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ABSTRACT 

Astrocytes are integral players in maintaining normal brain homeostasis and are the ones 

to respond first to any pathological insult to brain including Alzheimer’s disease (AD). 

They go through ‘reactive astrogliosis’ which is increasingly being recognized as a defence 

mechanism rather than an offensive one. Astrocytes undergo drastic changes at the 

molecular, morphological and functional levels, secreting an array of cytokines, early in 

AD. The identity and the function/s of these cytokines remain elusive. We show that 

amyloid-β (Aβ) induces a state of reactivity and elicits a cytokine pool from primary 

astrocytes as early as 6h. We detected tissue inhibitor of matrix metalloproteinase-1 

(TIMP-1) as a major neuroprotective candidate in this secretome through neuron-

astrocyte co-culture studies. In primary neurons, TIMP-1 inhibited both Aβ-induced - 

FOXO3a-mediated apoptosis and impaired autophagy flux - by increasing Akt
S473 

phosphorylation. Furthermore, we detected that CD63 is the receptor responsible for 

TIMP-1 binding on neurons and mediating Akt signaling through knockdown studies. 

Interestingly, we detected significantly reduced levels of TIMP-1 in the hippocampi and 

cortices of two to ten month old 5xFAD mice, an advanced transgenic model of AD, 

compared to age-matched wild-type mice. Hence, intracerebroventricular injection of 

exogenous TIMP-1 in Aβ-induced rat model and in 5xFAD mouse specifically contributed 

towards inhibiting apoptosis, preventing autophagic deregulation and decreasing Aβ 

plaques in the hippocampus. TIMP-1 further ameliorated cognitive deficits in behavioral 

tests in both the animal models. We found improved synaptic protein expressions and 

spine F/G actin content in pure synaptosomal preparations from hippocampi and cortices 

of TIMP-1-treated 5xFAD mice. TIMP-1 increased long term potentiation (LTP) at the 

Schaffer collateral-CA1 synapses in acute hippocampal slices from 5xFAD mice in 

electrophysiology experiments. We unveil that inhibition of GSK3β activity by improved 

Akt signaling in TIMP-1-treated 5xFAD mice mediates LTP induction. Further, our results 

show that brain derived neurotrophic factor (BDNF) is also released in the hippocampus 

as a result of TIMP-1 injection in 5xFAD mouse. Thus, TIMP-1 emerges as a major 

neuroprotective cytokine secreted by reactive astrocytes early in response to Aβ that 



 

ameliorates cognitive deficits by improving synaptic health in rodent models and has an 

exciting prospect in AD therapeutic research.  

Key words: Reactive astrocytes, astrogliosis, Alzheimer’s disease, Aβ, synaptic plasticity, 

apoptosis, autophagy, cytokine, neuroprotection 
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INTRODUCTION 

“The mind is like an iceberg; it floats with one-seventh of its bulk above 

water.” 

-Sigmund Freud 

Gabriel Garcia Marquez’s novel - ‘One Hundred Years of Solitude’ narrates the story of a 

small village plagued with a ‘disease of memory loss’ and how one man incessantly tried 

to remind himself of the items of his house, only to sadly fall prey to the same disease. 

That was a story, but in real life we do have a devastating disease that steals a person off 

his/her memories. The disease is Alzheimer’s disease (AD). AD is a progressive 

neurodegenerative disorder that causes depletion of memory and subsequent death in 

oblivion. While modern medicine has extended the average human life span up to 80 

years, many age-related diseases have surfaced, the major being AD. Back in 1906, Sir 

Alois Alzheimer’s in the state asylum in Frankfurt, Germany examined a 51-year old 

female patient, Auguste Deter. Auguste D. had grown increasing jealous of her husband, 

started showing signs of cognitive deficits, was unable to orient herself in her own home 

and complained of confusion and paranoia. Five years later, under Sir Alois Alzheimer’s 

observation, she died but her brain autopsy revealed exquisite details that made her and 

her doctor’s names ever-etched in the history of neuroscience. Sir Alzheimer performed 

silver staining in her brain and detected what we nowknow as the most important 

pathological hallmarks of Alzheimer’s disease – extracellular deposits outside neurons 

(amyloid-β plaques), tangled protein fibers inside neuron (neurofibrillary tangles) and a 

shrunken brain (brain atrophy) (Bondi et al., 2017). The major reason behind the 
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transition of the discoverer’s name from the scientific field to the household is the 

immense epidemiological sensation AD has created. Currently, according to World 

Alzheimer’s report 2021, 55 million people in the world are suffering from dementia and 

the number is 6.5 million in the age group of 65 years and above for AD-

relateddementia in the US itself (https://www.alzint.org/resource/world-alzheimer-

report-2021/). AD has also created a huge economic burden as the average annual 

expenses incurred for this disease crossed $1.3 trillion in 2020 alone. Sixty to 80% of all 

the dementia cases are caused due to AD. However, further investigations revealed that a 

little below 50% were actually pure AD while the majority was detected as mixed 

dementias (Murray et al., 2011). Other types of dementia involve vascular dementia, 

frontotemporal dementia, Parkinson’s disease-related dementia, Lewy body dementia, 

etc., among which Lewy body dementia and vascular dementia are often associated with 

AD. However, each of these disease accounts for a maximum of 10% among the total 

dementia cases (Barker et al., 2002). The major risk factor for AD is the inevitable 

process of aging (Qiu et al., 2009), others being specific genetic mutations (mutations in 

amyloid precursor protein (APP) or presinilin1 or presenilin2) and the presence of ε4 

allele in ApoE gene, family history and cardiovascular diseases. Alzheimer’s association 

report of 2020 suggests that educational background, social life of a person and any 

history of traumatic brain injury are lesser known risk factors for AD (2020). Most of the 

cases of AD however do not have a genetic basis, expect for the correlation with ApoEε4 

allele, and are categorized as late-onset Alzheimer’s disease (LOAD, 65 year and above) 

while less than 5% of AD patients have early-onset AD (EOAD). 
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Memory is the part and parcel of our everyday living. The way we react to the world is 

dictated by our ability to learn, then construct and retrieve our memory. Hippocampal-

dependent episodic memory or autobiographical memory is the worst hit by AD (Park 

and Lee, 2021), however other forms of memory less reliant on the hippocampus and 

more on amygdala, striatum, cerebellum etc. (implicit memory) are eventually damaged 

as the patient transitions from an asymptomatic phase (with evidence of Aβ plaques i.e. 

Pre-clinical AD), through mild cognitive impairment (MCI) to the severe form of AD 

which ultimately proves to be fatal. Interestingly, enough evidences suggest that 

abnormal protein depositions (Aβ plaques and tau aggregates) accumulate ten to fifteen 

years before the appearance of clinical cognitive deficits. At the beginning of the 21
st
 

century intensive work has been done on the MCI-related to AD phase in order to 

restrict the disease before the advent of drastic clinical symptoms.  The current decade is 

observing a rise in search of suitable biomarkers to detect the disease at its earliest that is 

in the pre-clinical stage since this prodromal phase holds the highest potential for 

clinicallypreventative interventions. Even the very recent FDA approved (amidst 

controversies) Aβ antibody from Biogen, Aducanumab, was shown to be effective in 

clearing Aβ plaques in early-phase AD (MCI-related to AD and Mild AD) and provided 

partial recovery in cognitive functioning (Cummings et al., 2021) re-emphasizing the 

importance of targeting AD at its prodromal phase. Hence, in this work our major effort 

has been directed to unveil targets in the prodromal phase of AD.  

Aducanumab research also points to the fact that the most targeted hypothesis in AD has 

been the ‘amyloid cascade hypothesis’. According to this hypothesis, APP is cleaved along 
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the amyloidogenic pathway giving rise to Aβ1-42 (the toxic peptide), that eventually 

aggregates to form oligomers and finally plaques triggering the initiation of the disease. 

Several reports from our laboratory have contributed to the understanding of molecular 

mechanisms by which oligomeric Aβ induces cell death pathways such as apoptosis 

(Akhter et al., 2014; Sanphui and Biswas, 2013) and autophagy (Saleem and Biswas, 

2017) in neurons revealing important targets in the process. Yet modern research groups 

highly contradict the solo importance of this hypothesis, especially due to the continued 

failures of Aβ-targeting drugs (except the controversial Aducanumab) and believe that 

enhanced research should be focused on the tau hypothesis and more importantly the 

immune (neuroinflammation) hypothesis. A recent report even revised the amyloid 

cascade hypothesis stating that the depositions of Aβ plaques and abnormal tau are 

indicators of proteopathic stress and are preceded by a very complex cellular phase 

involving critical interactions of the neurons with glia and the vasculature (De Strooper 

and Karran, 2016). Hence, it is imperative that AD is studied from a perspective where 

there is an association between the major AD hypotheses; especially the amyloid 

hypothesis and the immune hypothesis should be focused with an integration of glial 

cells.  

Astrocytes are the most abundant of the glial cells, the non-neuronal cells in the central 

nervous system (CNS). The fact that they play critical roles in maintaining brain 

homeostasis especially in terms of supplying energy and anti-oxidants to neurons 

andregulating neurotransmitter balance at synapses, make them exceptional candidates to 

study when situations turn hostile for the brain. A failure in their ability to perform the 
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normal functioning under disease conditions is now considered the propelling force 

behind the eventual aggressive CNS changes in AD (De Strooper and Karran, 2016). From 

a cellular point of view, astrocytesremain in close communication with neurons and 

other glial cells through an exchange of cytokine and chemokine molecules. Since 

cytokines and chemokines are considered integral factors of the immune mechanism of 

the brain, studying astrocytes in AD has become more relevant than ever. 

AD research has progressed immensely in the last few decades and has divulged key 

cellular processes that underlie disease pathogenesis. Given the multi-factorial nature of 

AD, understanding the basic cellular or molecular level interactions that lead to the 

eventual synaptic and neuronal loss underpinning clinical symptoms is a pre-requisite for 

a subsequent cost-effective translational phase in AD research. With the advent of 

sophisticated neuroimaging techniques like PET, fMRI, CT etc. and identification of AD-

specific CSF and plasma biomarkers, a silver lining is in view in the diagnosis horizon. 

However, there are miles to go before a successful drug can be marketed because to date 

the rate of failures in AD clinical trials has been 99.6% (Cummings et al., 2014). Hence, 

sustained research in AD is of utmost importance and is the focus of this thesis work. 
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REVIEW OF LITERATURE 

1. Alzheimer’s disease 

 

1.1. Historical perspective 

 

In the 37
th
 meeting of German Psychiatrists from the South-Western regions that was 

convened in Tübingen on 3
rd
 November, 1906, German psychiatrist and neuro-anatomist 

Alois Alzheimer (Fig. 1) reported a unique case study of one of his patients showing “A 

peculiar severe disease process of the cerebral cortex”. At that time, Alois Alzheimer was 

a lecturer at the Munich University Hospital. He was a contemporary of Emil Kraepelin. 

Sir Alzheimer described a 51-year-old woman Auguste Deter (Figure 1), who was under 

his care. Auguste Deter was observed carefully at Frankfurt Psychiatric hospital, since 

1901, following her admission for paranoia, memory loss, sleeplessness, aggressive 

behavior and progressive state of mental confusion, for five years, until she died (Bondi 

et al., 2017). Following the death of Auguste D., Alois Alzheimer performed histological 

staining and detected neuritic plaques and neurofibrillary tangles in her brain that as we 

see now have become the major hallmarks of the disease. While Alzheimer was not keen 

to give the disease his name, his mentor-coworker Kraeplin coined and named the 

disease “Alzheimer’s disease’ in his honor in his own book ‘Handbook of Psychiatry’ in 

1910. However, despite an enthuastic response from Kraeplin the remaining of the 

medical community showed little interest in his work. However around 1911 the medical 

community in Europe and the United States started using Alzheimer’s observations of the 

disease for the diagnosis of patients. It raised little interest in the meeting despite an 

enthusiastic response from Kraepelin. Three more cases were reported by Alzheimer in 
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1909. He also detected a “plaque-only” variant in 1911, much later in 1998 the original 

specimens were re-examined and and it was identified as a different stage of Alzheimer’s 

disease. Sir Alzheimer demised in 1915, aged 51 years, following his promotion as the 

Chairman of Psychiatry in Breslau, much long before the whole world got to know his 

name. Much later in the 1980s that the work of Alzheimer gained its due recognition and 

the field accelerated hugely. During this time, AD associated neuropsychological 

symptoms were profiled to show how this disease is different from other forms of 

dementia (Bondi et al., 2017). While the 1990s saw investigations into the various 

cognitive systems affected by the neurotoxic element, in 2000s scientists mainly took an 

interest in divulging the prodromal stages of AD that is mild cognitive disorder (MCI) 

before the actual appearance of disease symptoms. The last 10-20 years has seen the rise 

in imaging techniques such as PET and fMRI and advancement in the field of biomarkers 

to diagnose AD in its pre-clinical stage before the actual memory decline. Although Alois 

Alzheimer made the pathbreaking discovery of AD more than 110 years ago, we are still 

in a complicated mesh searching for a complete cure of AD. 
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Fig.1: (Left) Alois Alzheimer (Photo courtesy: Prof. Manual Graeber) (Bratisl Lek Listy 

2006; 107(9-10): 343-345). (Right) His patient Mrs. Auguste Deter. (Photo courtesy: 

http://alz.org). 

 

1.2. Symptoms 

Alzheimer’s disease is a neurodegenerative disorder in which neuronal degeneration 

occurs way before the actual clinical symptoms surface. The symptoms of AD deteriorate 

over time. The rate of AD progression is not the same in every patient. On an average, a 

person diagnosed with AD survives for four to eight years, but some patients may survive 

longer, sometimes as long as two decades, depending on other factors. Progress of AD is 

very slow. It is best to define the stages in AD as a function of its most prominent 

pathological hallmarks - the A plaques and the neurofibrillary tangles since 90% of the 

AD cases have been identified/diagnosed by pathologists to date with the presence of 

these histopathological lesions in the brains from AD patients.  

http://alz.org/
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General staging: Although AD progression is a continuous process, roughly five stages in 

AD progression have been described as a general guide - Pre-clinical AD, Mild Cognitive 

Impairment (MCI) related to AD, mild dementia due to AD, moderate dementia related 

to AD and severe dementia related to AD (https://www.mayoclinic.org/diseases-

conditions/alzheimers-disease/in-depth/alzheimers-stages/art-20048448). 

1.2.1. Pre-clinical AD may be defined as a phase when the brain of an individual displays 

significant level of plaques but no dementia. It actually precedes the clinical alterations. 

Advanced imaging techniques have revealed that non-demented individuals often have 

plaque burdens resembling that in persons with clinical AD (Swerdlow, 2007). This phase 

may last for decades without any noticeable symptoms.  

1.2.2. Mild Cognitive Impairment (MCI) due to AD - The earliest recognizable clinical 

phase of AD may start with MCI. Patients in MCI phase show mild alterations in their 

thinking and memory abilities (Morris, 2006). However, these clinical changes do not 

confirm AD and hence imaging techniques or other laboratory-level methods are used to 

confirm the presence of pathological hallmarks of AD. Measuring CSF Aβ1-42 either by 

using biochemical technique or positron emission tomography imaging, it has been 

shown that amyloid positive patients with MCI were more likely to be clinically 

diagnosed for AD within two years (Jack et al., 2010).  

1.2.3. Mild dementia stage - Most of the AD patients are diagnosed in this stage, that is, 

the mild dementia stage since the extent of damage to thinking and memory of the 

individual starts affecting his/her daily life and he/she starts losing memory of recent 

events, is unable to make judgements and to solve common problems. Major symptoms 



10 
 

include: 

 Unable to remember new names of people they have met 

 Loses the ability to plan or organize things 

 Cannot recollect newly gained information 

 Misplaces valuable belongings 

 Asks the same question repeatedly 

1.2.4. Moderate dementia stage - It is then downhill from here as the patients continue 

to progressively deteriorate sequentially through the moderate dementia stage where the 

person starts requiring help for day-to-day activities.Major symptoms include: 

 Loses track of date or month 

 Starts forgetting personal details like address or phone number 

 Unable to respond to instructions 

 Struggle with multi-step tasks like house cleaning 

 Becomes extremely moody or withdrawn especially under socially stressful 

situations 

 Unable to cook for themselves 

 Unable to choose clothing depending on season or weather 

 Sleep disorders  
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 Tends to get lost or wander around meaninglessly 

 Show changes in personality like increased suspiciousness, inability to trust and 

starts having delusions 

1.2.5. Severe dementia stage- In this AD stage where alongside the cognitive losses 

hitting a rock bottom, physical abilities become compromised. Major symptoms include: 

 Unable to swallow food 

 Erratic or uncontrolled bowel movements 

 Unable to dress themselves 

 Starts losing weight 

 Develops rashes and other skin infections 

 Highly disturbed sleep patterns 

 Pneumonia 

 Struggle in walking 

The three final stages in AD may be cumulitively assigned as “advanced or late-AD 

stage”. Aβ accumulation attains a plateau at the beginning of clinical dementia. 

Interestingly, memory dysfunctions correspond more with tau aggegation that begins at 

the medial temporal lobe and spreads to neocortex in the clinical phases of AD (Long 

and Holtzman, 2019). It is worth mentioning again that AD is not an all-or-nothing 

entity, even the stages defined are rather arbitrary. Fig.2 shows the general clinical 
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staging of AD. 

 

Fig.2: Stages in Alzheimer’s disease. MCI = Mild Cognitive Impairment Alzheimer’s 

Association Report (2020) 

 

AT(N) classification – In recent times, National Institute on Aging and Alzheimer’s 

association (NIA-AA) developed a “research framework”. They described that 

“Alzheimer’s disease” is a biological term that can be defined on the basis of biomarkers 

identifying the major hallmarks of AD: Aβ (A), phosphorylated tau (T) and 

neurodegeneration (N), named as the AT(N) classification (Jack et al., 2018). This 

classification is not oriented around clinical manifestations. Earlier, it has been mentioned 

that Alzheimer’s disease must rather be regarded as a continuum than be restricted to the 

three symptomatic changes especially because the symptomatic phase of the disease can 

extend across 20 or more years (Dubois et al., 2016). The AT(N) classification was thus 

described to study AD stages as a function of biomarkers to help researchers to delineate 

the several pathological events that actually underpin the outcome of cognitive decline. 

It was not proposed for clinical practice (Jack et al., 2018). 

The “framework” was defined based on two factors: 
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 AD-staging based on biomarkers 

 AD-staging based on severity of cognitive deterioration  

AD-staging based on biomarkers 

A person with biomarker-based detection of Aβ depositionbut negative for tau 

biomarker (A+T-) would be identified as “Alzheimer’s pathologic change”. A person will 

only be categorized as “Alzheimer’s disease” positive if he/she is positive for both Aβ and 

tau (A+T+). Alzheimer’s pathologic change and Alzheimer’s disease are included within 

“Alzheimer’s continuum” independent of the clinical symptoms as shown in Fig.3 (Jack et 

al., 2018). Hence, presence of Aβ is the determining criteria for including a person within 

the “Alzheimer’s continuum” while presence of the pathological form of tau further 

determines the person’s inclusion in “Alzheimer’s disease” category. Hence, it may be 

interpreted that Aβ is the most crucial component in categorizing and further including a 

person in “Alzheimer’s disease”. 
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Fig.3: Biomarker based Alzheimer’s disease AT(N) classification. A=Amyloid-β, T=Tau, 

N=Neurodegeneration (Jack et al., 2018) 

 

AD-staging based on severity of cognitive deterioration  

Cognitive decline in AD occurs in a continuous manner. Two cognitive systems were 

presented to describe the stages in cognitive impairment not dependent on the 

biomarker profiles – “syndromal categorical cognitive staging” and “numeric clinical 

staging”. The “syndromal categorical cognitive staging” is comprised of three groups – 

cognitively unimpaired (CU), MCI and dementia, the latter sub-categorized into mild, 

moderate and severe dementia. A CU person shows a cognitive activity in the range 

expected for him/her. A person in the MCI stage displays a cognitive activity less than 

that individual’s expected range. The individual can still carry out day-to-day work 

without any help but starts struggling with more complicated daily functionings. During 

the dementia stage, a prominent decline in cognitive performance is noticed in the 

person and he/she starts requiring assistance in daily-life.  

“Numeric clinical staging” scheme recruits participants from the Alzheimer’s continuum 

and classification is beyond the traditional categories. This staging system elaborates the 

sequential events that lead to the development of AD starting from the detection of 

pathologic biomarkers of AD in an individual without any symptoms. In this system 

however there are six stages - Stage-1 to 6 (Jack et al., 2018).  

Stage-1 identifies asymptomatic individuals with an evidence of biomarkers similar to that 

in the “Alzheimer’s continuum”. Stage-2 identifies those with initial clinical manifestations 
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of the pathologic identifiers of the “Alzheimer’s continuum”, not essentially expressed as 

cognitive dysfunctions, and hence similar to “Preclinical AD” in the NIA-AA guideline, 

2011 (Sperling et al., 2011).  

In Stage-3, patients show cognitive deficits yet not full-blown dementia and are similar to 

those in the “MCI” stage in “syndromal categorical cognitive staging”. 

In Stages 4-6 patients show a progressive decline in cognitive functions impacting their 

daily-life activities and are similar to “mild”, “moderate” and “severe dementia” stages of 

the “syndromal cognitive staging” scheme. As per the NIA-AA research framework, an 

individual can be carefully categorized into stages with a combination of biomarker 

profile and cognitive staging elucidated in any one of the two schemes (Jack et al., 2018). 

1.3. Incidence and Prevalence of AD 

According to the World Alzheimer Report 2021, the 7
th
 leading cause of mortality 

globally is dementia and it creates the highest monetary burden on the society. At 

present there are more than 55 million people living with dementia in the world among 

which less than 25% are actually diagnosed and in low-income countries the percentage 

of diagnosed dementia patients go down to less than 10%. The number of people 

suffering from dementia is rising on a daily basis and is predicted to reach 78 million by 

2030 (https://www.alzint.org/resource/world-alzheimer-report-2021/). According to 

Alzheimer’s Association Report 2022, among Americans in the age group of 65 years or 

above approximately 6.5 million are living with AD-related dementia and predicted to 

reach 13.8 million cases by 2060 in America itself. Fig.4 shows the number and 
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percentage of people, aged 65 years or older, living with AD-related dementia and Fig. 5 

presents the estimated number of aged people to be living with AD in another 30 years 

according to Alzheimer’s Association Report 2020 (2020). As per the latest AD-related 

morbidity report in 2019, 121,499 deaths were recorded. In USA, AD was the sixth 

leading cause of death in 2019 but in 2020 and 2021, it has moved to seventh position as 

COVID-19 entered the ranks. Yet AD remains the 5
th
 leading cause of death in Americans 

in the 65 years or above age group. The World Health Organization (WHO) has 

developed a global action plan to diagnose at least 50% of the people thought to 

bsuffering from dementia in 50% of the world’s nations by 2025. However, COVID-19 

pandemic has largely delayed this plan. An estimated 16 billion hours of care was 

provided by more than 11 million family members and care-givers to AD and other 

dementia patients in 2021 alone. Unpaid care-giving costs are estimated to $271.6 billion 

in 2021 in the US. All of these are excluding the mental health and negative physical 

conditions of the patient’s family members and health-givers especially during pandemic 

(2022). In the low and middle income countries the monetary burden on the society has 

already gone up to an alarming state. In the Indian front, 3.7 million people are reported 

to be suffering from dementia according to Dementia India report of World Alzheimer’s 

Report 2010. In low and middle-income countries including India we see a major lack in 

accessibility to modern technology and trained health care professionals. Additionally, 

there are taboos and lack of awareness about AD dementia. There have been several 

breakthroughs in the diagnosis front with the advent of plasma based biomarkers of AD. 

However, COVID-19 pandemic has enhanced the probability ofcognitive decline in 

patients and hampered dementia research big time. Moreover, during the two years of 
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pandemic the AD patients had limited access to help in terms of care-givers and routine 

checkups and assessment of disease progression. As the global population is ageing, the 

number of dementia patients is increasing proportionally especially because AD is a 

disease of ageing or we can say age is the biggest risk factor for AD.  

 

Fig.4: Number and percentage of people at or above 65 years of age living with 

Alzheimer’s dementia in the US according to Alzheimer’s Association Report (2020) 
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Fig.5: Projected number of people of 65 or above years of age (total and by age) to be 

living with dementia in the coming decades in the US according to Alzheimer’s 

Association Report (2020). 

The number of women suffering from AD or dementia is more than men (Hebert et al., 

2013). Among the 5.8 million people in the 65 and above age group living with AD in 

the US (according to Alzheimer’s Association 2020 report), 3.6 million are women while 

2.2 million are men. Moreover, in the age group of 71 or above, 16% of women suffers 

from AD or other dementia while it is only 11% among men shown in Fig. 6 (Plassman et 

al., 2007). This staggering bias towards the female gender may be due to the on an 

average the longer lifespan of women than men and higher aging population in women 

means the prevalence of AD is more. However, when it comes to actual risk in 

developing AD between men and women, there are inconclusive reports suggesting that 

the difference between men and women further depends upon age and/or their place of 

origin/living. 
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Fig.6: The gender bias in Alzheimer’s disease showing the estimated risk of men versus 

women to acquire AD-related dementia (Chene et al., 2015). 

1.4. Types of AD 

1.4.1. Early onset Alzheimer’s disease (EOAD) – Although AD is more prevalent in the 

age group of 65 and above, a small proportion of the disease occur below the age 65 

and has a more devastating effect on the patients with lower relative rate of survival. 

EOAD cases accounts for less than 5% of the patients diagnosed with AD (DeTure and 

Dickson, 2019). Interestingly, the very first reported patient Auguste Deter suffered with 

EOAD with symptoms arising in her late 40s and finally got diagnosed at 51. She 

struggled with cognitive deficits, sleep disorders, language impairment, paranoia, 
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aggressive behaviors, mood swings and delusions. Histological analysis of her brain 

following her demise revealed plaque depositions and neurofibrillary tangles (NFT) in 

her brain, the major hallmarks of the disease. People with Down syndrome are at ahigher 

risk of developing AD with reports suggesting the appearance of AD-associated 

pathological hallmarks by the age 40 and the clinical symptoms surface at around 50. By 

the age of 65, most Down syndrome patients suffer from dementia (Ballard et al., 2016). 

Interestingly, Down syndrome patients have partial or full chromosome 21 trisomy and 

APP gene is located on chromosome 21 (Kang et al., 1987). Hence, in Down syndrome 

patients there is an over-expression of APP gene putting them at a very high risk of AD. 

EOAD is also linked to defects in specific region of chromosome 14. Additionally, 

myclonus, sudden shock-like involuntary muscle jerk is often observed in EOAD patients 

(Beagle et al., 2017). 

1.4.2. Late onset AD (LOAD) is the most common type of AD that occurs in people in 

the 65 and above age group. EOAD is closely related tospecific gene mutations while 

LOAD may or may not have a genetic basis. However, the primary genetic risk factor for 

LOAD is APOEε4 allele. In APOEε4 heterozygotes the odds ratio is 3 whereas in 

individuals homozygous for APOEε4 the ratio goes upto 12 when compared to persons 

carrying APOEε3/ε3 (non-carriers) allele (Lane et al., 2018). Some additional risk factors 

for LOAD are TREM2, ADAM10 and PLD3 (Jansen et al., 2019; Karch and Goate, 2015).  

1.4.3. Familial AD (FAD) is a very uncommon form of AD running dominantly inherited 

in families and makes up less than 1% of all AD cases. Although it is often seen as a sub-

category of EOAD, its pathological and clinical presentations identify more with LOAD. 
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The major causal genetic mutations responsible for FAD are in amyloid precursor protein 

(APP), presenilin 1 (PSEN1) and PSEN2 genes. The average age of onset for FAD is 46.2 

years but it can occur as early as 20 years of age (Ryman et al., 2014).  

1.5. Risk factors  

1.5.1. Age – It is the greatest of all risk factors for AD.The percentage of people suffering 

from AD increases drastically with aging. Notably, 3% of people in the age group 65-74, 

17% in the age group of 75-84 and 32% in the age group of 85 and above suffers from 

Alzheimer’s dementia. Ofnote is that Alzheimer’s dementia is not normal consequence of 

aging and aging alone is not the absolute cause of AD (Hebert et al., 2013). 

1.5.2. Genetics – Several genes are closely associated with the increased risk of AD. 

Apolipoprotein E4 (ApoE4) is the most important genetic risk factor for LOAD. ApoE is 

responsible for cholesterol transport in the brain and every person inherits either of the 

three of its alleles – ε2, ε3 or ε4 from each parent. Some ethnic group may have a higher 

risk of inheriting ε4 allele over the other. For example, higher number of African 

Americans inherits at least one copy of ε4 allele when compared with European 

Americans (Evans et al., 2003; Gu et al., 2020; Rajan et al., 2017).Moreover, persons 

carrying the ε4 allele are more prone to A accumulation (Jansen et al., 2015)and AD-

related dementia at a younger age than those carrying the ε3 or ε2 allele of ApoE gene 

(Spinney, 2014). 

Other uncommon genes that increase the risk of AD are those already mentioned for 

FAD. Those are specific mutations in APP, PSEN1 and PSEN2 associated with Aβ 
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processing. Individuals carrying these mutations are almost guaranteed to suffer from AD 

if they have a normal life duration. Additionally, trisomy 21 in Down syndrome 

individuals put them at a higher risk for AD. 

1.5.3. Family history – Although family history of AD is not an essential factor for a 

person to develop AD, yet individual with a first-degree relative (a parent or a sibling) 

who has AD is more likely to develop AD than others (Green et al., 2002; Loy et al., 

2014). Moreover, those who have more than one number of first-degree relatives 

suffering from AD are at a higher risk for the disease (Lautenschlager et al., 1996). In this 

type of cases when AD runs in a family both genetic and/or non-genetic (shared lifestyle 

or food habits) factors may be responsible for developing AD. 

In addition to the above most important risk factors for AD, some additional modifiable 

risk factors are discussed below according to the Alzheimer’s Association Report 2020. 

1.5.4. Cardiovascular disease risk factors – For a healthy functioning of the energy-

intensive brain, healthy pumping of oxygenated blood by the heart is a pre-requisite. 

Smoking and diabetes increase the risk ofcardiovascular diseases which is often associated 

with the appearance of dementia (Choi et al., 2018; Gudala et al., 2013; Vagelatos and 

Eslick, 2013). Especially, the age at which the risk factors of cardiovascular disorders 

including hypertension, mid-life obesity and high cholesterol develop often sees the 

advent of dementia (Meng et al., 2014; Ronnemaa et al., 2011; Solomon et al., 2009). 

WHO recommends that an active lifestyle with lots of physical exercise, healthy vitamin 

rich diet and management of cardiovascular risk factors can help in delaying the advent 

of dementia if not prevent it (Stephen et al., 2021).  
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1.5.5. Education – Reportedly, individuals with longer duration of formal education are 

at a reduced risk of AD than those with low educational background (Evans et al., 2003; 

Sando et al., 2008; Stern, 2012). It is believed that years of education as well as 

intellectually demanding mid-life career creates a ‘cognitive reserve’ in the brain that can 

actually help them to perform cognitive brain functions even when faced with a 

pathological insult such Aβ accumulation or tau phosphorylation (Fisher et al., 2014; 

Then et al., 2014). “Cognitive reserve” is the brain’s ability to retain brain plasticity and 

make efficient utilization of interconnected brain networks to continue carrying out 

cognitive functioning in the face of insult (Stern, 2002). Besides formal education, 

engagement in mentally-stimulating activities such as playing Sudoku or intellectually 

interactive social activities in late-life can greatly develop cognitive reserve. However, 

one cannot practically rule out the beneficial aspects of long years of formal education 

leading to a better socio-economic condition giving leverage to these people to lead a 

healthy lifestyle, good nutrition and better access to healthcare facilities. Hence, whether 

the level of education or the socio-economic development associated with formal 

education is the reason behind lower AD, risk in individuals needs to be scientifically 

ascertained in the coming years. 

1.5.6. Social and cognitive engagement – Studies show that staying mentally and socially 

active reduces the risk of developing AD (Johnsen et al., 2022; Staff et al., 2018). 

Additionally a socially and intellectually active lifestyle helps in building cognitive 

reserve. However, the mechanisms underpinning such observations are still lacking. 

Moreover, whether cognitive impairments restrict a person to interact socially leading to 
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the observation needs to be researched upon before drawing a conclusion. 

1.5.7. Traumatic brain injury (TBI) – TBI increases dementia risk (Fann et al., 2018). It is 

a perturbation of normal brain functions due to injury or blow to the head or due to 

accidental perforation of the skull by any external object. Even mild TBI enhances the risk 

of developing dementia by two-fold (Barnes et al., 2018). Notably, a person with a 

history of TBI develops AD at a lower age than those without any past record of TBI 

(LoBue et al., 2017). However, whether TBI directly causes AD or induces other 

conditions leading to the development of AD remains elusive. 

1.6. Pathophysiology of AD 

1.6.1. Aβ plaques - AD is associated with extracellular senile plaques composed majorly 

of Aβ protein, intraneuronal formation of NFT due to tau protein hyperphophorylation, 

dramatic neuroinflammation, significant damage of neurons and synapses in the brain 

(De Strooper and Karran, 2016). Aβ is an amino acid peptide fragment generated due to 

the cleavage of amyloid precursor protein (APP) successively either by α- and γ-secretases 

or by β- and γ-secretases. The latter set of enzymes generates A1-40 or A1-42 peptides. 

Generation and subsequent deposition of excess of A1-42 leads to the formation of A 

oligomers and fibrils further aggregating into extracellular plaques (Kim and Tsai, 2009). 

Mutations in APP or subunits of γ-secretase, PSEN1/PSEN2 or SorL1 or ApoE, all 

responsible for amyloid production, processing and/or trafficking are strongly related to 

the development of AD. Thus, providing a strongly testimony for the crucial role of A 

in the pathogenesis of AD. 
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1.6.2. Neurofibrillary tangles - NFT is directly linked to neurodegeneration and is shown 

to be proportional to the development of symptomsin cognitive decline of AD. Tau 

protein is majorly located in the neuronal axons and is known to stabilize microtubules. 

NFT is formed within the neurons when two helical filaments of abnormally 

hyperphosphorylated tau come together. Intriguingly, A deposition has been shown to 

be responsible for the progress in tau pathology as well as AD-related neurodegeneration 

(Wang et al., 2016a).  

1.6.3. Synapse and Neuron loss – Extensive synapse and neuron loss seem to be the most 

evident feature of an advanced-stage AD brain as imaged in many autopsy studies. While 

synaptic failure is seen as an early phenomenon in AD much before the appearance of 

clinical symptoms, loss of neurons is concomitant with drastic cognitive changes in an AD 

patient. Indeed, loss of neurons in the nucleus basalis of Meynert causes Acetylcholine 

(ACh) deficiency, the neurotransmitter highly implicated in brain signaling. Further loss of 

serotonergic and adrenergic neurons lead to sleep disorders and dysphoria in AD (Meeks 

et al., 2006). 

Another important pathological feature observed by several groups around the world is 

extensive reactive astrogliosis in the AD brain. While astrocyte reactivity (explained in 

later sections) is not exclusive to AD, it has been detected in the vicinity of Aβ plaques as 

well as NFTs, increasing linearly along AD progression (Serrano-Pozo et al., 2011). 

Additionally, tau can accumulate within astrocytes in AD. Further, astrocytes activity can 

be influenced by tau aggregation leading towards detrimental effects on both astrocytes 

and neurons (Kahlson and Colodner, 2015). The major pathological hallmarks of AD are 
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shown in Fig.7. 

 

 

 

Fig.7: The pathological hallmarks of Alzheimer’s disease. (https://doi.org/10.1515/almed-

2020-0090) 

1.7. Current hypotheses in AD and related anti-AD therapy  

1.7.1. Amyloid cascade hypothesis- Hardy and Higgins proposed “amyloid cascade 

hypothesis” in 1992. According to this hypothesis, abnormal processing, accumulation 

and clearance of Aβ1-42 is at the centreof AD pathogenesis (Hardy and Higgins, 1992). APP 

is a transmembrane protein that is hydrolysed by either α, β, γ or η secretases along any 

of the three pathways shown in Fig.8 to produce a C-terminal fragment. Notably, when 

APP undergoes hydrolysis in the amyloidogenic pathway, A1-42 is released by the 

sequential action of β and γ secretases (Fan et al., 2019). However, there are many 
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controversies with this hypothesis especially because of lack of proof for any direct 

connection between Aβ load and rate of cognitive deterioration in cases of sporadic AD 

(Nelson et al., 2012a). This lead to extensive revisions of the hypothesis with the latest 

proposal by Bart De Strooper and Eric Karran (De Strooper and Karran, 2016). They 

suggested that AD pathogenesis entails an intricate and lengthy cellular phase comprising 

feedback and feed-forward reactions of glial cells and vasculature. They further proposed 

that A and tau accumulations are the risk factors in sporadic AD and their aggregation is 

an indication of enhanced proteopathic stress. Aberrant clearanceof A and abnormal tau 

depositions, the impairment in the neurovascular unit, abnormal activity of the neuronal 

network, dysfunctions in the astrocyte and microglialnormal functions and the plausible 

possible gain-of-toxic functions underpins the cellular phase of the disease. They 

emphasize on the cellular level role of astrocytes in maintaining the brain homeostasis 

and that shift from their normal functioning under AD circumstances leads to aggressive 

progress of disease pathogenesis (De Strooper and Karran, 2016). 
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Fig.8: Schema depicting the three pathways of Amyloid precursor protein (APP) 

cleavage. The amyloidogenic pathway generating the toxic A is shown in (B). The non-

amyloidogenic pathways are shown in (A) and (C). CTF=C-terminal fragment, 

AICD=APP intracellular domain (Fan et al., 2019). 

