses both A,_,,-mediated pro-
inflammatory cytokine production and restores behavioral abnormal-
ities in animals along with a rescue of miRNA function, suggesting a
pivotal role of miRNA activity modulation by mTORCI in AD.

RESULTS

Exposure to ABi_42 oligomer causes miRNA upregulation in
human and adult rat brain

miRNAs are important regulators of most metazoan genes that are
supposed to be upregulated and expressed profoundly upon inactiva-
tion or downregulation of cognate miRNAs. To obtain an insight into

whether the miRNA and mRNA profiles get altered in the disease pro-
cess, we analyzed the “regulator(s)-to-target(s)” (miRNA/mRNA)
expression profiles in different brain regions of AD patients. The rela-
tionship between the differentially expressed miRNAs and their corre-
sponding target genes were studied. A set of 30 miRNAs were found to
be upregulated whereas 23 miRNAs were found to be downregulated
in the prefrontal cortex of AD patients (Figure 1A; Table S1), and these
miRNAs are likely to be related to AD etiology or progression. Clus-
tering has been done for the analyzed miRNAs. Analysis of miRNA
expression profiles in the prefrontal cortex of AD patients was per-
formed by considering the samples provided in a GEO dataset
(GEO: GSE48552).” Based on clinical presentation and stage of the
disease, the samples had been grouped into early stage and late-stage
AD. Differentially expressed miRNA between these stages were deter-
mined by using the DESeq package in R. Normalized counts of the
differentially expressed miRNAs identified when considering these
samples have been depicted in a heatmap (Figure 1A).*® Furthermore,
when considering mRNA expression profiling data, 2,092, 2,166, and
292 mRNAs were found to be upregulated while 1,253, 699, and 676
genes were found to be downregulated within the superior frontal gy-
rus, frontal cortex, and dorsolateral prefrontal cortex, respectively.
Moreover, 271 genes (mRNAs) were found to be commonly upregu-
lated among two or more of the different brain cortical regions consid-
ered herein for the analysis. The corresponding fraction of upregulated
target mRNAs of each of the differentially expressed miRNAs was
determined in different cortical regions (frontal cortex, superior frontal
gyrus, and dorsolateral prefrontal cortex) of the human brain. Herein,
we observed that in comparison to the downregulated miRNAs, nearly
79% of the upregulated miRNAs had a substantial fraction (0.6-0.8) of
their target mRNAs also upregulated as in the frontal cortex (Figures
1C and 1D). Furthermore, the observation that in comparison to the
downregulated miRNAs, a higher percentage of the upregulated miR-
NAs had a substantial fraction of their target mRNAs as upregulated is
consistent within the other cortical regions considered in this study.
Herein, in comparison to the downregulated miRNAs, 88% and 48%
of the upregulated miRNAs had between 0.4 and 0.6 or between 0.2
and 0.4 fractions of their target mRNAs as upregulated within the su-
perior frontal gyrus and dorsolateral prefrontal cortex, respectively
(Figures 1C and 1D).

In order to determine whether similar regulator(s)-to-target(s) rela-
tionship patterns could be prevalent in other diseases or cell types,
we determined whether these deregulated mRNAs could be related
to any other disease condition as well by performing a disease enrich-
ment analysis that considered the set of commonly upregulated
mRNAs. With the help of disease enrichment analysis, we found
that these genes are also associated with cancer (Figures SIA and
S1B). Therefore, subsequently we analyzed regulator(s)-to-target(s)
(miRNA/mRNA) expression profiles in different cancer tissues. A sub-
stantial fraction of upregulated miRNAs had their target mRNAs as
upregulated in oral squamous cell carcinoma, colorectal cancer, and
breast cancer (Figures SIC-S1E). In this scenario, we observed that
similar percentages of downregulated miRNAs and upregulated miR-
NAs have their target mRNA fractions as upregulated Figure SI In
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particular, the upregulated miRNAs (65%) and downregulated miR-
NAs (67%) have similar fraction (between 0.4 and 0.6 or between 0.2
and 0.4) of their corresponding target mRNAs as upregulated in the
cancer case studies considered herein (Figures 1E and S1F).

Importantly, we have considered multiple datasets to identify a com-
mon trend in the deregulated miRNA-mRNA interaction network
by considering target mRNAs that are commonly differentially ex-
pressed in two or more of the different brain cortical regions. However,
during the analysis we considered all of the target mRNAs that were
significantly differentially expressed in each dataset to study the regu-
lator(s)-to-target(s) (miRNA/mRNA) expression profile patterns in
AD patients and compared the same. miR-146a-5p has consistently
been found to exhibit this phenomenon across all of the conditions
analyzed in the present study. Furthermore, miR-146a, which is known
to regulate expression of a number of cytokines, was found to be upre-
gulated.”” Expression of all of the probable miR-146a targets was also
analyzed. Interestingly, most miR-146a targets were found to be upre-
gulated in AD brain, indicating a possible loss of function of miR-146a
on its target in the AD brain (Figure 1B; Table S2).

In the AD datasets considered herein for analysis, a substantial percent-
age of upregulated miRNAs have a large fraction of their corresponding
target genes as upregulated. This is contrary to the general regulatory
relationship between miRNAs and their target genes wherein the target
genes of upregulated miRNAs are downregulated, as expected.””* How-
ever, this inverse relationship between the target genes and upregulated
miRNAs has also been noted in other cell types other than those in the
degenerative brain. In cancer cells, the trend of target gene upregulation
in the backdrop of upregulated cognate miRNA expression has also
been noted (Figure S1F). However, the upregulation of a target gene
with an increase in cognate miRNAs has been more prominent in
AD than in cancer (Figures 1D and 1E). Thus, we observed trends
that in comparison to the downregulated miRNA, target mRNAs of up-
regulated miRNAs are mainly upregulated, and this phenomenon is
more prominent in the AD condition than in cancer. Therefore, in
the AD brain there is a possibility of the existence of a mechanism for
gross inactivation of micro-ribonucleoproteins (miRNPs) that may
make them ineffective to suppress their targets.

We wanted to explore the effect of the AB;_4, oligomer, the suspected
causative link between amyloid plaque and the disease phenotype in
AD patients, on cellular miRNA levels in rat brain. The preformed
AP;_4, oligomer was stereotactically injected in the adult rat brain

hippocampal region and animals were kept for 21 days, which is
known to cause deposition of AP plaques in and around the injection
area (Figures 2A and 2B).”” A deposition of AB plaques also resulted
in glial fibrillary acidic protein (GFAP) activation, which is a marker
for astrocyte proliferation as well as immune activation in rat brain
(Figure 2B).*” Now there are several miRNAs present in rat brain
that can regulate the expression profile of these cytokine mRNAs
either directly or indirectly. For example, interleukin (IL)-6 is a direct
target of let-7a, and miR-146a fine-tunes cytokine production by re-
pressing the nuclear factor kB (NF-kB) pathway.‘“’42 Therefore, we
wanted to check what are the expression patterns of those miRNAs
that directly and indirectly regulate expression of pro-inflammatory
cytokines in both rat brain as well as in primary rat astrocytes.
mRNA levels of different proinflammatory cytokines, such as IL-13
and IL-6, were increased several fold when oligomeric AB;_4, was
stereotactically infused in the hippocampus of adult rat brain, sup-
porting an already reported AB;_4,-induced immunoactivation reac-
tion in affected brain (Figure 2C). Interestingly, as observed in human
patient samples, expression profiles of several miRNAs, including the
immunogenic miRNAs miR-21, miR-146a, and miR-155, also
showed upregulation in adult rat brain injected with AB; 4, (Fig-
ure 2D). To identify the contribution of astrocytes in cytokine pro-
duction in rat brain upon activation with the AB;_4, oligomer, we
treated the primary rat astrocytes with AB;_4, oligomer ex vivo.
The activation of the cells was scored by excess production of
GFAP in rat primary astrocyte on AB;_4, oligomer exposure (Figures
2E and 2F). It was found that AP can activate astrocytes where mRNA
levels of different cytokines were found to be increased several fold
(Figures 2E and 2F). We noted a global increase in miRNA levels in
AP, _4o-treated astrocytes where 65%-70% of the miRNAs were found
to be upregulated, including miR-146a, miR-155, miR-21, and let-7a.
These miRNAs are direct and indirect regulators of IL-1p. IL-6 was
also noted to have increased in treated astrocytes (Figure 2G). Inter-
estingly, we found increases in several other miRNAs, such as miR-16,
miR-29a, and miR-145, in both brain tissue as well as in primary glial
cells upon amyloid exposure (Figures 2D and 2G). These miRNAs are
not known to affect cytokine expression in mammalian cells, indi-
cating the possibility that the phenomena we observed could have
broader implications and affect several different types of miRNAs.

mTOR-mediated Ago2 phosphorylation is required for miRNA-
mediated repression of targets

To uncover the mechanism of non-functional miRNP accumulation
in AB;_4p-treated cells, we used C6 glioblastoma cells to treat with

Figure 1. Possible miRNA-to-mRNA expression relationships in Alzheimer’s disease (AD) and cancer

(A) Heatmap of differentially expressed miRNAs in prefrontal cortex of AD patients. The significance threshold for selection of differentially expressed miRNAs was considered
as fold change of +1.25 and a p value of <0.05. (B) Graphs showing expression levels of miR-146a targets in the prefrontal cortex of Alzheimer’s disease patients. The y axis
represents fold change of individual MRNAs, and the x axis represents the —logo p value. The table represents the number of miR-146a targets having at least 1.5-fold
changes. (C) The probable relationship between differentially expressed miRNAs and mRNAs in AD considering the possible fraction of upregulated target mRNAs of each of
the miRNAs as studied in different cortical regions (frontal cortex, superior frontal gyrus, and dorsolateral prefrontal cortex) is depicted here. (D) Percentages of upregulated or
downregulated miRNAs that possibly have a fraction of their target genes as upregulated within the frontal cortex, superior frontal gyrus, and dorsolateral prefrontal cortex are
shown here. (E) Comparison among the percentages of differentially expressed miRNAs that have different subsets or fractions of their target mMRNAs as upregulated in
degenerative tissues (AD) as opposed to highly proliferative tissues (cancer) was performed.
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Figure 2. AB1_42 induces an inflammatory response and increases miRNA levels in astrocytes

(A) Preformed AB+_42 oligomers in PBS were infused in the hippocampus at stereotaxic coordinates from bregma (AP, 3.6 mm; L, 2.1 mm; DV, 2.8 mm) in adult rat brain. PBS
without AB4_42 was used for control injection. Animals were kept 21 days for plaque formation. (B) Cryosections of AB_4p-infused and PBS-infused control rat brain hip-
pocampus were subjected to immunohistochemistry (IHC) analysis. Astrocytes were immunostained for GFAP (green), whereas AB was visualized in red and the nucleus was
stained with Hoechst (blue). Relative intensities of the GFAP signals were measured by Imaged software, and quantification is shown in the right panel. (C) gPCR-based
quantification of total MRNA levels of IL-1f and IL-6 in PBS and AB4_42-infused adult rat hippocampus. The data were normalized against GAPDH mRNA levels. (D) Cellular
miRNA levels in PBS- and AB_4o-infused adult rat brain hippocampus. TagMan-based miRNA level quantification was done. Values were normalized with U6 snRNA level.
Red represents the miRNAs that are known to regulate cytokine mRNAs, and blue represents miRNAs that are not known to regulate cytokine mRNAs. (E and F) Experimental
strategy of isolation of rat primary astrocytes from 0- to 1-day-old rat pup brain followed by treatment of the primary cells with 1.5 M AB;_45 oligomers ex vivo (E). Microscopic
images showing effect of AB1_42 on primary cortical astrocytes stained with GFAP (green, F, upper panel). The intensity levels of the GFAP in both conditions were calculated
by Imaged software and plotted (F, bottom right panel). Graphs depict levels of cellular IL-1p and IL-6 mRNA levels in AB1_4o-treated primary cortical astrocytes. The data
were normalized against GAPDH mRNA level (F, lower left panel). (G) Cellular miRNA levels in AB4_4o-treated primary cortical astrocytes. TagMan-based miRNA level
quantifications were done. Values were normalized with U6 snRNA. Red represents the miRNAs that are known to regulate cytokine mRNAs, and blue represents miRNAs
that are not known to regulate cytokine mRNAs. For statistical significance, a minimum of three independent experiments were considered in each case unless otherwise
mentioned, and error bars represent means + SEM. p values were calculated with a Student’s t test. *p < 0.05, “*p < 0.01, ***p < 0.0001. ns, not significant.
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the AB;_4, oligomer before the biochemical analysis was done for the
treated and control cells. To confirm the accumulation of nonfunc-
tional miRNPs with the increase in total cellular miRNP levels
observed in AB;_4, oligomer-treated cells, C6 glioma cells were trans-
fected with Renilla luciferase (RL) reporter having the 3’ UTR of
IRAK1 mRNA with two miR-146a binding sites (Figure 3A). A reduc-
tion in miR-146a activity was observed in AP;_s-treated cells
compared to the DMSO-treated control cells (Figure 3B). The most
probable cause of reduced miRNA activity could be the unbinding
of miRNA with Ago2 proteins, which is known to happen in the
mammalian macrophage during its activation phase and also in
neuronal cells during the nerve growth factor-induced differentiation
process.'”*® To check whether similar effects on Ago2 by AB;_4, may
cause the downregulation of miRNA-Ago2 binding in AP;_4,-treated
astrocytes, we cultured primary astrocytes from rat pups and treated
them with DMSO or AB;_4, for 24 h. Ago2 was immunoprecipitated
(IP) followed by qPCR-based measurement of bound miRNAs. The
RNA amount was normalized with the quantity of Ago2 protein
recovered during the IP process. The quantification revealed, in
AB,_sp-treated cells, that there was an increased association of
Ago2 with miR-146a and miR-155 compared to the control cells (Fig-
ure 3C). We also found an increase in both Ago2-associated miR-16
and miR-29a level upon AP, 4, treatment (Figure S2A). We per-
formed similar experiments with primary neurons cultured ex vivo,
where we could not detect a significant effect of AB;_4, oligomers
on neuronal miRNA levels or Ago2-associated miRNA levels, sug-
gesting an astrocyte-specific effect of AB;_4, on cellular miRNPs (Fig-
ures 3D and 3E). To check the possible role of any post-translational
modification affecting miRNA activity in the AP treatment context,
we measured phosphorylated Ago2 levels in AB;_4,-treated cells.
The reduced phosphorylated Ago2 level in AB;_4,-treated cells was
detected and compared to the control cells, and the results correlated
with reduced interaction between Ago2 and mTOR after AB;_4, treat-
ment (Figures 3F and 3G), indicating a possible role of mTOR in
miRNA activity regulation via controlling Ago phosphorylation.
This was suggestive from the earlier experiments in which an
AP;_so-mediated decrease in Ago2 phosphorylation might hinder
dissociation of miRNA from Ago2 protein but reduce miRNA activ-
ity. Therefore, we hypothesized that lack of Ago2 phosphorylation
might perturb the repression of target mRNA in mammalian cells.
Ago2 proteins have a MID domain that is found to be important
for binding with the 5' phosphate group of small RNAs.*® A phos-
phorylation at the Y529 position in the MID domain imparts a nega-
tive charge that dissociates miRNAs from Ago2 protein. The
Ago2Y529F mutant, which cannot be phosphorylated at the Tyr529
position, remains bound to miRNA.""*® C6 glioblastoma cells were
transiently transfected with the Ago2-wild-type (WT) and Ago2-
Y529F protein in the absence and presence of AB; 4, oligomers,
and qPCR was performed to check the cellular mRNA levels of IL-
1B and IL-6. We found a higher expression of both IL-1p and IL-6
mRNA levels in Ago2-Y529F-expressing cells even without AB;_4,
exposure, which suggests the importance of Ago2 phosphorylation
in cytokine mRNA expression (Figure 3H). However, the effect of
AP;_4, on cytokine expression was absent in cells expressing Ago2-

Y529E. This further suggests that cytokine expression is regulated pri-
marily via Ago2 phosphorylation in glial cells. To confirm the
involvement of mTORCI in the miRNA activity regulation process
possibly via Ago2 phosphorylation, cells were exposed to rapamycin,
aknown mTORCI blocker."’ We found a significant decrease in miR-
146a activity when treated with rapamycin (Figure 3I). We also found
reduced amounts of Ago2 phosphorylation and an increase in Ago2-
bound miR-146a levels upon rapamycin treatment (Figure 3] and
3K). These data signify the effects of mTORCI inhibition in control-
ling miRNA activity and Ago2 phosphorylation that are also observed
in astrocytes exposed to AB;_4,. Experiments were also done in a het-
erogeneous context using HEK293 cells depleted for Raptor, an inte-
gral protein of the mTORCI1 complex, and expressing exogenously a
liver-specific miR-122 there.** This was done to recheck the interlink-
ing of mTOR inactivation with Ago2 phosphorylation and miRNA
activity regulation even in non-astroglial cells. In HEK293 cells
treated with siRaptor, we documented reduced miRNA activity and,
as in AP;_4; treated cells, a reduction in Ago2 phosphorylation, con-
firming mTORCI involvement in miRNA activity regulation in gen-
eral in mammalian cells by targeting Ago2 phosphorylation (Figures
S2B and S20C).