The direct strategy in Anti-A therapy is by inhibiting β or γ secretase (Chang et al., 2004; 

McConlogue et al., 2007; Wong et al., 2004). However, these strategies are not devoid 

of its side effects for example targeting γ secretase can wrongly target notch signaling 

pathway (Klaver et al., 2010; Olry et al., 2005; van Es et al., 2005). A immuno-

therapywas thought to be an alternative approach. The first potential anti-A vaccine 

(AN1792) by ELAN displayed favourable effects on memory functioning but was banned 

due to harmful side effects like meningoencephalitis (Gilman et al., 2005; Holmes et al., 

2008). Passive immunotherapy did not perform any better. Several antibodies against A 

underwent clinical trials but eventually failed namely Crenezumab (Genentech) (Bouter 

et al., 2015; Ultsch et al., 2016), Bapineuzumab (Pfizer/Johnson & Johnson) (Laskowitz 

and Kolls, 2010), solanezumab (Eli Lily) (Bouter et al., 2015)and ponezuman 

(Pfizer/Johnson & Johnson) (Landen et al., 2013). Only recently another anti-Aβ 

antibody Aducanumab (Biogen) underwent two independent phase 3 clinical trials in 

which one was a success while the other raised controversies yet was approved by FDA 

(Cummings et al., 2021). However, the scientific community cannot completely ignore 

the role of A in AD pathogenesis especially because even today presence of A is 

considered a pre-requisite for AD diagnosis. The new search is for combinatorial therapies 

that can be used along with anti-A therapies to prevent AD progression or even cure 

AD.   
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1.7.2. Tau hypothesis–In 1988, Claude Wischik detected tau in plaques of AD brains 

reporting that tau may be the cause of Alzheimer’s dementia (Wischik et al., 1988). NFT 

are comprised of tau proteins. Tau undergoes many post translational modifications, like 

phosphorylation, arginine mono-methylation, lysine acetylation, lysine mono- and di-

methylation, lysine ubiquitylation etc. (Morris et al., 2015). In AD, tau proteins are 

abnormally hyperphosphorylated, decreasing its affinity for the microtubules and then 

they aggregate together in axons leading towards loss of neuronal plasticity. The failure 

of anti-Aβ therapy has drawn the attention of the scientific community towards the tau 

hypothesis especially because tau accumulation could be directly linked to the rate of 

cognitive decline (Brier et al., 2016). 

There are some new strategies that have targeted tau hyperphosphorylation. Various 

drugs have been developed that can stabilize microtubules, modify kinases and 

phosphatases activities directed at tau modifications as shown in Fig.9. However, even 

these efforts suffered failures in clinical trials. TRx0237 (LMTM) that has shown the 

ability to block tau aggregation at pre-clinical levels failed as it showed toxicity and lack 

of efficacy in phase III clinical trials (Gauthier et al., 2016). Tau-directed active vaccines 

namely ACI35 and AADvac-1 and passive vaccines namely RG6100 and ABBv-8E12 are 

presently in different phases of clinical trial (Li and Gotz, 2017; Novak et al., 2017). Even 

immunoglobulin (IVIG), the single passive vaccine, was not successful in phase III clinical 

trials and was unable to fulfill the major targets in mild-to moderate AD patients (Li and 

Gotz, 2017).  
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Fig.9: Tau hypothesis of Alzheimer’s disease and possible strategies targeting abnormal 

tau-mediated damages in neurons (modified from (Soeda and Takashima, 2020) 

1.7.3. Inflammation hypothesis - Neuroinflammation and reactive gliosis are hallmarks of 

AD (Calsolaro and Edison, 2016). Recent body of literature suggests that both astrocytes 

and microglia play crucial roles in AD pathogenesis. The processes of long-term synaptic 

plasticity and activity-dependent synaptic strengthening underpin the changes in 

cognitive behaviors and are driven by the changes in LTP. Astrocytes are the major 

glialcells recruited for neurotransmitter homeostasis at synapses and play an important 

role on synaptic activity.  Both astrocytes and microglia surround the A plaques in AD 

and starts secreting a plethora of cytokine and chemokine molecules. Initially these 

factors were thought to be predominantly detrimental and hence non-steroid anti-

inflammatory drugs (NSAIDs) were tried to treat AD and were indeed successful at the 

pre-clinical level only to fail at the clinical phase (Ozben and Ozben, 2019). This 

emphasizes that the cytokines secreted by reactivated astrocytes and microglia may 
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possess a beneficial role rather than detrimental. New report on PD-1 checkpoint 

blockade has shown positive results in terms of memory recovery (Baruch et al., 2016). 

The new era of glial research has divulged many new targets against which new drugs 

can be designed for AD therapy. 

1.7.4. Cholinergic and oxidative stress hypothesis - Acetylcholine (ACh) is one of the 

most crucial neurotransmitter in a healthy brain regulating normal functioning including 

learning and memory functions, sleep and wake cycle, sensory information, response to 

stress and attention (Hasselmo et al., 1992; Sarter and Bruno, 1997). However, in AD 

heavy damage in cholinergic neurons were detected and directly correlated with AD-

related dementia. The cholinergic hypothesis was tested with cholinesterase inhibitors in 

the treatment of AD as shown in Fig. 10. Tacrine was the first AChE inhibitor approved 

for clinical practice (Brinkman and Gershon, 1983; Summers et al., 1986), following 

which several other AChE inhibitors are now available in the market namely 

rivastigmine, donepezil, and galantamine approved by US FDA (Panza et al., 2019). 

However, these drugs also present a number of side effects including vomiting, nausea 

and diarrhea (Graham et al., 2017). Another drug approved by FDA is memantine, a 

NMDA receptor antagonist have positive effects on memory scores in cognitive test (Kishi 

et al., 2017). Nonetheless, side-effects of memantine include hypotension and fainting 

(Gallini et al., 2008). Notably, none of these drugs provide a cure for AD and are 

prescribed by doctors to provide symptomatic relief to the patients. 

Oxidative stress is also thought to be an important causal factor for AD pathogenesis. 

Brain is the most energy intensive organ of the body, utilizing higher amount of oxygen 
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as compared to other tissues and undergoes mitochondrial respiration generating ROS in 

the process. AD has been strongly correlated with cell-level oxidative stress involving 

enhanced rate of oxidation of proteins, lipid peroxidation, glycoloxidation and protein 

nitration besides accumulation of A (Cheignon et al., 2018). A can in turn induce 

oxidative stress (Butterfield et al., 2007). Thus, the application of anti-oxidant 

compounds was thought to provide protection against A and cognitive impairments. 

However, the anti-oxidant strategy was questioned because it is a single mechanism 

among the multiple mechanisms underpinning AD and not AD-specific and hence, was 

proposed as a part of combination therapy. Hence, no such anti-oxidant molecule has 

progressed to clinical trials. 
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Fig.10: The Cholinergic hypothesis of Alzheimer’s disease and the role of Acetylcholine 

esterase (AChE) inhibitors. (Modified from (Babic, 1999)). 

1.7.5. Glucose hypometabolism – Glucose hypometabolism is a common feature of the 

prodromal stage of AD and can be correlated to cognitive deterioration (Daulatzai, 2017; 

Du et al., 2018). The scientific community today is majorly interested in targeting AD in 

the early phase before the advent of irreversible damages. Hence, targeting glucose 

hypometabolism has emerged as a major therapy in AD. However, to date there are no 

drugs targeting glucose hypometabolism in an early AD brain. Nevertheless, this strategy 

has been successfully utilized as biomarker for early AD diagnosis. 18FDG-PET imaging is 
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now being used by clinicians to predict neurodegenerative disorders including AD 

(Nasrallah and Dubroff, 2013). 

Unfortunately, anti-AD drug development has a very high failure rate of 99.6% from 

2002 – 2012 according to statistical reports (Cummings et al., 2014). Hence, this indicates 

that there is a huge knowledge gap in understanding the multi-factorial and complex 

mechanisms leading to AD pathogenesis and that has been the major barrier in anti-AD 

therapy development. This has encouraged the scientific community to engage in further 

search for a hypothesis that can best fit AD pathogenesis.   

2. Astrocytes 

2.1. Introduction to glial cells 

The non-neuronal cells of the brain that perform critical functions to maintain the brain 

homeostasis under healthy physiological conditions for the neurons to effectively carry 

out their signaling are known as glial cells. The three major types of CNS glial cells are – 

Astrocyte, microglia and oligodendroglia. 

2.1.1. Astrocytes – Astrocytes account for 20-40% of all glial cells in the CNS depending 

on the region within the brain. Astrocyte, named after its star-like morphology, has often 

been debated for its constitution not only because of the diversity in its types and 

subtypes but also because the kinds of similarity it has with other types of cell in the CNS 

(Oberheim et al., 2012). From Kimelberg’s review, the criteria that maybe used for 

defining astrocytes are – Non-excitability, K+ gradient-induced very negative membrane 

potential, uptake of gamma amino butyric acid (GABA) and glutamate by astrocyte-
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specific transporters, intermediate filament bundles, glycogen granules, cell processes 

encompassing synapses and blood vessels, gap junctions comprised of connexins 

(Kimelberg, 2010). The astrocytes will be discussed in details in later parts. 

2.1.2. Microglia– They constitute 0.5% -16% of total cell population depending on the 

region of human brain (Lawson et al., 1992). They can be considered as the resident 

macrophage-like cells in the CNS responsible for the brain’s defense system orchestrating 

inflammatory response to any foreign insult. Additional roles of microglia include trophic 

support to neurons during development, maintenance of neuronal excitability, 

phagocytosis of apoptotic cells, damaged cells and debris, maintenance of synapses, 

myelin turnover and finally provide protection to the neurons. In response to any toxic 

stimulus, the microglia undergo drastic transformation in terms of morphology, 

proliferation, phagocytic ability, antigen presentation and starts secreting a number of 

pro- and anti-inflammatory cytokine and chemokine molecules (Bachiller et al., 2018). 

The microglial cells are thoroughly in communication with astrocytes, neurons and 

oligodendroglia under normal physiological conditions as well as under pathological 

circumstances. Similar to astrocytes, microglial activation in response to any pathological 

stimulus is considered as a dynamic process and goes beyond the traditional detrimental 

(M1) and neuroprotective (M2) phenotypes (Tang and Le, 2016). A broad array of 

reactive microglia profiles in neurodegenerative diseases has been recently elaborated (De 

Biase et al., 2017; Keren-Shaul et al., 2017). Interestingly, ApoE (expressed by astrocytes) 

whose ε4 allele is considered the major genetic risk factor for AD can regulate microglial 

activity through TREM2 receptor leading towards loss of neurons in an acute model of 
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neurodegeneration (Krasemann et al., 2017). Thus, microglia are another important glial 

cell besides astrocytes showing high dynamicity in disease scenario. 

2.1.3. Oligodendroglia– They are the myleinating cells of the CNS and create insulating 

myelin sheath around axons for optimum transmission of electrical impulses along the 

axonal length. The origin of oligodendrocytes is from oligodendrocyte progenitor cells 

(OPCs) and during the stage of development they are under the influence of several 

neurotransmitters and other neuron-derived factors. A single oligodendrocyte can 

myelinate 30-40 axons and each myelin sheath can extend up to 50-100 µm along the 

axon forming internodes that are punctuated by the nodes of Ranvier (Butt and Ransom, 

1989). Massive white matter degeneration and myelin loss are important pathological 

features of AD. It has been shown that increasing the activity of oligodendroglia, in turn 

enhances myelin renewal that alleviated hippocampus related cognitive deficits in 

APP/PS1 mice model of AD (Chen et al., 2021). 

2.2. Astrocytes in AD 

2.2.1. Physiological role and subtypes: Astrocytes are the major cells responsible forthe 

maintenance of brain homeostasis by regulation of ionic balance at the synapse. They 

help in uptaking excess glutamate and convert it to glutamine via the glutamate-

glutamine cycle to prevent glutamate excitotoxicity. They are the supplier of energy to 

neurons through the lactate shuttle and also provide antioxidants such as glutathione and 

ascorbic acid to the neurons. Astrocyte-dependency of neuron via the lactate shuttle and 

the glutamate-glutamine cycle is shown in Fig.11. Role of astrocytes has been further 

elucidated inthe regulation of neuronal excitation-inhibition balance, in the functioning 
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of synapses, in the development of learning and memory and in the maintenance of 

blood brain barrier integrity in the CNS (Arranz and De Strooper, 2019; Burda and 

Sofroniew, 2014; Giaume et al., 2007; Pekny et al., 2016; Valori et al., 2019; Verkhratsky 

et al., 2017). 

 

 

Fig.11: Astrocyte-neuron lactate shuttle and glutamate-glutamine cycle: The simplified 

cartoon illustrates the lactate shuttle and the glutamate-glutamine cycle at play between 

astrocyte and neurons. Glucose is transported to the astrocyte from blood vessels via the 

GLUT1 transporter where part of it is metabolized to lactate through pyruvate by LDHA 

enzyme. The lactate is then released outside via the MCT1/4 transporter and is taken up 

by the neuron via MCT2. The lactate forms the major source of energy for neurons in 
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brain and is converted to pyruvate by LDHB and eventually oxidized in mitochondria 

releasing ATP. The neuron may also directly uptake glucose via GLUT3. Neurotransmitter 

glutamate is rapidly taken up by the astrocytes from the synaptic cleft via GLT-1 and is 

further converted into glutamine by GS. Glutamine is then transferred to the neurons via 

SNATs and is the substrate for glutamine to glutamate synthesis via GLS which is then 

released extracellularly. Glutamate uptake by astrocytes can trigger the uptake of glucose 

from the nearby blood vessels and enhance aerobic glycolysis. Aerobic glycolysis may 

also be influenced by the catabolism of intracellular stores of glycogen within astrocytes. 

GS: glutamine synthetase; LDHA: lactate dehydrogenase isoenzyme A; LDHB: lactate 

dehydrogenase isoenzyme B; GLUT1: glucose transporter 1; GLUT3: glucose transporter 

3; MCT1/4: monocarboxylate transporter 1 or 4; MCT2: monocarboxylate transporter 2; 

SNAT1/2 or SNAT3/5: glutamine transporters; GLS: glutaminase; GluR: receptor for 

glutamate; GLT-1: glutamate transporter 1 

 

Based on morphology and anatomical location, astrocytes may be classified in two major 

groups – protoplasmic astrocytes of the grey matter and fibrous astrocytes of the white 

matter. Protoplasmic astrocytes, having a more complex morphology with fine branching 

processes, organize themselves into distinct domains or territories without any interaction 

or overlap between cells adjacent to each other. This organization into domains is 

assumed to play a central role in coordinating blood flow and synaptic activity 

(Oberheim et al., 2012). The domain of a single astrocyte in the hippocampus can 

encompass approximately 1,40,000 synapses. Contrarily, fibrous astrocytes have long 

processes that are less complex than the protoplasmic astrocytes which contact axons as 

well as set up perivascular end-feet. Arranged along the white matter tracts, fibrous 

astrocytes do not organize themselves into domains (Garwood et al., 2017). Besides this 

oversimplified classification of astrocytes, various other morphological types has been 

determined in the human cortex that are evolutionary unique to human (higher 

primates), for example – interlaminar astrocyte found in superficial cortex (Oberheim et 
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al., 2009; Oberheim et al., 2006). The diversity of astrocytes is further discussed by 

Verkhratsky et al. 2019 (Figure 12)(Verkhratsky et al., 2019).  

 

Fig.12: Astrocyte Diversity (Verkhratsky et al., 2019) 

2.2.2. Astrocyte reactivity 

Neuropathologies in general can be broadly pictured as the failure in brain homeostasis 

where astrocytes are the major homeostatic cells. Hence, any perturbation in their ability 

to maintain the inherent balance will dictate the survival or death of neurons thus 

determining the consequence of the pathological insult. A basic contribution of astrocyte 

to neuropathology was highlighted by Alois Alzheimer, Santiago Ramon-y-Cajal, Franz 

Nissl, Rio-Hortega and William Lloyd Andriezen, the latter commenting that the 

astrocytes “exhibit a morbid hypertrophy in pathological conditions” (Andriezen, 1893). 

It is now well accepted that neurological disorders are accompanied by astrocytic 
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hypertrophy and microglial activation together referred to as reactive gliosis (Verkhratsky 

et al., 2019). Earlier, reactive astrogliosis was considered as a non-specific reaction to a 

pathological insult as a part of neuroinflammation that formed the basis of neurological 

disorders. However, current research has disclosed very specific and distinct functions of 

reactive astrocytes from neurodegenerative disease perspective. The response generated 

against a pathological insult represented by reactive astrogliosis and microglial activation 

is now majorly considered to be protective at least at the initial stages. Given the 

complexity in astrocyte behavior over time, with disease progression, and being dragged 

to the extent of pathologic severity, reactive astrocytes may turn detrimental and 

contribute to neuronal death. However, it is also thought that the formation of astroglial 

scar limits the area of damage and by secreting several neurotoxic factors including pro-

inflammatory cytokines and chemokines, surrounding astrocytes and microglia 

exterminate the pathologically affected neurons and thus protect the neuronal cells and 

circuits lying outside the damaged area (Morizawa et al., 2017; Wakida et al., 2018). 

Following such a clearance, neuroglia promotes vascularization, reforms blood-brain 

barrier, initiates synaptogenesis and induces re-myelination (Anderson et al., 2016; Burda 

and Sofroniew, 2017; Verkhratsky et al., 2017). Pathological modifications in the 

morphology of astrocytes are complicated and are specific to disease stage and disease 

model. The variations are dependent on alterations along the development of disease as 

reviewed by Verkhratsky et al. 2019 (Figure 13). Three major categories defined based on 

the manifestations of astrogliopathology are – “reactive astrogliosis”, “astrodegeneration 

with astroglial atrophy and loss of function” and “pathological remodeling”. The latter 
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two groups are together identified as “astrocytopathies” to distinguish them from 

reactive astrogliosis. 

 

 

 

Fig.13: Astrogliopathology classification (Verkhratsky et al., 2019) 

AD: Alzheimer’s disease; ALS: amyotrophic lateral sclerosis; HD: Huntington’s disease; 

FTD: frontotemporal dementia 

 

Recent findings show that astrocytes go through dramatic changes at the morphological, 

functional, biochemical and transcriptional levels to give rise to a heterogeneous 

population when faced with any pathological insult (Escartin et al., 2019). However, 

some of the alternations may reverse while other changes are more long-term. Such a 

population of astrocytes is called reactive astrocytes. A series of publications in recent 

times based on single-cell transcriptomics and proteomics data elude towards a range of 

functional variations in reactive astrocytes that influence the evolution of disease in 

different manners (Anderson et al., 2014). In 2021, a world-wide consensus report from 

glial biologists on the term to describe the astrocyte reaction was decided as either 

‘reactive astrogliosis’ or ‘astrocyte reactivity’. They further updated the definition – a 
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hugely complicated disease-stage and disease-specific occurrence involving all of 

astrocytes’ reactive states in which ‘state’ indicates a transient or long-term remodeling of 

astrocytes(Escartin et al., 2021). Astrocyte reactivity may be classified on the basis of the 

nature of the pathological stimulus which may be external or cell-autonomous in its 

origin (Fig. 14).  

 

 

Fig.14: Classification of Astrocyte reactivity based on the nature of stimuli: Astrocyte 

reactivity is defined as the response of the astrocytes to any pathologicalstimulus. AD, 

Alzheimer’s disease; PD, Parkinson’s disease; ALS, Amyotrophic lateral sclerosis; HD, 

Huntington’s disease. Ishan Patro et al. (Eds): The Biology of Glial Cells: Recent 

Advances, 978-981-16-8312-1, 521150_1_En, (Chapter 9 by Sarkar et al. 2022) 

 

2.2.3. Neurotoxic and neuroprotective aspects of reactive astrocytes 

Enhanced levels of glial fibrillary acidic protein (GFAP), s100β or vimentin proteins that 

are used to identify hypertrophic astrocytes are hugely observed in AD post-mortem 
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brains (Verkhratsky et al., 2016). Reactive astrocytes are detected in the vicinity of senile 

plaques (Fig. 15) and have transcriptomic profiles showing upregulation of pro-

inflammatory cytokines detected in AD models of rodent and in AD patient samples (Li 

et al., 2011). Moreover, upon the blockage of astrocyte reactivity in APP/PS1 mice, 

neuroinflammation was alleviated and there was significant amelioration of cognitive 

deficits beside a reduction in A load (Furman et al., 2012). Reactive astrocyte-secreted 

pro-inflammatory cytokines act in an autocrine pathway enhancing the secretion of Aβ 

from the reactive astrocytes themselves (Blasko et al., 2000). The pro-inflammatory 

cytokines can further regulate the nearby microglia influencing their ability to 

phagocytose Aβ (Koenigsknecht-Talboo and Landreth, 2005). They can also influence 

neurons directly, upregulating caspase-3 activity in them besides increasing abnormal tau 

phosphorylation and pushes the cell towards neuronal death (Garwood et al., 2011).The 

reactive astrocyte itself loses their ability to uptake glutamate and starts secreting GABA, 

thus transforms into a state that is detrimental towards neurons. 

Interestingly, reactive astrocytes were found within the brain much before the 

appearance of A plaques (Wang et al., 2018). Indeed, when astrocyte reactivity was 

inhibited in a rodent model of AD, AD-related pathological hallmarks were found to be 

upregulated (Kraft et al., 2013). Reactive astrocytes also posses the ability to uptake and 

clear A demonstrated in an in vitro model of mouse astrocytes (Wyss-Coray et al., 

2003). Reports of Aβ-containing astrocytes are already present in earlier literature in 

brain samples of aged persons (Funato et al., 1998), in entorhinal cortex (Thal et al., 

2000) and near to the amyloid plaques in human (Kurt et al., 1999; Yamaguchi et al., 
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1998). Reactive astrocytes restricts the amyloid plaques from propagating to the nearby 

healthy neurons restricting further damage (Sofroniew, 2009). Once the reactive 

astrocytes uptake A, they can degrade it through the lysosomal pathway especially in 

the early phase of AD since it has been shown that enhancing lysosomal biogenesis within 

astrocytes by overexpression of transcription factor EB increased the rate of A 

phagocytosis followed by A degradation in APP/PS1 mice (Xiao et al., 2014). A may 

further be degraded by reactive astrocytes with the increased expression of A-degrading 

enzymes namely neprilysin, Insulin degrading enzyme, endothelin-converting enzyme-2 

and matrix metalloproteinases (MMPs) (Carter et al., 2019). These indicate that reactive 

astrocyte may have a beneficial paradigm in its functionality and partakes in A clearance 

especially in the prodromal stage of the disease. Thus the phenomenon of astrocyte 

reactivity is not a simple phenomenon rather it sees a transition in astrocyte function 

from being protective in the initial phase to a detrimental phenotype in the late-stage 

AD. Additionally, reports show that the domain organization of reactive astrocytes 

remains intact even in AD (Oberheim et al., 2008) and astrocytes do not proliferate at 

least in animal models of the disease (Sirko et al., 2013). 
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Fig.15: Reactive astrocytes surrounding A plaque: (A) GFAP (green) and A (red) in the 

hippocampus of 3xTgAD mice, scale bar 20 µm (Olabarria et al., 2010) (B) GFAP (black) 

and A (brown) in the hippocampus of a human AD patient, scale bar 50 µm (Pike et al., 

1995). The similarity between the two images is noticeable. 

 

2.2.4. Reactive astrocyte subtypes in AD  

A decade ago, a major transcriptomic profiling of reactive astrocytes by Barres group 

revealed that astrocytes can have disparate transcriptomes depending on the nature of 

the external insult (Liddelow and Barres, 2017; Zamanian et al., 2012). They utilized two 

different mouse models – ischemic model induced by occluding Middle Cerebral Artery 

and a neuroinflammation model induced by lipopolysaccharide (LPS). High throughput 

transcriptomic profiling of reactive astrocytes in these two models revealed that the 

astrocyte transcriptomic profile of one was distinctively different from the other. Few 

years later in a review from the same group the reactive astrocytes from the ischemic 

model was named the A2 astrocytes and from the LPS model as the A1 astrocyte 

(Liddelow and Barres, 2017). A1 reactive astrocyte profile saw an upregulation of 

detrimental genes essentially encoding pro-inflammatory cytokines. The A2 astrocyte, on 

the other hand, expressed genes that coded for beneficial proteins. Hence A1 and A2 

were essentially the detrimental and beneficial astrocyte subtypes respectively. A1 

astrocytes have the potential to trigger various genes of the complement cascade system 

especially C3 that reportedlyhas a harmful effect on synapses by activation of NF-κβ 

pathway. Other pro-inflammatory genes that were upregulated within A1 astrocytes are 

H2-D1, SSP1, Serping1, CXCL1, CXCL2, Ggta1 etc. (Zamanian et al., 2012). Conversely, A2 

reactive astrocyte subtype  expressed enhanced levels of various neurotrophic molecules 
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including some of them that are implicated in anti-oxidative pathways such as Arginase-1, 

Nrf2, PTX3, SPHK1 and TM4SF1 (Zamanian et al., 2012). These genes are involved in the 

promotion of neuronal viabilityand in the induction of thrombospondins that are known 

to help synapse repair. However, they indicated that A1 and A2 may be the two 

terminals of a heterogenous population of astrocytes that are generated. More recently, 

single-cell and single-nucleus RNA sequencing reports revealed that a specific subtype of 

reactive astrocytes, detected by a mix of A1 and A2 reactive transcripts, is highly 

unregulated in mouse models and patient brain samples of neurodegenerative disease 

which also included AD (Grubman et al., 2019; Habib et al., 2020; Zhou et al., 2020). 

Habib et al termed this subtype of reactive astrocytes as disease-associated astrocytes 

(DAA). DAA were present in the initial stage (pre-cognitive decline) in AD and their 

number started increasing with the progress of disease. DAA-like populations started to 

appear with age in both wild type mice and in human brains. DAA were majorly 

detected in the vicinity of Aβ plaques, both in the hippocampus and the subiculum that 

means the areas, most sensitive to damage in AD. Hence, it may be inferred that there 

are many reactive astrocytes that are way more complex and numerous beyond the 

oversimplified A1/A2 nomenclature. It is imperative that we unveil the molecular switch 

that causes the transition of reactive astrocyte from the beneficial phenotype to the 

detrimental phenotype. In fig. 16, we have depicted the probable reactive astrocyte 

subtypes in AD upon treatment with A and named the detrimental subtype – A1-like 

astrocyte and the protective one – A2-like astrocyte to allude to the heterogeneity of 

reactive astrocytes beyond A1/A2 nomenclature. 
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Fig.16: Schema showing astrocyte reactivation in Alzheimer’s disease: Astrocyte reactivity 

in response to Aβ in Alzheimer’s disease has been shown. The subtypes are broadly 

classified as A1-like (detrimental) and A2-like (beneficial) reactive astrocytes. However 

there are many more subtypes present that are disease and disease-stage specific. A1-like 

astrocytes have a distincttranscriptomic profile fromA2-like astrocytes. A1-like reactive 

astrocyte may be generated under the influence ofcytokinesTNFα, IL-1α and C1q from 

activated microglia. The secretome profiles of A1-like and A2-like astrocytes are very 

different. Ishan Patro et al. (Eds): The Biology of Glial Cells: Recent Advances, 978-981-

16-8312-1, 521150_1_En, (Chapter 9 by Sarkar et al. 2022) 

 

2.2.5. Role of astrocyte secreted cytokines  
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Astrocyte derived cytokine and chemokine molecules can either affect the neurons 

directly orregulate the action of microglia on neuronsin the CNS. The intercellular 

communication between neuronal and non-neuronal cells is a highly complex in nature 

and majorly mediated by cytokines along autocrine or paracrine pathways. Cytokines are 

defined as a heterogeneous population of small proteins that play crucial role in 

communication among cells and are rapidly secreted as a result of a CNS insult. They can 

be exciting molecules in studying the various stages in AD progression and are valuable 

from a translational perspective. 

IL-1β which belongs to the IL-1 cytokine family is recognized as a prominent pro-

inflammatory cytokine which has been found in the plasma and CSF of human AD 

samples (Brosseron et al., 2014). Interestingly, they were secreted by reactive astrocytes 

(Sofroniew, 2015). IL-1β is known to initiate the series of immune responses in AD and 

also induces the cleavage of APP along the amyloidogenic pathway in neurons (Griffin et 

al., 1998). Along an autocrine pathway IL-1β can trigger IL-6 secretion from astrocytes 

and also induces an enhanced expression of s100β in them. Further IL-1β enhamces iNOS 

activity (Rossi and Bianchini, 1996) and the excess release of macrophage colony 

stimulating factorpaving the way towards neuronal degeneration (Rubio-Perez and 

Morillas-Ruiz, 2012). IL-1β can further increase neuronal AChE activity and its own 

synthesis, and further reactivation of astrocyte themselves through a vicious loop (Griffin 

et al., 1998; Mrak and Griffin, 2001). 

IL-6, expressed in reactive astrocytes by an upstream IL-1β can trigger both pro-

inflammatory and anti-inflammatory signaling in neuronal cells (Sofroniew, 2015). IL-6 
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binds to the receptor, gp130, which is also a common receptor for many growth factors 

including ciliary neurotrophic factor (CNTF), oncostatin M (OSM), leukemia inhibitory 

factor (LIF) as well as another cytokine- IL-11. Following binding to gp130, IL-6 can 

trigger the JAK-STAT pathway enhancing the growth of neurons. Conversely, IL-6 can 

also have a negative impact on neurogenesis especially during the developmental phase 

(John et al., 2005). There are contradictory reports on IL-6 in literature. IL-6 can inhibit 

the secretion of proinflammatory cytokines including IL-1β and TNFα (John et al., 2005). 

Conversely, some reports elucidate that IL-6 promotes APP synthesis (Vandenabeele and 

Fiers, 1991). In the AD scenario, IL-6 can induce ERK1/ERK2 pathway as well as STAT3 

pathways (Schumann et al., 1999). It may additionally direct the production of acute 

phase proteins in neurons like α2-macroglobulin and metallothionine (Akiyama et al., 

2000; Bauer et al., 1993; Ganter et al., 1991).  

A critical pro-inflammatory cytokine, TNFα, may also be secreted from reactive 

astrocytes and is reported to trigger toxic cell cycle processes in the post-mitotic neurons 

contributing towards AD pathogenesis (Yamamoto et al., 2007). Soluble form of TNFα 

has the capability to bind to its receptor TNFR1 which has an intracellular ‘death 

domain’, thus further activating neuroinflammation and neuronal death in 

neurodegenerative disorders including AD, PD, ALS and MS (Akiyama et al., 2000; Antel 

et al., 1996). 

Fractalkine or CX3CL1 is a cytokine that under physiological conditions are primarily 

expressed in neurons but under abnormal circumstances may be released by the 

astrocytes of the CNS (Hughes et al., 2002; Pereira et al., 2001). Findings allude that the 
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fractalkine-CX3CR1 signaling may play a crucial role in AD (Chen et al., 2016). Upon the 

binding of fractalkine with its receptor CX3CR1 on the surface of neurons in the 

hippocampus, pro-survival Akt pathway is induced further ensuring neuroprotection 

(Meucci et al., 2000). CXCL8, is another cytokine, that can be expressedin astrocytes and 

microglia besides neurons under the influence of Aβ and maintains the viability and 

health of neurons by enhancing the release of brain derived neurotrophic factor (BDNF) 

and also by preventing Aβ-induced apoptotic death of neurons along autocrine or 

paracrine pathways (Ashutosh et al., 2011). 

Astrocytes may also influence neuronal health by regulating microglial functions; all these 

mediated by cytokine molecules. The cytokine TGF-β secreted from reactive astrocytes 

blocks neuroinflammatory processes by modulating microglial activation. Intriguingly, IL-

10 is the cytokine that is released by activated microglia acts as an upstream regulator of 

TGF-β secretion from astrocytes. It can be thus inferred that astrocyte plays an essential 

role in dictating IL-10-induced anti-inflammatory responses which includes a reduced 

expression of pro-inflammatory IL-1β while increasing the production of anti-

inflammatory fractalkine receptor (CXCR1) as well as IL-4 receptor (IL-4Rα) in microglia 

(Cekanaviciute et al., 2014; Norden et al., 2014). GFAP-IL-6 mice, where there is 

overproduction of IL-6 from astrocytes, have enhanced levels of microglial activation and 

chronic neuroinflammation. Coherently, the neuroinflammation further induces synapse 

loss of calbindin-containing neurons and hence severe learning and memory deficits were 

detected in this mouse model (Heyser et al., 1997). Thus, we may conclude that cytokine 

plays essential yet some play pleiotrophic role in AD depending on disease-stage and 
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hence are crucial candidates for future investigation. 

2.2.6. Astrocyte subtype-based therapies – emerging role of cytokines  

As we have seen that there is a possible transition in secretomes of reactive astrocyte 

subtypes along the AD continuum, astrocyte subtype-targeted therapeutic approach 

seems to be a new paradigm in AD treatment and the cytokines emerge as exciting 

candidates.  

A1 or A1-like astrocytes are induced in AD by the action of three specific cytokines - IL-1α, 

TNFα and C1q secreted from reactive microglia in an LPS model of neuroinflammation. 

Mechanisms to block the reactivity the of the detrimental A1-like astrocytes is targeted by 

either inhibiting microglial reactivity or by blocking the action of microglia-secreted 

cytokines – IL-1α, TNFα and C1q. NLY01 (Yun et al., 2018) or exendin4 (Goncalves et al., 

2016; Gullo et al., 2017; Lee et al., 2018) are being used to prevent or abrogate the 

activation of microglia as both of them are agonists of long-acting glucagon-like peptide-1 

receptor and hence are considered useful for treating AD. TNFα inhibitor such as 

Etanercept is already being used in the market for the treatment of rheumatoid arthritis 

and its use has been correlated with reduced risk of developing AD in aged population in 

comparison to control population (Chou et al., 2016; Ekert et al., 2018). However, in 

phase-2 clinical trial Etanercept failed to qualify as a drug for AD treatment (Decourt et 

al., 2017). Besides TNFα targeting, C1q is also targeted by antibodies while for IL-1α, a 

recombinant antagonist (Anakinra) has been designed. Both are now undergoing clinical 

trials (Lansita et al., 2017; Liddelow and Barres, 2017). A1-like astrocyte released IL-1α, IL-

6 and IFNγ can influence the nearby neurons towards a detrimental fate by inducing 
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enhanced caspase-3 activity and excessive abnormal tau phosphorylation. Minocycline 

can inhibit the above-mentioned cytokine from being released thus preventing neuron 

death downstream even under Aβ exposure (Garwood et al., 2010). A1-like astrocyte can 

also be inhibited by using inhibitors against C3 (Lian et al., 2015; Lian and Zheng, 2016) 

or by targeting C3aR (C3 receptor) (Lian et al., 2016; Lian et al., 2015). NSAIDs can also 

be used to inhibitthe secretion of pro-inflammatory cytokines and thus preventing 

neurodegeneration in AD (Gasparini et al., 2004; Sastre and Gentleman, 2010). 

Unfortunately, till date NSAIDs are unable to show any positive resultin clinical trials for 

AD (de Jong et al., 2008). Additionally, glucocortocoids are thought to diminish release 

of IL1α, IL1β and IL-6 from the A1-like astrocytes (Fakhoury, 2018; Szczepanik and 

Ringheim, 2003). The major reason for the failures of A1-like astrocyte or pro-

inflammatory cytokine-targeted therapies in AD is the lack of appreciation of the fact that 

reactive astrocytes have disparate cytokine profiles across the different stages in AD.  

A2-like reactive astrocyte secreted anti-inflammatory cytokines may be utilized as novel 

drug candidates in AD therapy. Injection of TGFβ through the intranasal (IN) route in an 

Aβ-infused rat model of AD ameliorated learning and memory impairmentsas well as 

apoptotic cell death of neurons (Chen et al., 2015). In another study, intra-hippocampal 

injection of TGFβ in a mouse model of AD alleviated AD-associated cognitive 

dysfunctions and synaptic deregulation by activating PI3K/Akt/Wnt/β-catenin pathway 

(Hu et al., 2019). These reports re-emphasize the importance cytokine-mediated 

therapeutic approaches in AD. Additional reports show that injection of exogenous IFNβ 

through the IN route which is known to be secreted by both neurons and glia can 
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improve cognitive functioning of AD rats model by regulating apoptotic cell death and 

inducing hippocampal neurogenesis (Chavoshinezhad et al., 2019). On the other hand, 

injection of IL-10, an anti-inflammatory cytokine, through the intravenous route in an 

Aβ-injected mouse model as well as in a LPS-induced inflammation model in mice, 

attenuated the excess release of pro-inflammatory cytokines namely IL-1α, IL-1β, IL-6 and 

MCP-1 in the hippocampi and cortices (Szczepanik and Ringheim, 2003). Injection of IL-

33 through the intraperitoneal (i.p.) route in APP/PS1 mice decreased the Aβ plaque 

burden by increasing the phagocytic activity of microglia, by attenuating the transcription 

of pro-inflammatory genes and by enhancing cognitive abilities (Fu et al., 2016). In 

recent past, Guha et al. have shown that i.p. injection of ICAM-1 alleviates cognitive 

deficits not only in an Aβ-infused rat model of AD but also in an advanced transgenic 

mouse model of AD, 5xFAD by targeting the proinflammatory NF-κβ pathway (Guha et 

al., 2022). Subcutaneous injection of granulocyte colony stimulating factor (G-CSF) in 

Aβ-infused mice as well as in transgenic Tg2576 mice (overexpressing mutant APP with 

Swedish mutation, characterized by elevated levels of Aβ and amyloid plaques) 

prominently improved cognitive activity. It was observed that G-CSF also triggered 

mobilization of bone marrow-derived hematopoietic stem cells and neurogenesis in the 

vicinity of Aβ plaques. Interestingly, G-CSF is available in the market for the treatment of 

chemotherapy-induced neutropenia. Hence, further work with G-CSF may unveil 

interesting results to facilitate its use cytokine-dictatedtherapy in AD (Tsai et al., 2007). 

However, all these cytokines are being still tested at the pre-clinical levels and needs to 

be further validated before starting clinical trials. A list of probable A1-like and A2-like 
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astrocyte secreted cytokine based putative targets for the treatment of AD is presented in 

Table 1. 

A1-like astrocyte targeted strategies in AD treatment 

Target Therapeutic 

molecule/drug 

Experimental  

model 

Route of 

drug/moleculeadministratio

n 

Age of 

administration 

Reference 

Cytokine-based inhibition 

TNFα Etanercept (TNFα 

inhibitor, used in 

standard RA 

therapy) 

Human 

AD patients1 

s.c. 

 

Average age, 

76.5 years 

(Chou et al., 

2016) 

Human 

AD patients
#
 

s.c. Average age, 

72.4±9.7 years 

(Butchart et al., 

2015) 

 

Human 

AD patients
#2

 

perispinal Average age, 

76.7±10.9 years 

(Tobinick et al., 

2006) 

 

Xpro1595 

(TNFα inhibitor) 

TgCRND8 

mice 

s.c. 

 

1-month old 

(Pre-plaque 

stage) 

(Cavanagh et 

al., 2016) 

TNFR2:Fc 

(anti-TNFα 

biologics) 

Aβ25–35-injected 

mice 

s.c. 6-week old 

(2
nd

, 4
th
 and 6

th
 

day following 

Aβ 

administration) 

(Detrait et al., 

2014) 

 

3,6’-

dithiothalidomid

e 

(small molecule 

TNFα inhibitor) 

3xTg-AD 

Mice 

 

i.p. 

 

 

 

4-month old 

(Pre-plaque stage 

with mild 

intraneuronal 

Aβ) 

(Gabbita et al., 

2012) 

 

 

Aβ1-42-injected 

mice 

i.p. 3-month old 

(Administered 

7days prior to 

Aβ injection) 

(Russo et al., 

2012) 

 

Thalidomide 

(small molecule 

TNFα inhibitor) 

APP23 mice 

 

i.p. 

 

Long term 

treatment- 9 to 

12-month-old, 

Short term 

treatment – 12-

month old 

(He et al., 2013) 

 

Infliximab 

(monoclonal 

anti-TNFα 

antibody) 

Aβ1-42-injected 

mice 

 

i.c.v. 6-week old (co-

administered 

with Aβ) 

 

(Kim et al., 

2016) 

 

APP/PS1 mice i.c.v. 12-month old 

 

(Shi et al., 2011) 

 

XENP345 

(Dominant 

negative TNFα 

inhibitor selective 

for soluble TNF) 

3xTg-AD 

mice 

 

i.c.v. 4.5-month old (McAlpine et al., 

2009) 
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C1q ANX005 (anti-

C1q antibody) 

Sprague-

Dawley (SD) 

rats 

 

i.v. 

 

 

 

8-9 weeks 

 

 

 

(Lansita et al., 

2017) 

 

 

Cynomolgus 

monkeys 

i.v. 2-4 years 

ANX-M1 (anti-

C1q antibody) 

Aβ1-40-oligomer 

injected mice 

i.p. and i.c.v. 3-month old 

(co-administered 

with  Aβ)  

 

(Hong et al., 

2016) 

IL1α Anakinra 

(recombinant 

IL1α receptor 

antagonist) 

McGill-Thy1-

APP-TG rats 

s.c. 6-month old 

(Pre-plaque 

stage) 

(Qi et al., 2018) 

      

IL-6,  

MCP-1 

Minocycline  

(an antibiotic) 

Htau mice i.p. 3-4 month old 

 

(Garwood et al., 

2010) 

      

IL1β, 

TNFα, IL-

6 

NSAIDs -

Ibuprofen 

 

 

Human AD 

patients
#
 

 

 

oral 

 

 

≥65 years 

 

 

(Pasqualetti et 

al., 2009) 

 

Tg2576 mice 

 

oral 

 

3-month old 

(Pre-plaque 

Stage with high 

levels of soluble 

Aβ) 

(Eriksen et al., 

2003) 

 

Indomethacin Human AD 

patients
#
 

oral Average age 

78±2 years 

(Rogers et al., 

1993) 

Human AD 

patients
#
 

oral Average age 

72.7±6.9 years 

(de Jong et al., 

2008) 

Naproxen Human AD 

patients
#
 

oral Average age 

74.1±7.8 years 

(Aisen et al., 

2003) 

      

IL1α, 

IL1β, IL-6, 

MCP-1 

Glucocorticoids 

(prednisolone 

and 

dexamethasone) 

Aβ1-42-injected 

mice 

 

i.p. 50-60 days old 

(30 min prior to 

Aβ injection by 

i.c.v.) 

(Szczepanik and 

Ringheim, 

2003) 

Microglial activation inhibition 

Glucagon

-like 

peptide-1 

receptor 

agonists 

Exendin-4
3
 

 

Streptozotoci

n  

(STZ) injected 

rat AD model 

i.p. 

 

Male mature rats 

weighing 

between 200-

220 g 

(Administered 

for 14 days 

following i.c.v. 

STZ) 

(Solmaz et al., 

2015) 

 

Aβ1-42-injected 

rat 

i.p. 6-8 weeks 

(weighing 

180±20g, 

administeredfro

m Day-1 to Day-

14 following Aβ 

i.c.v. on Day-1) 

(Garabadu and 

Verma, 2019) 

      



56 
 

NF-κβ NSAIDs- 

 Indomethacin 

 

Tg2576 mice 

 

oral 

 

8-month old 

 

(Sung et al., 

2004) 

 

Aspirin Tg2576 mice 

 

s.c. 12-month old 

 

(Medeiros et al., 

2013) 

      

C3 C3aR antagonist 

 

APP/TTA 

double 

transgenic mice 

i.p. 

 

8-month old (Lian et al., 

2015) 

 

C3aR antagonist 

or genetic 

deletion of C3aR 

APP/TTA mice i.p. 7.25-month old 

 

(Lian and Zheng, 

2016) 

 A2-like astrocyte targeted strategies in AD treatment 

TIMP-1 -do- Aβ1-42-injected 

rat 

i.c.v. Adult male SD 

rats weighing 

280-320 g 

(Administered on 

the 7th day 

following Aβ 

i.c.v.) 

(Saha et al., 

2020b) 

      

ICAM-1 -do- Aβ1-42-injected 

rat 

 

 

 

i.p. 

 

 

 

 

Adult male SD 

rats weighing 

280-320 g (Drug 

injection started 

on the 7th day 

following 

Aβi.c.v.) 

 

S. Guha, R. K. 

Paidi, P. Saha, 

S.C. Biswas 

(Unpublished) 

5xFAD mice i.p. 6-month old 

      

TGFβ -do- Aβ1-42-injected 

rat 

 

 

 

i.c.v. 

 

 

4-month old 

(1 hour before 

Aβi.c.v.) 

 

 

(Chen et al., 

2015) 

 

i.n. (7
th
-day after 

Aβi.c.v.) 

3xTg mice 

 

i.c.v. 2-3 month (Hu et al., 2019) 

IL-10 -do- Aβ1-42-injected 

mice 

i.v. 50-60 days old 

(Administered 10 

min before the 

Aβi.c.v. 

injection) 

(Szczepanik and 

Ringheim, 2003) 

      

IFNβ -do- Lentiviral (LV) 

mediated 

overexpression 

of mutant APP 

in 

hippocampus 

of adult rat 

i.n. 12 week old 

male Wister rats 

(240-260g) 

(Administered on 

Day-23 

following icv of 

LV-APP and 

continued on 

(Chavoshinezha

d et al., 2019) 
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alternate days till 

day-48) 

 

IL33 

 

-do- APP/PS1 mice i.p. 6-25 month old 

mice 

(Fu et al., 2016) 

      

G-CSF -do- Tg2576 mice 

 

s.c. 10-12 month old (Tsai et al., 

2007) 

Aβ1-42-injected 

mice 

s.c. 8-week old 

(Administration 

started 

onthe7
th
day 

following Aβ 

i.c.v.) 

 

Table 1: Probable A1-like and A2-like astrocyte subtype-specific therapeutic targets in 

Alzheimer’s disease (AD) (Sarkar and Biswas, 2021) 

Abbreviations: C3aR - C3 receptor, i.c.v. - intracerebroventricular, i.n. - intranasal, i.p. – 

intraperitoneal, i.v. – intravenous, NSAIDs - nonsteroidal anti-inflammatory drugs, RA – 

rheumatoid arthritis, s.c. – subcutaneous, TNFR2:Fc - TNF receptor 2 fused to a Fc 

domain, -do- - same as the previous cell 

#Probable AD according to National Institute of Neurological and Communicative 

Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association 

(NINCDS-ADRDA) Criteria 

1
As per International Classification of Diseases, Ninth Revision (ICD-9) code for 

rheumatoid arthritis (RA), along with a diagnosis of AD made at least 120 days after the 

diagnosis of RA 

 

2
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria 

for AD, mild-to-severe AD 

3
A site-specific pegylated form of exendin-4, NLY01 produced by Neuraly company 

(http://www.ddpharmatech.com/) has been approved for Phase 2B trial in patients with 

MCI due to AD after it was well-tolerated in Phase-1 trial (NCT03672604) in healthy 

volunteers.   

 

3. Study of cognitive dysfunctions in AD 

3.1. Memory loss in AD – Learning and memory are the two critical qualities of our 

https://cts.businesswire.com/ct/CT?id=smartlink&url=http%3A%2F%2Fwww.ddpharmatech.com%2F&esheet=52182431&newsitemid=20200303005084&lan=en-US&anchor=http%3A%2F%2Fwww.ddpharmatech.com%2F&index=4&md5=1ea22965b9896f1bfc6f4c782ab1ce7b
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brain. While learning helps us to acquire new information, memory helps us to retain the 

knowledge for a lifetime. However, the debilitating disease, AD, is often called a 

memory thief and has emerged as the most notorious player in the loss of learning and 

memory processes. Memory is defined as the process of encoding, storing, consolidating 

and retrieving information of any external or internal stimuli that can be utilized by the 

nervous system to respond properly to a new stimulus (Jahn, 2013). Memory can be 

broadly classified as short-term and long-term memory. While short-term memory 

(working memory) lasts for seconds to minutes and is limited in its capacity, long-term 

memory is more complex, unlimited in its capacity and lasts for many years. In short-

term memory formation, sites in frontal and parietal lobes are responsible (Miller, 1956). 

Long-term memory is stored by de novo synthesis of proteins and alternations in 

neuronal networks across different regions of the cortex especially the medial temporal 

lobe. Long-term memory is sub-divided into implicit (non-declarative) and explicit 

(declarative) memories. Explicit memories depend on a deliberate or conscious retrieval 

of memory. This group is again sub-categorized into episodic memory (dependent on 

context, mostly personal experience) and semantic memory (independent of context, 

mostly facts). The memory classification is shown in fig. 17. Semantic memory loss can be 

detected many years before the actual diagnosis of AD and is mainly presented as loss of 

verbal memory, loss of words and fluency, as the first set of symptoms (Verma and 

Howard, 2012). However, episodic memory is the worst hit in AD (Park and Lee, 2021). 

Notably, in all these memory formations especially in the consolidation step 

hippocampus is responsible for converting short-term memory to long-term memory. In 

AD, patients suffer a huge damage to the hippocampus hence hippocampus-dependent 
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recognition and spatial memories are the worst hit. AD patients show progressive 

deterioration in their working memory and attention as well. Further, the frontal 

subcortical dependent executive functions that impair the ability to plan and perform in a 

goal-oriented manner are eventually damaged (Jahn, 2013). The AChE inhibitors and 

NMDA inhibitors help to improve concentration and attention in the mild-to-moderate 

AD patients but are unable to prevent further damages (Pepeu and Giovannini, 2010; 

Pepeu et al., 2013). 

In clinical practice, several types of behavioral tests are performed to assess the cognitive 

functions of an individual namely CERAD (Consortium to establish a registry for 

Alzheimer’s disease) test, the MMSE (Mini mental state examination) and also scaling 

systems like the CDR (clinical dementia rating) scale (Morris, 1997; Morris et al., 1989; 

Morris et al., 1988). Further, mental deficits in planning, attention and execution are 

scored in Winconsin card sorting test, the Stroop test, the Tower of London test, the 

Boston naming test, the clock drawing, trail making test etc. (Jahn, 2013). 
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Fig.17: Classification of memory interpreted from Principles of Neural Science (5
th
 

edition). 

3.2. Animal models in AD research - Animal models have become an important tool to 

study several diseases because they can recreate the disease circumstances to an extent 

that recapitulates the disease progression in humans. In AD, several peptide-induced (for 

ex. A-injected) as well as genetically manipulated transgenic models are available now. 

Although none of them is an absolute model given the complexity of AD in humans, 

atleast it helps us to decipher specific molecular mechanisms underlying disease 

pathogenesis and to test potential therapeutic agents at the preclinical level. In intra-

hippocampal A-injected model of rats, direct effect of A on neurons and glia has been 

revealed and has further divulged many important aspects of A-directed disease 

pathogenesis. However, these models recapitulate only those pathways that are triggered 

by A and hence rejected by many biologists who are not in support of the amyloid 
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cascade hypothesis. However, genetically manipulated transgenic mice have become the 

prevalent work-horses in most laboratories to delineate the different aspects of AD. The 

first was modeled by over-expressing the APP gene in mice and named as PD-APP mice in 

1995 (Games et al., 1995). Mice are especially suitable because the A plaques detected 

in the transgenic mouse brain structurally resemble those that are found in human AD 

brain (Yang et al., 2000). Research work with transgenic mice have revealed numerous 

aspects of AD including the higher toxicity of A oligomers compared to plaques (Haass 

and Selkoe, 2007), that there is intraneuronal A accumulation prior to plaque 

deposition (Billings et al., 2005; Oddo et al., 2003), the connection between A and tau 

(Blurton-Jones and Laferla, 2006) etc. With time, more advanced models have emerged 

bearing mutations in the APP, PSEN1 and PSEN2 genes as well as mutations in tau genes 

to encompass multiple hallmarks of AD. The most extreme APP/PS1 FAD transgenic 

model in mice as of today is 5xFAD carrying five mutations (Swedish, London and 

Florida in the APP gene and two mutations in the PSEN1 gene). They represent a very 

robust model where at 6 weeks of age the mice develop intraneuronal A and by 2 

months A plaques can be observed in the brain (Drummond and Wisniewski, 2017). 

The most commonly used transgenic mouse models of AD are listed in Table 2. 

However, due to immense failure of drugs that were pre-clinically tested in rodent 

models, later in clinical trials, have questioned the use of the available transgenic mouse 

models in AD research. The questions that are being raised with their translational values 

are  

 The disparity in species between mice and humans – incomplete models, altered 
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targets, difference in immune response 

 Heterogeneity in humans enrolled in clinical trials as well as there are co-

morbidities in humans as opposed to mice models which are in-bred under the 

laboratory settings 

 Most of the current animal models do not show enough loss of synapses or 

neurons unlike human patients and hence the transgenic mice may represent the 

prodromal phase of AD. 

 Most of the current mice models are FAD, whereas most of the human cases are 

sporadic AD. 

More recently mouse model carrying ApoEε4 variant as well as a specific TREM2 variant 

are being developed by the MODEL-AD consortium, based in the US with the main 

target to recapitulate the pathological features of LOAD. Moreover, scientists around the 

world have starting exploring non-human primates including marmosets and rhesus 

macaques as models of AD and are thought to have higher translational relevance. 

 

Animal Models Details 

Aβ1-42-injected 

mouse/rat 

Aβ1-42 oligomer injected intracerebroventricularly into the mouse/rat 

brain (in most cases into hippocampus) 

Aβ1-40-injected 

mouse 

Aβ1-40 oligomer injected intracerebroventricularly into the mouse brain  

Aβ25–35-injected 

mouse 

Aβ25-35 oligomer injected intracerebroventricularly into the mouse 

brain  

STZ-injected rat Streptozotocin (STZ) injected intracerebroventricularly into the rat 

brain 

APP/PS1 Double-transgenic mice incorporated with a murine/human amyloid 

precursor protein (APP) construct with the Swedish double mutation 

and also the exon-9–deleted presenilin 1 (PSEN1) mutation (APPswe + 
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PSEN1/dE9) 

APP/TTA Double-transgenic mice with an APP transgene bearing the Swedish 

and Indiana mutations under a tetracycline-responsive promoter 

APP23 Transgenic AD mice that express mutated human Swedish double 

mutation (βAPP) under a neuron-specific and murine origin Thy-1 

promoter 

Tg2576 Transgenic AD mice overexpressing the Swedish mutation 

(KM670/671NL) of APP (isoform 695) with high levels of Aβ plaques 

3xTgAD Transgenic AD mouse model that expresses mutant human genes 

APPswe, PS1M146V and tauP301L 

5xFAD Transgenic AD mice overexpressing 5 mutations - K670N/M671L 

(Swedish), V717I (London) and I716V (Florida) mutations in human 

APP (695), and L286V and M146L mutations in human PSEN1 

TgCRND8 Mice that express both Swedish and Indiana mutations of APP 695 

(KM670/671NL+V717F) under the PrP gene promoter. 

Htau Transgenic AD mice created by mating 8c mice, expressing the whole 

wild-type human gene, with the tau knock-out mice 

McGill-Thy1-

APP-TG rat 

Transgenic rat that expresses human APP751 with Indiana and 

Swedish mutations under the regulation of the murine Thy1.2 

promoter. 

https://www.alzforum.org/ 

 

Table 2: Commonly used transgenic mouse models in Alzheimer’s disease (Sarkar and 

Biswas, 2021).  

 

3.3. Behavioral tests in rodent models of AD – The medial-temporal lobe is the part of 

the brain mostly implicated in explicit or declarative memory (Scoville and Milner, 1957). 

Hippocampus is the most important part of the medial temporal lobe responsible for 

spatial memory and is the most vulnerable to damage in AD (O'Keefe and Dostrovsky, 

1971; Squire et al., 1993; Squire and Zola-Morgan, 1991). Most of the rodent behavioral 

tests assess hippocampal-dependent memory. Tests that are generally used in AD are 

Morris water maze (MWM), radial arm maze (RAM), T/Y maze, fear conditioning test, 

novel objective recognition test, active and passive avoidance tests etc. (Puzzo et al., 
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2014). Additionally, some anxiety and exploratory behaviors are tested through open-

field (locomotion) test and elevated plus maze test which add additional attributes in 

studying AD-related changes, even if these tests are not specific to AD (Samaey et al., 

2019). RAM is used to test short-term memory whereas MWM is used to test long-term 

memory where the test protocols can be modified in different ways to assess various 

types of memories including semantic memory (Puzzo et al., 2014). MWM is used to test 

hippocampal-dependent spatial memory where the mouse generally has to find a hidden 

submerged platform using visual cues (Morris et al., 1982). Fear conditioning tests are 

used to test implicit memory. The two types of implicit memory are associative (classical 

and operant memory) and non-associative learning (habituation and sensitization). Fear 

conditioning is an associative learning process based on the classical Pavlovian 

conditioning containing a conditional stimulus (CS), generating a weak response that is 

unrelated to the task to be learned (light or sound) and an unconditional stimulus (US) 

that can generate a particular behavioral response (for ex. salivation for food or freezing 

against shock). It is particularly useful in estimating both contextual and emotional 

aspects of memory and integrates hippocampus and amygdala respectively in the same 

task (Puzzo et al., 2014). Novel object recognition test helps in the assessment of 

recognition memory and is dependent on the innate ability of rodents to prefer a novel 

object over an object with which it was made familiar early on. It is not a typical 

hippocampal-dependent memory but by increasing the interval between training and test 

phase from minutes to hours, this test can be useful to estimate hippocampal-dependent 

long-term memory (Hammond et al., 2004). Finally, active and passive avoidance tests 

are also employed to check associative learning and memory. Active avoidance test is 



65 
 

based on fear-motivated response of a rodent to actively avoid an aversive stimulus 

(Vanderwolf, 1964). In passive avoidance test, the animal is tested for its ability to refrain 

from entering a darker chamber where it has previously received an aversive stimulus 

(van der Poel, 1967). In our study, we have employed some of the most important 

cognitive behavioral tests to understand the changes in hippocampal memory in models 

of AD. 

4. AD is a synaptic failure 

4.1. Role of A oligomers - Neurochemical analysis of AD patient brains revealed 

thatthe enzymes that help in the production of AChE are significantly reduced (Davies 

and Maloney, 1976). Interestingly, the A containing neuritic plaques were localized in 

the hippocampal and basal forebrain-neocortical region tracts that were enriched in 

cholinergic neurons. Neuronal loss was also observed along these pathways. A significant 

reduction in neurotransmitters occurs along the course of AD progression, however these 

early symptoms occurred in association with the loss ofcholinergic and glutamatergic 

synapses in AD (Small et al., 2001). Morphometric analyses of frontal and temporal 

cortical sections of brains, 2 to 4 years following onset of clinical symptoms of AD, 

showed that there is approximately 35% loss in synapse number in the AD cortex 

(Davies et al., 1987). Indeed, it was found that synapse loss correlated more with the 

observed cognitive deficits compared to plaque, NFT or neuronal loss (Terry et al., 1991). 

Expression levels of several pre- and post-synaptic markers including synaptophysin, 

SNAP25, PSD95 were also found to be reduced in AD brain. Furthermore, several ex 

vivo and in vivo electrophysiological studies revealed that both basal synaptic 
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transmission and LTP, implicated in strengthening of synapses, are hampered in the 

hippocampus in models of AD (Selkoe, 2002). Interestingly, A has been directly shown 

to cause synaptic dysfunction in A-producing transgenic mouse models of AD. However, 

it has been shown that oligomeric A and not A plaques per se are associated with a 

subset of synapses in the vicinity of plaques in AD patients. Furthermore, the levels of 

toxic oligomers are found to be enhanced in the patient’s CSF compared to controls 

(Bilousova et al., 2016; Herskovits et al., 2013; Koffie et al., 2012). Moreover, oligomeric 

A directly inhibits LTP but increases LTD in excitatory synapses, thus leading towards 

cognitive decline in AD (Wang et al., 2016b). However, there is huge controversy about 

the type and size of A oligomers that propagates synaptic dysfunctions. Recently, Type 

2 A oligomers (detected by OC antibody) and not Type 1 (detected by A11 antibody) A 

oligomers were shown to actually cause synaptotoxicity (Pickett et al., 2016). Moreover, 

the toxic A oligomers causing synaptic deregulation can be either intraneuronal (Wirths 

et al., 2012) or extracellular (Takeda et al., 2013) in its origin. It is proposed that A 

oligomers can bind to post-synaptic receptors and mediate their synaptotoxicity (Um et 

al., 2013). This is especially supported by the fact that the post-synaptic receptors lie close 

to the post-synaptic plasma membrane where APP cleavage occurs, giving rise to A. 

Hence, this creates a clear case of proximity-based interaction between A oligomers and 

specific receptors, including both ionotropic and metabotropic glutamate receptors, on 

post-synaptic surface, now acting as toxin receptorsshown in fig. 18 (Jarosz-Griffiths et al., 

2016). A binding leads to increased ubiquitination of AMPAR, following which they are 

degraded by the proteasomal degradation pathway leading to reduction in surface 



67 
 

AMPAR number, dendritic spine density and the strength of synapses (Rodrigues et al., 

2016). Other receptors that can help mediate A oligomer-induced synaptic toxicity 

includes specific NMDARs, mGluR5, EphrinA4, Sigma2/PGRMC1 and a-7 nicotinic 

receptor (Forner et al., 2017). 

 

 

 

Fig.18: Aβ oligomer formation and synaptotoxicity induced by them: Aβ oligomers are 

formed due to the aggregation of β-sheets of Aβ1-42 following amyloidogenic cleavage of 

APP. The oligomer thus formed reduces the number of AMPA receptors on the post-

synaptic membrane and dampens the synaptic strength through binding with NMDAR. 

Additional synaptic receptors may play as Aβ receptors including mGluR5, α7nAChR, 

EphA4 and Sigma-2/PGRMC1 (Forner et al., 2017) 
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4.2. Role of tau - A growing body of literature suggests that tau plays a critical role in 

synaptic functioning and is detected in dendrites, pre-synaptic and post-synaptic 

compartments (reviewed in (Forner et al., 2017)). Tau can modulate the transfer of 

mitochondria to the pre-synaptic terminal and helps in efficient vesicle releases. Tau can 

be released into the extracellular space and can regulate synaptic signaling through 

specific receptors such as mAChRs. Tau acting as a scaffolding protein helps in the 

localization of glutamatergic receptors at the post-synaptic compartments of dendritic 

spines. Furthermore, the phosphorylating kinases of tau that is GSK3β and p38/MAPK are 

localized in the post-synaptic sites that are implicated in long-term synaptic plasticity 

regulation (Kimura et al., 2014; Regan et al., 2015). Such huge array of tau-regulated 

physiological synaptic processes may be damaged in AD (Pooler et al., 2014). In AD 

scenario, due to increased phosphorylation of tau, it loses its affinity for axonal 

microtubules and gets migrated to the somatodendritic compartments and into spines 

where it may disrupt normal synaptic functioning shown in fig. 19 (Izzo et al., 2014; 

Jadhav et al., 2015). Under physiological conditions, tau can further interact directly with 

a tyrosine kinase, Fyn, and helps in its localization to the post-synaptic membrane where 

it can modulate the functioning of PSD95/NMDAR complex (Mondragon-Rodriguez et 

al., 2012; Pooler et al., 2014). However, in AD, more dendritic tau means more 

scaffolding of Fyn and hence an excess of Fyn in the post-synaptic sites causing more 

NMDARs stabilization and consequently increased PSD95/NMDAR complex formation 

that can to lead to the excitotoxicity observed in AD (Usardi et al., 2011). Hence, it may 

be inferred that both oligomeric A and hyperphosporylated tau cooperate to contribute 

to the synaptic dysfunctions observed in AD. 
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Fig.19: Role of tau in synaptic dysfunction in AD: (A) Under physiological conditions, tau 

is mainly localized in the axon (stabilizing microtubules) and also in the nucleus of the 

neuron (stabilizing DNA). It also directly interacts with a tyrosine kinase, Fyn that 

stabilizes the interaction between NMDAR and PSD95(Forner et al., 2017). Thus playing 

an active role in strengthening of synapses and hence spine number. (B) Under 

pathological scenario including AD, tau gets hyperphosphorylated and reduces its affinity 

for microtubules and migrates to the somatodendritic as well as the pre- and post-

synaptic compartments. However, it is not longer detected in the nucleus while its 

enhanced presence in the post-synaptic compartment causes the increased interaction 

between Fyn and tau reducing Fyn’s interaction with NMDAR, thus interfering with 



70 
 

PSD95/NMDAR stability. A reduction is synaptic strength and spine number is observed 

as a consequence. 

 

5. Conclusion to the Review of Literature 

I started the review of literature by refreshing the readers’ memory about the origin of 

Alzheimer’s disease and how Alois Alzheimer was able to predict the most important 

pathological hallmarks of the disease more than 110 years ago simply by silver staining. 

Next, I detailed an up-to-date literature about the symptoms and staging in AD with a 

special mention of the updated AT(N) classification by NIA-AA. Then, I mentioned the 

current prevalence and incidence of AD emphasizing that AD is still the 7
th
 leading cause 

of death globally and shows a gender bias. After that, I discussed about the types of AD, 

the risk factors and the major pathological hallmarks of AD. Finally I ended the part 1 of 

the review on AD by elaborating on the current hypotheses in AD and the related 

hypothesis-based therapies in AD showing that clinical trials in AD have a very high 

percentage of failures. Section 2 was about Astrocytes and I discussed their role in details 

in AD especially since they become reactivated in AD scenario and display both 

neuroprotective and neurotoxic functions. Section 3 was concerned with cognitive 

dysfunctions in AD and I highlighted topics including the nature of memory loss in AD, 

the current animal models utilized in AD research and finally elucidated on the array of 

behavioral tests that are used for the assessment of cognitive functions in AD rodent 

models. In the final section, section 4, I discussed that AD is largely regarded as a disease 

of synaptic failure and presented evidences of A and abnormal tau that are now known 

to regulate synaptic dysfunctions in AD. I have attempted to agglomerate all the relevant 

information from scientific literature that will help the reviewers to understand my 
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rationale behind initiating the subject of my thesis research work and the ensuing work 

itself.  
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AIMS & OBJECTIVES 

Alzheimer’s disease is the most prevalent neurodegenerative disorder creating havoc in 

the aging population worldwide. AD has created a huge economical and emotional 

burden on the society. Unfortunately, there is no cure to date except for few drugs that 

provide symptomatic relief. Although AD research has progressed in the biomarker front, 

consistent translational level failures in therapy are making the scientific world question 

the very basis of the disease. Hence, rigorous basic research in AD is imperative. AD is a 

multi-factorial disease and there are many hypotheses related to its generation. The most 

popular is the ‘amyloid cascade hypothesis’. Nevertheless, recent view is that Aβ should 

not be seen as the sole factor for causing the disease. It is thought that the non-neuronal 

cells of the brain, especially astrocytes, may have a pivotal role in AD pathogenesis and is 

one of the first responders to Aβ insult. The complete understanding of astrocyte 

reactivity in AD and their role on neuronal health is still lacking. 

Astrocytes in various neurodegenerative diseases were earlier considered to be playing a 

detrimental role. However, a wealth of literature now indicates that astrocytes may 

instead be the defensive sentinels in the brain against any pathological insult. Astrocytes 

undergo a phenomenon called astrocyte reactivity in several neurodegenerative diseases 

including in AD. We hypothesize that reactive astrocytes in the early phase of AD 

progression play a protective role but in the later phases of AD, reactive astrocytes turn 

detrimental towards neurons. Interestingly, during each of these stages reactive astrocytes 

communicate with the neurons and the other glial cells in the CNS via cytokines and 
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chemokines. The astrocyte ‘reactive state’ specific identity and functional role of these 

chemical mediators remain elusive in AD and is the main focus of this research. 

PART I 

AIM: To study the kinetics of astrocyte reactivity and to understand the role of a major 

secretory protein – tissue inhibitor of matrix metalloproteinase 1 (TIMP-1) on neurons 

against Aβ treatment. 

Specifics objectives: 

I. To decipher the kinetics of astrocyte reactivity in response to Aβ in vitro 

II. To unravel the secretome profiles of Aβ responsive reactive astrocytes and their 

effects on neurons against Aβ toxicity 

III. To identify the major astrocyte-secreted neuroprotective cytokine following Aβ 

treatment 

IV. To investigate the neuroprotective efficacy of TIMP-1 on neurons in vitro 

V. To identify the mechanism/s behind TIMP-1-mediated neuroprotection against Aβ 

PART II 

AIM: To investigate the role of TIMP-1 on Aβ plaque load, neuronal health and cognitive 

functions in animal models of Alzheimer’s disease (AD). 

Specifics objectives: 

I. To establish an Aβ-induced AD model in rat to study the role of TIMP-1 in vivo 
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II. To study the effect of TIMP-1 on Aβ plaque load and apoptosis in Aβ-injected rat 

model of AD 

III. To investigate the function of TIMP-1 injection on behavioral deficits in Aβ-

injected rats 

IV. To study the effect of TIMP-1 injection on Aβ plaque load and cell death 

pathways in an advanced transgenic model of AD – 5xFAD mouse  

V. To elucidate the role of TIMP-1 on cognitive deficits in 5xFAD mice 

PART III 

AIM: To reveal the synaptic underpinnings of cognitive improvement rendered by  

TIMP-1. 

Specifics objectives: 

I. To delineate the changes in pre- and post-synaptic markers following TIMP-1 

treatment in 5xFAD mice 

II. To study the effect of TIMP-1 on spine morphology and spine density in 5xFAD 

mouse brain 

III. To elucidate the electrophysiological changes underlying the synaptic plasticity 

alterations in TIMP-1 treated 5xFAD mice 

IV. To investigate the molecular pathways involved in TIMP-1 mediated synaptic 

changes in 5xFAD mice 
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MATERIALS & METHODS 

Materials: 

Cell culture media DMEM, DMEM-F12, Neurobasal medium, B27 supplement, Fetal 

Bovine Serum, Horse Serum, Penstrep antibiotic, Lipofectamine 2000, Alexa Fluor and 

Sypro Ruby were purchased from Invitrogen. Insulin, progesterone, putrescine, selenium, 

Apo-transferrin, NGF, poly-D-lysine (PDL), DMSO, HFIP were purchased from Sigma. 

Primary culture instruments were from Paul’s Instruments, India. Cell culture dishes, 

plates and flasks were purchased from BD Falcon, Corning and Nunc. Aβ (1–42) was 

purchased from American Peptide. ECL reagent and PVDF membrane were purchased 

from GE Healthcare and Takara. Trypsin and BSA was purchased from SRL. All other fine 

chemicals were locally obtained. List of antibodies used for this work and their sources 

has been given in Table 1. 

 

Antibody Species raised Application Source 

GFAP rabbit ICC Abcam 

    IHC   

s100β rabbit ICC Abcam 

Vimentin rabbit ICC CST 

Nestin rabbit ICC Merck 

Ki67 rabbit ICC Abcam 

MAP2 rabbit ICC SCBT 

phospho-Akt 

(Ser473) rabbit WB CST 

phospho-Akt rabbit WB CST 
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(Thr308) 

Akt rabbit WB CST 

phospho-FOXO3a rabbit WB CST 

FOXO3a rabbit ICC CST 

    WB   

BIM rabbit WB Abcam 

PUMA rabbit WB Novus biologics 

Bcl2 rabbit WB CST 

Bcl-xl rabbit WB CST 

pH2Ax rabbit IHC CST 

    WB   

Cleaved Caspase 3 rabbit WB CST 

PARP rabbit WB CST 

phospho-mTOR rabbit WB CST 

mTOR rabbit WB CST 

ATG5 rabbit WB Novus biologics 

p62 mouse WB Novus biologics 

  

 

ICC   

    IHC   

LC3B rabbit WB CST 

  

 

ICC   

    IHC   

LAMP-1 rabbit WB Abcam 

  

 

ICC   

    IHC   

TIMP-1 mouse WB SCBT 
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    IHC   

TIMP-1 rabbit ICC Merck 

    IHC   

CD63 mouse WB SCBT 

    ICC   

IL-1β rabbit WB SCBT 

NFκβ rabbit WB CST 

CD11b rabbit IHC (DAB) Abcam 

COX-2 rabbit IHC (DAB) Abcam 

Aβ rabbit IHC Abcam 

phospho-ULK1 rabbit IHC CST 

PSD-95 rabbit IHC Merck 

    WB   

SNAP-25 mouse IHC SCBT 

    WB   

Synaptophysin1 mouse WB 

Synaptic 

systems 

Homer1 mouse WB 

Synaptic 

systems 

CAMKIIα mouse WB SCBT 

Actin rabbit WB Sigma 

GAPDH rabbit WB CST 

phospho-Cofilin rabbit WB CST 

Cofilin rabbit WB CST 

phospho-GSK3β 

(Ser9) rabbit WB CST 

GSK3β rabbit WB CST 

BDNF rabbit WB SCBT 
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Table 1: List of antibodies. WB=western blot, ICC=immunocytochemistry, 

IHC=immunohistochemistry, CST=Cell Signaling Technology, SCBT=SantaCruz 

Biotechnology 

 

Primary Cell Cultures: 

Astrocyte primary culture: Primary astrocytes were cultured following protocol that has 

been described earlier (Saha et al., 2020b). In short, 0-1 day old Sprague Dawley (SD) rat 

pups were acquired from the animal facility, the brain was taken out and the meninges 

were separated out with care. Neo-cortex parts were dissected out and sectioned into 

very small pieces. Following this, the tissue pieces were trypsinized for 20 min at 37°C. 