Sequestration of mMTORC1 to early endosome causes miRNA
inactivation and increased miRNP formation in glial cells

We found a decrease in phosphorylated p70-S6 kinase along with
active phosphorylated mTOR levels in AB;_4,-treated astrocytes (Fig-
ures 4A and 4B). The expression of mTOR is tightly regulated in
mammalian cells where different nutrients and growth factor-like
glucose, amino acids, and insulin can activate mTORC1 depending
on the metabolic state of the cell.*” Interestingly, it is not only the
presence of upstream signals, but mTORCI also shows localization-
based activation. It was reported earlier that translocation of mTOR
to the lysosomal membrane is important for mTORCI activation,
where it can be activated by the GTPase Rheb.”* Thus, to check for
the possibility that AP;_4o-mediated mTORC1 deactivation may
happen because of the reduced mTORCI localization to the lyso-
somal membrane, we microscopically looked at the localization of
mTOR in control and treated cell. Confocal images were taken
from both control and AB;_4,-treated C6 glioblastoma cells, where ly-
sosomes were stained with LysoTracker (red) and mTOR (green) was
visualized by indirect immunofluorescence (Figure 4C). There was a
decrease in colocalization between mTOR and lysosomes indicating a
faulty translocation of mTOR in amyloid-treated cells (Figure 4D).
Since mTOR was not translocating at the lysosomal surface, it was
important to find out the altered localization of mTOR upon AB;_
42 exposure. We found a significant increase in colocalization between
mTOR and early endosomes (Figures 4E and 4F). Cells were tran-
siently transfected with yellow fluorescent protein (YFP)-Endo,
which marks early endosomes, and then activated with oligomeric
AB,_4, for 24h. Higher colocalization between early endosomes and
mTOR suggests that AB;_4, restricts mTOR to the early endosomes,
which retards its translocation to the lysosomal surfaces to get acti-
vated. To determine whether mTOR sequestration in early endosome
can affect miRNA activity or miRNP formation, we expressed a
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Figure 3. mTOR-mediated Ago2 phosphorylation is required for miRNA activity

(A) Schematic design of different Renilla luciferase (RL) reporters used for scoring miRNA activity. The 3' UTR of IRAKT mRNA with two miR-146a binding sites was cloned on the
3’ UTR of the Renilla mRNA. (B) Effect of AB4_45 treatment on cellular miR-146a activity and level. Specific activity of miR-146a was calculated by normalizing the fold repression of
target reporter mRNA against the corresponding miRNA expression level. Anincreased cellular miR-146a level in C6 glioblastoma cells upon AB4_4» treatment is shown. The data
were obtained by qRT-PCR-based quantification and were normalized against the expression of U6 snRNA. (C) Increase in Ago2-miRNA association in rat primary astrocytes
upon AB1_42 treatment. Endogenous Ago2 from control- and 1.5 uM AB4_4o-treated primary rat astrocytes was immunoprecipitated and the levels of Ago2-associated miR-146a
and miR-155 were estimated by gRT-PCR. Values were normalized against the amount of Ago2 obtained in each immunoprecipitation reaction. (D and E) No change in miRNP
levels in rat cortical neurons exposed to 1.5 pM AB4_4». Primary neuronal cells were treated with AB4_42 oligomers for 24 h, and the amounts of endogenous miRNAs and miRNAs
associated with immunoprecipitated Ago2 were estimated and plotted after normalization against U6 snRNA and Ago?2 levels, respectively. (F and G) Reduced mTOR-Ago2
interaction and Ago2 phosphorylation in AB1_42 oligomer-treated C6 glioblastoma cells. Western blot data show the amount of Ago2 phosphorylation (F) and the amount of mTOR
pulled down with Ago2 (G). C6 glioblastoma cells were transiently transfected with FH-Ago2 and then treated with 2.5 pM AB4_4o for 24 h. Immunoseparation of FH-Ago2 was
done with FLAG beads. The amount of Ago2 pulled down was detected by anti-HA antibody, and levels of phosphorylated Ago2 (Tyr phosphorylation) were detected by anti-
phosphorylated (p-JTyr antibody 4G10. (H) Effect of expression of Y529F mutant of Ago2 on cellular IL-1B and IL-6 mRNA levels on C6 cells. The gPCR data were normalized
against GAPDH mRNA level. (I) Graph representing miR-146a-specific activity upon rapamycin (100 nM) treatment in C6 glioblastoma cells. The fold repression of miR-146a was
normalized with the miR-146a expression level. (J) Western blot data showing level of Ago2 phosphorylation and Ago2-mTOR interaction upon rapamycin (100 nM) treatment. (K)
gPCR data showing Ago2-associated miR-146a and miR- 16 levels upon rapamycin (100 nM) treatment. gPCR data were normalized with the amount of Ago2 pulled down from
the immunoprecipitation reaction. For statistical significance, a minimum of three independent experiments were considered in each case unless otherwise mentioned, and error
bars represent means + SEM. p values were calculated by utilizing a Student’s t test. *p < 0.05, **p < 0.01, **p < 0.0001.
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Figure 4. Sequestration to endosome causes mTORC1 inactivation linked with increased miRNA-Ago2 interaction in glial cells

(A and B) Lowering of p-mTOR in AB4_4» oligomer-treated C6 glioblastoma cells. Western blot data showing the levels of cellular p-mTOR levels along with downstream
substrate of MTOR p-S6K levels in C6 glioblastoma cells (A) and in primary astrocytes (B) treated with AB1_4». (C and D) Decreased lysosome targeting of mTOR after AB1_40
oligomer treatment. Confocal images depicting localization of mTOR to lysosome in control and treated cells are shown in (C). Endogenous mTOR was visualized indirectly
with immunofluorescence (green), and lysosomes are labeled with LysoTracker (red) in C6 glioblastoma cells. A Pearson’s coefficient of colocalization was used to measure
the amount of mTOR translocating to lysosomes in control and AB4_4o-treated C6 glioblastoma cells (D). (E and F) Increased endosome-mTOR localization after ABq_4o
oligomer treatment. Confocal images show localization of endosomes and mTOR. Endosomes were tagged with YFP-Endo (green), and endogenous mTOR (red) was
detected by indirect immunofluorescence. Colocalization between endosomes and mTOR was visualized as yellow (E). A Pearson’s coefficient of colocalization of early
endosomes and mTOR in AB4_4» oligomer-treated C6 glioblastoma cells is shown in (F). (G and H) Effect of Rab5-CA on mTOR localization in C6 glioblastoma cells. Co-
localization of MTOR in C6 cells expressing YFP-Endo upon Rab5-CA expression was done. The cells with YFP-Endo (green) and mTOR (red) were visualized in control and
Rab5-CA-expressing cells (G). A Pearson’s coefficient of colocalization of mMTOR and early endosome is shown in (H). () Alteration of miRNA activity and levels in mammalian

(legend continued on next page)
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constitutively active GTPase-deficient Rab5 mutant, Rab5Q79C
(Rab5-CA), that is known to cause mTOR sequestration in early
endosomes (Figures 4G and 4H).*® With overexpression of the
Rab5-CA mutant, we observed a decrease in specific activity of let-
7a (Figure 4I) and an increase in both cellular and Ago2-associated
miR-146a (Figures 4] and 4K). These results connect the mTOR
compartmentalization defects in AP;_4,-treated cells to functional
inactivation of increased miRNPs observed.

mTORC1 activation rescues cytokine repression by targeting
the miRNP reactivation pathway