The trypsinized tissues were triturated in DMEM (Gibco) + 10% fetal bovine serum (FBS) 

(Gibco) medium. Next, the tissue suspension was allowed to pass through nylon mesh to 

remove clumps. The single cell suspension was then centrifuged and the pellet was 

resuspended in fresh medium. The cells were finally counted and plated onto PDL 

(Sigma-Aldrich, St. Louis, MO, USA) coated plates. Astrocytes were maintained for 13-14 

days in vitro (DIV) during which on every alterate day the spent medium was changed 

with fresh DMEM+10%FBS.  

Primary Cortical Neuron Cultures: Primary cortical neuron culture was carried out 

according to the protocol elucidated earlier (Park et al., 1998; Troy et al., 2000). Briefly, 

the neocortex regions of E16-18 rat brain were dissected out and put into serum-free 

medium (DMEM/F12 [1:1]) added with 6 mg/ml D-glucose, 100 μg/ml transferrin, 25 

μg/ml insulin, 20 nM progesterone, 60 μM putrescine, 30 nM selenium) and triturated 

into a single cell suspension. The cells were plated on PDL coated plates. The neurons 

were given treatment on 7DIV following plating with oligomeric beta-amyloid (Aβ 1-42).  



79 
 

Astrocyte-neuron coculture: The astrocyte-neuron coculture model was developed by 

transferring astrocyte conditioned medium (ACM) from the various treatment conditions 

to primary neuron culture (Nagai et al., 2007). 

Preparation of oligomeric Aβ:  

Lyophilized Aβ1-42 peptide (American peptide, Sunnyvale, CA, USA) was dissolved in 

100% 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP) (sigma-aldrich) to 1 mM followed by 

centrifugation in a speed vac (Eppendorf, Hamburg, Germany). The peptide pellet was 

re-suspended in DMSO (Sigma-Aldrich) at 5 mM and sonicated in a 37⁰C water bath for 

10 min. Then, it was diluted in phosphate buffer saline [PBS: NaCl (137 mmole/L), KCL 

(2.7 mmole/L), Na2HPO4 (10 mmole/L), KH2PO4 (2 mmole/L), pH7.2] and SDS (0.2%) 

(Merck) to 400 μM and incubated for 6-18 h at 37⁰C. Lastly, PBS was added to attain a 

concentration of 100 μM and re-incubated for 18-24 h at 37⁰C. This preparation of Aβ 

was checked for oligomeric species by SDS-PAGE followed by Sypro Ruby protein gel 

staining.  

Treatments on cells: 

14 DIV astrocyte cultures were given treatment with 1.5 µM of Aβ for various time points 

as mentioned in the figures. For the neutralization experiment, neuron cultures were 

treated with TIMP-1 neutralizing antibody (Abdserotec) at 1 µg/ml concentration, in the 

presence or absence of Aβ, added to the ACM. 

Cortical neurons were treated with 1.5 µM Aβ for 24 h, rat recombinant TIMP-1 protein 

(R&D system) at 100 ng/ml for 24 h, and with ACM transferred from different treatment 

conditions that have been mentioned in figures for 24 h and 48 h. 
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Transfection studies: 

Plasmid Maxi kit (Qiagen, Waltham, MA, USA) was used to prepare the plasmid DNA 

constructs. For survival assay, primary cortical neurons were transfected with 0.5 µg of 

pSIREN-GFP empty scrambled construct in cortical medium using lipofectamine 2000 

(Invitrogen) (Life technologies, Grand Island, NY, USA). Post 6 h of incubation at 37⁰C in 

5% CO2, lipofectamine added medium was changed with fresh cortical medium. 48 h 

following transfection, neurons were given treatment with Aβ and ACM from the 

various treatment conditions.  GFP-expressing viable neurons were imaged at 0 h, 24 h 

and 48 h under fluorescent microscope and representative images are given in figures. 

Primary neurons were introduced with siCD63 (Thermo scientific) or scrambled siRNA 

(negative control) on Day-4 following plating according to the manufacturer’s protocol 

at 100 pmole/well (50 nM) of a 6-well tissue culture plate with the help of Lipofectamin 

2000. Successful knockdown was verified after 72h of incubation by western blot with 

CD63 antibody. On Day-7 following plating, the cells were treated according to 

experimental paradigm. 

Survival assay: Survival assay of neurons was carried out using a protocol called nuclei 

buffer couning method as elaborated earlier (Rukenstein et al., 1991; Sanphui et al., 2013; 

Troy et al., 2002). Lysis of the cells was performed in a detergent containing buffer that 

dissolves plasma membrane but not the nuclear membrane. The intact nuclei were then 

counted in a haemocytometer. 

Immunocytochemistry: 
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Immunocytochemistry was carried out as per the protocol mentioned earlier (Biswas et 

al., 2005; Biswas et al., 2007). In brief, cells (astrocytes or neurons) cultured on glass 

cover slips were fixed in 4% paraformaldehyde (Sigma) in PBS for 15 min at room 

temperature (RT). 3% goat serum in 0.3% Triton X-100 in PBS was used to block the 

cells for 1-2 h. Cells were incubated with primary antibody and incubated overnight at 

4˚C. Next, cells were given three washes and then incubated with secondary antibody 

Alexa fluor 546/488 for 1-2 h at RT. Nuclei were stained with Hoechst 33342 at a 

concentration of 1 µg/ml in PBS for 30 min at RT. Pictures were otained with the help of 

LeicaCTR4000 fluorescence microscope or Leica Sp8 STED microscope at different 

magnifications as mentioned in individual cases. In case of colocalization studies, 

Pearson’s correlation coefficient was calculated from images taken at 60x magnification 

using Leica Sp8 software. The corrected total cell fluorescence (CTCF) was calculated by 

using integrated density of staining, area of the cell, and the background fluorescence of 

different experimental conditions. CTCF=Integrated density – (area of selected cell x 

mean fluorescence of background readings). 

Preparation of cell or tissue lysate: 

Post treatment, cells were given PBS washes, collected through scraping in PBS and then 

pelleted by centrifugation at 800 g at 4⁰C for 5 min. In case of tissues, following 

microdissection of the required region of the rat or mouse brain, the tissue was 

immediately collected in RIPA buffer. Alternatively in case of culture, cells were lysed by 

RIPA buffer (Sigma) along with phosphastase inhibitor (Roche) and protease inhibitor 

mix (Takara). Each tube contents were sonicated by 2-3 pulses on ice to breakdown 
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genetic material and incubated for 30 min on ice with intermittent vortexing. The lysed 

cells/tissue was then mixed with 5x sample buffer so that the final contents are in 1x 

sample buffer concentration. The protein concentration was checked by Lowry method.  

Western blotting: 

Proteins (50-60 µg) from each of the treated conditions were run in SDS-PAGE. Next, 

protein gels were transferred to PVDF membranes (GE Healthcare). After blocking with 

5% bovine serum albumin (BSA, Merck) for 1 h at RT, the membranes were incubated 

with primary antibodies overnight at 4⁰C. Membranes were given three washes with 

TBST [1.5 M NaCl, 1 M Tris (pH7.5), 0.1% Tween20] after which blots were given 

incubation with HRP-tagged secondary antibody for 1-2 h at RT. Protein bands were 

detected on ChemiDoc MP imaging system (BIO-RAD) using ECL reagents (Takara) 

following three washes with TBST. Band intensities were analyzed by NIH ImageJ 

software. 

ELISA: 

This assay utilizes the quantitative sandwich enzyme immunoassay method. A 

monoclonal antibody specific for rat TIMP-1 was pre-coated onto a microplate obtained 

from the manufacturer. Standard, control and samples were added to the wells. Any rat-

origin TIMP-1 present in the samples gets bound to the immobilized antibody. Following 

washes to remove unbound proteins, an enzyme-linked polyclonal antibody specific for 

rat TIMP-1 was pipetted into the wells. Next, further washes were given to remove any 

excess antibody-enzyme reagent and the substrate solution was added. A blue product 
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present at the end of the enzymatic reaction turns yellow when the stop solution was 

added. The intensity of the color measured, is proportional to the level of rat TIMP-1 

present in the sample added in the first step.  

Cytokine array:  

The cytokine composition of the secretomes from astrocytes with or without Aβ 

treatment was investigated by Proteome profiler rat cytokine array kit (R&D system). 

ACM from untreated and Aβ-treated astrocytes were collected and then conjugation 

with biotinylated antibodies was carried out. Next, this cocktail was incubated with 

cytokine array membranes (embedded with 29 cytokines antibodies) for 16-18 h at 4°C. 

Next, membranes were given washes and streptavidin-HRP conjugates were added. 

Chemiluminescence was checked in UVP bioimager.  

Animal housing and care: 

Adult SD rats with weights in the range of 280-320 g or 6-month-old male 5xFAD mice 

were housed three in each cage at 24 ± 2 °C, with 12 to 12 h light-dark cycle, optimum 

humidity (60 ± 5 %) and access to food and water ad libitum in the animal house of 

CSIR-Indian Institute of Chemical Biology, Kolkata. All the studies were conducted 

following the Institutional Animal Ethics Committee (IAEC) and according to the 

National Guidelines (CPCSEA) on the essential care and usage of animals in laboratory 

research (Indian National Science academy, INSA, New Delhi, 2000). 

Sterotaxic procedures: 
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The experimental rats were divided into 5 groups, namely, Control, only TIMP1 (5 ng), 

only Aβ and Aβ + TIMP1 (2.5 ng and 5 ng). The control group received icv injection of 

10 µl of Phosphate buffer saline whereas the Aβ group received oligomeric Aβ at 2.25 

µg/side of the brain (bilateral injection). In case of mice, the groups were WT (C57/BL6), 

5xFAD, 5xFAD+aCSF, TIMP-1 (5 ng) and 5xFAD+TIMP-1 (5 ng). WT mice were 

alternatively injected with aCSF (icv) but WT+aCSF group was eventually excluded in the 

further experiments since no difference was observed in the initial behavioral tests. 

Rats were anesthetized with Sodium thiopentone (50 mg/kg. i.p.) in 0.9% normal saline 

following the protocol mentioned earlier (Paidi et al., 2015). The rodents were placed in 

a stereotactic frame (Stoelting, MO, USA) with the incision bar positioned at the Bregma 

point at the beginning of the experiment. The body temperature of the rodents was kept 

at 37°C with the help of a homeothermic blanket (Harvard apparatus, U.K.).  Oligomeric 

Aβ was infused bilaterally into the hippocampus (lateral, ±0.21 cm from the bregma; 

anteroposterior, -0.36 cm; dorsoventral, -0.28 cm, according to the atlas of Paxinos and 

Watson) at 4.5 μg, in a final volume of 10 μl (5 μl per side). The flow rate was 

maintained at 0.5 μl/min with the help of a worker-bee syringe pump (BAS, West 

Lafayette, USA). Aβ was allowed to diffuse for an extra 5 min after delivery. Exact 

volume of PBS was bilaterally injected in each control rat. 

Six days post Aβ or PBS infusion, rat recombinant TIMP1 (rrTIMP1) was injected at a dose 

of 2.5 ng or 5 ng per animal (dissolved in aCSF) in a total volume of 5 μl into the 

ventricle (lateral, 0 cm from the bregma; anteroposterior, -0.36 cm; dorsoventral, -0.38 
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cm) and allowed to diffuse for an extra 5 min. The experimental schedule for rats is 

shown in Fig. 1. 

 

Fig.1: Experimental schedule in rats. 

For mice, a combination of ketamine (100 mg/kg IP) and xylazine (10 mg/kg IP) in 0.9% 

normal saline was used for anesthetization for a short duration for the stereotaxic 

surgery. Mice were placed in a suitable stereotaxic frame and TIMP-1 (5 ng) in a total 

volume of 5 µl was injected icv into the ventricle (lateral, 0 cm from the bregma; 

anteroposterior, -0.16 cm from bregma; dorsoventral, -0.22 cm from bregma) and 

allowed to diffuse for an additional 5 min. The experimental schedule for mice is shown 

in Fig. 2. 
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Fig.2: Experimental schedule in mice. 

Behavioral assessments: 

To investigate Aβ-induced memory loss and their restoration with TIMP1, rats from each 

of the experimental groups were tested successively by open-field test, novel object 

recognition test, passive avoidance test, contextual fear conditioning test, cue-dependent 

fear conditioning test and elevated plus maze test (cognition and anxiety) beginning on 

the Day-15 following Aβ or PBS infusion. Similarly for mice, both WT and 5xFAD 

transgenic mice were treated with TIMP-1 and similar format (except for mice-based 

alterations) of behavioral protocols were followed starting on Day-8 following TIMP-1 

infusion. Passive avoidance test was not performed in mice due to restriction in 

apparatus adjustment in accordance to mice. Total number of rats in each group is shown 

in Table 1 and the number of mice in each experimental group in Table 2. 
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Experimental Animal Groups 

Cognitive tests CON TIMP-1 Aβ 

Aβ+TIMP-1 

(2.5 ng) 

Aβ+TIMP-1 

(5 ng) 

Locomotion 9 4 5 3 4 

Novel-object 

recognition 

6 6 8 3 6 

Elevated-plus maze 11 7 9 3 7 

Passive avoidance 12 10 6 3 7 

Contextual fear 

conditioning 

6 4 7 3 6 

Cue-dependent 

fear conditioning 

10 6 7 3 7 

Table 2: Number of rats involved in behavioral experiments. 

 

Experimental Animal Groups 

Cognitive tests WT 5xFAD 

5xFAD+ 

aCSF 

5xFAD+ 

TIMP-1 

Locomotion 9 9 5 5 

Novel-object 

recognition 

11 10 8 8 

Elevated-plus maze 12 12 8 10 

Contextual fear 

conditioning 

9 6 4 9 

Cue-dependent 

fear conditioning 

8 4 4 7 

Table 3: Number of mice involved in behavioral experiments. 
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Locomotion 

Locomotor activities in rodents can be estimated by the open field test (Crusio, 2001).  

The open field test (locomotion) apparatus (IR Actimeter, Panlab) consists of a open field 

plexiglas area with photocell emitters and recorders placed across the perimeter of the 

area (278×236×300 mm), shown in fig. 3. These emitters and recorders construct an x-y 

grid of invisible infrared rays. Rodents, put inside this area, cause beam breaks during 

movement and the data is recorded and analyzed by the analyzer. The rodents were 

placed in the area for a 10 min period and the distance traversed by individual animal 

was evaluated.  

 

 

Fig.3: The open field test (locomotion) apparatus (Panlab, Harvard apparatus) 

Novel Object Recognition (NOR) 

Rats and mice display an inherent tendency to explore a new object over a familiar 

object (Ennaceur, 2010). This tendency to investigate the novel object indicates the 
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involvement of recognition memory dependent on hippocampus especially because the 

time interval between training and test is kept at 24h. Thus, in this test a rodent is placed 

in a rectangular box (50 cm x 30 cm) with two identical (same diameter, same color, and 

same length) objects fixed at parallel corners and the animal is allowed to explore them 

for 5 min on Day-1 of the test. On Day-2, one of the identical objects was replaced with 

a differently colored and shaped object and the animal was given 5 min to explore the 

objects in the NOR box to evaluate novel object recognition. A schematic representation 

of the two day NOR protocol is shown in fig.4. The length of time spent in exploring 

each of the objects on both the days was calculated and discrimination and preference 

index derived from Day-2 data. The length of time spent in exploring novel object was 

termed as TN and time spent at familiar object termed as TF values. Discrimination index 

(DI) and preference index (PI) were derived according to the formulas – DI = (TN-

TF)/(TN+TF), PI = TN/ (TN+TF)*100(Antunes and Biala, 2012). 

 

Fig.4: Schema showing the novel object recognition (NOR) test protocol. 
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Passive Avoidance test 

The instrument comprises of two chambers with same dimensions however, one is a 

white-colored (well-lit) chamber and the other is a dark-colored chamber separated by a 

software-controlled guillotine door (Panlab), shown in fig.5. Initially, the animals were 

allowed to habituate for 5 min in the compartments. In the acquisition stage (Day-1), the 

animal was kept in the white compartment with door-open condition. It is the inherent 

tendency of rodents to move towards a darker area but as soon as it travelled to the 

darker chamber it received a mild foot-shock (0.7 mA for 2 sec). On Day-2 (Probe stage), 

same test was performed to evaluate its memory and learning, by assessing retention 

time in white chamber or latency to the dark chamber. Animals that remembered the 

shock from Day-1 will associate the dark chamber with the negative stimulus and avoid it 

while animals with memory loss will cross over to the dark chamber. The latency (sec) in 

crossing through the gate between the chambers was measured (Senechal et al., 2008). 

 

Fig.5: Passive avoidance test apparatus (Panlab, Harvard Apparatus) 
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Fear Conditioning Test 

These tests are utilized to study changes in hippocampus-dependent associative (implicit) 

memory. It is also helpful to evaluate amygdala-hippocampus communication. Here, 

each rodent is put in a sound-proof box with a stainless-steel grid floor which can supply 

the shock stimulus and is fitted with a recorder for recording the freezing behavior. 

Freezing behavior is defined as the complete loss of movement in the animal except for 

breathing. The fear conditioning box is shown in fig. 6. Diluted vanilla essence was 

added in this box as an odour cue. Animals were handled once per day for three days 

and habituated inside the experimentation room before the start of the actual behavioral 

tests. Only one animal was allowed in the experimentation room at a time (Hamann et 

al., 2002).  

 

Fig.6: Apparatus for fear conditioning tests (Panlab, Harvard Apparatus) 
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Contextual fear conditioning test 

On Day-1 (acquisition), the animal was put in the conditioning box and given a 2 min 

habituation period. Following habituation, the animal was given four sessions of an 

unconditional stimulus (each session- 89 sec pre-shock interval; 0.7 mA for rat/0.4 mA 

for mouse, 1s footshock) terminating in a 2 min resting period (10 min total). On Day-2 

(Probe day), the animal was returned to the same box under the same context for an 8 

min period but without any shock (Fig. 7). Freezing behavior was assessed by PACKWIN 

2.0 software (Panlab). A normal animal behavior on Day-1 is response to the 

unconditional stimuli and its freezing behavior on Day-2 in apprehension of the shock is 

showed in fig.8 as recorded by the PACKWIN software (Bubser et al., 2014). 

 

 

Fig.7: Schema shows the experimental protocol for contextual fear conditioning test 
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Fig.8: Freezing signals recorded in fear conditioning test: (A) Shows the movements of 

the animal on Day-1 of fear conditioning test in response to the unconditioned stimuli 

(US, footschock). (B) No movement (freezing response) on Day-2 of the test 

 

Cue-dependent fear conditioning test 

On the Day-1 (acquisition), the animals were put in the vanilla extract scented 

conditioning box initially for a 2 min period. After the habituation, four 29-sec sessions 

of light and sound (90 dB, 4000 Hz for rats; 80 dB, 2500 Hz for mice) co-terminating 

with a foot shock (0.6 mA, 1 sec for rat; 0.4 mA, 1 sec for mouse) were supplied with an 

inter-trial interval of 1 min, following this a 2-min rest period was given before the 

rodent was taken out of the box (10 min in total). On Day-2 (probe), the context of the 

box was altered from that of Day-1. Rodents were given same sessions of light and sound 

as on Day-1 but without the shocks (Fig. 9). Freezing behavior was recorded in the 8 min 

duration of the probing experiment by PACKWIN 2.0 software (Panlab) (Bubser et al., 

2014).  
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Fig.9: Schema shows the experimental protocol for cue-dependent fear conditioning test. 

Only the multi-trial cue-dependent experiment was performed. 

Elevated plus maze (EPM) test 

EPM test is used to study anxious behavior and cognitive abilities in rodents (Belzung and 

Griebel, 2001). The apparatus consists of a plus-shaped wooden platform elevated at a 

height of 60 cm from the ground comprising of two open arms (50 cm x 10 cm, with a 

very small, 1 cm, wall) opposite to one another and at right angles to the two closed 

arms of same dimensions fitted with high walls (50 cm) as shown in fig. 10. On Day-1, 

the animal was placed at the extreme end of an open arm facing outwards and allowed 

to investigate the plus maze without any intervention. The time elapsed before the 

rodent first entered the closed arm was recorded as the initial transfer latency (ITL) and 

the test was stopped at that point. On Day-2, the animal was returned to the plus maze 
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in a similar manner and the transfer latency to the closed arm was recorded as retention 

transfer latency (RTL). The maximum time given per animal was 5 min. 

 

Fig.10: The elevated plus maze (EPM) test apparatus 

Immunohistochemistry 

Animal was perfused transcardially under anaesthesia of 1g/kg of urethane in 0.9% NaCl 

solution (i.p.) with cold 100 mM PBS (pH 7.4) following which it was allowed to get 

fixed with 4% (w/v) PFA. Immediately after, the animal was sacrificed and the brain was 

taken out. The intact brain was put in 4% PFA and kept at 4°C for 24-48 h. Next, 

following fixation, the PFA was changed with 30% (w/v) sucrose solution in PBS for 

cryopreservation at 4°C. Coronal sections (20 µm thick) were obtained, such that the 

hippocampal and the cortical regions remained intact, with the help of a cryotome 

(Thermo Shandon, Pittsburg, PA, USA) and then transferred onto gelatin-coated slides. 

The cryosectioning steps are shown in fig.11. The cryosections were then washed with 
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PBS before permeabilization with PBS + 0.4% Triton-X for 40 min. Next, sections were 

rinsed with PBS + 0.1% Triton-X (PBST) thrice carefully. Then, the sections were blocked 

with 4% BSA in 0.1% PBST for 1-2 h at RT. Primary antibodies prepared in blocking 

solution were added to the slices and incubated for 48 h at 4°C. Following multiple PBST 

washes, the sections were incubated with Alexa fluor-tagged secondary antibodies in 

blocking solution and kept for 2 h at RT. Next, Hoechst solution was added to the 

sections for nuclei staining and incubated for 30 min at RT. Further washes were given to 

remove excess stain and then the sections were mounted with Prolong Gold Antifade 

with DAPI (Invitrogen) on coverslips for microscopic study. 
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Fig.11: Steps of cryosectioning for coronal sections of the mouse brain comprising of the 

hippocampus. (A) Fixed mouse brain cut in half (one of the hemispheres shown), (B) 

Frontal lobe is cut away, only the lower portion is used for cryosectioning, (C) Brain part 

fixed on the brain holder with cryogel, (D) Brains allowed to freeze inside the cryotome 

(E-F). The process of cryosectioning (G), Coronal sections on gelatin-coated slides (H), 

Coronal section of the brain showing the various parts of the hippocampus (Kjonigsen et 

al., 2011). SUB=Subiculum, FC=Fasciolarum Cinereum; CA= Cornu Ammonis. 

 

TUNEL assay 

TUNEL assay was performed using Clonetech ApoAlert DNA Fragmentation kit (Takara) 

according to the manufacturer’s protocol. Following rehydration and fixation, the tissues 

were digested in Proteinase K solution (20 µg/ml, diluted from the main stock provided 

in the kit) for 20 min. PBS washes were given to terminate the reaction and then 4% PFA 

in PBS was added to the slices for further fixation. Following few more washes with PBS, 

Equilibriation buffer was added to the tissue slices and incubated for 10 min at RT. Next, 

a solution containing the nucleotide mix and Tdt enzyme was added to the sections and 

kept for 1 h in dark at 37°C. The tailing reaction was stopped by the addition of 2XSSC 

buffer (provided in the kit) for 15 min at RT. Next, PBS washes were given followed by 

addition of Hoechst for 30 min at 37°C. The sections were then mounted onto coverslips 

with Prolong Gold Antifade with DAPI for microscopic analysis. Percent apoptotic cells 

were deduced by dividing the number of TUNEL-positive cells with the total number of 

cells (Hoechst stained nuclei) multiplied by 100. 

 

Isolation of synaptosomes  

 

Synaptosomes were isolated from adult mouse brain by the method described earlier 

(Gharami and Biswas, 2020). Briefly, the freshly dissected mouse brain tissue 

(hippocampus or cortex) was homogenized in an isotonic sucrose gradient buffer (diluted 



99 
 

to 1X from a stock of 4X Gradient buffer - 1.28 M sucrose, 4 mM EDTA, 20 mM Tris, pH 

7.4). The homogenized suspension was then centrifuged at 1000g for 10 min at 4
o
C to 

separate supernatant and debris. The supernatant was then loaded onto a discontinuous 

Percoll gradient composed of three layers – 3% (vol/vol), 10% (vol/vol) and 23% 

(vol/vol) percoll. The gradient was then centrifuged at 31,000 g for 5 min at 4
o
C 

(excluding acceleration and decceleration time). The synaptosomes separate as a layer 

between 10% and 23% percoll layers. The synaptosome layer was collected, diluted in 

artificial cerebro-spinal fluid (aCSF) and centrifuged to remove percoll contamination. 

The final synaptosomal pellets were re-suspended in 1x sample buffer before protein 

estimation for SDS-PAGE run. Alternatively, for determination of Filamentous/Globular 

(F/G) actin content ratio, the synaptosomal pellet was further fractionated into the 

cytoskeleton and cytoplasmic fractions. Accordingly, the synaptosomal pellet was 

resuspended in a Mg
2+-

containing buffer (50 mM Tris, 2 mM MgCl2, pH 7.4) and 

vortexed while maintaining the suspension on ice. Next, TritonX-100 was added to the 

suspension at a final concentration of 0.5% and kept on ice for 20-30 min. Then, it was 

allowed to centrifuge at 12,000 g for 10 min at 4
o
C. The pellet thus obtained is the 

cytoskeleton or PSD fraction containing F actin while the supernatant contains all the 

cytosolic proteins including G actin. Each of the fractions was resuspended in 1x sample 

buffer for western blot analysis. A schema for the protocol is shown in fig. 12. 
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Fig.12: Steps for synaptosome isolation and sub-fractionation into cytoskeleton (CSK) and 

cytoplasmic (supernatant, SUP) fractions 

 

Golgi-cox impregnation and staining procedure  

Golgi-cox staining was performed according to the protocol described previously (Zhong 

et al., 2019). Briefly, the brain of the mouse was taken out and immediately submerged 

in the impregnation solution - a mixture of 5 parts by volume of Solution A (5% 

potassium dichromate in DW), 5 parts by volume of Solution B (5% mercuric chloride in 

DW), 4 parts by volume of Solution C (5% potassium chromate in DW) and 10 parts by 

volume of distilled water (DW), and kept in dark at RT. The solution was changed after 

24 h, following which the brain was kept in the solution for 2 weeks. Next, the brain 

was transferred to Solution D, a cryoprotectant solution prepared by mixing 20 g of 

sucrose and 15 ml glycerol in 100 ml of DW and kept at 4
o
C in dark for 24 h following 

which fresh cryoprotectant solution was added. A period of 2-3 days was given for the 

brain to sink to the bottom. Sectioning was done at -25
o
C in a cryotome and 100-200 
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µm thick slices were collected on gelatine-coated glass slides. The sections were allowed 

to dry for some time, then, washed twice with DW and stained with 20% ammonium 

solution for 10 min in dark. Following two more washes with DW, sections were 

dehydrated through 50%, 70%, 95% and 100% (twice) ethanol for 5 min in each. The 

sections were removed off fat by xyline wash twice for 5 min each. The sections were 

mounted in DPX reagent, covered with a coverslip and allowed to dry at RT for 3-4 days 

in dark before bright-field microscopic analysis. 

Electrophysiology  

14 days following TIMP-1 injection, mice were anesthetized in a 5% gaseous isoflurane 

chamber (Aerrane, Baxter Healthcare Corporation; Fluovac, Harvard Apparatus, USA) 

and perfused transcardially at a speed of 45 ml/min using a peristaltic pump (Cole 

Palmer, USA) with cold (7-8
o
C) aCSF, which was continuously bubbled with carbogen 

(5% CO2 and 95% O2, Chemix Special Gases and Equipments, India). The composition 

of aCSF is given below (Table 4): 

 

Sl. No. Chemical* Concentration (in mM) 

1 NaCl 118 

2 KCl 2.5 

3 NaH2PO4 1.5 

4 NaHCO3 25 

5 C6H12O6 25 

6 MgCl2 1.3 

7 CaCl2 2.2 
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Table 4: The chemical composition of artificial cerebro-spinal fluid 

*Sigma Aldrich (St. Louis, MO, USA) 

The pH of aCSF was adjusted to 7.4 with an osmolarity of 310-320 mOsm/L 

 

The set-up for performing perfusion before slicing is shown in Fig. 13 

 

Fig.13: Set-up for perfusion of mice for ex vivo slice electrophysiology 

The brain was immediately shelled out of the skull and submerged in ice-cold 

carbogenated aCSF. The hemispheres were separated and positioned on the tissue holder 

with a cyanoacrylate adhesive. The tissue holder was then fitted to the tray and 400μm 

thick viable para-sagittal slices were taken from each mouse by a vibratome (Leica VT, 

1200S, Leica Biosystems, Germany) with a blade speed of 0.14 mm/s and amplitude 1.20 

mm. A representative mouse brain has been shown and the parasagittal plane has been 

marked (Fig. 14). The slices were then kept in a brain slice keeper (BSK4-Quad, Automate 
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Scientific Inc CA, USA) in carbogenated aCSF at RT. The detailed set-up is shown in fig. 

15.  

 

 

Fig.14: Mouse brain showing the para-sagittal plane 
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Fig.15: Whole set-up for obtaining acute hippocampal slices: (A) The set-up of 

instruments, the brain slice keeper (middle) and the vibratome (right) on the table before 

starting the experiment are shown. (B) Shelled out brain placed in a plastic petri-plate 

submerged in continuously carbogenated aCSF. (C-D) The brain was taken on a tissue 

holder and slices were cut on a vibratome. (E) Slices were immediately transferred into a 

brain slice keeper and incubated for 2h at RT. 

 

For extracellular Field Excitatory Postsynaptic Potential (fEPSP) recordings, 2h following 

incubation at RT, the brain sections were transferred to a recording chamber (Warner 

instruments, USA), constantly supplied with carbogen-saturated aCSF (32°C) with the 

help of a Minipuls Evolution peristaltic pump (Gilson Inc USA). The flow rate was 

maintained at 2 ml/min. The whole set-up along with the associated apparatus is shown 

in fig.16. Platinum-iridium cluster bipolar electrodes (Frederick Haer Company Inc, ME, 

USA) were positioned on the section with the help of stereo zoom microscope 

(Olympus, Japan) to stimulate Schaffer collateral-commissural fibre synapses (Fig. 17). 
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Fig.16: Schema showing the set-up for recording field excitatory postsynaptic potentials 

(fEPSPs) in acute hippocampal slices: (A) Stimulus isolator unit (B) Slice recording 

chamber (C) Stereo-zoom microscope (D) Differential amplifier (E) 50/60 Hz noise 

eliminator (F) Analog-digital convertor (G) Computer with data acquisition board and 

software. 
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Fig.17: Positioning of the electrodes for recordingfield excitatory postsynaptic potentials 

(fEPSPs) in acute hippocampal slices: (A) Slice recording chamber with a slice perfused 

continuously with carbogenated-aCSF (B) The placement of the stimulating electrode at 

CA3 and the recording electrode at CA1 in the acute hippocampal slice under the stereo-

microscope. (C) Schema showing the different regions of the hippocampus – CA1, CA2, 

CA3, Dentate gyrus (DG) – and the Entorhinal cortex (EC). The dotted lines mark the 

connecting fibres – Schaffer collateral (SC), Mossy fibres (MF), Perforant pathway (PP), 

Associational commissural fibres (AC). SR= Stratum radiatum is where the recording 

electrode is placed in the CA1 region.  

 

Borosilicate glass microelectrode (Sutter instruments, USA) filled with 2M NaCl was used 

as recording electrode upon being fixed to an electrode holder with silver wire. The 

electrode was then positioned in the stratum radiatum layer of the CA1 region of dorsal 

hippocampus, and readings were acquired while the slices remained immersed. fEPSPs 

were induced by administering 0.1-ms width square wave pulses with the help of a 
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stimulus isolator in a constant current mode that produced fEPSP with a typical stimulus 

artefact, fibre volley and a negative deflection shown in fig. 18. 

 

Fig.18: Representative fEPSP tracing with a characteristic stimulus artefact, a fiber volley 

and a negative deflection (slope in green and amplitude are marked). 

 

fEPSPs were induced at a test stimulus frequency of 0.033Hz during the whole 

experimental duration. A steady baseline of minimum 20 min was noted prior to the 

assessment of the main electrophysiological factors. The studies conducted sequentially as 

described earlier (Subhadeep et al., 2021). Briefly, the steps are as follows: 

(i) Input-output (I-O) relationship was measured by elevating the input current 

strength (by 20 µA increment) until population spike was observed. The 

stimulus current strength for the test was kept at a number that evoked a 40% 

of the maximum fEPSP slope value. 
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(ii) Paired-pulse facilitation (PPF) was determined by supplying two pulses in close 

succession with inter-stimulus intervals (ISI) ranging from 30-300 ms with an 

increment of 30ms. Paired-pulse ratio (PPR) was calculated by dividing the 

slope of fEPSP2 by fEPSP1.  

(iii) Following 20 min of baseline recording, post-tetanic potentiation (PTP), short-

term potentiation (STP) and long-term potentiation (LTP) were evoked by a 

single theta burst stimulation (TBS, 4 pulses/burst at 100 Hz, 20 bursts with 

200-ms interval) shown in fig. 19. Recordings were carried out up to 60 min 

following TBS induction. Slices that displayed stable readings for a minimum of 

60 min post TBS were the ones utilized for analysis of PTP, STP and LTP. The 

average slopes of fEPSPs normalised to baseline recorded between 20
th
-30

th
 

min (for STP) and 40
th
-60

th
 min (for LTP) post TBS were utilised for statistical 

comparisons.  
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Fig.19: Schema showing the protocol for stimulus used to obtain (A) Baseline (B) Paired 

pulse facilitation (C) Theta burst stimulation 

The fEPSP recordings were amplified using a differential amplifier (A-M systems, USA) 

and digitised with the help of a digitiser (National Instruments, USA). A noise eliminator 

(Humbug, Quest scientific) was utilised to eliminate the effect of electrical interference on 

the recordings. The data were acquired and analysed using WinLTP® v2.3 software 

(WinLTP Ltd, UK). 

Statistical Analysis:  

All data was analysed and graphs were created by using Prism software (v8.0, GraphPad 

Inc, USA). For comparing more than two experimental groups, one way ANOVA analysis 

followed by tukey’s multiple comparison post hoc test was used in all the experiments. 

For analysis of significant difference between only two groups unpaired student’s t-test 

was used. However, in case of the input-output curve and PPF curve, two-way ANOVA 

followed by tukey’s multiple comparison post hoc analysis was used to calculate the 

effect of TIMP-1. All data is presented as mean ± standard error of mean (SEM) of at 

least 3 experiments, and p < 0.05 was considered to be statistically significant. 

 

 

 

 







 

 

 

 

 

 

 

 

 

Part I: Aβ-induced reactive astrogliosis and the 

emergence of tissue inhibitor of matrix 

metalloproteinase 1 (TIMP-1) 
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PART- I: Aβ-induced reactive astrogliosis and the emergence of 

Tissue inhibitor of matrix metalloproteinase 1 (TIMP1) 

Tissue inhibitor of matrix metalloproteinase 1 (TIMP-1) has been widely studied for its 

role in maintaining tissue integrity especially in cancer biology. In recent times it has also 

gained significant limelight in neurodegenerative diseases. It has surfaced as a major 

factor in deciding the path of disease progression. The versatile functionality of TIMP-1 is 

due to its two-domain structure – one responsible for metalloproteinase inhibition and 

other for cytokine-like cellular signalling. This unique feature of TIMP-1 gives rise to its 

complex interactome comprising numerous proteases and cell-surface proteins that 

induce several downstream signalling pathways. TIMP-1 inhibits the enzymatic activity of 

at least ten out of the sixteen presently known soluble matrix metalloproteinases (MMPs) 

- MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-10, MMP-11, MMP-12 and 

MMP-13 (Baker et al., 2002). It was initially discovered as a collagenase inhibitor. MMPs 

are upregulated in cancer, so it was thought TIMP-1 may play a role in prevention of 

invasion and metastasis. While some reports show that TIMP-1 display anti-invasive and 

anti-metastatic properties (Cruz-Munoz and Khokha, 2008; Khokha, 1994), clinical results 

show increased level of TIMP-1 in blood and tissue in cancer patients (Jackson et al., 

2017). This was an interesting twist and allured towards a more complex role of TIMP-1 

in disease scenario. 