Based on the results described so far, mTOR translocation to lyso-
some could be important for Ago2 phosphorylation leading to sus-
tained miRNP recycling and activity in astrocytes. To confirm this
mode of action of mTOR in glial cells, C6 cells were transfected
with plasmids encoding Rheb-Myc before the AB; 4, oligomer treat-
ment. Rheb is a constitutive activator of mTOR that can activate
mTOR independently of growth factor or amino acid stimulation.*”**
Results from Rheb-expressing cells suggest rescue of mTOR
localization upon AP;_4, treatment in Rheb-Myc-expressing cells
(Figure 5A). We observed about a 1.6-fold reduction in mTOR
sequestration in endosomes, suggesting that there was mobilization
of mTOR from endosomal compartments (Figures 5A and 5B). To
investigate a possible role of mTOR reactivation in miRNA activity,
we checked the status of Ago2-positive bodies in AB;_4,-treated cells
expressing Rheb-Myc (Figure 5C). Interestingly, in Rheb-expressing
cells, we found that fewer Ago2-positive bodies colocalized with pro-
cessing bodies or PBs compared to that in AB;_4,-treated cells (Fig-
ure 5D). These data clearly suggest a role of mTOR signaling in mobi-
lizing the Ago2 from an otherwise inactive compartment into an
active compartment where it could repress the target cytokines. Acti-
vation of mTOR upon Rheb-Myc expression was confirmed by
measuring the levels of phosphorylated mTOR and S6 kinase in un-
treated and AP,_4,-treated cells before transfection with control or
Rheb-Myc expression plasmids (Figure 5E). To get further evidence
whether this process restores miRNA activity per se, we checked
the different cytokine levels. Quantitative estimation revealed that
there has been a 2.7-fold decrease in IL-13 mRNA level and about
a 1.5-fold decrease in IL-6 mRNA level compared to the AB;_4-
treated cells upon Rheb-Myc expression (Figure 5F). Again, Rheb-
Myc-expressing cells showed a decrease in cellular miR-146a and
miR-155 levels compared to the only AP, _4,-treated cells (Figure 5G).
Rheb-mediated mTOR reactivation also increases Ago2 phosphoryla-
tion in AP;_4,-treated cells, reducing the Ago2-associated miR-146a
and miR-155 levels (Figures 5H and 5I). We also observed a similar
effect in cellular and Ago2-associated miR-16 and miR-29a levels
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when cells were expressing Rheb-Myc (Figures S3A-S3C). Since
miR-16 and miR-29a do not directly regulate expression of any proin-
flammatory cytokines, there is a possibility that the AB;_4,-mediated
mTOR inactivation mechanism may affect the function of quite a few
miRNAs.

Rheb-Myc expression has also increased the fraction of IL-1p and IL-
6 mRNA bound to Ago2 in AB;_4,-treated cells, confirming the avail-
ability of active miRNPs for repression of target messages (Figure 5J).
miR-146 and miR-155 are the two major miRNAs reported as pri-
mary controllers of cytokine expression, and by trying the inactiva-
tion of both of these miRNAs with inhibitory antisense oligomers,
we can expect to find the reduced response of Rheb-Myc expression
in AB;_4p-treated cells. We found a drop in the IL-1B level when
APB;_4r-exposed cells expressed Rheb-Myc (Figure 5F). Now, we
wanted to check whether Rheb-Myc-mediated rescue in the cytokine
mRNA repression depends on the repressive activity of the miRNAs.
In the experiment shown in Figure 5K, all of the C6 glioblastoma cells
were treated with AP;_45. Cells expressing control vector, control
anti-miR-122, and exposed to 2.5 UM AP;_4, were taken as the con-
trol set. Cellular cytokine mRNA levels of the control set were taken as
1, and the rest of the experimental samples were plotted against it.
Supporting the notion that the response of Rheb-Myc expression
on cytokine expression is through reactivation of miR-155 and
miR-146 in AB;_4,-exposed cells, we have noted no significant reduc-
tion in cytokine production upon Rheb-Myc expression when the
same cells were transfected with anti-miR-146 and anti-miR-155
oligomers in combination (Figure 5K). This is expected as, due to
the lack of functional miR-146 and miR-155, the cytokines become
non-responsive to mTOR activation, and thus mTOR must have an
affect primarily through these miRNAs on expression of the cytokines
in glial cells. These results suggest that activation of mTOR signaling
causes miRNP activity restoration in AP;_4,-treated glial cells.

Rescue of cognitive function in AB4_45 oligomer-infused adult rat
brain upon Rheb-Myc expression

Inactivation of the mTORC1 pathway has been reported in AD
brain.”>*’ In the in vitro cell culture, we have documented restoration
of mTORCI activation to rescue cytokine repression by miRNPs. We
checked whether overexpression of Rheb-Myc in an AB;_4; oligomer-
induced AD model of the disease can result in reduction of pro-in-
flammatory cytokine expression to cause improvement in cognitive
function of treated animal against the control group of animals. It
has been shown before that AB;_4, oligomer infusion in the brain re-
sulted in neuronal death and deposition of A plaque in the vicinity of
the infusion site with defective cognitive functions.”® To check the

cells defective for endosome maturation due to expression of the constitutively active form of Rab5 protein. A drop in cellular activity of let-7a miRNA in C6 cells upon
expression of constitutively activated Rab5 mutant Rab5-CA is shown. The RL reporter with three let-7a miRNA binding sites was used to score the effect of Rab5-CA
expression on MiRNA repressive activity. (J and K) Levels of cellular and Ago2-associated miR-146a upon Rab5-CA expression in C6 glioblastoma cells. The cellular miR-146
level was normalized against the U6 snRNA level (J). The amount of Ago2 immunoprecipitated from control and Rab5-CA-expressing cells were used for normalization of the
amount of miRNAs associated with Ago2 (K). For statistical significance, a minimum of three independent experiments were considered in each case unless otherwise
mentioned, and error bars represent means + SEM. p values were calculated by utilizing a Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.0001.Scale bar represents 10um in

panels C, G, E.
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Figure 5. Reactivation of mTOR by Rheb-Myc mobilizes mTOR from endosomes and reduces cytokine production by targeting the miRNA pathway

(A and B) Altered mTOR localization upon expression of Rheb-Myc in AB4_45 oligomer-treated C6 glioblastoma cells. Confocal images showing colocalization of endosomes
and mTOR. The C6 glioblastoma cells expressing YFP-Endo and thus having endosomes tagged with YFP-Endo (green). Endogenous mTOR was stained by indirect
immunofluorescence (red). Yellow is used to show the extent of colocalization between endosomes and mTOR (A). A plot is shown depicting the amount of colocalization
between mTOR and endosomes in control and AB_42 oligomer-treated C6 glioblastoma cells transfected rather with control vector or with Rheb-Myc expression plasmid.
The amount of colocalization was measured with a Pearson’s coefficient of colocalization (B). (C and D) Ago2 localization to PBs gets affected in cells expressing Rheb-Myc.
Confocal microscopic images of Ago2 bodies stained with GFP-Ago2 (green) co-stained for endogenous Rck/p54 (red) are shown. Colocalized Ago2 and Rck/p54 bodies
were considered as PBs (yellow) (C). Plots depicting number of PBs per cell in C6 glioblastoma cells that were untreated or treated with AB4_42. In both conditions, the effect of
expression of Rheb-Myc was scored (D). (E) Effect of Rheb-Myc expression on mTOR activation in control and AB4_45 oligomer-treated C6 glioblastoma cells. Western blot
data show the levels of cellular p-mTOR and p-S6K levels in untreated and cells expressing either control or Rheb-Myc expression vectors. (F and G) Expression of Rheb-Myc
restores cytokine and miRNA expression to control untreated levels in AB¢_4» oligomers exposed to C6 glioblastoma cells. Quantitative data show the effect of Rheb-Myc
expression on cellular IL-1f and IL-6 mRNA levels in both control- and AB4_4o-treated C6 glioblastoma cells. The cytokine mRNA levels were normalized against the GAPDH

(legend continued on next page)

Molecular Therapy: Nucleic Acids Vol. 24 June 2021 877


http://www.moleculartherapy.org

effect of Rheb-Myc on AP;_s-induced neuroinflammation and
cognitive functions, we injected AB;_4, oligomers along with the
Rheb-Myc expression cassette or control vector bilaterally in the hip-
pocampal area of the brain of adult rats and kept them for 15 days.
Following this infusion, several memory function tests were per-
formed to assess cognitive functions in the experimental group of an-
imals (Figure 6A).

We performed the passive avoidance test, which is used to understand
learning and memory defects of rodents. This test showed that intra-
hippocampal A, 4, infusion significantly reduced wait latency
compared to that in the control group of animals. Wait latency rep-
resents the time each animal spends in the light chamber before
entering into the dark chamber where they experience a shock
upon entering (experimental details are described in Materials and
methods) during the 300-s period following 5-min habituation (Fig-
ure 6B). The probe test was performed 24 h after the training test.
Compared to the control group, injection of AB;_4, markedly reduced
the retention of fear memory, as they showed lower wait latency on
the probe test as they moved to a dark chamber within a few seconds.
However, rats having Rheb-Myc plasmid infused in the hippocampus
along with AB;_4, oligomer showed higher wait latency on the probe
stage as compared to the animals having only AB,_4, infused (Figures
6C and 6D). After behavioral studies, the animals were sacrificed.
Brain tissues were fixed, and immunohistochemistry was done to
check the expression of both Rheb-Myc and ZsGreen (ZsGreen-en-
coding plasmid was co-injected with Rheb-Myc encoding plasmid)
at the infusion site. We found colocalization between both ZsGreen
and Rheb-Myc at the infection site, confirming their expression (Fig-
ures S4A and $4B). This result indicates that Rheb-Myc could reverse
the declining cognitive function in AB;_4,-infused rats.