The N-terminal domain (NTD) of TIMP-1 binds to metalloproteinases and inhibits their 

function. Metalloproteinases are known to remodel extracellular matrix in an irreversible 

manner but their functions may extend well beyond this role. Cell membrane bound 
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TIMP-1 can also target ADAM-10 (a disintegrin and metalloproteinase 10). ADAM-10 

regulates cell surface protein composition by driving the cleavage of various cell surface 

receptors or releasing active cytokines by cleaving their pro-forms which in turn switches 

on/off specific signalling pathways. So, TIMP-1 by its NTD not only orchestrates MMP 

activities in the extracellular environment but also modulates intracellular signalling 

pathways by inhibiting ADAM-10 activity on cell surface (Murphy, 2011). The C-terminal 

domain (CTD) of TIMP-1 can bind to pro-MMP9 as well as tetraspanin - CD63. Complex 

of TIMP-1’s CTD with its target’s pro-form i.e. pro-MMP9 can in turn bind to ADAM-10 

on cell surface leading to the cleavage of pro-MMP9 to MMP-9. Alternatively, pro-

MMP9-TIMP1 complex can bind to CD44 on cell surface initiating JAK2/PI3K/Akt 

pathway that prevents apoptosis (Lambert et al., 2009). CD63 was the first identified 

cell-surface receptor of TIMP-1 and can induce MAPK pathway in breast cancer cells 

(Jung et al., 2006). TIMP-1-CD63 binding leads to integrinβ1 signalling but the 

mechanism remains elusive. TIMP-1 bound CD63 can also trigger FAK signalling in an 

integrin independent manner activating PI3K and MAPK pathways downstream (Liu et 

al., 2005; Termini and Gillette, 2017). TIMP-CD63 induced PI3K signalling essentially 

induce pro-survival pathways, tumor growth and angiogenesis (Cui et al., 2015). CD82, 

another tetraspanin, was recently identified as a binding partner of TIMP-1 through its 

NTD (Zhang et al., 2017). TIMP-1-CD82 binding leads to the endocytosis of TIMP-1. LRP-

1 is another important receptor that can not only bind to free-TIMP-1 but also can 

interact with MMP/TIMP-1 complexes. While TIMP-1-LRP1 initiates pathways responsible 

for modulating neuronal morphology, MMP-TIMP-1 complexes are endocytosed upon 

binding with LRP-1 and finally degraded. The multi-functionality of TIMP-1 arises from 
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the competition among the different binding partners of TIMP-1 for their corresponding 

attachment domain which is highly influenced by the context, TIMP-1:MMP ratio and the 

binding affinities of the partners. Higher levels of TIMP-1 compared to MMPs means 

there is free TIMP-1 available to bind to cognate cell-surface receptors such as CD63, 

CD82 and LRP-1. An equal amount of MMPs and TIMP-1 means there is complex 

formation of TIMP-1 with MMPs followed by its cell surface binding to either CD44 for 

signalling or LRP-1 for degradation. During pathological insult, when the levels of MMPs 

are higher compared to TIMP-1, MMP-9 activity increases, as a result more pro-MMP9s 

are cleaved and hence the CTD of TIMP-1 becomes free for binding and signalling 

through CD63. This shows that although the different binding partners of TIMP-1 and 

their functions are independent of each other, they are interconnected via their 

dependency on the external context. TIMP-1’s activity may be influenced by the presence 

of other three members of the TIMP family namely – TIMP-2, TIMP-3 and TIMP-4. This 

is because they all share the same two-domain structure and hence can bind to MMPs as 

well as cell surface receptors namely TIMP-2 with integrin α3β1, TIMP-3 with VEGFR2 

while the surface receptor of TIMP-4 is yet to be discovered (Grunwald et al., 2019). 

In recent times, TIMP-1 has drawn considerable attention in CNS disorders including AD, 

ischemia and HAND (HIV-associated Neurocognitive Disorder) (Ashutosh et al., 2012; 

Kaczmarek et al., 2002). Especially, an increased secretion of TIMP-1 is observed in case 

of inflammatory processes associated with various CNS diseases (Gardner and Ghorpade, 

2003; Jaworski, 2000; Khuth et al., 2001; Suryadevara et al., 2003). Reportedly, TIMP-1 

is almost exclusively expressed by astrocytes in white matter lesion and plays a 



115 
 

neuroprotective role by inhibiting MMP activities (Althoff et al., 2010). A more recent 

investigation revealed that TIMP-1 and MMPs levels greatly vary in the plasma between 

neurodegenerative disorder patients (FTD, DLB and AD) and healthy controls signifying 

the importance to study TIMP-1 in neurodegenerative disorders (Tuna et al., 2018). 

Earlier reports also indicated a correlation between reactivated astrocytes and TIMP-1. 

Reportedly, TIMP-1 that is upregulated early in response to an inflammatory insult to the 

brain is initially secreted from neurons but later on astrocytes becomes the major source 

of TIMP-1 and also detected in the CSF of AD patients (Inspector et al., 2005; Wang et 

al., 2014). In a recent report delineating astrocyte heterogeneity along inflammatory 

profiles, a TIMP-1 expressing reactive astrocyte subtype was detected in white matter 

tracts that were suggested to partake in ECM remodelling, neuroprotection and 

remyleination (Hasel et al., 2021). 

There are reports that suggest that TIMP-1 plays an anti-apoptotic role especially while 

acting on the cell in a MMP-independent manner. Indeed, overexpression of TIMP-1 or 

treatment of cells with recombinant TIMP-1 reduces the vulnerability of cell lines to 

apoptosis (Guedez et al., 1998). TIMP-1 can also induce the expression of IL-10 which can 

itself act as an anti-apoptotic factor (Guedez et al., 2001). In MCF7 and MCF10A cell 

lines, both epithelial origins, TIMP-1 induces FAK/PI3K signalling that protects cells 

against intrinsic and extrinsic apoptotic pathways (Li et al., 1999; Liu et al., 2003; Liu et 

al., 2005). 

Hence, there still lies a lacuna in understanding the neuroprotective role of TIMP-1 

especially in AD. The question remains as to when reactive astrocytes starts if at all 



116 
 

producing TIMP-1 during AD progression. Is it induced in response to Aβ oligomers on 

astrocytes? How astrocytes react morphologically as well as in terms of their secretory 

profiles? What is the mechanism by which astrocyte-secreted TIMP-1 tries to protect 

neurons in AD? Which receptor among those discussed above is actually responsible for 

mediating TIMP-1’s neuroprotective effect in AD? We have addressed all these questions 

in this work. 

Results  

Kinetic study of astrocyte reactivity in response to Aβ in vitro 

Astrocyte reactivity is a phenomenon that occurs under any kind of pathological situation 

in the brain. The term encompasses changes in astrocytes at the functional, 

morphological as well as at the transcription and secretion levels (Escartin et al., 2021). 

These reactive astrocytes are a complex and heterogeneous population and their 

attributes varies across different neurodegenerative diseases and at different disease 

stages. Indeed, distinct population of reactive astrocytes may render contrasting effects 

on neuronal heath. Numerous reports suggest that astrocytes are one of the earliest 

responsive cells to any kind of damage to the brain and their initial reactivity is often 

seen as a defence mechanism to nullify the detrimental effect of the toxin. Aβ 

accumulation is a consequence of imbalance between Aβ production and its clearance 

which progressively leads to AD. Hence, with time, a slow increase in Aβ content is the 

major reason for AD pathogenesis. Reactive astrocytes are implicated in uptaking and 

clearing Aβ plaques (Basak et al., 2012). Indeed ablation of reactive astrocytes leads to 
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elevated plaque levels (Kraft et al., 2013). However, with increasing time, the astrocytes 

loss their ability to either uptake or degrade Aβ plaques following phagocytosis. These 

plaque-positive astrocytes eventually turn out to be detrimental and contribute to 

secondary plaque formation. Hence, it is essential to study the transition of astrocyte 

from being a friend to a foe in response to Aβ (Garwood et al., 2017). We characterized 

astrocyte reactivity in response to Aβ oligomers in vitro and simultaneously analyzed 

their effect on neuronal health in co-culture models. 

Kinetics of astrocyte reactivity was studied upon exposure of primary astrocytes to 

oligomeric Aβ in culture at three time points – 6h, 16h and 24h. Astrocyte reactivity was 

checked by quantifying the expression level of astrocyte-specific markers – GFAP, S100β, 

vimentin and nestin by immunocytochemistry. Morphological analysis in terms of GFAP 

expression was also performed. Ki67 staining was used as the standard marker to 

quantify cell proliferation. GFAP expression and related morphological analysis in 

response to Aβ  treatment has previously been shown by our laboratory (Saha et al., 

2020a). Astrocytes showed enhanced reactivity as evidenced by the morphological 

changes from flat polygonal astrocytes to long process bearing hypertrophic cells and the 

change in perimeter was calculated (Fig. 1A, E, *p ≤ 0.05). Cell proliferation was also 

found to be increased by 2.5 fold in Aβ-treated astrocytes compared to control as 

evident from the increased number of Ki67 positive cells at 6h (Fig. 1A, F, *p ≤ 0.05). 

However, the upregulation in GFAP expression level was not significant at 6h (Fig. 1A, 

D). At 16h and 24 h time points both GFAP expression and astrocyte perimeter showed a 

significant increase when compared to control (Fig. 1B–E) but no further increase in cell 
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proliferation was observed at these time points (Fig. 1F). Similar kinetics of astrocyte 

reactivation was observed when stained with S100β (Fig. 1 G-H), vimentin (Fig 1I-J) and 

nestin (Fig 1K-L) reconfirming that astrocytes become reactive displaying visible 

hypertrophic morphology as early as 6h following Aβ treatment which was detected till 

24h. These results reaffirm that astrocytes become reactive early in response to Aβ 

treatment in vitro. 

. 
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Fig.1: Time kinetics of primary astrocytes reactivity following Aβ treatment. Aβ (1.5 µM) 

treatment to mature primary astrocytes at 14DIV resulted in astrocyte reactivity observed 

at 6 h (A), 16 h (B) and 24 h (C) following immunocytochemical staining with GFAP, 

Ki67 and Hoechst at 40x magnification. Bar diagrams represents GFAP intensity 

expressed as CTCF value (D), astrocyte perimeter in µm (E) and percentage of ki67 

positive cells (F) across the three different time points following Aβ treatment and 

compared to control (untreated) cells. Values are expressed as Mean±SEM from three 

independent experiments where *p≤0.05. Primary astrocytes were also stained with 

other astrocyte specific markers at the three time points along with Hoechst for the nuclei 

and compared to 24h untreated control cells as indicated with s100β (G), Vimentin (I) 

and Nestin (K). Confocal images were taken at 60x magnification. The changes in CTCF 

values are represented as bar graphs for s100β (H), vimentin (J) and nestin (L). Values are 

expressed as Mean±SEM from three independent experiments where *p≤0.05. 

Astrocyte conditioned media from Aβ-treated astrocytes is protective towards neurons 

The role of reactive astrocytes in AD remains controversial. It may play a beneficial or 

detrimental role in various disease scenarios. Initially, astrocytes may play a beneficial 
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role and then eventually turn detrimental towards neurons as observed in acute 

inflammation versus chronic inflammatory diseases (Gardner and Ghorpade, 2003). Their 

effect on neurons is mainly mediated by a plethora of cytokines secreted at different time 

points. Hence, it is important to study the effect of secretomes of reactive astrocytes at 

different time points, following their reactivity upon Aβ treatment, on neurons to 

understand when they transition from being neuroprotective to neurotoxic. 

Astrocyte conditioned media (ACM) from Aβ-treated astrocytes were collected at 6h, 16h 

and 24h and transferred on GFP-transfected cortical neurons, either treated with or 

without Aβ as mentioned in Fig 2 A-C. The neurons under various treatment conditions 

were imaged at 0h, 24 h and 48h to study the changes in neuronal morphology and also 

cell viability was estimated by nuclei counting method at 24 h following Aβ treatment. 

Figs 2A-C depicts that treatment of Aβ on primary cortical neurons lead to progressive 

loss of neuronal processes. Additionally, Fig 2D shows that in terms of viability, Aβ  

treatment in the absence of ACM leads to 40% loss in percent cell viability at 24 h 

(p<0.05). In presence of ACM from control astrocytes (C-ACM) or ACM from Aβ-

treated astrocytes (Aβ-ACM), overall neuronal health and viability was protected 

significantly upto 48 h. Interestingly, 6h Aβ-ACM rendered neuroprotection upto 48 h 

better, in terms of retention of neuronal processes and viability, in contrast to 16h Aβ-

ACM or 24 h Aβ-ACM (Fig. 2A–D, p ≤ 0.05). C-ACM was unable to protect neurons 

against Aβ toxicity upto 48 h. 
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Fig.2: Effect of astrocyte conditioned media (ACM) from Aβ-treated astrocytes on 

neuron health. (A-C) 6DIV cortical neurons were GFP transfected and treated with 

control ACM (C-ACM) or Aβ-ACM from different time points 6h, 16 h and 24 h with or 

without Aβ as indicated, besides the neurons directly treated with Aβ. Live cells were 

imaged under fluorescence microscopy at 0h, 24h and 48 h at 20x magnification. 

Following 24h incubation with ACM, live cells were counted by nuclei buffer counting 

method and represented as a bar diagram (D). Values are expressed as means of five 

different experiments where *p≤0.05. 

 

TIMP-1 is enriched in 6h ACM following Aβ -treatment 

As observed in Fig 2, 6h Aβ-ACM provides the highest protection to neurons even in the 

presence of Aβ in terms of cell morphology and viability. Hence, we wanted to delineate 

the composition of cytokines present in this neuroprotective 6h Aβ-ACM versus 6h C-

ACM. We performed cytokine arraysfor 29 common cytokines with C-ACM and Aβ-
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ACM from 6h, 16h and 24h. We found that TIMP-1 was significantly up-regulated in the 

6h Aβ-ACM versus 6 h C-ACM but decreased at 16 h and 24 h (Fig. 3A-E). This was an 

interesting finding given that TIMP-1 was already highlighted by Ashutosh et al to posses 

neuroprotective abilities against staurosporine in HIV-induced dementia model (Ashutosh 

et al., 2012) and as mentioned earlier TIMP-1 levels varied greatly in the CSF (Lorenzl et 

al., 2003) and plasma of AD patients (Tuna et al., 2018) when compared to healthy 

controls. Some additional cytokines levels namely sICAM-1, CINC-1, MIP-1α, VEGF and 

IL-2 also varied between the control and the treated groups as tabulated in Fig.3D at 

each time points. Coherently, ELISA data revealed that secreted TIMP-1 levels were 

increased by almost four-fold in the ACM of Aβ-treated astrocytes at 6h compared to 

control (Fig. 3F, p< 0.05). Intriguingly, while TIMP-1 was mostly referred in literature as 

a neuroprotective cytokine in consistence with our results and detected at reduced levels 

at the later time points, some pro-inflammatory cytokines – Fracktalkine, MIP3α and 

CINC-2α/β were increased at 16h and 24h (Fig 3A-D). Collectively, these data suggest 

that TIMP-1 is a major cytokine responsible for rendering the neuroprotective property 

of 6h Aβ-ACM. 
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Fig.3: TIMP-1 is rapidly secreted by Aβ-treated astrocytes. Primary astrocytes (14 DIV) 

were exposed to Aβ at 1.5 µM concentration for 6h, 16h and 24h as indicated and ACM 

was utilized for cytokine array and compared to control ACM (A-C). (D) The cytokines 

that were significantly altered are tabulated and the color codes correspond to those 

present in individual blots. The increase in concentration of each cytokine was analyzed 

in comparison to control and gradual change (increase or decrease) across the given time 
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points are indicated. (E) Bar graph represents the densitometric analysis of TIMP1 dots 

from (A) i.e. 6h control and Aβ-ACM, *p≤0.05. (F) Bar graph shows ELISA results for 

TIMP1 at pg/ml level in control ACM versus Aβ-ACM. Values are expressed as means of 

three different experiments where **p≤0.05. 

 

Aβ-ACM devoid of TIMP-1 loses its neuroprotective ability 

TIMP-1 being a major cytokine that was significantly increased in 6h Aβ-ACM we wanted 

to analyze the specific contribution of TIMP-1 in the secretome in rendering the 

neuroprotective effect. Hence, we used a neutralizing antibody against TIMP-1 (TIMP-1-

Nab) in 6h Aβ-ACM and compared it with TIMP-1 enriched 6h Aβ-ACM for changes in 

its role in protecting primary neurons against Aβ toxicity. Cortical neuron cultures were 

treated with Aβ, ACM, 6h Aβ-ACM, 6h ACM+Nab+TIMP-1 and 6h Aβ-ACM+NabTIMP-

1 and the changes in cell viability were assessed 24h later by nuclei buffer counting 

method. It was observed that Aβ caused around 50% death in primary cortical neurons 

and 6h C-ACM and 6h Aβ-ACM were able to retain cell viability upto 100% compared 

to control cells and was consistent with our previous results. Neutralizing TIMP-1 in 6h C-

ACM reduced neuronal viability by only 10-20% (not significant) when transferred on 

cortical neurons which may be due to the presence of other neuroprotective factors 

while addition of Nab TIMP-1 to 6h Aβ-ACM resulted in complete loss of protection 

rendered by 6h Aβ -ACM on neurons (compared to control, p< 0.05). The latter 

confirms that TIMP-1 is essential for rendering the neuroprotective ability of 6h-Aβ-ACM 

(Fig 4). 
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Fig.4: Neutralization of TIMP-1 from early Aβ-ACM abrogates its neuroprotective ability. 

Primary cortical neurons (6DIV) were treated with Aβ (1.5 µM), C-ACM (6h), Aβ-ACM 

(6h) , C-ACM+Nab (TIMP-1 neutralizing antibody) and Aβ-ACM+Nab for 24 h and bar 

graph represents the results from viability assay by nuclei buffer counting method. Values 

are expressed as Mean±SEM of three independent experiments where ***p≤0.05. 

 

Rat recombinant TIMP-1 protects primary neurons against Aβ toxicity 

Data that showed TIMP-1 mediates the neuroprotective property of 6h Aβ-ACM and 

emerges as an essential component of early hour reactive astrocyte secretome prompted 

us to further understand the role of rat recombinant TIMP-1 (rrTIMP-1) on neuronal 

health and viability.  Hence, we treated 6DIV primary cortical neurons with rrTIMP-1 in 

presence or absence of Aβ for 24h and then performed immunocytochemical studies 

with MAP2 antibody. Neuronal viability under similar treatment conditions after 24h 

was assessed by nuclei buffer counting method. It was observed that TIMP-1 at 100 ng/ml 
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provided significant neuroprotection against Aβ toxicity in terms of neurite length and 

overall cell morphology (Fig 5A). TIMP-1 also provided significant protection in terms of 

cell viability against Aβ by recovering percent viability by approximately 40% at 24h 

following Aβ treatment while cells treated with TIMP-1 in absence of Aβ  retained intact 

morphology and viability (Fig 5B, p<0.05). All further experiments with rrTIMP-1 were 

conducted at a dose of 100 ng/ml. All rrTIMP-1 henceforth is referred as TIMP-1. 

 

Fig.5: Addition of rat recombinant TIMP-1 to cortical neurons protects them against Aβ. 

6DIV primary cortical astrocytes were treated with Aβ, rrTIMP-1 or Aβ along with 

rrTIMP-1 (Aβ+TIMP-1). Cells were fixed at 24h and immunocytochemistry was 

performed with MAP2 antibody followed by nuclei staining with Hoechst. Images were 

taken at 60x magnification. The white arrowheads indicate degenerating neuritis. (B) 

Neurons were also assessed for viability by nuclei buffer counting method 24 h following 
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treatments. Values are expressed as Mean±SEM of three independent experiments where 

**p≤0.05 (compared to control), ###p≤0.05 (compared to Aβ). 

 

TIMP-1 plays a protective role by inhibiting the pro-apoptotic pathway and activating 

Akt in Aβ treated primary neurons  

We wanted to explore the mechanisms behind TIMP-1 mediated protection of neurons 

against Aβ -induced toxicity. TIMP-1 binds to CD63 and activates Akt pathway and is 

responsible for inducing anti-apoptotic pathway in thyroid cancer (Bommarito et al., 

2011). PI3K/Akt pathway is interrupted upon Aβ treatment to rat cortical neurons (Chen 

et al., 2009). Moreover, earlier reports from our lab show that Aβ treatment to cortical 

neurons causes the dephosphorylation of Akt and its downstream target FOXO3a. 

Dephosphorylation of FOXO3a at Ser253 induces its nuclear translocation and hence 

leading to increased transcription of pro-apoptotic genes BIM and PUMA (Akhter et al., 

2014; Sanphui and Biswas, 2013).  

Primary neurons were treated with TIMP-1 in the presence or absence of TIMP-1 besides 

the controls (untreated and Aβ-treated neurons) for 24h. Western blot analysis shows 

that treatment of Aβ alone on cortical neurons led to a significant decrease in the level of 

Akt phosphorylation (s473) compared to untreated control cells. This reduction in 

phosphorylation level of Akt was reversed upon rrTIMP-1 co-treatment with Aβ as 

observed from the densitometric analysis of pAkt/tAkt levels from whole cell lysates (Fig. 

6A-B). Corresponding levels of Actin and tAkt remained unchanged across all treatment 

groups. The direct downstream target of pAkt i.e. FOXO3a’s phosphorylation levels 
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were found to be significantly increased in the TIMP-1 treated Aβ neurons in contrast to 

the levels observed upon Aβ  treatment alone in western blot analysis. Corroborating the 

results, when immunocytochemistry was performed 24h following Aβ treatment with 

FOXO3a antibody, increased staining of FOXO3a was observed in the Hoechst-stained 

nuclei in Aβ-treated neurons whereas co-localization of FOXO3a puncta and Hoechst 

was negligible in case of Aβ+TIMP-1 treated cells, almost comparable to untreated cells 

(Fig. 6C). This indicated towards decreased translocation of FOXO3a to the nucleus 

upon TIMP-1 treatment to Aβ-treated cells due to FOXO3a’s increased phosphorylation 

by activated Akt. Moreover, phospho-FOXO3a level was reduced compared to control 

in Aβ-treated cells but preserved when co-treated with TIMP-1 in total cell lysates (Fig. 

6D-E). FOXO3a in the nucleus acts as a transcription factor for several pro-apoptotic 

genes, BIM and PUMA being the most prominent ones as shown by our group earlier 

(Akhter et al., 2014; Sanphui and Biswas, 2013). We found upregulation of FOXO3a 

target proteins, BIM and PUMA in Aβ neurons and their levels were significantly reduced 

in Aβ+TIMP-1 treated cells at 24h (Fig. 6D, F-G). Interestingly, anti-apoptotic protein Bcl-

2 level was elevated upon TIMP-1 treatment to Aβ-treated cells compared to only Aβ-

treated cells while the level of Bcl-xl, another anti-apoptotic protein, remained 

unchanged across the treatment groups (Fig 6D, H-I). Western blot results further 

revealed increased levels of apoptotic mediators cleaved Caspase3 and DNA damage 

marker phosphoH2AX in Aβ-treated neurons that were both downregulated in the 

Aβ+TIMP-1 treated group (Fig 6D, J-K). Thus, these results strongly suggest that TIMP-1 

protects neurons against Aβ cytotoxicity by preventing apoptosis through activation of 

Akt/FOXO3a/Caspase axis. 
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Fig.6: TIMP-1 protects primary cortical neurons against apoptosis. Primary cortical 

neurons (6DIV) were treated with Aβ, TIMP-1 and Aβ+TIMP-1 besides control and 

following 24 h of treatment, cell lysates were collected and subjected to western blot 

assay. (A) Represents immunoblots probed with phospho (s473) Akt, total Akt (tAkt) and 

Actin. (B) Densitometric analysis of the pAkt/t-Akt is represented as a bar graph where 

each bar represents values expressed as Mean±SEM of 3 independent experiments where 

**p<0.01 and ***p<0.001. (C) Immunocytochemistry with FOXO3a (green) antibody 

followed by nuclei staining with Hoechst (blue) was also performed. White arrow 

indicates co-localization of green dots in the nuclei in the Aβ-treated neurons. (D) The 

representative panel of immunoblots from neuron sample lysates probed with pro- and 

anti-apoptotic markers are shown along with the corresponding loading control or actin 

from the same blot. (E-F) Bar graphs represent normalized densitometric analysis for each 

protein showing the fold change upon treatment with respect to control. Values are 

expressed as Mean±SEM. One way ANOVA followed by Tukey’s post hoc test was used 

for comparison among the groups.*p<0.05, **p<0.01, ***p<0.001 

 

TIMP-1 corrects impaired autophagy flux in Aβ treated primary neurons  

Autophagy is another cell death pathway highly implicated in AD. Akt is known as a 

common upstream regulator of both apoptotic and autophagic pathways (Fig. 7A). 

Earlier report from our laboratory shows that Aβ treatment on primary cortical neurons 

leads to increased accumulation of autophagic bodies including p62, LC3B and lysosomal 

marker LAMP1 inside primary cortical neurons, preventing their clearance leading to an 

impaired autophagy flux (Saleem and Biswas, 2017). Hence, we wanted to investigate 

whether TIMP-1 has any effect on impaired autophagy flux induced by Aβ in neurons. 

We performed western blots from lysate of primary cortical neurons treated under the 

same conditions as in Fig. 6, 24h following treatment. We found decreased level of 

phosphorylation of mTOR (Fig. 6B-C), phospho-mTOR negatively regulates autophagy 

initiation and mTOR is also the direct target of Akt. We found increased levels of ATG5 
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(an upstream marker indicating elongation of autophaghagosome), p62 (cargo adaptor 

and the most crucial determinant of autophagy flux) and LC3B-II following Aβ 

treatment. Lysosome numbers were also found to be increased, identified by LAMP1 

(lysosomal marker), under Aβ treatment to cortical neurons indicating that although 

autophagy was induced by Aβ, the flux was impaired eventually. Addition of TIMP-1 to 

Aβ-treated neurons improved autophagy flux by reversing the levels of ATG5, p62, 

LC3BII and LAMP1 to the level of untreated control. Primary neurons treated under the 

same conditions for 24 h and immunocytochemistry was also performed with p62, LC3B 

and LAMP1 antibodies. CTCF values revealed increased expression of these proteins in 

neurons in Aβ-treated conditions but Aβ+TIMP-1 co-treatment reduced their expression 

levels significantly (Fig 7, p<0.05). Hence, we understood that both apoptosis and 

autophagy pathways are regulated by TIMP-1 through phosphorylation of a common 

upstream kinase, Akt and through this TIMP-1 helps to maintain cell viability even under 

Aβ toxicity. 
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Fig.7: TIMP-1 addition ameliorates autophagy flux in Aβ-treated neurons. (A) Schematic 

showing Akt inactivation by Aβ is the cause of impaired autophagy flux in neurons. 

Primary cortical neurons were treated with Aβ, TIMP-1 and Aβ+TIMP-1 besides control 

and following 24 h of treatment cell lysates were collected and subjected to western blot 

assay. Representative blots along with individual blot loading control or actin are shown 

along with densitometric analysis of proteins – pmTOR/mTOR (B-C), ATG 5-12 complex 

(D-E), p62 (F-G), LC3B II (H-I) and LAMP1 (J-K). Bar graphs represent normalized 

densitometric analysis for each protein showing the fold change upon treatment with 

respect to control. Values are expressed as Mean+SEM. One way ANOVA followed by 

Tukey’s post hoc test was used to compare among the groups, *p<0.05, **p<0.01, 

***p<0.001. Immunocytochemistry was performed 24 h following treatment, cells were 

fixed and stained with p62 (red), LC3B (green) and LAMP1 (green) as indicated in the 

panels along with Hoechst for nuclei staining in blue. Confocal images were taken at 63x 

magnification (scale bar = 10 µm). A zoom-in panel has been shown for each protein to 

highlight the change in intensity within individual cell. Corresponding CTCF values were 

calculated from 90-150 cells from three independent experiments and represented as 

Mean±SEM. *p<0.05, compared to control (CON) 
#
p<0.05, compared to Aβ 

 

Exogenous TIMP-1 binds with CD63 on neuronal surfaces inducing Akt phosphorylation 

TIMP-1 may mediate its pro-survival role by binding to CD63 receptor on cell surface as 

discussed earlier. To check whether CD63 binding is responsible for mediating TIMP-1 

induced protection on Aβ-treated primary neurons, we conducted a co-localization study 

in primary cortical neurons treated with TIMP-1 compared to untreated primary cortical 

neurons and found that exogenously added rrTIMP-1 remains bound to CD63 receptor 

on the neuronal cell surface till 16h following treatmentas evident from the increased 

Pearson’s correlation coefficient between TIMP-1 and CD63 (Fig. 7A-B). To further study 

the direct role of CD63 in TIMP-1 mediated signalling pathway, RNAi technology was 

utilized. CD63 was downregulated by adding siCD63 (commercially purchased – 

mentioned in methods section) at 100 nM to 4DIV primary cortical neurons for 72h and 
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the extent of downregulation was validated by western blot analysis (Fig. 7C). Following 

48h of siCD63 treatment, the neurons were treated with or without TIMP-1 in the 

presence or absence of Aβ for another 24 h. Western blot analysis was done to check the 

changes in expression level of pAkt (s473) in each treatment groups where CD63 has 

been downregulated versus in those similarly treated groups where there was no prior 

CD63 downregulation (Fig 8D-E). It was observed that pAkt level, an important 

downstream target of CD63/integrin signalling (Grunwald et al., 2019), was significantly 

reduced upon Aβ  treatment compared to control siCD63 treated neurons and the results 

were comparable to the change we observed between similar groups in normal control 

siRNA treated neurons. However, the pAkt level that was improved upon TIMP-1 

treatment to Aβ treated group in control siRNA treated cells was absent in Aβ+TIMP-1 

treated cells where CD63 receptor has been downregulated. This confirms that TIMP-1 

not only binds to CD63 on neuronal surface but also is actively involved in mediating 

Akt activation implicated in TIMP-1 mediated protection to neurons against Aβ toxicity. 
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Fig.8: TIMP-1 binds to CD63 on neurons and improves Akt phosphorylation. (A) Primary 

cortical neurons (6DIV) were treated with or without TIMP-1 and then fixed after 16h 

following treatment. Cells were immunostained with CD63 (green) and TIMP-1 (red) 

antibodies followed by Hoechst (blue) for nuclear staining. Merged panel shows the co-

localization between the two proteins in yellow. Images were taken in confocal 

microscope and scale bar is shown (5 µm). (B) Pearson correlation coefficient between 

TIMP-1 and CD63 were calculated from 2-3 images each from three independent 

experiments. Values are shown in scatter dot plot as Mean±SEM, unpaired t-test was 

performed, *p<0.0002. (C) Primary cortical neurons were either treated with siCD63 or 

siCON at 4DIV and after 72h cells lysates were collected and probed with CD63 

antibody. Representative CD63 probed immunoblots are shown along with Actin, 

densitometric analysis is shown as a bar graph where values are expressed in Mean+SEM, 

unpaired t-test was performed, *p<0.0001. (D) Primary neurons were transfected with 

siCD63 on 4DIV and on 6DIV the cells were treated with or without Aβ, TIMP-1 or co-

treated with Aβ+TIMP-1 alongside cells without CD63 downregulation but treated 

similarly. After 24h following treatment, cell lysates were blotted with pAkt (s473) and 
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total Akt (tAkt). Representative immunoblots are shown. (E) Bar graph represents 

densitometric quantification of pAkt blots normalized with tAkt and the fold change with 

respect to control is shown. Values are expressed in Mean+SEM, unpaired t-test was 

performed to compare between two groups at a time, *p=0.0034, compared to Con 

(without siCD63). #p=0.0211, compared to Aβ (without siCD63) and $p=0.0165, 

compared to Aβ+TIMP-1 (without siCD63). 

 

Discussion 

The scientific world has recently shifted their focus to the role of glia in 

neurodegenerative diseases. Astrocyte the most abundant of the glial cells takes the 

highest throne because it is now vital in the progression of neurodegenerative diseases 

besides their well-known indispensible homeostatic functions in the CNS (Arranz and De 

Strooper, 2019; Verkhratsky et al., 2017). Astrocyte reactivity is now seen as a first 

response to any kind of neurological insult. It may be defined as a set of molecular, 

functional, morphological and transcriptional change in the astrocytes in a very context 

specific manner. This phenomenon usually gives rise to a heterogeneous population of 

reactive astrocyte subtypes. Initially, Barres group classified reactive astrocytes into 

beneficial – A2 (ischemic stress) and detrimental – A1 (LPS treatment) subtypes (Liddelow 

and Barres, 2017). Now, the delineation of astrocyte subtypes in an inflammatory model 

in response to LPS treatment to the mouse brain provides critical insights into the 

location specific reactive astrocyte populations in this model (Hasel et al., 2021). Habib 

et al also detected DAA as the disease associated astrocyte subtype in AD (Habib et al., 

2020). However, in AD we may broadly try to understand reactive astrocytes on the 

basis of their role in directing neuronal fate – neuroprotective or neurotoxic.  
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Previous reports suggest that astrocyte reactivity may indeed be a defensive mechanism 

against Aβ toxicity in the brain. Astrocyte reactivity was detected much before Aβ 

plaques accumulated in AD brain which may be seen as an early attempt by reactive 

astrocytes to nullify the Aβ insult (Wang et al., 2018). Indeed, inhibition of astrocyte 

reactivity propagated plaque pathology in AD models (Kraft et al., 2013).  Further, Aβ 

are phagocytosed and degraded by reactive astrocytes (Wyss-Coray et al., 2003) and Aβ-

loaded astrocytes were also detected surrounding Aβ plaques (Funato et al., 1998; Thal 

et al., 2000). However, several body of research also associate astrocyte reactivity with 

deleterious effect on neuron health (Furman et al., 2012; Garwood et al., 2011). Reactive 

astrocytes putatively protect neurons from Aβ toxicity by four mechanisms – by 

phagocytosing and degrading Aβ plaques (Xiao et al., 2014), by secreting Aβ degrading 

enzymes (Carter et al., 2019) and by forming glial scar and inhibiting the spread of Aβ to 

the healthy neurons (Pekny et al., 2014). However, a fourth highly complex mechanism 

is in play, orchestrated by several cytokines and chemokine molecules secreted by the 

reactive astrocytes, that dictates the fate of the neurons (Garwood et al., 2011). The 

identity of the cytokines has become a major area of research since it is hypothesized that 

specific cytokines may mediate the initial beneficial role of the astrocytes in the acute 

phase of neuroinflammation or in the prodromal stage of AD. Thus, they make up an 

exciting pool of therapeutic targets that may be possibly mimicked for cytokine-based 

therapy in AD. The reactive astrocytes may eventually with chronic activation of the 

disease or late-stage AD may become detrimental through secretion of pro-inflammatory 

cytokines. Hence, it was important to address the kinetics of astrocyte reactivity and 



138 
 

corresponding secretion profiles to understand the temporal changes in astrocyte 

phenotypes – neurotrophic to neurotoxic.  

In our work, we first checked the temporal changes in mature primary astrocyte 

morphology and proliferation in response to Aβ treatment. We used four different 

astrocyte-specific markers and found that primary astrocytes become reactive as early as 

6h following Aβ treatment in terms of increase in cell perimeter, proliferation and 

marker expression. The extent of reactivity increased from 6 h to 16 h to 24 h, at the 

latter there was long processes and highest marker expressions but the proliferation did 

not increase beyond 6h. In the control, the cell morphology and number remained 

unaltered. This result shows that proliferation is more of an immediate response to any 

pathological insult followed by observable changes in morphology.  

Next we determined the role of Aβ-treated astrocytes from different time points on 

neuronal health. GFP expressing neurons were treated with astrocyte-conditioned 

medium from each time point – 6h, 16h and 24h and morphological changes were 

assessed at 24h and 48h while viability calculated at 24h. We observed that Aβ-ACM 

from all the time points protected the neurons till 48 h against Aβ toxicity when 

compared to those neurons treated with Aβ alone. ACM from the control astrocytes 

from each time point was unable to do the same. Moreover, the highest protection was 

elicited by the 6h Aβ-ACM (around 100%) compared to the viability seen with 16h Aβ-

ACM (80%) and 24h Aβ-ACM (60%) and the decrease was gradual. This indicates that 

there is an enrichment of neuroprotective factors in 6h-Aβ ACM but a gradual reduction 

in their concentration over time or there may be a gradual secretion of other detrimental 
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factors. This is in coherence with earlier reports that show that acute exposure to a 

pathological insult may induce protective response yet the same insult if persists for a 

longer duration, making it chronic, can play a detrimental role (Van Eldik and 

Wainwright, 2003). 

We next performed a cytokine array for 29 different cytokine molecules and found that 

TIMP-1 was one of the cytokines that was significantly enhanced in the 6h Aβ-ACM in 

comparison to ACM from untreated astrocytes. Moreover, its level subsequently 

decreased at the later time points. This is the first attempt in deciphering the secretome 

composition of Aβ-treated astrocytes as early as 6h as opposed to an earlier report where 

TIMP-1 was detected in Aβ-treated astrocyte secretome at 48h. Interestingly, the level of 

secreted TIMP-1 was not significantly altered at 48h between C and Aβ-ACM (Garwood 

et al., 2011).  

Differential alterations in TIMP-1 level have been detected in primary human astrocytes 

and from CSF and tissue samples of HAND patients. In primary astrocyte culture, TIMP-1 

level was found to be increased in response to pro-inflammatory IL-1β insult but in the 

advance-stage neurological samples, TIMP-1 level was found to be significantly reduced 

compared to healthy donors pointing towards a differential regulation of TIMP-1 in acute 

versus chronic disease activation (Gardner and Ghorpade, 2003). Hence, TIMP-1 may be 

a potential neuroprotective candidate since studies in TIMP-1 KO mouse reveals the 

positive role of TIMP-1 in learning and memory processes (Jourquin et al., 2005). In 

order to check whether TIMP-1 is essential for neuronal survival, we neutralized TIMP-1 

from the 6h Aβ-ACM and transferred onto neurons. We found that there was significant 
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loss of cell viability upon TIMP-1 neutralization in Aβ-ACM and not in Control ACM, the 

latter may be because of the presence of other active neuroprotective molecules in 

Control ACM that replenish the loss of TIMP-1 under physiological condition. Hence, it 

may be concluded that TIMP-1 is essential for the survival of neurons at least at the early 

hours following Aβ exposure and poses as a neuroprotective molecule as reported earlier 

(Gardner and Ghorpade, 2003). Recombinant TIMP-1 rescues human neurons from the 

toxicity induced by staurosporine (Ashutosh et al., 2012). We found that co-treatment of 

TIMP-1 with Aβ on primary cortical neurons directly prevented them from Aβ-induced 

neurite loss and cell death. Earlier, TIMP-1 overexpression has proven to have a beneficial 

effect on neuronal health (Tejima et al., 2009). 

Aβ is known to upregulate cell-death pathways namely apoptosis and autophagy. Aβ 

increases the translocation of FOXO3a to the nucleus and thereby increasing the 

transcription of pro-apoptotic proteins BIM (Sanphui and Biswas, 2013) and PUMA 

(Akhter et al., 2014). Additionally, BIM and PUMA cooperate and both are required for 

Aβ-induced death of neurons (Akhter et al., 2014). The upstream pathway that is 

compromised in this signaling is PI3K/Akt. Akt is the major protein kinase for FOXO3a 

phosphorylation and as a result FOXO3a is retained in the cytosol. Akt is also highly 

implicated in TIMP-1 mediated apoptotic regulation as previously reported (Grunwald et 

al., 2019). We found that TIMP-1 significantly improves the level of Akt phosphorylation 

at S473 even in the presence of Aβ when Aβ and TIMP-1 were co-treated to primary 

cortical neurons. Subsequently, pAkt upregulates FOXO3a phosphorylation in presence 

of TIMP-1 as opposed to Aβ only treated condition and prevents FOXO3a translocation 
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to the nucleus. As a result, we observed significant reductions in the protein levels of pro-

apoptotic BIM and PUMA in TIMP-1 treated neurons when compared to treatment with 

Aβ alone. Thus, BIM and PUMA are that major apoptotic molecules activated by Aβ 

through Akt/FOXO3a axis and this pathway is inhibited by TIMP-1. Further cleaved 

caspase 3 and pH2Ax levels were also reduced upon TIMP-1 treatment to Aβ-treated 

cells. Both of which reaffirm our results that TIMP-1 prevents apoptotic cell death. 

Several reports suggest a delicate regulation between anti-apoptotic proteins Bcl2 and 

Bcl-xL upon treatment with TIMP-1. TIMP-1 regulates apoptosis in UT-7 erythroid cell 

line by activating JAK2/PI3K/Akt/Bcl2-associated death promoter pathway leading to the 

release of anti-apoptotic Bcl-xl (Lambert et al., 2003). Few other reports suggest the role 

of Bcl2 in TIMP-1 mediated pro-survival pathways (Guo et al., 2006; Li et al., 1999). 

Overexpression of Bcl2 leads to the upregulation of TIMP-1 in breast epithelial cells and 

hence prevents apoptosis and this is independent of TIMP-1’s MMP-9 dependent activity 

(Li et al., 1999). While TIMP-1’s suppression of apoptosis in lymphoma cells is correlated 

with enhanced expression of Bcl-xl and not Bcl2, another report suggests an upregulation 

of Bcl2 and not Bcl-xl following overexpression of TIMP-1 in lung adenocarcinoma cell 

line (Nalluri et al., 2015). Interestingly, both these anti-apoptotic protein levels are 

maintained upon TIMP-1 treatment against staurosporine toxicity in neuronal cells 

(Ashutosh et al., 2012). Thus, it seems interesting to observe how TIMP-1’s regulation of 

these anti-apoptotic proteins varies under different circumstances – disease and disease 

stage. In our Aβ-treated cellular model, we found that Bcl2 level that was downregulated 

in the presence of Aβ, was stabilized in the presence of TIMP-1 but there was no 

significant change in Bcl-xl levels under the different treatment conditions. Thus, our 
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results reveal concomitant activation of Akt/FOXO3a pathway that reduce BIM and 

PUMA levels on one hand and induction of Bcl2 on the other hand in response to TIMP-

1 treatment in Aβ-induced primary cortical neurons. Most likely these pathways 

cooperate to provide enhanced protection against Aβ. 

Autophagy is a cell death pathway implicated in response of Aβ treatment to primary 

neurons as well as rat models of AD (Saleem and Biswas, 2017). Akt is a common 

upstream regulator of autophagy through PI3k/Akt/mTOR pathway. Aβ treatment to 

primary cortical neurons impaired autophagy flux such that upregulated levels of adaptor 

p62, central marker for detecting autophagy flux was observed. Increase in p62 puncta 

within the cell along with an increase in LC3B expression and an accumulation of 

lysosomal bodies detected with LAMP-1 indicated that although autophagy was induced 

but not completed upon Aβ treatment leading to the accumulation of these detrimental 

bodies within Aβ-treated neurons and our results were in accordance to earlier reports 

published by us and others (Saleem and Biswas, 2017). TIMP-1 treatment to these cells 

improved autophagic flux and hence expression levels of p62, LC3B and LAMP1 was 

found to be decreased. This indicates that Akt signalling induced by TIMP-1 can correct 

impaired autophagy flux observed with Aβ treatment to neurons. Thus, two parallel cell 

death pathways are regulated by TIMP-1 treatment to Aβ neurons.  

While several evidence points to the fact that prevention of apoptosis by TIMP-1 mainly 

occurs in a MMP-9 independent manner, not much is known about the autophagy 

pathway. Importantly, CD63 has been identified to be responsible for TIMP-1 binding 

and inducing the downstream Akt signaling in many different cell types (Ries and Sastre, 
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2016). A recent review emphasises that presence of an excess of free or unbound TIMP-1, 

like in our system where TIMP-1 is added exogenously, mimicking the early stage 

response of astrocytes to Aβ, increases the chances of TIMP-1 binding to CD63 as 

opposed to its other MMP-inhibitory domain binding cell surface receptors to induce the 

downstream signalling pathways (Grunwald et al., 2019). Additionally, we did not 

observe any MMP-9/MMP-2 inhibitory activity in the different treatment groups of our 

cellular model (data not shown). In order to check whether TIMP-1 binds to CD63, we 

performed a co-localization study where we treated the neurons with recombinant 

TIMP-1 and then performed immunocytochemistry with CD63 and TIMP-1. As expected, 

we observed increased co-localization between TIMP-1 and CD63 in the TIMP-1 treated 

neurons versus the untreated ones on the cell surface. Further, we found that upon 

siRNA mediated inhibition of CD63 expression in neurons, phosphorylation of Akt was 

reduced significantly even in the TIMP-1 treated Aβ neurons and was almost comparable 

to Aβ only treated cells. This indicated that CD63 is the major binding partner of TIMP-1 

and CD63 silencing directly impacts the TIMP-1 directed signalling pathway in Aβ-treated 

neurons. However, whether in our system TIMP-1 is acting completely in an MMP 

independent manner cannot be totally ruled out, it is not the focus of this work since we 

are hugely interested in the intracellular signalling pathways induced by TIMP-1 which 

many reports suggest is an MMP-independent activity.  
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PART- II: TIMP-1 ameliorates cognitive deficits in animal models of 

Alzheimer’s disease (AD) 

In Part-I, we observed that TIMP-1 shows neuroprotective properties in an in vitro model 

of AD. So, we wanted to study its effect in rodent models ofAD. Animal studies in AD 

are essential in understanding the underpinning molecular mechanisms at play in the 

diseased condition. A complete rodent model should replicate the major hallmarks of AD 

including Aβ plaque deposits, neurofibrillary tangles, chronic inflammation and neuronal 

loss resulting in cognitive deficits. Hippocampus is the most sensitive area in AD and one 

of the earliest affected regions of the brain (O'Keefe and Dostrovsky, 1971). Prefibrillar 

forms of Aβ, along with its various soluble and insoluble forms, are regarded as the 

causative factor for learning and memory disruption (Walsh and Selkoe, 2004). Several 

groups across the world have targeted Aβ and numerous attempts have been made to 

reduce the unregulated levels of Aβ in AD therapy and have even proceeded to human 

clinical trials. An antibody based therapeutic drug named Aducanumab (BIIB037) was 

recently developed by Biogen. Aducanumab is an antibody which targets Aβ and has a 

possible role in its clearance (Alzheimer’s News Today; 

https://alzheimersnewstoday.com/aducanumab/). Effect of Aducanumab includes a 

decline in Aβ plaque level by binding to neurotoxic oligomeric form of Aβ in the brain 

and improvement in cognitive performance in animal models of AD at the laboratory 

level. It moved into phase 3 clinical trials – EMERGE and ENGAGE. The EMERGE trial 

was successful in terms of its ability to improve cognitive functions and behaviors in MCI 

and mild AD patients while ENGAGE was not so as to say higher dose and longer 

https://alzheimersnewstoday.com/aducanumab/
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duration of antibody treatment was used to show positive outcomes in the participants. 

As of 2021, the use of Aducanumab has been given accelerated approval by US Food and 

Drug Administration (FDA) for marketing but has remained controversial to date 

(Cummings et al., 2021). This shows that reduction of Aβ may be a good way of 

predicting the neuroprotective potential of a candidate drug besides assessing the 

correlated changes in cognitive behavior and learning memory. 

Intrahippocampal injection of Aβ in rodent brain is a well accepted animal model of AD. 

It is the most useful model for short-term study on AD-related changes in specific brain 

regions. This stereotaxic model provides the researchers with an alternate in vivo 

perspective to study AD (Facchinetti et al., 2018). The most important feature of a 

peptide injected rodent brain to be used as an AD model is the progressive loss of 

learning and memory activities as previously reviewed (McLarnon and Ryu, 2008). This 

model is also best suited to study inflammatory changes in an AD brain especially in 

terms of reactive astrogliosis as well as microglial activation. Concomitantly, several pro-

inflammatory cytokines are secreted as a result of Aβ injection in the brain namely TNFα, 

ILβ etc. (Sipos et al., 2007). As we have already mentioned that the best assessment of a 

peptide-induced model is in the depreciation of cognitive functions of the rat to be 

suitably studied for therapeutic validation in AD. We conducted several learning and 

memory tests with the Aβ-infused rats and studied the influence of TIMP-1 on these 

animals’ cognitive behaviors (see “Materials and Methods” for test details). Alongside 

neuroimaging, cognitive function tests are regarded as reliable and standard assessment 

systems to check the improvement in learning and memory functions in rodents 
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following drug treatment. For these experiments, freshly prepared Aβ was infused 

bilaterally into the hippocampus of rat. A battery of behavioral tests including open-field 

test (locomotion), NOR test, EPM test, passive avoidance test and fear conditioning tests 

were performed. Spatial learning and memory, working memory and fear memory are 

all affected by Aβ  injection in the hippocampi of a rat brain and the above mentioned 

tests assess the loss of these hippocampus-dependent memories (Puzzo et al., 2014). Here 

in our study we have focused on analyzing the effect of TIMP-1 on the AD-related 

cognitive impairments seen in Aβ-infused rats besides deciphering TIMP-1’s role in 

protecting neurons against apoptotic cell death, and its role in clearing Aβ deposits from 

the Aβ-infused rat brains. We went on to check the effect of TIMP-1 treatment in an 

advanced transgenic mouse model of AD that is 5xFAD. Genetically mutated mouse 

models are now recognized as critical tools to obtain a detailed insight into the role 

played by various therapeutic agents along the temporal scale of the disease. 

Additionally, they help in divulging the functionality of different active and inactive 

genes associated with AD. Several mouse models have been developed namely APP/PS1 

by mutating the APP gene and the presinilin gene, 3xTg and the most advanced 5xFAD 

(Table 2 in ‘Review of literature’ section has been provided with the most common 

transgenic AD mouse models used for preclinical studies). Several other transgenic models 

include tau mutant mice (Kitazawa et al., 2012) as well as mice bearing mutations in 

ADAM10 and ADAM17 (Lee et al., 2003; Schroeder et al., 2009). In order to estimate 

the effective nature of a therapeutic strategy or to predict its success at the clinical level, 

delineating the molecular basis of the disease at the preclinical level is an imperative step. 

Hence, we attempt to divulge the main signaling pathway/s that is activated by TIMP-1 
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treatment to Aβ-infused rats and 5xFAD mice and the key players in this process 

mediating the neuroprotective functions of TIMP1. 

Stereotactic Aβ injection in rat shows features of an inflammatory model of AD 

In our study, we used stereotaxy to inject Aβ 1-42 oligomers bilaterally close to the 

hippocampal CA1 region in adult rat brains as mentioned in the “Materials and Methods” 

section. On day-23 following the Aβ injection, we found significantly increased levels of 

two important pro-inflammatory markers – Pro-IL-1β and NF-kβ through western blot 

analysis of the hippocampal tissue compared to control (PBS-infused) rat brain (Fig 1A-B,  

p<0.01). Additionally, we observed significant enhancement in astrocyte marker, GFAP, 

intensity (Fig 1C-D) as well as cell perimeter (Fig 1C, E) when compared to PBS infused 

hippocampal sections near the site of Aβ infusion through immunohistochemical studies. 

We further detected increased microglial activation quantified by the significantly 

increased number of CD11b (Fig. 1 F-G) and Cox-2 (Fig 1 H-I) positive cells in the Aβ-

injected rat hippocampal regions near the site of injection compared to the PBS infused 

brain. We concluded that this model is well suited to study the neuroprotective 

properties of TIMP-1 to obtain an in vivo paradigm of cytokine-mediated therapy in AD. 
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Fig.1: Aβ -injected rat displays neuroinflammatory hallmarks. 23 days following Aβ 

infusion, western blot analysis of hippocampal tissue from Aβ-infused rat brains showed 

significant upregulation of proinflammatory markers pro-IL-1β(A) and NF-kβ 

(B).Densitometric analysis by ImageJ software are expressed as Mean±SEM from three 

blots (n=3). *p<0.05. (C) Immunofluorescence studies in rat hippocampal coronal 

sections showincreased expression of astrocyte marker, GFAP, in Aβ infused rat brains 

compared to PBS-infused rats. scale bar=10 µm.Quantitative analyses reveal GFAP 

intensity in terms of CTCF values (D) and astrocyte morphology in terms of astrocyte 

perimeter (µm) (E). Immunohistochemical studies in rat hippocampus show increased 

expression of reactive microglia markers, CD11b (F) and COX-2 (H) in Aβ-injected rat 

brains vs. PBS-injected brain. Bar graphs represent quantitative analysis of the number of 

CD11b+ (G) and COX-2+ (I) cells/mm
2
 respectively (n= 3 in both the groups, *p<0.05). 

 

TIMP-1 reduces Aβ deposition and prevents apoptosis in Aβ-injected rat brains 

We were next interested in studying the role of TIMP-1 on the major pathological 

hallmark of AD that is Aβ deposition and neuronal health. For this purpose we injected 5 

ng of rrTIMP-1 intracerebroventricularly at 1ng/µl concentration. Immunohistochemistry 
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was performed in coronal sections through the hippocampus and stained with TIMP-1 

antibody revealing generous spreading of TIMP-1 in the hippocampal and cortical regions 

as opposed to control rats in this method (Fig 2A). Aβ deposition was significantly 

increased in the hippocampal region in Aβ injected rats 23 days following infusion when 

compared to PBS infused rat brain through immunofluorescence studies. TIMP1 was able 

to decrease the Aβ deposition significantly as evident from the decrease in plaque 

number (Fig 2Bi-ii, p<0.0001) and plaque burden percentage (Fig 2Bi,iii, p<0.0001). 

Additionally, we detected an increased number of apoptotic cells in the Aβ-infused rats 

as opposed to PBS–injected rat brains through TUNEL assay in rat coronal sections (Fig 

2Ci-ii). As evident from our in vitro studies, there is a reduction in apoptosis following 

TIMP-1 treatment in Aβ-treated neurons. Expectedly, we observed reduced numbers of 

TUNEL-positive cells in the TIMP-1 injected Aβ-infused rats in the hippocampal regions 

contrary to Aβ-only rats reinforcing our earlier results that TIMP-1 prevents apoptotic cell 

death in AD models (Fig 2Ci-ii). In Part-I we further showed that TIMP-1 can improve 

Akt phosphorylation even upon Aβ treatment to neurons. Hence, we wanted to check 

whether similar mechanism is in play in vivo. We found that indeed TIMP-1 injection 

improved phosphorylated Akt levels in Aβ-infused rat hippocampus compared to Aβ-

only rats analyzed through western blot studies (Fig. 2D-E). Further downstream we 

found that levels of pro-apoptotic protein, BIM (Fig 2F-G), and also PARP cleavage (Fig 

2 H-I, substrate of caspase 3) were reduced significantly in the TIMP-1 treated Aβ rat 

hippocampus denoting that TIMP-1 is acting along the Akt/BIM/caspase axis to prevent 

apoptosis in Aβ-injected rats.  
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Fig.2: TIMP-1 induced neuroprotection and prevention of apoptosis in Aβ-infused 

rats.(A) 23 days following intracerebroventricular TIMP-1 injection, coronal sections 

through the hippocampus were obtained and stained with TIMP-1 antibody (green) 

followed by nuclei staining by hoechst (blue) and compared to untreated PBS-infused 

rats. Images were taken at 10x magnification (merged images are shown in left panel, 

scale bar – 100 um) and at 40x magnification (scale bar – 100 um).(Bi) 

Immunohistochemistry was performed with Aβ antibody (red) to detect Aβ 1-42 deposits 

in the Aβ-infused rat brains 23 days post infusion in the hippocampal and cortical regions 

near the site of infusion. TIMP-1 treatment was given at 5ng dose. Images were taken at 

10x magnification (left panel, scale bar – 100 um). White box indicates region of interest 

near the site of infusion that was zoomed in to image the slices at 40x (scale bar – 100 

um). White arrows indicate Aβ plaques at 40x magnification. The plaque number (ii) and 

plaque burden percentage (iii) are shown as bar graphs. (n = 3 for each group, 3 slices of 

each rat brain at 40×). *p < 0.0001,#p < 0.0001. (Ci) TUNEL assay in Aβ-infused 

coronal rat sections show the apoptotic cells (green puncta) colocalized with the nuclei 

(blue) imaged at 20x (left panel, scale bar – 100 um). White box indicates the region of 

interest chosen for zooming and magnified images are shown in the remaining panels - 

TIMP-1, Hoechst and merged (left to right). Percentage of apoptotic cells are counted 

and represented as bar graphs in (ii). Values are expressed as Mean+SEM (n = 3 in each 

group, 3 slices of each rat brain, 500 cells/slice at 20x); *p < 0.0001, #p < 0.0001. (*) 

indicates p-values in comparison to control group and (#) indicates p-values in 

comparison to Aβ group. Hippocampal tissues from the four groups were subjected to 

western blot analysis with phospho (s473) Akt, total Akt (tAkt) (D-E), BIM (F-G) and 
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PARP (H-I) antibodies. Following densitometric analyses by ImageJ, values are expressed 

as Mean+SEM of three independent experiments; *p < 0.01. 

 

TIMP-1 reduces anxiety and enhances cognitive ability of Aβ-infused rat  

After 15 days of Aβ infusion, we started behavioral tests since cognitive deficits were 

observed at this time, earlier shown by us (Guha et al., 2022). First we have performed 

open field test. This test is popularly known to assess locomotor activity and anxious 

behavior in rats. In the 10-min period of the test, the Aβ infused group displayed a 

significant increase in total distance travelled in an open field as compared to the values 

of vehicle infused control group (Fig. 3A). Groups of Aβ-infused rats administered with 

2.5 ng and 5 ng of rrTIMP1 on the 7
th
 day following Aβ infusion showed reduced total 

distance travelled in open field compared to the Aβ group. However, only the 5 ng 

rrTIMP1 treated group delivered significant results (Fig. 3B; p<0.01). Hence, the Aβ 

induced hyperlocomotor activity of rat at an early testing period in an open field 

environment was corrected by 5 ng dose of rrTIMP1.  

Next, we performed novel object recognition test. The novel object recognition test 

examines the hippocampus dependent working memory in rodents (Antunes and Biala, 

2012). Novel object recognition memory was significantly impaired in animals 15 days 

post Aβ infusion in comparison to the control group denoted by reduced novel object 

exploration time compared to familiar object (Fig. 3C(i), decreased discrimination index 

(Fig 3C(ii) and reduced preference index (Fig. 3C(iii)). Aβ induced deficits were 

ameliorated with pronounced effect at 5 ng dose of rrTIMP1, depicting that rrTIMP1 may 

be effective in improving long-term recognition and learning memory. The lower dose 
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(2.5 ng) of rrTIMP1 was also improving the detrimental effect of Aβ but without any 

significant value. rrTIMP1 injection alone did not display any significant effect on the 

cognition of animals without Aβ infusions. 

We have also performed elevated plus-maze (EPM) test which helps to estimate anxiety 

and changes in cognition in animal models (Paidi et al., 2022). In order to test for 

cognition, we placed the animal at the edge of the open arm and recorded the time 

taken by it to move into the closed arm. This time in seconds is known as the initial 

transfer latency or the ITL. On the probe day, we placed the animal on the outer edge of 

the open arm exactly similar to the previous day and recorded the time in seconds that 

the subject takes to move to the closed arm. This time period is known as the retention 

transfer latency or the RTL. In Fig 3D, latency is the time elapsed before the rodent 

moves from the open to the close arm in EPM. Aβ-infused rats showed a longer RTL than 

ITL which is in stark contrast to the other groups where RTL was significantly reduced 

compared to ITL. The difference between ITL and RTL (ITL-RTL) is utilized as the 

parameter to record memory and learning changes through EPM test. The Aβ-infused 

group produced a negative value for ITL-RTL as shown in (Fig. 3D). Interestingly, 

rrTIMP-1 treated Aβ-infused rats generated positive values for ITL-RTL and further 

divulged that only the higher dose was statistically significant compared to Aβ group. 
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Fig.3: TIMP-1 improves cognitive functions of Aβ-infused rats.A battery of behavioral 

tests was performed in five groups of rats – PBS-infused (CON), TIMP-1 infused (TIMP-1), 

Aβ-infused (Aβ), Aβ+TIMP-1 (2.5 ng) and Aβ+TIMP-1 (5 ng). Locomotion or open-field 

test – representative infra-red images of the path travelled by the rats in each group (A) 

and the total distance travelled was recorded in cm in 10 min in the open arena. *p < 

0.01, #p < 0.01. Novel object recognition (NOR) test – Day-2 results are shown as 

exploration time (sec) with familiar (fam) and novel (nov) objects (Ci, *p < 0.05), 
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discrimination index (Cii, *p < 0.05, #p < 0.05) and percentage preference index (Ciii, 

*p < 0.05, #p< 0.05).  Elevated plus maze (EPM) test represents the latency (sec) that is 

the time taken by the rat to reach the closed arm recorded on Day-1 at initial transfer 

latency (ITL) and on Day-2 as retention transfer latency (RTL) and their difference (ITL-

RTL), 
@
p < 0.05,*p < 0.05, #p < 0.05 (D). All the bar graphs in this figure represent 

values expressed as Mean±SEM. (*) indicates p-values in comparison to control group 

and (#) indicates p-values in comparison to Aβ group, (
@
) indicates comparison between 

ITL and RTL within each group in EPM test. Number of animals used in each test is given 

in Table-2 in ‘Materials & Methods’ section. 

 

TIMP-1 reverses learning and memory deficits in Aβ infused rats 

The passive avoidance test is a fear-induced test used to understand learning and memory 

in rodent models of different central nervous system disorders. Passive avoidance test 

involves two chambers, one is brightly illuminated, and the other is dark. The chambers 

are connected to one another via a path through which animals can easily travel from 

one chamber to the other. On the acquisition day, we place the animals in the bright 

chamber. Rodents have an inherent tendency to go to dark areas. The machine is set in 

such a way that as soon as the subject enters the dark chamber, it receives a mild foot 

shock. So the subject immediately gets back to the bright chamber. On the probe day, we 

again place the subject in the bright chamber. Subjects would generally passively avoid 

the dark chamber due to their fear memory and choose to stay in the bright chamber 

without moving to the dark one, despite their natural preference for the dark chamber. 

This is a standard test for learning and memory. Passive avoidance evaluation of learning 

and memory showed that intrahippocampal Aβ infusion significantly alters the rate of 

acquisition learning compared to vehicle infused animals. Latency in Fig. 4A shows the 

time spent by individual animal in the light chamber prior to stepping into the dark 
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chamber during the 300 sec period following 5 min habituation. Fig. 4A(i) depicts the 

latency of the animal to step into the dark chamber of each group during acquisition 

training on Day 1. The probe test was carried out 24 h post training (Fig. 4A(ii)). In 

comparison to the control group, injection of Aβ significantly induced memory and 

learning deficiency in animals in passive avoidance test. Both the TIMP1-injected groups 

showed recovery in memory and learning performances, as portrayed through increased 

latency periods, especially in the 5ng TIMP-1 infused Aβ rats. 

Contextual fear conditioning is an associative memory and learning task in which a 

response to an unconditional stimulus (foot shock) gets associated with a specific context. 

We measured the percentage freezing during that time period when the animals are 

anticipated to receive a foot shock. Freezing is a conditioned response to the 

unconditional stimulus that the subjects received on the acquisition day. Percentage 

freezing has a positive correlation with the retention in fear memory. Injection of Aβ 

induced detrimental effects on the acquisition of contextual fear conditioning, recorded 

24 h later, shown as reduced percent value for freezing behavior (Fig 4B(i)). In this test, 

there was a dose-dependent recovery from Aβ-induced diminution in percentage of 

freezing by rrTIMP1. Animals infused with the higher dose (5 ng) of rrTIMP1 showed a 

significant increase in percent freezing but the recovery in percent freezing with the lower 

dose (2.5 ng) was not statistically significant from Aβ-infused rats. Animals injected with 

rrTIMP1 alone had no effect on contextual fear conditioning. 

Cue-dependent fear conditioning test assesses memory and learning in animals 

responding to an unconditional stimulus (foot shock) associated with conditional stimuli 
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(light and sound). Impaired acquisition of cue-dependent fear conditioning training was 

evidenced 24 h following 1
st
 day of acquisition.  Aβ-infused rats displayed a marked 

diminution in percent freezing on the 2
nd

 day of the test (probe stage) (Fig. 4B(ii)). 

Injection of rrTIMP1 in wild type rats did not induce any significant changes. However, 

upon injection of rrTIMP-1 in Aβ-infused rats, the animals displayed a dose-dependent 

recovery in percentage of freezing on Day-2; however, only the 5 ng dose showed 

statistical significance (Fig. 4B(ii)). Taken together, these results indicate that TIMP-1 

reduces anxiety, confers improvement in cognition, learning and memory impaired by 

Aβ infusion in rats. 
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Fig.4: TIMP-1 ameliorates fear memory in Aβ -infused rats. Passive avoidance test shows 

the latency (sec) to the dark chamber on day-1 (acquisition stage, A.i) and on day-2 

(probe stage, A.ii) of the test, *p<0.0001, #p<0.001. (Bi) Contextual fear conditioning 

test shows the percentage freezing time of rats in the different groups on Day-2 (probe 

stage) of the test, *p<0.005, #p<0.005. (Bii) Cue-dependent fear conditioning test 

shows the percentage freezing time of rats in the different groups on Day-2 (probe stage) 

of the test, *p< 0.05, #p< 0.01. In all the bar graphs in this figure, values are expressed 

as Mean±SEM. (*) indicates p-values compared to Control group and (#) indicates p-

values compared to Aβ group.Number of animals used in each test is given in Table-2 in 

‘Materials & Methods’ section. 
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TIMP-1 levels are reduced in 5xFAD mice across different age groups 

We already showed that TIMP-1 was able to ameliorate the behavioral deficiencies of Aβ 

-injected rat model of AD. The Aβ-infused model gave us a significant estimate of the 

direct effect of TIMP-1 on Aβ-induced damages in the rat brain. However, the underlying 

mechanisms of AD pathogenesis extend way beyond just those observed as a direct effect 

of Aβ oligomers. Hence, we wanted to study the role of TIMP-1 in a more established 

and robust model of AD. 5xFAD is a familial AD mouse model with five different 

mutations (Table-2 in ‘Review of literature’) and is utilized as a benchmark model 

inapproximately 10% of all AD animal studies (AlzPED; https://alzped.nia.nih.gov/). 

5xFAD mouse starts developing Aβ plaques as early as 2-4 months, inducing extensive 

reactive astrogliosis, microgliosis, synaptic and overall neuronal loss (Forner et al., 2021). 

Hence, we thought this model is a standard robust transgenic model to confirm our 

results from Aβ-induced rat model for better validation as well as we expected that this 

model would provide us a window to study additional features of AD pathogenesis. To 

begin with we first checked the levels of TIMP-1 (secreted form, 25 kDa) in the 5xFAD 

mice compared to C57/BL6 mice across different age groups to study TIMP-1 level across 

age.We detected TIMP-1 was markedly reduced in the hippocampal (Fig 5A-B) and 

cortical tissues (Fig 5C-D) in western blot analysis at 2 months and from 4–10 months 

compared to age-matched C57/BL6 mice as the wild type (WT) group. Moreover, the 

level of change in TIMP-1 was prominent (4 times reduced compared to WT) from 6 

month onwards. Hence, all subsequent experiments were performed in 6-month-old 

5xFAD mice. This was an interesting finding and hence, it meant that 
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intracerebroventricular injection of TIMP-1 in the 5xFAD mouse will uniquely help us to 

determine the changes directed by the exogenous TIMP-1 only without much 

contribution of the endogenous TIMP-1. 

 

Fig.5: Expression of TIMP-1 across ages in 5xFAD mice. Whole tissue lysates were 

obtained from WT (C57BL6) and 5xFAD male mice hippocampi (A-B) and cortices (C-D) 

of different ages as indicated – 2 months (2M), 4M to 10M. Western blot analyses were 

done with TIMP-1 antibody using GAPDH or Actin as the loading control as indicated. 

Representative TIMP-1 blots from hippocampal (A) and cortex (C) whole tissues are 

shown where two consecutive lanes indicate protein levels in two different animals of 

each age group. Densitometric analysis are shown for hippocampal (B) and cortex (D) 

blots, showing relative TIMP-1 expression in each 5xFAD group vs. age-matched WT 

mice where WT protein expression is considered as 1.0.Results in graph are represented 

as Mean±SEM where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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TIMP-1 injection clears Aβ plaques and prevents apoptosis in 5xFAD mice 

We intracerebroventricularly injected TIMP-1 in 5xFAD mice and on the 8th day 

following treatment checked for the presence of TIMP-1 in the hippocampus since we 

have already found that in Aβ-infused rat model, effect of TIMP-1 was observed after 14 

days following TIMP-1 treatment. We found through immunohistochemical analysis that 

TIMP-1 staining was significantly increased in the hippocampus of 5xFAD+TIMP-1 treated 

mice compared to untreated 5xFAD mice as shown by TIMP-1 count in Fig. 6 A-B.As 

previously performed, we first wanted to see the effect of TIMP-1 on Aβ plaque 

deposition in the hippocampal CA1 region of 5xFAD mice. For this we utilized coronal 

sections from mice sacrificed 14 days following treatment, in coherence to rat model 

timeline. We found that TIMP-1 treatment significantly reduced the plaque deposition in 

terms of plaque burden and plaque number in 5xFAD mice (Fig.6 C-E). Next, we 

checked whether apoptosis and the underlying apoptotic pathway are hampered in 

5xFAD model. We performed TUNEL assay in coronal sections and found that there is a 

significant increment in the number of TUNEL positive cells in the hippocampal regions 

of 5xFAD mice compared to WT mice through immunohistochemistry. However, in 

TIMP-1 treated 5xFAD mice the number of TUNEL positive cells was significantly reduced 

(Fig. 6 F-G). Coherently, we detected decreased phosphorylation levels of Akt not only 

at ser473 (Fig 6 H-I) but also at thr308 (Fig 6 H, J) in 5xFAD mice compared to WT 

controls, both of these phosphorylations are strongly implicated in pro-survival pathway 

regulations, through western blot analysis. TIMP-1 was able to improve Akt 

phosphorylation levels in 5xFAD mice similar to the results we found in our earlier 

model. This reaffirms that even in 5xFAD, Akt is the upstream regulator of apoptosis. 
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Additionally, we checked for a downstream marker of apoptosis-related DNA damage 

that is phosphoH2Ax in TIMP-1 treated 5xFAD mice through western blot analysis and 

immunohistochemistry 14 days following treatment. We observed that TIMP-1 treatment 

abrogated the levels of pH2Ax in 5xFAD mice to a level comparable to WT mice in 

western blot analysis of hippocampal tissue (Fig. 6H, K) and immunohistrochemistry in 

hippocampal (Fig. 6L-M) and cortical areas (Fig. 6O-P). 
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Fig.6: TIMP-1 injection in 5xFAD mice clears Aβ plaques and rescues from apoptosis.14 

days following intracerebroventricular TIMP-1 injection, animals were transcardially 

perfused and brains fixed. (A) Coronal sections were obtained from 5xFAD and TIMP-1 

treated 5xFAD mice (5xFAD+TIMP-1) besides WT mice as indicated and stained with 

TIMP-1 antibody. Representative images were obtained in confocal microscope scale bar- 

50 µm (B) Shows quantitative analysis for TIMP-1 immunoreactivity in the hippocampus 

shown as TIMP-1 count (n = 3 in each group, 3 slices of each mouse brain at 20x), 

*p<0.0001, compared to 5xFAD. (C) Immunohistochemistry was performed with Aβ 

antibody (red) to detect Aβ1-42 deposits in the 5xFAD mouse brains in the hippocampal 

CA1 region. TIMP-1 treatment was given at 5 ng dose and observed 14 days post 

treatment. Images were taken at 10x magnification (left panel, scale bar – 50 µm). White 

box indicates region of interest in the CA1 region that were further imaged at 40x (scale 

bar – 50 µm). The plaque number (D, *p = 0.0054, 
#
p = 0.0051) and plaque burden 

percentage (E, *p = 0.0004, 
#
p = 0.0004) are shown as bar graphs. (n = 3 in each 

group, 3 slices of each mouse brain at 40x). (F) TUNEL assay in 5xFAD mice sections 

show the apoptotic cells (red puncta highlighted with white arrow) colocalized with the 

nuclei (blue) imaged at 40x (scale bar – 25 µm). Right panel shows the merged image 

where the red box demarcates the nuclei zoomed in for better viewing of the 

colocalization in the inset. (G) Percentage of TUNEL positive cells were calculated and 

values are expressed as Mean±SEM (n = 3 in each group, 3-4 slices of each mouse brain, 

250 cells/slice at 20x); *p < 0.0231, #p < 0.0162. (H) Representative western blots 

show hippocampal tissue from each of the groups probed with pAkt (S473), pAkt (T308) 

and pH2Ax with the respective loading controls, either total Akt (tAkt) or actin, as 

indicated. Densitometric analyses for pAkt (s473)/tAkt (I, *p <0.05, #p <0.05), pAkt 

(t308)/tAkt (J,*p < 0.05, #p < 0.05) and pH2Ax (K, *p < 0.05, #p < 0.05) are shown. 