Next, we performed the novel object recognition test and observed that
AP;_4p-infused animals had no preference toward the novel object as
compared to control group. In contrast, this short-term memory
recognition capability in AB;_4, co-infused animals was significantly
improved upon Rheb-Myc expression. The Rheb-Myc-AB-infused an-
imals also showed an increased preferential index and discrimination
index as compared to those in the AB;_4,-infused group of animals
(Figures 6E-6H). Additionally, the elevated plus maze (EPM) analysis
showed improvement in cognitive ability in the above-mentioned
group of animals. In Figure 6], latency was the measure of the time
taken by the animal to move from the open to the closed arm in the
EPM. In the AB-infused group, retention transfer latency (RTL) was
higher than initial transfer latency (ITL), which was significantly
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reduced in other groups. The difference between ITL and RTL
(ITL — RTL) was used to assess memory and learning in the EPM
test. Notably, a negative difference was obtained in the AB;_4,-infused
animals (Figure 6I). However, AB;_4,-infused rats injected with Rheb-
Myc plasmid showed a positive difference between ITL and RTL
compared to the AB-infused group (Figures 61 and 6]).

The immunohistochemistry of Ap;_4r-infused adult rat brains
showed astrogliosis, depicting an increase in GFAP in astrocytes,
but in Rheb-Myc plasmid and AP co-infused rat brain, enhanced
GFAP was found to decrease as compared to the A, 4, oligomer-
infused rat brain. However, no decrease in AP accumulation was
found in Rheb-expressed, AB;_4,-infused brains, suggesting that the
effect of Rheb-Myc was on glial cell response and cytokine production
rather than an effect on AP deposition (Figures 7A and 7B). These re-
sults indicate that ectopic expression of Rheb protein in AB;_4-
infused rat brain causes improvement in cognitive behavior and
spatial memory. While checking the differential expression status of
cytokine mRNA levels in the infused rat brains, an almost 2-fold
decrease in proinflammatory IL-6 and IL-1 was observed in the
Rheb-Myc-AB;_4, co-infused rats as compared to the AB;_4,-only
infused rats (Figures 7C and 7D). Rheb-Myc-expressed animals
showed a decrease in both the cellular and Ago2-associated miR-
146a levels compared to the only AB;_4,-injected animal tissue (Fig-
ures 7E and 7F). Therefore, by activating mTOR and miRNP,
recycling the cytokine expression could be controlled to rescue the
memory loss and the related phenotype in the AD model by express-
ing Rheb (Figure 7G).

DISCUSSION

Several miRNAs are expressed in brain and thought to regulate thou-
sands of transcripts within the brain.” In the present analysis, we
could identify deregulated miRNA and mRNA within the cortical re-
gions of AD patients, which may be associated with AD development
or progression. Interestingly, in our analysis, a substantial percentage
of upregulated miRNAs had a higher fraction of their corresponding
target mRNAs as upregulated. This trend was consistently observed in
late-stage AD cases considered from multiple studies. These observa-
tions suggest that contrary to the general regulatory relationship be-
tween miRNAs and their target mRNAs wherein miRNAs mainly
downregulate mRNAs, other regulator-to-target relationships might
also exist in tissues under disease conditions. In particular, miR-
146a-5p is one such miRNA that exhibited this phenomenon wherein
increased production of miR-146a-5p resulted in the upregulation of
multiple target mRNAs.

mRNA level (F). The effect of Rheb-Myc expression on cellular miR-146a and miR-155 levels in both control- and AB4_4o-treated C6 glioblastoma cells is shown (G). The data
were normalized against U6 snRNA level. (H-J) Reversal of Ago2-miRNA and Ago2-cytokine mRNA interaction upon Rheb-Myc expression. Ago2-associated miR-146a and
miR-155 levels and IL-1pB and IL-6 mRNA levels were measured in C6 glioblastoma cells pre-treated with AB1_42 oligomers (I and J). The RNA level was normalized by the
amount of Ago2 pulled down in the immunoprecipitation reaction (H). (K) Effect of Rheb-Myc expression on IL-1p and IL-6 mRNA levels when the cells were pre-treated either
with control or by miR-146a- and miR-155-specific antagomiRs. In all of the sets, C6 glioblastoma cells were activated with 2.5 pM AB4_4» after 48 h of Rheb-Myc and anti-
miR transfection. The data were normalized against GAPDH mRNA level. For statistical significance, a minimum of three independent experiments were considered in each
case unless otherwise mentioned, and error bars represent means + SEM. p values were calculated with a Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.0001. Scale bar

represents 10pum in panel A and C.
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Figure 6. Rescue of cognitive function in AB4_4>-infused adult rat brain upon Rheb-Myc expression

(A) Experimental flowchart shows a bilateral infusion of AB4_45 oligomers and Rheb-Myc plasmid that was done in adult rat hippocampus. After 15 days of incubation, different
behavioral assays were carried out followed by sacrificing the animals. (B-D) Rescue of wait latency in AB1_42-infused adult rat brain upon Rheb-Myc expression. Passive
avoidance assessment of memory performance was done, and the graph shows the acquisition process of experimental subjects. The rats that were able to enter the dark
chamber within 300 s were selected as eligible for testing. The bar diagram reveals the wait latency in different experimental sets of rats. Rats having Rheb-Myc plasmid
infused along with AB+_4> showed higher wait latency on the probing day, as compared to the animals having only AB+_45 infusion (D) (n = 7). (E-H) Novel object recognition
test to show that the short-term memory recognition capability has been restored by Rheb-Myc expression in AB¢_42-injected animals. AB1_4»> and Rheb-Myc expression
plasmid co-infused animals showed improvement in novel object identification capacity as compared to the AB4_ss-infused rodents (F). The Rheb-Myc-AB4_45 co-infused
animals also showed an increased preferential index and discrimination index as compared to the AB1_42-infused group of animals, indicating improvement in learning and
memory function (G and H) (n = 7). (land J) The elevated plus maze analysis showed improvement in cognitive ability in Rheb-Myc-expressing animals. The retention transfer
latency (RTL) was measured in all control and AB4_so-infused groups, and the difference of initial transfer latency (ITL) and RTL was plotted along with the ITL and RTL
separately (n = 7). For statistical significance, a minimum of three independent experiments were considered in each case unless otherwise mentioned. Animal data are
represented as means + SEM and analyzed by one-way ANOVA followed by Bonferroni’s test. p value <0.05 corresponds to *. In EPM data in panel J, # stands for sig-
nificance between all the RTL data between all the animal groups, * denotes significance between (ITL-RTL) data between all the animal groups.

Therefore, any change in the activity of the miRNA pathway could  response of the disease could contribute to the reason why AD is so
play a significant role during development or during any pathological difficult to treat. Another important aspect was to look at the involve-
condition. Also, the molecular mechanism behind AB-mediated  ment of glial cells in the buildup and disease progression, as glial cells
neuronal death is still elusive, and an interplay between cellular struc-  easily outnumber neurons in the brain.”” Thus, in the early stage of
ture, molecular biological processes, and the resulting immune  the disease, glial cells might be involved in rectifying the problems
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Figure 7. Rescue of cytokine level in AB4_42-infused adult rat brain upon Rheb-Myc expression
(A and B) Histology sections of AB1_4»-infused and control rat brains. Cryosections that were subjected to IHC are shown. Confocal images of the sections of AB¢_4»-infused
adult rat brains show astrogliosis depicted by an increase in GFAP-positive astrocytes. This was reversed in Rheb-Myc-AB-infused rat brain, where enhanced GFAP was
found to decrease as compared to the AB_42-infused rat brain (A). The graph depicting the intensity of GFAP in rat hippocampus is shown in (B). (C and D) Expression of IL-1
(C) and IL-6 mRNA (D) levels in rat hippocampal tissue samples upon Rheb-Myc expression. The data were normalized against GAPDH mRNA level. (E) Cellular miR-146a

(legend continued on next page)



www.moleculartherapy.org

of the neurons due to AB;_4, oligomer deposition, but they eventually
contribute to the prognosis of the disease.