Values are expressed as Mean±SEM (n=3-4 animals per group). Immunohistochemistry 

of coronal sections of mice in 5xFAD group shows increased pH2ax puncta (red) 

colocalized with nuclei (blue) in the hippocampus (L) and in cortex (O). Images were 

taken under confocal microscope at 100x (scale bar- 10µm). White box shown in the 

merged panel demarcates a single nucleus zoomed for higher magnification viewing 

(inset). Quantitative analysis shows the % of pH2ax positive nuclei in hippocampus (M, 

*p = 0.0367, #p = 0.0246) and cortex (P, *p < 0.0001, #p < 0.0001), n=3 

mice/group. (*) indicates p-values in comparison to WT group and (#) indicates p-values 

in comparison to 5xFAD group. 
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TIMP-1 treatment improves autophagy flux in 5xFAD mice 

As shown through our in vitro results in Ch-1, TIMP-1 treatment corrects autophagy flux 

in Aβ -treated neurons and that Akt is the common upstream regulator by which TIMP-1 

modulates both autophagy and apoptotic pathways. Since we found a protective role of 

TIMP-1 against apoptosis through Akt regulation in 5xFAD mice, we wanted to check 

what is happening to the other interconnected cell death pathway that is autophagy. We 

found that TIMP-1 was able to increase the inhibitory phosphorylation level of ULK-1 

that prevents autophagy induction compared to untreated 5xFAD mice. In the latter, the 

level of pULK-1 was decreased compared to WT mice evident from 

immunohistochemical staining in the cortex (Fig 7 A, C) and hippocampal (Fig 7 B, D) 

slices indicating that autophagy induction is significantly higher in 5xFAD mouse brains 

compared to WT mice. However, we observed increased levels of p62 (Fig 7 E-H), LC3B 

(Fig 7 I-L) and LAMP1 (Fig 7 M-P) in the hippocampus and cortex of 5xFAD mice 

compared to WT mice indicating that although autophagy is induced more in 5xFAD 

mice compared to WT, the pathway is eventually impaired leading to the increased 

accumulation of autophagosomes and lysosomes in the transgenic mouse brain. TIMP-1 

was able to ameliorate the level of these proteins in 5xFAD to the WT level indicating 

that TIMP-1 treatment improves autophagy flux. 
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Fig.7: TIMP-1 injection in 5xFAD mice protects against impaired autophagy.14 days 

following TIMP-1 injection, immunohistochemistry was performed in hippocampal and 

cortical slices and CTCF was calculated for pULK1 (A-D, Hpc*p < 0.0001, #p < 

0.0001;Ctx*p < 0.0001, #p < 0.0001), p62 (E-H, Hpc*p < 0.0001, #p < 0.0001; Ctx*p 

< 0.0001, #p < 0.0001), LC3B (I-L, Hpc*p < 0.0001, #p < 0.0001; Ctx*p < 0.0001, #p 

< 0.0001) and LAMP1 (M-P, Hpc*p < 0.0001, #p < 0.0001; Ctx, *p < 0.0001, #p < 

0.0001). n = 3 animals per group, 50 cells/animal from hippocampus (Hpc) and 100 

cells/animal from cortex (Ctx) quantified from 40x images. Scale bar = 25 µm 

 

TIMP-1 injection rescues cognitive deficits in 5xFAD mice 

TIMP-1 was injected intracerebroventricularly by stereotaxic injection and behavioral 

tests were started on day-8 following injection as shown by the schematic in (Fig 8A). 

Initially, we performed locomotion test as it is useful to determine the exploratory 

activity in rodents. In the exploration time of 10 min, both the 5xFAD transgenic animals 

and aCSF infused 5xFAD mice travelled a longer distance (in cm) compared to the values 

of the WT animals. However, TIMP-1 treated 5xFAD mice exhibited a significant decline 

in the total distance travelled in the open field arena compared to 5xFAD mice (Fig 8. B-

C).  

Novel Object Recognition (NOR) test was used to estimate recognition memory of 

5xFAD mice which is a hippocampus dependent memory, in comparison to WT mice 

(Fig 8D). On the first day (Acquisition stage), WT mice, 5xFAD, 5xFAD+aCSF and 

5xFAD+TIMP-1 animals showed similar exploration time with the familiar objects (data 

not shown). On the second day, while WT mice spent more time with the novel object 

in the same NOR box, 5xFAD and 5xFAD+aCSF groups were unable to discriminate the 

novel object from the familiar one and spent almost equal time with both the objects. 

However, treatment with TIMP-1 ameliorated this deficit and the 5xFAD+TIMP-1 mice 
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spent markedly more time with the novel object in comparison to the familiar object (Fig 

8E). This was further validated by calculating the discrimination index (DI, Fig. 8F) and 

preference index (PI, Fig. 8G) percentage. 

In order to evaluate memory ability in EPM test, we recorded ITL and RTL of the 

different treated mice groups on day-1 and day-2 respectively. We further calculated ITL-

RTL to show the difference in transfer latencies of each group between the two days. We 

found that 5xFAD showed longer RTL than ITL and 5xFAD+aCSF showed similar ITL and 

RTL. However, upon treatment with TIMP-1, 5xFAD mice had a shorter RTL than ITL 

similar to WT group indicating than TIMP-1 treatment was able to improve learning and 

memory significantly (Fig 8H-I). 

Fear conditioning tests were performed to assess the fear memory related association 

between hippocampus and the amygdala. For fear conditioning test, we utilized two 

different test paradigms- context dependent fear conditioning and cue-based fear 

conditioning test. In contextual fear conditioning test, on day-1 (acquisition stage) all the 

groups of mice received four shock stimuli in a particular time interval. We calculated the 

mean of the percentage freezing in the four trials on day-2 of the test (probe stage) 

during the shock stimuli under the same context and found that freezing percentage were 

significantly reduced in the transgenic groups compared to the WT mice. TIMP-1 

treatment significantly improved the percentage freezing level in 5xFAD mice (Fig 8J-K). 

In cue-dependent fear conditioning test, mice were exposed to an unconditional stimulus 

(foot shock) associated with conditional stimuli (light and sound) on day-1 (Acquisition). 
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On day-2, the mice were exposed to the conditional stimuli only and freezing behavior 

was assessed (Probe stage). Percentage freezing was significantly reduced in the 5xFAD 

and 5xFAD+TIMP-1 mice groups compared to WT mice. TIMP-1 administration reversed 

the freezing percentage to a level comparable with the WT group. Hence, both these 

associative learning and memory functions were found to be impaired in the 5xFAD 

model of AD but were corrected significantly with TIMP-1 treatment (Fig 8L-M).  
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Fig.8: Cognitive deficits are corrected in 5xFAD mice following TIMP-1 treatment.A 

battery of behavioral tests was performed in four groups of mice – WT, 5xFAD, 

5xFAD+aCSF and 5xFAD+TIMP-1 on day-8 following intracerebroventricular TIMP-1 

infusion as shown by a schematic in (A). Locomotion or open-field test – representative 

infra-red images of the path travelled by mice in each group (B) and the total distance 

travelled was recorded in cm in 10 min in the open arena,*p < 0.001, #p < 0.05. (C). 

Novel object recognition (NOR) test – Schematic showing the day-2 scenario – with one 
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novel and one familiar object (D), results are shown as exploration time (sec) with 

familiar (F) and novel (N) objects within each group (E, *p < 0.01), discrimination index 

(F, *p < 0.0001, #p < 0.0001) and percentage preference index (G, *p < 0.0001, #p < 

0.0001).  Elevated plus maze (EPM) test, schematic shown in (H) represents the latency 

(sec) that is the time taken by the mouse to reach the closed arm recorded on day-1 at 

initial transfer latency (ITL) and on day-2 as retention transfer latency (RTL) and their 

difference (ITL-RTL), @p ≤ 0.0001,*p < 0.05, #p < 0.001 (I). (J) Shows the schematic 

and (K) the graphical representation of contextual fear conditioning test showing the 

percentage freezing time of mice in the different groups on day-2 (probe stage) of the 

test, *p<0.001, #p<0.001. (L) Shows the schematic and (M) the graphical representation 

of cue-dependent fear conditioning test shows the percentage freezing time of mice in 

the different groups on day-2 (probe stage) of the test, *p < 0.01, #p < 0.001. In all the 

bar graphs in this figure, values are expressed as Mean±SEM. (*) indicates p-values 

compared to WT group and (#) indicates p-values compared to 5xFAD group. No 

significant difference is observed between 5xFAD and 5xFAD+aCSF groups in all the 

behavioral tests. Number of animals used in each test is given in Table-3 in ‘Materials & 

Methods’ section. 

 

Discussion 

Reversal of memory deficits in AD patients has been a major challenge of clinicians and 

researchers worldwide. Various animal models have been implicated for this purpose at 

the preclinical level. The search for the most suitable animal model that replicates all the 

features of a human AD patient is incessant. Yet there are various suitable animal models 

available in the market now either peptide or chemical induced or genetic that mimics 

the essential hallmarks of AD serving specific purpose. We used two different animal 

models of AD – Aβ-infused rat and 5xFAD transgenic mouse. In the intrahippocampal 

Aβ-injected models, injected oligomeric Aβ serves as the toxic prion-like component 

spreading from the injected region to the surrounding regions of the brain (Katzmarski et 

al., 2020). Eventually, we observe that the Aβ-infused rats not only lose their 
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hippocampal dependent memory like recognition memory (NOR, EPM, Passive 

avoidance test), but shows additional complex memory deterioration where amygdala 

and prefrontal cortex are involved that is loss of fear memory acquisition (fear 

conditioning tests) as well as disinhibition behavior (hyperlocomotion and loss of 

thigmotaxis). Hence, we employ this model to study the short-term effects of TIMP-1 on 

the deficits directly induced by Aβ infusion. We found that TIMP-1 infusion restored 

learning and memory deficits of the Aβ-infused rats. Earlier reports show that reactive 

astrocytes may have a role in engulfing and clearing Aβ plaques and hence play a 

protective role (Wyss-Coray et al., 2003), however the exact molecular mechanisms 

remain elusive. We predict that secretion of TIMP-1 by the reactivated astrocytes in AD 

may be one mechanism of Aβ clearance from the AD brain. A report has earlier shown 

that TIMP-1 was able to reactivate the astrocytes and such reactivated astrocytes in the 

vicinity of Aβ-plaques in turn enhances the level of their MMPs that can degrade Aβ 

(Hernandez-Guillamon et al., 2009). Here, we show that TIMP-1 partakes in a 

neuroprotective role by clearing Aβ plaques from hippocampus and nearby cortical 

regions in the Aβ-infused rat brain. However, the exact mechanism by which TIMP-1 

drives this clearance still needs to be divulged. 

5xFAD mouse is one of the most advanced transgenic models of AD available to date. 

We found that endogenous TIMP-1 expression was significantly lower in the 5xFAD mice 

(hippocampus and cortex) across ages from as early as 2 months to 10 months when 

compared to the age-matched wild type mice. Moreover, the level of TIMP-1 was more 

than five-fold less than that of age-matched wild type from 6-month of age onwards. 
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This was an interesting data and although we did not calculate that reduction in TIMP-1 

level in the 5xFAD mice specifically as a function of age, our result corroborated to some 

extent with an earlier report by Py et al. (Py et al., 2014). Although they have shown 

that in 5xFAD mice, TIMP-1 level increased progressively from 4 month to 6 month but 

its level reduces at 6 months with the initiation of neurodegeneration indicating that 

TIMP-1 may play a beneficial role in the prodromal stage of AD. A strong body of 

evidence by Ghorpade group shows that there is a biphasic regulation of TIMP-1 in 

response to acute vs. chronic inflammatory insults associated with HIV-related 

neurocognitive disorders (Gardner and Ghorpade, 2003). Their in vitro work in primary 

human astrocytes as well as in vivo results from HIV-1 transactivator of transcription 

(Tat) transgenic mouse model reveal that TIMP-1 is upregulated in response to an acute 

inflammatory stimulus but are reduced during chronic inflammatory insult (Joshi et al., 

2020; Suryadevara et al., 2003). Coherently, they observed decreased levels of TIMP-1 

from the CSF and brain tissue samples of HAND patients indicative of chronic 

neuroinflammation (Suryadevara et al., 2003). They hypothesize that secretion of TIMP-1 

in response to acute inflammation is an attempt by the brain to protect and repair the 

neuronal damage due to the insult. However, in case of prolonged presence of the 

inflammatory insult, TIMP-1 mediated neuroprotective effect is lost due to the 

downregulation of TIMP-1 expression. They emphasize that the reduction in TIMP-1 

protein level under chronic situation ultimately drives the neurons towards a detrimental 

fate. Additionally, they report that TIMP-1 secretion is exclusively mediated by the 

reactive astrocytes; this is consistent with our results in Part-I where we show that TIMP-1 

is being released by reactive astrocytes while responding to Aβ treatment in vitro. 
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However, there are some contradictory reports. In APP/PS1 transgenic AD mice, MMP-2 

and MMP-9 reportedly help in the degradation of Aβ plaques and the function of these 

proteases are inhibited by TIMP-1 treatment (Yin et al., 2006). Seizure mediated loss of 

neurons are restored in the hippocampus in a TIMP-1 KO model and is dependent on the 

MMP-inhibitory role of TIMP-1. Interestingly, these TIMP-1 KO mice also showed severe 

deterioration in learning and memory functions which are in coherence with our results 

(Jourquin et al., 2005). Moreover, utility of the 5xFAD model in our study to test the 

effect of exogenous TIMP-1 on cognitive behaviors and signaling pathway becomes 

magnanimously specific due to the low endogenous expression level of TIMP-1 in 5xFAD 

mice compared to WT. Hence, whatever effects we are observing in the 5xFAD mice is a 

direct effect of the exogenous TIMP-1 alone without much contribution of the 

endogenous TIMP-1. 

We also enquired about the underpinning mechanisms at play by which TIMP-1 mediates 

its neuroprotective functions in these models of AD. Taking cue from our in vitro results, 

we found that indeed TIMP-1 was responsible for preventing apoptotic cell death by 

activating Akt in vivo leading to the downregulation of downstream apoptotic markers 

such as BIM, PARP cleavage and pH2Ax. Akt is implicated in the protection of neurons in 

AD models as reported by our group and others (Bommarito et al., 2011). TIMP-1 has 

been shown to prevent apoptosis in different models across different diseases and is 

responsible for upregulating various signaling pathways namely FAK, MAPK and 

PI3K/Akt pathways (Jung et al., 2006; Song et al., 2016). However, TIMP-1 mediated 

recovery in apoptosis was observed in the hippocampal tissue but not in the cortices in 
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western blot assay while in immunohistochemical study pH2Ax levels were 

downregulated in 5xFAD mice by TIMP-1 both in the hippocampal and cortical areas. 

This discrepancy may be because super resolution immunofluorescence studies are more 

sensitive and help in detection of even small level changes in the protein expression 

across different and specific brain regions while in western blot change in specific protein 

expression across groups should be at a particular threshold level to be detected by this 

method significantly. We hypothesize that may be changes in the signaling is not 

significantly altered in the cortices in response to TIMP-1 as in the hippocampi of 5xFAD 

mice and hence we are unable to observe any significant difference in the whole cortex 

level. Earlier report suggests that following birth TIMP-1 is majorly expressed by 

hippocampal pyramidal cells and cerebellar granule cells (Fager and Jaworski, 2000). We 

observed that TIMP-1 corrected impaired autophagy flux in our both in vitro and in vivo 

models. Interestingly Akt seems to be the common upstream mediator of both apoptosis 

and autophagy regulation by TIMP-1 in 5xFAD since Akt/mTOR pathway has been 

previously shown to be involved in autophagy dysregulation in 5xFAD mice (Saha et al., 

2021). 

Thus our results indicate that TIMP-1 can be used as a cytokine based therapy in AD in 

coherence to other cytokines that are reportedly neuroprotective in vivo namely ICAM-

1, TGFβ, IL-10, IFN-β, IL-33 and G-CSF (Table-1 in ‘Review of literature’). TIMP-1 not 

only rescues AD-related cognitive deficits in both the models of AD but also promotes 

neuronal survival by regulating both apoptosis and autophagy pathways through 

common upstream regulator Akt. 





 

 

 

 

 

 

 

 

 

Part III: TIMP-1 on synaptic plasticity in AD: 

deciphering underpinning mechanisms of cognitive 

recovery 
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PART- III: TIMP-1 on synaptic plasticity in AD: deciphering 

underpinning mechanisms of cognitive recovery 

Synaptic plasticity, defined as the activity-dependent changes in the strength of synaptic 

connections in-between neurons, forms the basis of memory storage in the brain (Singh 

and Abraham, 2017). Similar to numerous other physiological supports provided by the 

astrocytes to neurons, their role is undeniable in regulating synaptic transmission and 

synaptic plasticity (Garwood et al., 2017). The tripartite synapse, a term coined around 

20 years ago (Araque et al., 1999), is used to define the close proximity between the pre- 

and post-synaptic neuronal processes to the astrocytic elements (Auld and Robitaille, 

2003). This close positioning enables the astrocyte to interact with the neurons through a 

plethora of gliotransmitters and other neuro-active molecules across the synapse 

mediating synaptic communication and memory formation in the brain. 

Neurotransmitters are released from the pre-synaptic cleft triggering metabotropic or 

ionotropic receptors on the astrocyte surface (Garwood et al., 2017). In response, there is 

a transient elevation in calcium levels within the astrocytes which is dependent on the 

intensity of external signal. For example, upregulation in astrocytic Ca
2+

 levels has been 

reported upon activation of pyramidal neurons in hippocampus through the stimulation 

of metabotropic glutamate receptor on the astrocyte surface (Porter and McCarthy, 

1996). The astrocytes, in turn, release a plethora of gliotransmitters such as glutamate, 

GABA, D-serine, ATP etc. which have the ability to influence synaptic plasticity by 

modifying long-term potentiation (LTP) and long-term depression (LTD) (Singh and 

Abraham, 2017). LTP is associated with generation of new dendritic spines, enhancement 
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of post-synaptic densities and spine head enlargement of neurons, all of which are 

markers of a healthy synapse. LTD, on the other hand, is associated with spine shrinkage 

as well as spine loss leading to weakening of synapses. LTP and LTD are thus considered 

experimental indicators of synaptic plasticity. Thus, it can be inferred that this 

bidirectional astrocyte-neuron communication demonstrates the active participation of 

astrocytes in memory formation (Gibbs et al., 2008; Zorec et al., 2015). Additionally, 

astrocytes also modulate synaptic signaling by efficient removal of inhibitory and 

excitatory neurotransmitters, released in the synaptic cleft, via specialized astrocytic 

transporters. The rate of clearance of the neurotransmitters maneuvers the extent of post-

synaptic activation (Garwood et al., 2017). Thus, both release and uptake of 

neurotransmitters can modulate the synaptic activity and a single synaptic firing can be 

quickly communicated to neighboring astrocyte-neuron network. Astrocytes also secrete 

several cytokines that modulate synaptic plasticity in brain under normal physiological 

situation. For example, TNF-α can induce either membrane internalization or insertion of 

AMPA receptor subunits at the excitatory synapses depending on the activity involved 

(Habbas et al., 2015). TNF-α is also involved in synaptic scaling, defined as a coordinated 

modulation of a population of synapses to adjust their strength in accordance to long-

term alterations in network activity. Additionally, it can also regulate astrocytic glutamate 

release and thus indirectly influence synaptic activity. Similarly, other cytokines from 

astrocytes such as IL-6, IL-2, IL-1β, IL-10, IFN-γ and IFN-α are involved in modulating 

synaptic plasticity (Singh and Abraham, 2017). 

Astrocytes, as described, being a major contributor in maintaining synaptic plasticity plays 

a crucial role in maneuvering synaptic dysfunction and loss in AD. Synaptic dysfunction is 
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an early event in AD that proceeds towards memory dysfunction. Synaptic scaling as well 

as both LTP and LTD are perturbed in various animal models of AD (Cheng et al., 2009; 

Rowan et al., 2014; Selkoe, 2008). Reactive astrocytes in AD secrete several factors that 

can influence synaptic plasticity. GABA secreted by reactive astrocytes prevents excitatory 

neurotransmission and further prevents LTP induction. By inhibiting GABA release from 

reactive astrocytes in AD, several AD-related cognitive deficits are ameliorated (Acosta et 

al., 2017). On the other hand, ATP is also released by Aβ treatment to astrocytes that 

protects neurons from Aβ-triggered dysfunction in LTP in vitro (Jung et al., 2012). Thus, 

this mechanism may be one of the defensive weapons employed by the cells to protect 

synaptic damage and further prevent memory impairment. However, cytokines like TNF-

α are robustly released from reactivated astrocytes in response to Aβ (Johnstone et al., 

1999) and when TNF-α induction was silenced, it reduced Aβ-dependent suppression of 

LTP (Wang et al., 2005) and cognitive deficits (Alkam et al., 2008). Furthermore in 

advanced stages of AD, reactive astrocytes also profusely secrete pro-inflammatory 

cytokines including IL-1β, IL-6, IFN-γ etc. (Benzing et al., 1999; McGeer and McGeer, 

2010) that are capable of inhibiting LTP (Singh and Abraham, 2017). Thus, we found 

evidence in literature that there are both good and bad factors that are released by 

reactive astrocytes in AD that can modulate synaptic health, LTP/LTD ratio and finally 

underlie the changes we observe in terms of cognitive behaviors. So, in Part-III we 

address the mechanisms underpinning the recovery in learning and memory we observed 

by TIMP-1 injection in 5xFAD mice in Part-II. Progressive changes in synaptic structure 

and functions often precede the actual neuronal loss and finally memory deficits that we 
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observe in AD. Thus, we focus our research on delineating the changes at the synaptic 

level from biochemical and electrophysiological perspectives. 

Results 

TIMP-1 improves synaptic health in both Aβ-infused rat brain and 5xFAD mice 

In AD, loss of synaptic efficacy especially in the hippocampus may be seen as the earliest 

and the most prominent cause of neurodegeneration and the subsequent loss of memory 

especially in the early clinical phase of the disease. Moreover, oligomeric Aβ 

accumulation is detected as the main causal factor for the synaptic failure (Selkoe, 2002). 

In an early AD model developed by delivering AAV-based APP and PS1 genes in a 2-

month old mouse brain, loss of post-synaptic protein PSD95 was observed and 

correlated to loss of LTP and memory impairment (Audrain et al., 2016). We checked for 

the levels of standard pre-synaptic marker synaptosomal-associated protein 25 (SNAP25) 

(Greber et al., 1999) and post–synaptic marker, post-synaptic density 95(PSD95) (Gylys 

et al., 2004), two prominent well-recognized markers to estimate changes in synaptic 

plasticity in both Aβ-induced model of AD and 5xFAD mice. 

In Aβ-induced rat, 23 days following Aβ infusion through immunofluorescence studies in 

the hippocampus, we found significant decrease in the expressions of PSD95 (1A-B) and 

SNAP25 (1C-D). However, in the TIMP-1 treated Aβ-infused rats, the level of expression 

of both PSD95 and SNAP25 were significantly recovered.  
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Fig.1: TIMP-1 improves synaptic protein expressions in Aβ-infused rat. (A-C) 

Immunocytochemistry technique was used in control, Aβ, TIMP-1 and Aβ+TIMP-1 

injected coronal sections of rat brain with PSD95 and SNAP25 antibodies. Hippocampal 

regions were imaged at 40x magnification with the help of a confocal microscope 

(zoomed in images shown, scale bar = 20 µm for PSD95; scale bar = 10 µm for 

SNAP25). (B-D) CTCF values are presented as bar diagrams for each of the synaptic 

markers, *p<0.05.  

We further checked whether similar changes occur in our 5xFAD model. We found that 

indeed both SNAP25 and PSD95 levels were significantly decreased in 6-month old 

5xFAD mice both in the cortex and hippocampus in immunofluorescence studies. 

However, TIMP-1 injection in 5xFAD mice significantly improved both SNAP25 

fluorescence intensities in the CA1 hippocampus (Fig 2A, C) and cortex (Fig 2E, G) and 

also PSD95 intensities in the CA1 hippocampus (Fig 2B, D) and cortex (Fig 2F, H). We 

performed whole tissue western blot analysis and found significant recovery in the 

expression levels of SNAP25 (Fig 2I, K) and PSD95 (Fig 2J, L) in the hippocampal tissue 

of TIMP-1 treated 5xFAD mice when compared to the untreated 5xFAD mice. However, 
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no significant changes were observed in these synaptic protein levels in the TIMP-1 

treated 5xFAD group in the cortical tissues (data not shown). This discrepancy between 

immunofluorescence data and immunoblotting may be because of the technical 

constraint of western blotting in detecting very low level changes in protein expressions 

between groups or we may also infer that since we are utilizing whole cortex for 

immunoblotting, the changes if any, in any particular cortical layer is not captured 

properly by immunoblotting.  Hence, our results were consistent with AD-related 

degradation in synaptic protein markers in both Aβ-induced rat model and 5xFAD mice 

and TIMP-1 was able to improve these protein levels indicating better synaptic health 

and integrity. 
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Fig.2: TIMP-1 improves synaptic protein expressions in 5xFAD mouse. 

Immunohistochemical analysis was performed on WT, 5xFAD and 5xFAD+TIMP-1 

infused mice brain sections with SNAP25 (green) and PSD95 (red) antibodies from 
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hippocampus and cortex as indicated. Images were taken at 40x magnification under 

confocal microscope (white box indicate the regions under 40x selected for further 

zooming), scale bar = 15µm. Zoom-in pictures are represented (scale bar = 15µm). Bar 

diagrams are representing the Mean±SEM values of intensities of both the markers as 

CTCF values, n = 3 animals per group, 50 cells/animal from hippocampus (Hpc) and 150 

cells/animal from cortex (Ctx) quantified from 40x images from Hpc(C, *p<0.0001, 

#p<0.0001; D, *p<0.0001, #p<0.0001) and Ctx (G, *p<0.0001, #p<0.0001; H, 

*p<0.0001, #p<0.0001). Western blot was performed from the hippocampal whole 

tissue lysates for SNAP25 (I) and PSD95 (J). Corresponding densitometric analyses are 

shown from K-L. Values are expressed as Mean±SEM, n = 4 animals per group where 

*p<0.05, #p<0.001 in (K) and *p<0.05, #p<0.05 in (L). (*) indicates p-values 

compared to WT group and (#) indicates p-values compared to 5xFAD group. 

 

TIMP-1 mediated recovery in synaptic protein expressions occurs at the nerve terminal  

Although we detected positive changes in synaptic proteins SNAP25 and PSD95 in whole 

tissue levels through immunohistochemical and western blot analyses with TIMP-1 

treatment in 5xFAD mice, the assay systems were not sufficient to specify the localization 

of these proteins particularly at the nerve terminals or rather to understand whether the 

changes rendered by TIMP-1 is specifically a synaptic phenomenon. For this purpose, we 

isolated synaptosomes following a protocol described earlier (Gharami and Biswas, 

2020). Synaptosomes are essentially isolated suspensions of nerve terminals, by careful 

mechanical shearing from mouse brain tissue, constituting cytoplasm, synaptic vesicles, 

cytoskeleton and mitochondria ensheathed by a membranous sac. These pre-synaptic 

nerve terminals often remain attached with the membrane of the post-synapse and the 

post-synaptic density proteins as observed by electron microscopy imaging earlier. 

Hence, synaptosomes are viable suspensions that structurally and functionally replicate 

nerve terminals in vivo and are quite useful to assess synaptic changes in response to a 

drug treatment. Here we isolated viable synaptosomes from the four treatment groups of 
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mice – WT, 5xFAD, WT+TIMP-1 and 5xFAD+TIMP-1 and then performed western blot 

analysis to determine the content of specific synaptic proteins under each condition. PSD-

95, CaMKIIα and Homer 1 are implicated in excitatory synapse functioning and 

excitotoxicity of glutamatergic synaptic system is one of the hallmarks of AD (Wang et 

al., 2002; Wilcox et al., 2011). PSD95 is considered as the most important determinant in 

deciding the ratio of theexcitatory to inhibitory synaptic contacts (Prange et al., 2004). 

Additionally, pre-synaptic protein expressions undergo drastic changes in AD (Greber et 

al., 1999) and some including SNAP-25 are now strongly considered as CSF-based 

biomarkers of AD (Kivisakk et al., 2022). 14 days post TIMP-1 injection we isolated 

cortical and hippocampal synaptosomes from the mice brains of each treatment groups 

and performed western blot analysis to determine the changes in pre-synaptic proteins – 

SNAP25 (Fig 3A-C) and Synaptophysin (Fig 3A, D-E) and post-synaptic proteins PSD95 

(Fig 3A, F-G) and HOMER 1 (Fig 3A, H-I). We also checked an excitatory synaptic 

marker – CAMKIIα level in our treatment groups. We observed that the expressions of 

pre and post synaptic markers were significantly lower in the 5xFAD group when 

compared to the WT group both in the cortical and hippocampal synaptosomes 

preparations. TIMP-1 treatment in 5xFAD was able to recover the level of SNAP25 

significantly in the synapse of the cortex (Fig. 3A-B) and hippocampus (Fig 3A, C) 

comparable to WT SNAP25 level. TIMP-1 was unable to significantly recover the level of 

synaptophysin both in the cortex (Fig 3A, D) and in the hippocampal (Fig 3A, E) 

synaptosomes preparations. The level of PSD95 was significantly improved by TIMP-1 

injection in 5xFAD mice both in the synapses of cortex (Fig 3A, F) and hippocampus (Fig 

3A, G). HOMER1 level was significantly improved in the TIMP-1 treated 5xFAD cortex 
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(Fig 3A, H) but not significantly in the hippocampus (Fig 3A, I), although there was a 

trend. Interestingly, the level of CAMKIIα was found to be much higher in the 

hippocampal synaptosomes of the 5xFAD mice when compared to WT mice and its level 

was significantly reduced in the TIMP-1-treated 5xFAD group indicating that TIMP-1 was 

able to prevent the increased excitotoxicity in the 5xFAD mice synapses (Fig 3A, K). The 

cortical level of CAMKIIα remained unchanged among all the groups (Fig 3A, J).  
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Fig.3: TIMP-1 differentially modulates synaptic protein expressions detected in isolated 

synaptosomes. Western blot was performed from synaptosomes isolated from cortex or 

hippocampus of the four treated groups. Representative blots for the panel of synaptic 

proteins are shown in (A). Densitometric analysis for pre-synaptic markers SNAP25 (B, 

*p=0.0358, #p=0.0491; C, *p<0.0001, #p<0.01) and Synaptophysin I (D, *p=0.0354; 

E, *p=0.003), post-synaptic markers - PSD95 (F, *p=0.0007, #p=0.0397; G, 

*p=0.0008, #p=0.0260) and HOMER1 (H, *p<0.0001, #p=0.0081; I, *p=0.0024) and 
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excitatory synaptic marker CAMKIIα (J;K, *p=0.0472, #p=0.0112) are shown as bar 

graphs. Values are expressed as Mean±SEM, n = 3-5/ group where (*) indicates p-values 

compared to WT group and (#) indicates p-values compared to 5xFAD group.Here, n 

represents number of independent synaptosome isolations. 

 

TIMP-1 corrects deficits in synaptic spine density and spine shape in 5xFAD mice 

Dendritic spines are the protrusions from the dendrites of a neuron and constitute a 

synapse when they communicate with a nearby axon. Dendritic or synaptic spines are 

highly dynamic in their size, shape and density and their changes are strongly correlated 

with learning and memory.  Evidence suggests that accumulation of Aβ in rodent models 

of AD causes loss in the number of synapses, further causing damage in synaptic plasticity 

and disruption of neuronal networks (Kivisakk et al., 2022). We performed Golgi 

staining and obtain high resolution 120x bright-field images of cortical or hippocampal 

sections, 14 days following TIMP-1 injection in 5xFAD mouse to study changes in spine 

density.Fig 4A-D sequentially show the approximate locations of the brain from where 

the hippocampal and cortical stretches were imaged and used for calculations. We found 

thatthe number of spines/10 µm was significantly increased in both hippocampus (Fig 4E-

F) and cortex (Fig 4G-H) of 5xFAD mice treated with TIMP-1 compared to untreated 

5xFAD mice and was comparable to the untreated WT brain spine density in each 

region. The spine density was unaltered in the TIMP-1 injected WT mice. Notably, the 

spine density in the hippocampus was more than 2-fold than that detected in the cortex 

in the WT mice. Thus, TIMP-1 was able to improve the spine densities, both in the 

hippocampus and cortex, which were abrogated in the 5xFAD mice. 
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Fig.4: TIMP-1 restores spine density in the hippocampus and cortex of 5xFAD mouse to 

the normal physiological level. (A) The representative coronal slice of a brain showing 

the CA1 region of the hippocampus and the cortex targeted for spine density calculation 
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following Golgi staining. (B) Shows the region of the hippocampus and cortex zoomed 

for higher magnification imaging indicated by white boxes. Panels show the sequential 

zoom-in (20x-40x-60x) done to locate a particular dendrite for counting in hippocampus 

(Hpc, C) and cortex (Ctx, D). Scale bar indicates 100 µm. Panel shows representative 

images of 15 µm segment of dendrites with spines imaged at 120x in hippocampus (E) 

and cortex (G) from the four treatment groups, scale bar = 1 µm. Number of 

spines/10µm is quantified from each group and presented as a bar graph for 

hippocampus (F, *p<0.0001, #p<0.0001) and cortex (H, *p<0.0001, #p<0.0001). n=3 

animals per group, 40-80 dendritic stretches/group from each region were used, values 

are presented as Mean±SEM, (*) indicates p-values compared toWT group and (#) 

indicates p-values compared to 5xFAD group. 

Besides synaptic spine density, spine shape is yet another morphological aspect of 

synapses that are altered in an activity-dependent form of plasticity. Synaptosome proves 

to be a unique tool in quantifying changes in spine shape in terms of its actin content. 

Changes in spine shape are regulated by dynamic alterations in the cytoskeletal actin 

content that is change in the ratio of filamentous versus globular form of actin in 

synaptosome. Notably, shrinkage of dendritic spine is one of the pathological attributes 

of AD. We fractionated the viable synaptosomes further into the cytoskeletal fraction 

constituting the filamentous (F) actin and the supernatant fraction constituting the 

globular (G) actin (Fig. 5A). The ratio of F/G actin indicates the change in spine shape. 

We found that the ratio was significantly reduced in the hippocampal fractions from the 

5xFAD mice when compared to WT group. However, treatment with TIMP-1 helped to 

improve the actin content of the spine as indicated by an increased F/G actin ratio in the 

5xFAD mice (Fig. 5B-C). Spine shape and maturation are correlated to stabilization of 

actin cytoskeleton. Phosphorylation of Cofilin is the major factor for the stabilization of 

actin cytoskeleton and thereby helps the spine to attain maturation followed by spine 

enlargement. We found that the phosphorylation level of Cofilin was significantly lower 



190 
 

in the 5xFAD mice when compared to WT mice. However, in the 5xFAD+TIMP-1 group, 

the level of phosphoCofilin was significantly improved indicating the role of TIMP-1 in 

inducing spine maturation and hence the improvement in spine shape (Fig 5D-E). 
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Fig.5: TIMP-1 improves spine shape in 5xFAD mice. (A) Schema showing the procedure 

for synaptosome isolation from 4-5 mouse brains followed by fractionation to obtain the 

cytoskeleton (CSK) and cytoplasmic/supernatant (SUP) fractions. (B) Representative 

immunoblot from hippocampus synaptosome showing filamentous (F, in CSK fraction) 

actin and globular (G, in SUP fraction) actin contents in each group of mice. Results from 

two mice are shown in consecutive lanes marked by the group name in the blot. (C) 

Densitometric analysis of F/G actin content is represented as Mean±SEM where 

n=3/group, *p=0.0340, #p=0.05. (D) Representative blot for hippocampal 

synaptosome phosphoCofilin and Cofilin are shown. (E) Densitometric analysis is 

presented as Mean±SEM where n=3/group, *p<0.05, #p<0.01. Here, n represents 

number of independent synaptosome isolations. 

TIMP-1 improves basal synaptic transmission but did not affect short-term plasticity in the 

hippocampal schaffer collateral-CA1 synapses in 5xFAD mice 

In order to determine whether basal synaptic transmission at Schaffer collateral-CA1 

synapses is affected in 5xFAD mice compared to WT mice, we checked input-output (I-

O) relationship curve in the hippocampal slices from the four treatment groups. Fig 6A 

shows the representative fEPSP traces of four experimental groups as indicated across 

different current stimulus intensities (20 – 300 µA with 20 µA increments). Fig 6B shows 

the quantitative analysis of the I-O curve. Two-way ANOVA followed by Tukey’s post-

hoc test revealed that in the 5xFAD slices, the fEPSP responses across the different current 

intensities were significantly lower than the untreated WT mice as indicated. TIMP-1 was 

able to improve the fEPSP slope values in 5xFAD significantly at several current intensities 

as indicated, the highest being at 260 µA current strength (#p=0.0483). Fig 6C shows the 

area under curve (AUC) interpreting the graph we obtained in Fig 6B with better clarity. 