We found that mTOR sequesters into early endosome with expo-
sure to AB;_4, in glial cells. mTORCI is a very important protein
complex that can regulate neuronal differentiation and brain activ-
ity. Depletion of an essential mTORC1 component, Raptor, is
known to reduce the brain size considerably.”’ mTORCI signaling
can also play a role in phosphorylation of Ago2 protein, which
eventually can affect the miRNP function. Rheb, which is a GTPase
and an activator of mTORCI, can reverse this process and results in
a decrease in Ago2 miRNP content. mTORCI activity-driven path-
ways may regulate the miRNA maturation process as well. The tu-
berous sclerosis complex (TSC) is an autosomal-dominant disorder
and is caused by mutations in TSC1 or TSC2 that are connected
with  mTOR hyperactivity. TSC knockout cells, which have
increased mTORCI activity, have a reduced mature miRNA level.>?
Accordingly, mTOR activation by Rheb can bring down the matu-
ration process and also recycle existing miRNPs, and both of these
pathways may contribute to the miRNA activity rescue process.
Rheb knockout animals are embryonic lethal.”>>* Also, conditional
Rheb knockout adult mice have a limited lifespan, indicating that
Rheb is an essential protein factor that could play a major role in
brain development and function. In the present study, by injecting
Rheb-expressing plasmid into animal brain, we could improve mo-
tor function as well as memory of the AD animals. Similarly, re-
searchers have shown that Rheb expression in brain of HD mouse
model resulted in improved motor function.”® Also in PD, Rheb
expression in dopaminergic neurons promoted axonal regrowth.>®
Therefore, Rheb can affect brain function at multiple points. For
example, mTOR-mediated translation, a Rheb-dependent process,
is important at synapse for maintaining synaptic plasticity and at
the cell body for maintaining memory.””>® Also, Rheb expression
can increase the acetyl choline level in the brain that can improve
brain cognitive functions.”” Although all of these factors may play
a role, our data suggest that miRNA activity regained by Rheb
expression may be the most important factor in the recovery of
behavioral, cognitive, and memory function in AD.

We have stereotactically injected AB;_4, oligomers in adult rat brain
to produce amyloid plaques in the brain. This model has several ad-
vantages, as we can monitor the early cellular events during plaque
formation and the effects it has on the miRNA machinery during
the early phase of the disease. Also, oligomers can be taken up by glial
cells in both the in vivo and in vitro cell culture system, which can
have additional physiological effects on the cellular structure and ma-

chinery. This allows the limited and spatiotemporal-specific exposure
of brain cells to AB;_4, and thus is advantageous over the transgenic
mouse models that have a mutated AP gene (APP) or related protease
gene, which may have some compensatory effect on both structure
and physiology in the adult brain. Additionally, the transgene is ex-
pressed at a very early stage and in all of the cells of the brain. Impor-
tantly, the number of AD cases reported with genetic mutations in
APP gene is very limited compared to the higher number of cases
noted with sporadic AB expression.”” We have also injected Rheb
expression vector with AB;_4, oligomer in brain hippocampus. This
is to ensure only that a portion of the brain that is exposed to AB;_
42 oligomer only takes up the Rheb-expressing plasmid and not the
entire brain, which could complicate the analysis. This method can
be useful in introducing specific miRNA or antisense RNA in a spe-
cific part of the brain with the help of co-injected AB;_4, oligomer.

Although we have only observed the effect that AB;_4, oligomer has
on miRNA machinery on astroglial cells, it would be interesting to see
what effect it may have on the miRNAs in other glial cells. Glial cells
outnumber neurons at a 10:1 ratio, and among them almost 40% of
cells are astrocytes, making them one of the most abundant cells of
the brain. Also, AB;_4, oligomer-injected brain tissues showed
considerable astrocyte activation along A deposition. Primary astro-
cytes show elevated cytokine mRNA levels when exposed to AB;_4
oligomer. We did find some changes in the neuronal miRNA expres-
sion level, but a drop in miRNA activity resulting in cytokine overpro-
duction was found to be specific for astroglial cells and not for neu-
rons. In LPS-activated macrophages, miRNAs play a significant role
in reducing pro-inflammatory cytokines such as tumor necrosis
factor (TNF)-o, IL-1B, or IL-6 so that anti-inflammatory IL-10
production can be initiated.'” This is a very important step in the
inflammation process where miRNA fine-tunes the balance between
pro-inflammatory and anti-inflammatory cytokine levels to maintain
homeostasis of the process. The astrocytes exposed to A 4, olig-
omer show a loss in miRNA activity whereas loss of Ago2 phosphor-
ylation leads to building up inactive miRNPs in astrocytes that restrict
their encounter with the target mRNA. This leads to uncontrolled
production of pro-inflammatory cytokines that eventually create neu-
roinflammation, leading to the loss of neurons.

If the mechanism is happening through Ago2 phosphorylation, then
this mechanism should affect other miRNAs as well. We found that
the patterns of data of miR-16 and miR-29a are very similar to
what we also got for miR-146a and miR-155. Since miR-16 and
miR-29a do not directly regulate expression of pro-inflammatory cy-
tokines, we think that there is a possibility that this mechanism affects

levels in the infused rat brains. The values were obtained by gRT-PCR and normalized against the U6 snRNA level. (F) Levels of Ago2-associated miR-146a are restored by
Rheb-Myc in AB4_42-infused rat hippocampus tissue. Immunoprecipitation was done for endogenous Ago2, and associated miRNA was measured with gRT-PCR. The value
was normalized against Ago2 band intensity as measured from the western blot. (G) The model depicts how AB exposure causes mTOR entrapment with endosomes
restricting miRNP target RNA interaction. This causes inactivation of miRNPs to elevate proinflammatory cytokine production in glial cells. Interestingly, ectopic activation of
mTOR by Rheb restores miRNP function in diseased brain, rescuing the cognitive function in adult rat brain. The mechanism of action of AB1_42 on miRNA viamTOR is shown
in the right panel. For statistical significance, a minimum of three independent experiments were considered in each case unless otherwise mentioned, and error bars
represent means + SEM. p values were calculated with a Student’s t test. *p < 0.05, **p < 0.01, **p < 0.0001.
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the functions of other miRNAs as well. In this context, we note that in
primary astrocytes and rat brain (also in AD patient brain data) we
have documented increased expression of many miRNAs that are
not even astrocyte specific or not a known regulator of cytokines.
This also signifies that the common pathway of miRNA activity mod-
ulation by mTORCI has been targeted by AB;_4, oligomers. Howev-
er, there are miRNAs that may be regulated at the transcriptional level
in a significant way, while there could be a subset of miRNAs that also
have regulated export and turnover in AB;_4,-treated cells, and thus
these factors may contribute significantly to the overall cellular levels
of those miRNAs to show a reduction in the overall expression level.

The identification of important miRNAs in the gene regulation process
in AD brain was initially a challenge, and thus we studied tissue-specific
miRNA expression patterns in different parts of the brain tissue, with the
help of TissueAtlas.”" Interestingly, in comparison to basal levels, miR-
146a expression in the cortical part is preferentially enriched in AD
brain. Subsequently, we wanted to focus on miRNAs specifically associ-
ated with the effect of AB oligomers in neural cell subsets. Correspond-
ingly, with the help of a previous study, we determined that miRNA
expression patterns can vary substantially across cell types, such as neu-
rons and astrocytes. In particular, miR-146a and miR-21 are highly en-
riched in astrocytes in comparison to neurons in primary cultures from
% Furthermore, based on our previous computational
analysis and the miRNA distribution patterns in different human brain
regions we selected miRNAs for our further analyses.

the rat cortex.

How does astrocyte activation affect neuronal health? We observed
that rat primary astrocytes cultured in the in vitro condition secrete
extra-cellular vesicles 70-100 nm in size known as the exosomes.
These exosomes carry miRNAs and different RNA-binding proteins
from astrocytes to recipient neuronal cells (D.D, unpublished data).
Functional assays carried out in recipient cells showed that these ex-
ported miRNAs are stable and functional in neuronal cells, where
they can regulate the gene expression of recipient cells. Exposure to
AB;_4, increases miR-146a secretion through exosomes along with
other RNA-binding proteins such as Ago2 and GW182 (D.D, unpub-
lished data). We think that these exosomes could play an important
role in both normal physiology and in pathological conditions such
as AD, where astrocytes can regulate gene expression of neighboring
neuronal cells and through these also fine-tune complex physiological
processes such as learning and memory formation.

Several reports suggest the role of astroglia in improving cognition
and memory by demonstrating that the reduction in their activity
leads to memory impairment.®” Interestingly, human astrocyte graft-
ing in immunodeficient mice improved memory in these cognition-
deficient animals.”* Studies have also featured the necessity of
astrocyte activation in maintaining synaptic plasticity and causing
N-methyl-p-aspartate (NMDA)-mediated long-term potentiation
and memory development in the hippocampus.®

Is astroglia the primary contributor in the high cytokine profile
observed in AD? In the AD condition, AB is known to cause disrup-
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tion in gliotransmission by elevating the calcium signaling levels in
astrocytes. Besides during AD, interrupted glutamate uptake capac-
ity and astrocytic calcium signaling can be disrupted by AP as
well.>°® Also, hippocampal astrocytes exposed to AP helped in
improving the frequency of NMDA receptor-mediated slow inward
currents, along with calcium elevations.”
array of functional properties, we thought of astrocytes as an inter-
esting target for studying brain pathologies such as AD, where
miRNA dysregulation in astrocytes may play a significant role in
both neuroinflammation and cognition of the animal.

Precisely, due to this wide

Postmortem neuropathological studies have shown that the number
of reactive astrocytes in the vicinity of amyloid plaques increases as
the disease advances.”” We also found astrogliosis at the amyloid
deposition site in adult rat brain hippocampus (Figure 2B). Interest-
ingly, microglial cells are also found in amyloid deposition sites along
with astrocytes, and in APP/PS1: GFAP/vimentin double knockout
mice where astrocyte activation is attenuated had increased numbers
of microglial cells found around plaques.” Also, microglia secrete in-
flammatory cytokines, which can convert the neuroprotective resting
astrocytes into neurotoxic cells. Conversely, astrocytes secrete C3
complement fraction via NF-kB in oligomeric AP treatment, and
C3 can in turn activate microglia through its C3R receptor.”" Studies
also reported that astrocytes appear to influence the degree of micro-
glial reactivity in mouse models of brain B-amyloidosis.”*

Our findings suggest that restoring mTOR activity in the glial cells can
rescue the disease phenotype and also cognition and memory in adult
animals. Previous studies in the field of neurodegenerative diseases
suggest maintenance of homeostasis of mTOR activity could be bene-
ficial for disease management. For example, in the case of autism,
inactivation of mTOR is found to be beneficial, as in autism patient
hyperactivation of mTOR is common. Again, in ALS, where mTOR
activity is reduced, restoring the activity is found to be advantageous
in disease prognosis.”*’* In a nutshell, our study emphasizes the com-
plex circuit between metabolic pathways, with gene expression regu-
lation having an effect on disease pathology. An intervention with
gene therapy or with small molecules to sustain normal miRNA meta-
bolic pathways in brain will have a therapeutic value in a complex dis-
ease such as AD.

MATERIALS AND METHODS

Expression profile analysis of miRNAs and their corresponding
target mRNAs in AD and cancer

Expression profiles of miRNAs and mRNAs were utilized to study the
possible regulatory relationships between miRNAs and their corre-
sponding target mRNAs in multiple cortical regions of AD patients
as opposed to normal deceased individuals. With the help of R pack-
ages (R Core Team, 2017),” differentially expressed (fold change
of £1.25 and p value of <0.05) miRNAs within the pre-frontal cortex
and mRNA within different regions of the frontal cortex were deter-
mined in the brains of AD patients. The differentially expressed miR-
NAs and mRNAs identified in this manner considering patient sam-
ples are likely to be associated with the development or progression
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of AD (GEO: GSE48552, GSE5281, GSE53697, and GSE15222).%>76-8¢
Utilizing miRNA-target regulatory information from TarBase and
miRTarBase databases, regulator(s)-to-target(s)” (miRNA/mRNA)
maps for the differentially expressed miRNAs and mRNAs were deter-
mined.*"** Subsequently, we have compared the fractions of target
mRNAs of each differentially expressed miRNA that are significantly
upregulated or downregulated. Additionally, to ascertain whether
such regulator(s)-to-target(s) patterns could be occurring in other dis-
ease conditions, we performed a disease enrichment analysis consid-
ering only the genes that were commonly upregulated among the
AD datasets considered.”

In order to study regulator(s)-to-target(s) patterns in cancer, we have
analyzed miRNA and mRNA expression profiling data from different
cancer tissue samples. With the help of R packages, differentially ex-
pressed (fold change of +1.25 and p value of <0.05) miRNAs and
mRNAs were determined in breast cancer, colorectal cancer, and oral
squamous cell carcinoma by considering relevant GEO datasets (GEO:
GSE40056/GSE40057, GSE35982, and GSE70664/GSE70665).”>%45¢
Subsequently, the fractions of significantly upregulated or downregu-
lated target mRNAs of each of the differentially expressed miRNAs un-
der each condition were compared.

siRNA and plasmid constructs

Plasmid information about pRL-con, pRL-3XBulge-let7a, pRL-
3XBulge-miR-122, and firefly (FF) plasmids were previously ex-
plained in Pillai et al. and were a kind gift from Witold Filipowicz.
miR-122 was expressed from pmiR-122 plasmid, which was previ-
ously described.”” FLAG-hemagglutinin (HA)-Ago2 and FLAG-
HA-Ago2-Y529F were obtained as a kind gift from Gunter Meister.
The plasmids Rab5-CA and Rheb-Myc were previously used and
were a kind gift from J.M. Backer.*® All small interfering RNAs (siR-
NAs) were purchased from Dharmacon (ON-TARGETplus siRNA).

Cell culture and reagents

HEK293 and C6 glioblastoma cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with
2 mM r-glutamine and 10% heat-inactivated fetal bovine serum
(FBS).

Primary astrocytes were cultured from 0-1 day-old Sprague-Dawley rat
pups. The whole brain was dissected out and meninges were removed
carefully. The neocortex parts were isolated and cut into pieces. The
small cortical tissue pieces were minced and subjected to trypsinization
for 30 min. Trypsinized brain tissue was triturated in DMEM (Gibco)
medium supplemented with 10% FBS (Gibco) and passed through
nylon mesh to avoid clumps. This single-cell suspension was then
added onto a poly-p-lysine (PDL)-coated plate (Sigma-Aldrich, St.
Louis, MO, USA) and incubated for 2-3 min for preferential sticking
of neurons. Next, the unattached cells were collected and harvested
by centrifugation. Cells were resuspended in a fresh medium and
seeded at a density of 1.2 million/35-mm plate or 0.4 million/well of
a 24-well plate. Cells were maintained for 13 days in vitro (DIV)
with a medium change given every alternate day.

Plasmid and siRNAs were transfected with Lipofectamine 2000 (Invi-
trogen) and RNAIMAX (Invitrogen), respectively, following the man-
ufacturer’s protocol. All of the siRNA and plasmid co-transfection
was done using Lipofectamine 2000. For activation of primary rat as-
trocytes or neurons 1.5 uM AB;_4, was used, whereas 2.5 UM AB;_4,
was used for activating C6 glioblastoma cells. 100 nM rapamycin
(Sigma) was used for blocking mTORCI.

Preparation of A

High-pressure liquid chromatography (HPLC)-purified AB;_4, was
purchased from American Peptide (Sunnyvale, CA, USA), and
oligomeric AB,_4, was prepared as described previously.” Briefly,
lyophilized AB; 4, was 100% 1,1,1,3,3,3
hexafluoro-2-propanol (HFIP) to 1 mM. HFIP was removed by evap-
oration in a SpeedVac (Eppendorf, Hamburg, Germany), then resus-
pended in 5 mM anhydrous DMSO. This stock was then stored at
80°C. The stock was diluted with PBS to a final concentration of
400 mM, and SDS was added to a final concentration of 0.2%. The re-
sulting solution was incubated at 37°C for 18-24 h. The preparation
was diluted again with PBS to a final concentration of 100 mM and
incubated at 37°C for 18-24 h before use.

reconstituted in

Brain stereotaxic surgery

Adult male Sprague Dawley rats weighing 270g-330g were kept in a
room controlled around 25°C and humidity 65%, providing food
and water to ad-libitum. A 12h light-dark cycle was provided in the
animal house of CSIR-Indian Institute of Chemical Biology, Kolkata.
All the studies were performed with guidelines provided by the Com-
mittee for the Purpose of Control and Supervision of Experiments on
Animals (Animal Welfare Divisions, Ministry of Environments and
Forests, Govt. of India) along with the approval from the Institutional
Animal Ethics Committee (IAEC). Male Sprague-Dawley rats (280—
320 g) were anesthetized by injecting 50 mg/kg thiopentone (thiosol
sodium, Neon Laboratories, Mumbai, India) and placing them on a
stereotaxic frame (Stoelting, USA). Injection was done by using a
27G Hamilton syringe. A volume of 5 pL of 100 uM AP in PBS
and 3 pg (4 pL) of plasmid was infused at a flow rate of 0.5 pL/min
in the hippocampus at stereotaxic coordinates from bregma (AP,
3.6 mm; L, 2.1 mm; DV, 2.8 mm) according to the rat brain atlas.
An equal volume of PBS was injected in control animals. Proper post-
operative care was taken to maintain proper health conditions of the
animal. Behavioral tests were performed 14 days after stereotaxic sur-
gery of the animal. Animals were sacrificed on 20th days after behav-
ioral analysis. The brains were dissected out, following cardiac perfu-
sion, and fixed in 4% paraformaldehyde (PFA) for 24 h. They were
then incubated in a 30% sucrose solution for another 24 h before pro-
ceeding for cryosectioning. Cryosections of the brain were done in a
cryotome (Thermo Shandon, Pittsburgh, PA, USA).

Immunohistochemistry of brain slices

20-pm coronal cryosections of the brain from AB-infused or PBS-
infused rats were blocked with 4% BSA in PBS containing 0.43%
Triton X-100 for 1 h 20 min at room temperature. Brain slices were
incubated in primary antibody in a blocking solution overnight at

Molecular Therapy: Nucleic Acids Vol. 24 June 2021 883


http://www.moleculartherapy.org

4°C. Sections were washed three times with PBST and incubated with
a fluorescence-tagged secondary antibody for 2 h at room tempera-
ture. Following three washes with PBS and Hoechst staining for the
nucleus, the sections were mounted with Dibutylphthalate Polyster-
ene Xylene (DPX) and observed in a confocal microscope.

RNA isolation and qPCR

Total RNA was isolated by using TRIzol or TRIzol LS reagent (Invi-
trogen) according to the manufacturer’s protocol. miRNA assays by
real-time PCR were performed using specific TagMan primers (Invi-
trogen). U6 small nuclear RNA (snRNA) was used as an endogenous
control. Real-time analyses by two-step RT-PCR were performed for
quantification of miRNA levels on a Bio-Rad CFX96 real-time system
using an Applied Biosystems TagMan chemistry-based miRNA assay
system. One third of the reverse transcription mix was subjected to
PCR amplification with TagMan universal PCR master mix, no Am-
pErase (Applied Biosystems) and the respective TagMan reagents for
target miRNAs. Samples were analyzed in triplicates. The compara-
tive Ct method, which included normalization by the U6 snRNA,
was used for relative quantification. For quantification of mRNA
levels, 200 ng of total cellular RNA was subjected to cDNA prepara-
tion followed by qPCR by the SYBR Green method. Each sample was
analyzed in triplicates using the comparative Ct method. mRNA
levels were normalized with GAPDH as the loading control.

IP assay

For IP of Ago2, cells were either transfected with FLAG-HA-tagged
Ago2 or endogenous Ago2 and were pulled down from primary cells
and tissue samples. For IP reactions, cells were lysed in lysis buffer
(20 mM Tris-HCI [pH 7.5], 150 mM KCl, 5 mM MgCl,, 1 mM
DTT, 10 mM sodium orthovanadate, 15 mM NaF), 0.5% Triton X-
100, 0.5% sodium deoxycholate, and 1x EDTA-free protease inhibi-
tor cocktail (Roche) for 30 min at 4°C, followed by three sonication
pulses of 10 s each. The lysates, clarified by centrifugation, were incu-
bated with HA antibody (at a concentration of 1:100) pre-bound pro-
tein G agarose beads (Invitrogen) or with pre-blocked anti-FLAG M2
beads and rotated overnight at 4°C. Subsequently, the beads were
washed three times with IP buffer (20 mM Tris-HCI [pH 7.5],
150 mM KCI, 5 mM MgCl,, 1 mM DTT, 10 mM sodium
orthovanadate,15 mM NaF). Washed beads were divided into two
equal parts, and each part was analyzed for bound proteins and
RNAs by western blot and qPCR, respectively.

Luciferase assay

miRNA repression was observed by performing a dual-luciferase
assay. 10 ng of RL-con and RL-3xB-let-7a, RL-3xB-122, or RL-
IRAK1 encoding plasmids was co-transfected with 100 ng of firefly
encoding plasmid per well of a 24-well plate to study endogenous
let-7a or exogenous miR-122 repression. Cells were lysed with 1x
passive lysis buffer (PLB, Promega) before being subjected to a
dual-luciferase assay (Promega, Madison, WI, USA) following the
supplier’s protocol on a VICTOR X3 plate reader with injector (Per-
kinElmer, Waltham, MA, USA). RL expression levels for control and
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reporter were normalized with the firefly expression level for each re-
action. All samples were done in triplicates.

Immunoblotting

SDS-polyacrylamide gel electrophoresis was performed with the sam-
ples, which included cell lysates, membrane fractions, and IP proteins,
followed by transfer of the same to polyvinylidene fluoride (PVDEF)
nylon membranes. Specific required antibodies were used to probe
the blot for at least 16 h at 4°C. This antibody-associated overnight
incubation was followed by three washes with TBST (Tris buffered sa-
line with Tween 20), after which at room temperature the membranes
were incubated for 1 h with horseradish peroxidase-conjugated sec-
ondary antibodies (1:8,000 dilutions). Images of developed western
blots were taken using an UVP Biolmager 600 system equipped
with VisionWorks Life Science software (UVP) v6.80.

Immunofluorescence and confocal imaging

For immunofluorescence studies, primary and C6 glioblastoma cells
were grown on 18-mm coverslips coated with PDL and gelatin,
respectively. Cells were transfected on the coverslips as discussed pre-
viously and fixed for 30 min in the dark with 4% PFA solution after
48 h of transfection. Cells were blocked and permeabilized with 3%
BSA containing 0.1% Triton X-100 for 30 min, followed by overnight
incubation with specific primary antibodies at 4°C. After the incuba-
tion, cells were washed three times with PBS and probed with respec-
tive secondary antibodies (Life Technologies) attached with specific
fluorophores for 1 h at room temperature. For detection of lysosomes,
100 nM of LysoTracker Red DND-99 was added in the growing cells
for 1 h before fixation. Images were captured using a Zeiss LSM800
confocal microscope and analyzed with Imaris7 software. All of the
interactions between organelles were measured by calculating Pear-
son’s and Mander’s coefficient of colocalization using the coloc
plug-in of Imaris7 software.

Passive avoidance test

First, the rats were subjected to passive avoidance (shuttle box)
training. Rodents have a natural tendency to move toward dark.
The passive avoidance device had two identical compartments
comprising 25 x 25 x 20 cm, which were divided by a guillotine
door. One of the chambers was lighted and the other was dark. Elec-
tric shocks were conveyed to the grid floor by an isolated stimulator.
At the beginning of the experiment rats were habituated in the device
for 5 min in the lighted chamber facing away from the entrance to the
dark side. On acquisition day the guillotine door was raised, and the
latency to enter the dark chamber was recorded. When the animals
did not enter the dark compartment within 5 min, they were elimi-
nated from the experiment. Once they entered the dark chamber,
they received a foot shock of 0.8 mA, which forced them to return
to the light chamber. On the next day, defined as the probe day, the
same rats were kept in the light chamber and time taken by them
to enter the dark chamber was noted as the latency time. When the
rats did not enter the dark chamber by 300 s, the successful acquisi-
tion of passive avoidance response was said to occur. The
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experimental work and data recording was performed by SHUTA-
VOID software by Panlab.

Novel object recognition (NOR)

The NOR task evaluates the rodents’ ability to recognize a novel object
in the environment. The task procedure consists of three phases: habit-
uation, familiarization, and test phase. In the habituation phase, each
animal is allowed to freely explore the open-field arena in the absence
of any objects. After the familiarization phase, a single animal is placed
in the open-field arena containing two identical sample objects (A &
A),for 5 min. After 24 h, the animal was returned to the open-field
arena with two objects, one of which was identical to the sample and
the other one was novel (A & B). The test was performed for 5 min.
During both the familiarization and the test phase, objects were located
in the opposite and symmetrical corners of the arena, and location of
the novel versus familiar object was counterbalanced. The wait latency
of the animals observed in each of the objects on probe day was calcu-
lated and designated as TN and TF for the novel and familiar objects,
respectively. The discrimination index (DI) and preference index (PI)
were derived according to the following formulae: DI = (TN — TF)/
(TN + TF) and PI = [TN/(TN + TF)] x 100.

Elevated Plus Maze (EPM) test

The EPM was used for the assessment of memory processes in the an-
imals on the 15th day following the method of that used in rats.*” The
apparatus was made of a wooden plus-shaped maze elevated 60 cm
from the floor having two open arms measuring 50 x 10 cm, crossed
at right angles by two arms of the same dimensions enclosed by 50-
cm-high walls. A 1-cm-high plywood edge surrounding the open
arms was added to prevent the animals from falling off the maze. A
rat was placed on the open arm facing away from the center and
the transfer latency (TL; time in which the rat moves from the
open arm to closed arms) was recorded on the day 1 and again on
the following day. The time taken by the animal on day 1 to move
from open arm to the closed arm was recorded as ITL, and that on
day 2 was recorded as RTL. A duration of 5 min was used for each
subject to record the data.

Statistical analysis

GraphPad Prism 5.00 (GraphPad, San Diego, CA, USA) was used to
analyze the experiments performed in triplicate unless mentioned
otherwise. The p values were obtained with the help of a non-para-
metric Student’s t test. Animal data are represented as means + SEM
and analyzed by one-way ANOVA followed by a Bonferroni’s test.

Data availability
Information related to antibodies, primers, and miRNA assays are
available as Tables S3-S5.
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