Next we also wanted to study the effect of TIMP-1 treatment in 5xFAD on short-term 

plasticity by determining the paired-pulse facilitation (PPF) ratio at the Schaffer collateral-

CA1 synapses. PPF helps in evaluating the alterations in pre-synaptic activity and 
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neurotransmitter release probability by administering two consecutive stimulating pulses 

with a short inter-stimulus interval (ISI). PPF ratio remained unaltered among the four 

experimental groups (Fig 6D). Fig 6E shows the AUC depicting the results we obtained in 

Fig 6D for clarity. Hence, we may conclude that the probability of pre-synaptic 

neurotransmitter release remained unaltered at the Schaffer collateral-CA1 synapses in 

5xFAD mice and there was no further change with TIMP-1 treatment. 
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Fig.6: Deregulated basal synaptic transmission at Schaffer collateral-CA1 synapses in 

5xFAD mouse is restored by TIMP-1 but paired pulse facilitation ratio remains unaffected 

in all the groups. (A) Representative fEPSP traces of slices from the four treatment groups 

are shown across increasing current stimulus strength. Each color curve represents field 
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responses (fEPSP) to schaffer collateral stimulation along different intensities of current 

stimulus (20 – 300 µA with 20 µA increments) (B) Input-output relationship (fEPSP slopes 

along a step-wise rise in stimulus intensity) is represented by calculating the mean value 

of all the slices in each group at each stimulus current strength from 20 – 300 µA (n= 9-

15 slices/group, N=5-6 mice/group) where *p<0.05, #p<0.05. (C) Area under curve 

calculated from the graph shown in (B) where values are presented as Mean±SEM, 

*p=0.0153, #p=0.0103. (*) indicates p-values compared toWT group and (#) indicates 

p-values compared to 5xFAD group.(D) PPF ratio of all the four groups across increasing 

inter-stimulus interval ranging from 30 to 300 ms. (E) Area under curve calculated from 

the graph shown in (D), where values are presented as Mean±SEM (n= 9-15 

slices/group, N=5-6 mice/group). 

TIMP-1 ameliorates deficit in long-term potentiation in the hippocampal schaffer 

collateral-CA1 synapses in 5xFAD mice 

LTP and LTD are the cell-level determinants of cognitive activities. LTP/LTD regulation 

forms the basis of synaptic plasticity which in turn modulates learning and memory. 

Several reports suggest that disruption of LTP occurs even before the appearance of Aβ 

plaques or any cognitive deficits in transgenic models of AD (Audrain et al., 2016; 

Jacobsen et al., 2006). Further, both synthetic as well as natural Aβ oligomers reportedly 

inhibit LTP ex vivo and in vivo respectively. Aβ can eventually lead to a downregulation 

of LTP and related processes and upregulation of LTD (Walsh et al., 2002). We next 

wanted to study whether the level of LTP expression was different between the WT and 

5xFAD hippocampal slices. We also predicted that changes in basal synaptic transmission 

induced by TIMP-1 in 5xFAD mice may have a contribution towards LTP induction in 

hippocampal slices of mice. We evaluated synaptic potentiation at three different 

plasticity time points - Post-tetanic potentiation (PTP, 1 min post TBS), short-term 

potentiation (STP, 21
st
-30

th
 min post TBS) and LTP (40

th
-60

th
 min post TBS). Fig 7A shows 
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the representative tracings of pre- and post-TBS fEPSP in each of the treatment groups.  

Fig 7B shows the time course of normalized fEPSP response of the four treatment groups 

each initiating with a baseline of 20 min and continuing for another 60 mins post-TBS. 

Fig 7C shows the AUC for better interpretation of the graph shown in Fig 7B elucidating 

a diminished AUC in 5xFAD group compared to the other treatment groups while it was 

significantly improved in the TIMP-1 treated 5xFAD group. One-way ANOVA analysis 

showed that there was no significant change in PTP (Fig 7D) and STP (Fig 7E) among the 

treatment groups. One way ANOVA followed by Tukey’s post hoc test showed that LTP 

induction was significantly lower in the 5xFAD hippocampal slices compared to WT 

mice. However, TIMP-1 treatment in 5xFAD mice significantly improved the level of LTP 

induction while TIMP-1 treatment to WT mice did not show any alteration when 

compared to the WT group (Fig7F). 
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Fig.7: TIMP-1 improved the magnitude of long-term potentiation induced in 5xFAD 

mice. (A) Representative fEPSP tracings of slices from WT, 5xFAD, WT+TIMP- and 

5xFAD+TIMP-1 mice. Solid line represents pre-TBS response (baseline) and dotted line 

represents post-TBS response. Note the decrease in the magnitude of LTP in 5xFAD 
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(pink) compared to WT (grey) and increase in LTP in 5xFAD+TIMP-1 (green) group 

compared to 5xFAD. (B) Time course of fEPSP responses with 20 min pre-TBS and 60 

min post-TBS. Note the time segments post-TBS demarcated for calculating post-tetanic 

potentiation (PTP), short-term potentiation (STP) and long-term potentiation (LTP). (C) 

Area under curve calculated from the graph shown in (B). Values are presented as 

Mean±SEM, *p = 0.0088, #p = 0.0207. (*) indicates p-values compared toWT group 

and (#) indicates p-values compared to 5xFAD group. (D) Bar graph represents post-

tetanic potentiation (1 min post-TBS). (E) Bar graph represents short-term potentiation 

(21
st
-30

th
 min) post-TBS. (F) Bar graph represents long-term potentiation (40-60 min post-

TBS) showing significant induction in LTP in 5xFAD+TIMP-1 slices compared to slices 

from untreated 5xFAD mice. Values are presented as Mean±SEM (n= 9-12 slices/group, 

N=5-6 mice/group),*p = 0.0165, #p = 0.0355. (*) indicates p-valuecompared 

toWTgroup and (#) indicates p-value compared to 5xFAD group. 

TIMP-1 inhibits GSK3β activity and causes BDNF secretion in 5xFAD mice 

GSK3β is an important regulator of LTP/LTD signaling implicated in synaptic changes in 

the brain (Bradley et al., 2012). We have already detected Akt as an important 

modulator in TIMP-1 mediated neuroprotection in vitro (Ch-1) and in vivo (Ch-2). 

Additionally, we found that TIMP-1 improves LTP induction in 5xFAD mice. We 

hypothesized that since Akt phosphorylation both at s473 and t308 leads to GSK3β 

(ser9) phosphorylation and there is a recovery in LTP, TIMP-1 may have a role in GSK3β 

signaling. Indeed we found that TIMP-1 increased GSK3β phosphorylation in the 

hippocampal whole tissue level versus significantly reduced phosphorylation level in 

untreated 5xFAD mice (Fig 8A-B). Further analysis of synaptosomes confirmed that 

TIMP-1–directed increase in pGSK3β level in 5xFAD mice takes place at synapses both 

from cortex (Fig 8C-D) and hippocampus (Fig. 8C, E). Brain Derived Neurotrophic Factor 

(BDNF) is known to play a role in GSK3β inhibition (Jain et al., 2013). Interestingly, in 

western blot analysis from whole tissue hippocampus we found significant induction in 
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BDNF levels upon treatment of 5xFAD mice with TIMP-1 compared to untreated 5xFAD 

mice (Fig 8F-G). Thus, we may conclude that the signaling pathway responsible for LTP 

induction in response to TIMP-1 treatment in 5xFAD mice is BDNF-regulated Akt/GSK3β 

pathway. 
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Fig.8: TIMP-1 inactivates GSK3β and induces BDNF expression in 5xFAD mice. (A) 

Representative blot from whole hippocampal tissue lysates showing phosphoGSK3β 

(ser9) and total GSK3β levels in the same blot. (B) Shows the densitometric analysis of 

hippocampal pGSK3β/GSK3β. Values are presented as Mean±SEM (n= 3 

mice/group),*p< 0.01, #p < 0.05. (C) Representative blot from synaptosomal lysates 

showing phosphoGSK3β (ser9) level from hippocampus. (D) Densitometric analyses of 

hippocampal pGSK3β/GSK3β from synaptosomes represented as Mean±SEM (n= 

3/group),*p = 0.0202, #p = 0.0094. Here, n represents number of independent 

synaptosome isolations. (E) Representative blot from whole hippocampal tissue lysates 

showing BDNF level and corresponding actin. (F) Shows the densitometric analysis of the 

normalized hippocampal BDNF level. Values are presented as Mean±SEM (n = 3 

mice/group),*p< 0.05, #p < 0.05. 

Discussion 

Findings strongly suggest that synaptic dysfunctions precede Aβ deposition, neuronal 

damage and cognitive loss and are thus recognized as one of the earliest phenomena in 

AD (Audrain et al., 2016). Thus, deciphering the role of TIMP-1 in the earliest stage of AD 

may present as an effective neuroprotective strategy. We found that TIMP-1 significantly 

improved the levels of pre- and post-synaptic proteins, SNAP25 and PSD95, in 5xFAD 

mouse especially in the hippocampus at the whole tissue level and both in cortex and 

hippocampus, when specifically synaptic localization was studied in the synaptosomes. 

However, no recovery in synaptophysin level was observed with TIMP-1 treatment and 

in case of HOMER1 we did not find any significant change in hippocampus unlike in 

cortex. Hence, not all types of synaptic protein expressions are altered by TIMP-1, at least 

not equally in individual brain regions. Both SNAP25 (Greber et al., 1999) and PSD95 

(Gylys et al., 2004) levels are found to be decreased in tissue samples of AD patients but 

interestingly their CSF levels are found to be increased in AD patients such that now both 

of SNAP25 and PSD95 are proposed as important biomarkers for early AD diagnosis and 
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can be correlated with cognitive decline (Kivisakk et al., 2022). While the authors show 

SNAP25 is more AD specific, PSD95 shows overall promise as a neurodegenerative 

disease marker for synaptic deterioration. In our study we find that SNAP25 and PSD95 

levels are recovered by TIMP-1 and not the levels of other two synaptic markers. 

Intriguingly, the two highly correlated proteins are localized in two different synaptic 

compartments while the two pre- or two post-synaptic proteins were not responding to 

TIMP-1 treatment equally. This is in coherence to an earlier report suggesting that there 

may be a differential response of different synaptic proteins in AD brain (Shimohama et 

al., 1997). Additionally, not all of the synaptic components alter equally in the CSF of AD 

patients (Brinkmalm et al., 2018; Clarke et al., 2019; Shimohama et al., 1997). Increased 

expressions of synaptic protein may not simply mean improving the number of synaptic 

contacts between pre- and post-synaptic terminals but they may have some additional 

role in determining the type of synapse (excitatory/inhibitory), their shape as well as 

number in the newly formed synaptic contacts (Prange et al., 2004). We further observe 

there is an increase in level of CAMKIIα in the hippocampus and not in the cortex in the 

5xFAD mice compared to WT mice. Increase in CAMKIIα may indicate increased 

excitotoxicity in 5xFAD that has been reported in AD earlier (Lauterborn et al., 2021). 

TIMP-1 was able to prevent this CAMKIIα-mediated excitotoxicity in the hippocampus.  

We further found that TIMP-1 corrected loss of spine density and spine shape in 5xFAD 

mice. Shape and size of dendritic spines or in other words that of excitatory synapses are 

altered due to LTP/LTD changes. While LTP leads to the enlargement of dendritic spine, 

LTD induction leads to spine shrinkage.  Besides spine loss, structural reorganization of 
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synapses is an important aspect of AD pathology, to an extent, that dynamic regulation 

of spines can help develop cognitive resilience against memory loss in aged people with 

AD pathology (Boros et al., 2017). Actin cytoskeleton plays a pivotal role in spine 

dynamics both from structural and functional perspectives. They can regulate the post-

synaptic receptor trafficking and hence modulate post-synaptic response of a synapse. 

Spine actin dynamics is also directly responsible in regulating synaptic strength in other 

words spine shape and size. The organization of spine actin is intricately regulated by 

several signaling pathways among which cofilin emerges as the most important factor for 

spine stabilization. We show that phosphorylated cofilin (inactive form) level is 

decreased in synaptosomes isolated from 5xFAD mice when compared to WT mice. This 

means cofilin becomes hyperactive in 5xFAD mice capable of forming rod-shaped 

actin/cofilin bundles in the neuronal cytoplasm, blocking axonal trafficking and 

responsible for synaptic dysfunctions leading towards synaptic loss and is consistent with 

earlier reports in models of AD (Bamburg et al., 2010; Deng et al., 2016; Liu et al., 

2022). Indeed, Aβ oligomers and fibrils have been directly implicated in inducing 

cofilin/actin rods following a long exposure time (Davis et al., 2011; Mendoza-Naranjo et 

al., 2012) and phospho-cofilin is found to be decreased in 7-month old APP/PS1 mice 

(Woo et al., 2015). Additionally modulation of upstream kinases of cofilin (inactivating 

cofilin) for example, PAK inactivation has been correlated with loss of social recognition 

in old 3xTg mice (Arsenault et al., 2013). Moreover, over-expression of LIMK1 in 

APP/PS1 mice hippocampus, another key kinase for cofilin phosphorylation, leads to an 

improvement in LTP and social memory in the transgenic AD model (Zhang et al., 2021). 

However, there are also some contradictory reports that indicated high phospho-cofilin 
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levels in models of AD (Barone et al., 2014; Fowler et al., 2014; Heredia et al., 2006) 

and that inactivation of cofilin leads to abnormal spine morphogenesis and deterioration 

of synaptic plasticity (Zhou et al., 2009). Rush et al show that phospho-cofilin level is 

increased in the PSD-enriched fraction from cortex of APP/PS1 mouse as well as in those 

isolated from the cortex of human AD patients (Rush et al., 2018). However, this report 

focuses on the PSD-enriched fraction specifically while we have performed our 

experiments with whole synaptosomes from the cortex and hippocampus containing 

both CSK and cytoplasmic elements. This discrepancy may be because the post-synaptic 

compartments are the immediate targets of Aβ oligomers and may produce differential 

results from that of whole synaptosomes especially because actin/cofilin rod formation is 

a cytoplasmic phenomenon. 

Brain stores information through alterations in fine synaptic structures and efficiencies in 

signal transmission by processes of LTP and LTD. Hence, LTP/LTD regulation forms the 

underpinning mechanism regulating synaptic plasticity and in turn learning and memory 

functions. We utilized acute hippocampal slices from mouse brains and recorded field 

extracellular postsynaptic potential (fEPSP) to study the alterations in glutamatergic 

synaptic transmission and synaptic plasticity in 5xFAD mice and checked whether TIMP-1 

can regulate them. We found that in 5xFAD mice the basal level CA3-CA1 synaptic 

strength was dampened through assessment of input-output relationship compared to 

WT C57/BL6 mice. Slices from the 5xFAD mice displayed significantly less fEPSP response 

and population spike along with increase in stimulus intensities in comparison to the WT 

mice slices. However, TIMP-1 treated 5xFAD mice showed a significant improvement in 
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fEPSP response and the 5xFAD+TIMP-1 slice I/O curve (fEPSP along current stimulus 

intensity) overlapped with that obtained from the WT mice. The impairment in synaptic 

strength in 5xFAD mice in I/O curve mirrors the changes we have already observed 

biochemically in 5xFAD mice that is decrease in synaptic density, shrinkage of individual 

spines indicative of synaptic strength deterioration and finally may also reflect changes in 

AMPAR-mediated transmission (Hoover et al., 2010; Smith and McMahon, 2018). Paired 

pulse facilitation ratio (PPR) helps us to quantify the changes in pre-synaptic 

neurotransmitter release probability induced by either increased calcium flux or the 

presence of ready-to-release pre-synaptic vesicles when triggered with the first stimulus 

(Citri and Malenka, 2008). We did not find any alterations in PPR among the four 

treatment groups indicating that the reduction in fEPSP values in 5xFAD slices in I/O 

relationship study was not due to reduced pre-synaptic activity nor decreased 

neurotransmitter (glutamate) release from the pre-synaptic terminals but due to 

modulations in post-synaptic activity (Nelson et al., 2012b). Further, we did not observe 

any change in post-tetanic potentiation (PTP) among the groups. PTP quantifies the 

initial sharp upregulation in fEPSP slope values in the first 2-3 mins after TBS. 

Interestingly, both PPR and PTP measure changes in short-term plasticity and also the 

probability of release of neurotransmitters from the pre-synaptic terminals (Citri and 

Malenka, 2008). Hence, in 5xFAD short-term plasticity remained unaltered when 

compared to WT mice and TIMP-1 did not have any effect on it. Intriguingly, the 

magnitude of LTP induction calculated from the 40
th
-60

th
 min following TBS at the 

Schaffer collateral-CA1 synapses in 5xFAD mice slices was significantly lower compared to 

WT mice. In WT brain slices, the potentiation saw a peak in the PTP phase and then 
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dropped at STP following which the curve remained stable and maintained during the 

total 60 mins of post-TBS recording. However, in 5xFAD even after a successful PTP 

phase following TBS, the potentiation curve saw a gradual decline throughout the 60 

min run time. However, the induction did not go back to the basal synaptic transmission 

level indicating that although the magnitude of LTP induction was significantly 

dampened in the 5xFAD mice, it was not completely abrogated even after 60 min 

following TBS. Our results are consistent with a previousreport that showed that both 

basal synaptic transmission (AMPAR-dependent synaptic regulation) and LTP (NMDAR-

dependent synaptic plasticity) at Schaffer collateral-CA1 synapses are reduced in 5xFAD 

mice compared to WT mice at 6 months of age but not below 4-months of age. LTP 

reduction in 5xFAD was correlated to hippocampal-dependent memory deficits in this 

model and impairment in LTP rather than in basal synaptic transmission was regarded as 

the major causal factor for the hippocampal-dependent memory impairment. In our 

study, TIMP-1 treatment ameliorated this partial impairment in LTP induction in 5xFAD 

mice. Hence, we may speculate that recovery in LTP underlie the observable 

hippocampal-dependent learning and memory improvements with TIMP-1 treatment in 

5xFAD we have observed in our behavioral tests in Part-II. 

Increased GSK3β activity has been often correlated with impairment in spatial learning 

and memory and inhibition of LTP (Hernandez et al., 2002; Hooper et al., 2007). 

Additionally, active GSK3β (dephosphorylated form) interferes with Ca
2+

-dependent 

SNARE complex formation thus negatively regulating synaptic vesicle fusion at the pre-

synaptic terminal (Zhu et al., 2010). We found that in whole tissue lysate of 
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hippocampus of 5xFAD mice the level of pGSK3β was significantly upregulated 

compared to WT mice. This means that in 5xFAD mice GSK3β remains more active and 

thus can reciprocally regulate SNARE complex formation by weakening the association 

between different SNARE proteins namely SNAP25, syntaxin, synaptotagmin etc. In our 

study although we have checked the level of pre-synaptic and SNARE protein - SNAP25, 

in hippocampus (whole tissue and synaptosome) we did not study the changes in their 

association with the other pre-synaptic proteins. Activation of GSK3β reduces release of 

glutamate from pre-synaptic terminal (Zhu et al., 2007). However, in our 

electrophysiological study (PPF test) we did not observe any difference in pre-synaptic 

neurotransmitter release probabilities at the schaffer collateral-CA1 synapses among the 

treatment groups following the first stimulus. We may speculate that some different 

mechanism is coming to the rescue, nullifying the effect of activated GSK3β at the pre-

synaptic terminal in 5xFAD mice. Hence, the same mechanism may be maintaining a 

normal level of pre-synaptic neurotransmitter release in 5xFAD in the PPF test. 

Additionally, we have not checked the pGSK3β level specifically in the pre-synaptic 

terminal of the hippocampal synapse. Intriguingly, GSK3β is also associated with the 

post-synaptic density in dendritic spines, regulates NMDAR-dependent synaptic plasticity 

(Peineau et al., 2009) and NMDAR trafficking (Chen et al., 2007; Zhang et al., 2014). 

GSK3β is considered as the most important switch for LTP/LTD regulation at 

glutamatergic synapses. Enhanced activity of GSK3β leads to upregulation of NMDA-

depenedent LTD while inhibition of GSK3β activity leads to induction of NMDA-

dependent LTP (Hooper et al., 2007). Hence, increase in pGSK3β (inactive form) level in 

TIMP-1-treated 5xFAD tissue mirrors an upregulation of LTP and corroborates with our 
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electrophysiological data.  Since in the electrophysiological study we found that LTP 

induction in 5xFAD+TIMP-1 mice slices is dependent on changes at the post-synaptic 

level, we predict that the change we are observing in our biochemical analysis is a 

reflection of the phosphorylation changes in GSK3β at the post-synaptic compartment 

and not at the pre-synaptic terminal. Additionally, we have earlier seen that there is 

increased Akt activity following TIMP-1 treatment to 5xFAD mice. Hence, we predict 

that the main signaling mechanism in play is along the PI3K/Akt/GSK3β pathway that 

regulates the phosphorylation of GSK3β at ser9 and in turn its kinase activity, more 

prominently in the post-synaptic compartment. 

Finally, we checked the BDNF levels as BDNF plays an integral role in hippocampal 

synaptic plasticity. Earlier studies have shown that induction of LTP in the CA1 region of 

the hippocampus was able to enhance BDNF mRNA level (Patterson et al., 1992). In a 

BDNF knockout mouse line, LTP induction gets impaired and that application of 

exogenous BDNF or its over-expression restored the impairment in LTP. BDNF-TrkB 

signaling has been directly implicated during the period of synaptic stimulation for LTP 

induction and has been regarded as the critical regulator for LTP induction following TBS. 

Hence, it was imperative to check the level of BDNF expression, the most important 

regulator directly impacting LTP induction, in the 5xFAD versus WT mice to reaffirm the 

changes we have observed in terms of LTP induction in our electrophysiological 

experiment. We found that in 5xFAD mice there was more than 4-fold decrease in BDNF 

expression level in the hippocampus. This result was consistent with previous reports that 

show a decrease in BDNF level in models of AD including 5xFAD mice compared to 
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controls (Kimura and Ohno, 2009). Interestingly, TIMP-1 was able to improve BDNF 

expression level in 5xFAD mice comparable to the level found in WT mice. Hence, we 

may conclude that TIMP-1 is improving LTP induction in 5xFAD mice by upregulating 

BDNF expression. 
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SUMMARY 

PART-I 

In response to Aβ, primary astrocytes become reactive as early as 6 h and secrete a 

plethora of molecules, enriched in anti-inflammatory cytokines. We found that tissue 

inhibitor of matrix metalloproteinase 1 (TIMP-1) is an essential neuroprotective cytokine 

in this early hour reactive astrocyte conditioned medium. TIMP-1 mediates its 

neuroprotection by binding to cell surface receptor CD63, increasing the phosphorylation 

of Akt at ser473 downstream. Further, TIMP-1 inhibits Aβ-induced FOXO3a-mediated 

apoptosis and corrects impaired autophagy flux.  

Major findings: 

 Astrocytes become reactive as early as 6 h following Aβ treatment in vitro. 

 Astrocyte-condition medium (ACM) from 6 h Aβ-treated astrocytes has a 

protective effect on neurons while the 16 h and 24 h Aβ-ACMs do not. 

 Tissue inhibitor of matrix metalloproteinase 1 (TIMP-1) cytokine is enriched in 6 h 

Aβ-ACM. 

 Recombinant TIMP-1 has a protective effect on neurons against Aβ toxicity. 

 TIMP-1 upregulates AKT phosphorylation in Aβ-treated neurons and prevents Aβ-

directed apoptosis by acting along AKT/FOXO3a/BIM/PUMA axis. 

 TIMP-1 corrects Aβ-induced impaired autophagy induction as well as accumulation 

of p62, the cargo adaptor protein, through activation of common apoptosis-

autophagy upstream regulator, AKT.  

 TIMP-1 binds to CD63 receptor on neuronal surface to mediate its 

neuroprotective effect. 
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Fig.1: Astrocyte-secreted TIMP-1 is neuroprotective in vitro. (A) Astrocyte reactivity in 

response to Aβ treatment (B) TIMP-1 mediated inhibition of apoptosis and improvement 

in autophagy flux in Aβ-treated neurons. 
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PART-II 

We used two different animal models of AD - Aβ-injected rats and 5xFAD mice. 

Following intracerebroventricular TIMP-1 injection we found that there was significant 

reduction in Aβ plaque load as well as in apoptotic cell death in the hippocampal regions 

of both these models. Interestingly, both the rodent models of AD showed improved 

learning and memory abilities following TIMP-1 injection tested through a battery of 

cognitive behavioral tests. Hence, we conclude that TIMP-1 has the ability to ameliorate 

cognitive functioning in AD. 

Major findings: 

 Injection of TIMP-1 in both Aβ-injected (bilaterally) rat and 5xFAD transgenic 

mouse reduces Aβ plaque load in the hippocampal regions of brain. 

 TIMP-1 injection prevents cell death in the CA1 region of the hippocampus in both 

rat and mouse models of AD by inhibiting apoptosis and improving autophagic 

flux. 

 TIMP-1 injection in both the AD models significantly improves the animals’ 

cognitive behaviors (both explicit and implicit memories) in a battery of learning 

and memory tests. 
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Fig.2: TIMP-1 injection ameliorates cognitive behaviors in animal models of Alzheimer’s 

disease 
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PART-III 

In this part, we investigated the underpinning mechanisms of cognitive recovery in 

5xFAD mice following TIMP-1 injection. We show that there is significant improvement 

in synaptic protein expressions in both total tissue level as well as in isolated 

synaptosome preparations. We detected that there is improvement in spine density and 

size in both hippocampus and cortex of TIMP-1 treated 5xFAD mice. Functionally, we 

show that there is an increase in basal synaptic transmission and long-term potentiation 

at the Schaffer collateral CA1 synapses in 5xFAD mice injected with TIMP-1. Further, our 

data reveal that there is inhibition of GSK3β activity (known as a LTP/LTD switch) upon 

increased phosphoryation by Akt, in 5xFAD mice treated with TIMP-1. Additionally, we 

found that BDNF level, a neurotrophic factor, is increased significantly in the 

hippocampus following TIMP-1 injection in 5xFAD mice. 

Major findings: 

 TIMP-1 injected 5xFAD mice show improvement in pre-synaptic (SNAP-25) and 

post-synaptic (PSD-95) protein expressions in both hippocampus and cortex. 

 TIMP-1 increases spine density and spine size in 5xFAD mice. 

 TIMP-1 improves basal synaptic transmission and increases magnitude of long-term 

potentiation induction at Schaffer-collateral CA1 synapses in 5xFAD mice. 

 TIMP-1 inhibits GSK3β activity and induces BDNF secretion from neurons in 

5xFAD mice. 
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Fig.3: TIMP-1 corrects synaptic dysfunctions in 5xFAD mice – improving synaptic protein 

expressions, spine morphology and density, and long term potentiation at Schaffer 

collateral-CA1 synapses. 
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CONCLUSION 

The phenomenon of ‘astrocyte reactivity’ encompasses several reactive states of 

astrocytes. During disease pathogenesis of neurodegenerative diseases including 

Alzheimer’s disease (AD), consequent reactive astrocyte heterogeneity may be broadly 

classified, functionally, as beneficial and detrimental.  In Part-I, we tried to explore the 

secretome profiles of reactive astrocytes in response to oligomeric Aβ in vitro. We show 

that application of previously standardized sub-lethal dose of Aβ in primary astrocytes 

render them reactive in terms of enhanced expressions of specific astrocyte markers, 

increased cell perimeter and proliferation as early as 6h. We found that the astrocyte-

conditioned medium (ACM) from 6h Aβ-treated astrocytes protected neurons against Aβ 

toxicity while the 16h and 24h Aβ-ACM failed to do so, rather was detrimental to 

neurons. We further revealed that a cytokine, tissue inhibitor of matrix metalloproteinase 

1 (TIMP-1) was greatly enhanced in the 6h secretome of astrocytes following Aβ 

treatment. We further established that TIMP-1 was the major contributing factor in 

rendering the neuroprotective effect of 6h Aβ-ACM since neurtralization of TIMP-1 

caused diminution of the neuroprotective efficacy. Our results further revealed that 

recombinant TIMP-1 protected neurons against Aβ-induced death by disinhibition of Akt 

signaling pathway. TIMP-1 prevented apoptosis by restricting Aβ-induced Akt-regulated 

FOXO3a translocation to the nucleus and in the process downregulated the expression of 

pro-apoptotic proteins BIM and PUMA. Interestingly, TIMP-1 also improved the level of 

Bcl2 but not Bcl-xl in Aβ-treated neurons alluring towards a differential regulation of 
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anti-apoptotic proteins by TIMP-1. Earlier reports suggest that TIMP-1 may regulate the 

expression of either Bcl-xl (Lambert et al., 2003) or Bcl-2 (Nalluri et al., 2015) or both 

(Ashutosh et al., 2012) albeit in different models. We may thus infer that there are two 

different pathways in TIMP-1 mediated inhibition of apoptosis in Aβ-treated neurons. 

Whether these two pathways are independent or cooperate together have not been 

addressed in our work. TIMP-1 further improved autophagy flux, deregulated under the 

influence of Aβ, in neurons. Autophagy has been implicated as another major cell death 

pathway besides apoptosis under Aβ-treated conditions. Additionally, they cooperate in 

mediating neurotoxicity in AD (Saha et al., 2021).  AD is a proteopathic disease and 

hence clearance of autophagosomal bodies containing toxic cargos is a pre-requisite for 

the smooth functioning of cells. We show that TIMP-1 was able to restore the 

homeostatic level of autophagic flux by regulating the upstream Akt kinase that was also 

involved in apoptosis pathway indicating a common regulator point manipulated by 

TIMP-1 in correcting both these cell death pathways. Finally, we elucidate that all these 

beneficial aspects of TIMP-1 are mediated by its binding on the neuronal surface with its 

cognate receptor CD63 in an MMP-independent manner. However, whether this 

beneficial effect of TIMP-1 in cell models could be translated in animal models remained 

to be examined and hence, was taken up in Part-II. 

We employed two different animal models – Aβ-infused rat (mimicking sporadic AD) 

and 5xFAD mouse (mimicking familial AD) for delineating the role of TIMP-1 in AD 

brain. We found that both in Aβ-infused rats and 5xFAD mice, exogenous TIMP-1 

reduced the Aβ plaque load. One predicted mechanism may be that TIMP-1 can 



216 
 

reactivate astrocytes surrounding Aβ plaques in a manner such that they start an 

overproduction of MMPs and contribute to the clearance of Aβ (Hernandez-Guillamon 

et al., 2009). TIMP-1 was further able to ameliorate cognitive functioning in both these 

models tested through a battery of behavioral tests. While positive results from novel 

object recognition and passive avoidance tests indicated a TIMP-1 mediated 

improvement in hippocampal-dependent spatial memory (explicit memory) in both the 

AD models, fear-conditioning test results allured towards an alleviation of implicit 

memory deficits (involving amygdala) directed by TIMP-1. Hence, both explicit and 

implicit memories that are damaged in the advanced stage of AD are attenuated by 

TIMP-1 treatment. In coherence to our Part-I results, TIMP-1 further prevented apoptotic 

pathway in the hippocampus while correcting the toxic levels of autophagic markers 

both in the hippocampus and cortical areas in the models. All these pre-clinical data 

emphasize the value of TIMP-1 as a therapeutic candidate in AD. Interestingly, we found 

that the endogenous level of TIMP-1 in 5xFAD mice especially from 6 month of age 

onwards was strongly reduced when compared to age-matched wild type mice. The 

Ghorpade group has extensively reported that TIMP-1 may be a neuroprotective 

candidate that they found was reduced in CSF and tissue samples of HAND patients 

compared to healthy controls but was increased when acute inflammatory insult was 

given to primary astrocytes in culture (Ashutosh et al., 2012; Suryadevara et al., 2003). 

Coherently, our report suggests that TIMP-1 is secreted early by reactivated astrocytes as 

a response to Aβ (acute system) and indeed plays a neuroprotective role in AD brain 

when supplemented from an exogenous source leading towards cognitive recovery. 

Neuronal death is an advanced-stage effect of AD while behavioral changes start 
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comparatively earlier to the loss of neurons. Hence, the next obvious question was to 

understand the immediate alterations in synaptic functioning that underlie cognitive 

changes mediated by TIMP-1. 

Synaptic plasticity changes in brain form the immediate basis of any observed cognitive 

changes. In AD, synaptic dysfunction is regarded as the earliest of phenomena even 

before Aβ plaques, memory impairment and neuron loss. In Part-III, we found that 

TIMP-1 injection improved the levels of specific pre-synaptic (SNAP-25) and post-synaptic 

(PSD-95) proteins in both the models of AD. However, we found that not all pre- and 

post-synaptic proteins were equally affected in the 5xFAD mice by TIMP-1 treatment. 

TIMP-1 was however able to inhibit increased excitotoxicity (reduced CAMKIIα level) in 

the hippocampus of 5xFAD mice but not in the cortex. These results were obtained 

specifically in pure synaptosomes and hence provide a direct picture of the synapse level 

changes in protein composition following TIMP-1 treatment. Next, we observed 

improved dendritic spine density as well as spine shape in both hippocampus and cortex 

of TIMP-1 treated 5xFAD mice compared to the untreated 5xFAD animals. Both spine 

density and spine shape are important correlates of synaptic plasticity. Besides, the 

changes in spine density (i.e. number) and the dynamic alterations in spine morphology 

can impart cognitive resilience in aged AD patients. We found that there was an 

improved filamentous versus globular actin content in sub-fractionated synaptosomal 

preparations from TIMP-1 treated 5xFAD mice. Spine actin dynamics is an important 

determinant of spine shape and size. We inferred that spine size was improved by TIMP-1 

infusion in 5xFAD mice. We further revealed a diminished activity of cofilin (implicated 
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in destabilizing actin) in 5xFAD mice following TIMP-1 treatment while cofilin remained 

hyperactive in 5xFAD animals. All these data corroborates earlier reports showing cofilin 

hyperactivity directed cofilin/actin rod formation mediating synaptic dysfunctions as a 

direct effect of Aβ oligomer treatment (Bamburg et al., 2010; Deng et al., 2016; Liu et al., 

2022). We substantiated our biochemical results with ex vivo electrophysiology in acute 

hippocampal slices along the Schaffer collateral-CA1 synapses. LTP and LTD regulations 

are the cellular coordinates of synaptic changes (strength, shape, size or number) 

underlying cognitive functioning. Our results show that TIMP-1 treatment not only 

improved the basal synaptic transmission in 5xFAD mice but also upregulated the 

magnitude of LTP induction following a high frequency stimulation compared to 

untreated 5xFAD mice. However, there was no change in pre-synaptic activity. In 

connecting the dots as to how TIMP-1 may directly regulate LTP, we found the same Akt 

in action. We detected that Akt activation upon TIMP-1 treatment inhibited GSK3β 

activity in 5xFAD mice by improving phosphorylation at Ser9. GSK3β is not only 

regarded as an LTP/LTD switch but also is known to regulate SNARE protein fusion 

dynamics (Zhu et al., 2010). Interestingly, we also found an upregulated expression of 

BDNF in the hippocampus of TIMP-1 injected 5xFAD mice. Thus, the above evidence is 

strong enough to state that TIMP-1 has a direct implication on several regulators of 

synaptic plasticity and this explains the mechanistic basis of TIMP-1 mediated cognitive 

recovery in AD models. 

This work elucidates, in a detailed approach, the mechanisms by which reactive 

astrocyte-secreted TIMP-1 mediates neuroprotection, synaptic improvement and 
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cognitive recovery in models of AD. This shows that reactivated astrocytes in early AD 

plays a defensive role against the initial insult by secreting an important neuroprotective 

cytokine, TIMP-1. Eventually the TIMP-1 levels go down along AD progression resulting 

in the failure of neuroprotection.  It remains to be understood why and how TIMP-1 

level decreases with AD progression. Is there a molecular regulator upstream of TIMP-1 in 

astrocytes? Do astrocytes themselves enter a distinct reactive state along AD progression 

and stop secreting TIMP-1? All these need to be answered to understand the whole story 

of TIMP-1. Nevertheless, our work re-emphasizes the importance of astrocyte reactivity 

in AD and that studying these cells can divulge critical information about novel targets 

that can be addressed for therapeutic intervention. We propose TIMP-1 as a candidate 

molecule in cytokine-mediated treatment of AD.  
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A B S T R A C T

Alzheimer’s disease (AD) is characterized by two pathologic species, extracellular amyloid-β (Aβ) plaques and
intracellular neurofibrillary tangles. Astrocytes that maintain normal homeostasis in the brain undergo a set of
molecular, cellular and functional changes called reactive astrogliosis in various neurological diseases including
AD. It is hypothesized that reactive astrocytes initially tend to protect neurons by reducing Aβ load and by
secreting a plethora of cytokines, however, their functions have only been poorly investigated. Our studies on the
kinetics of activation of cortical astrocytes following Aβ-exposure revealed significant level of activation as early
as in 6 h. The astrocyte conditioned medium (ACM) from 6 h Aβ-treated astrocytes (Aβ-ACM) provided sig-
nificant neuroprotection of cultured cortical neurons against Aβ insults. Analysis of the secreted proteins in Aβ-
ACM revealed a marked increase of Tissue inhibitor of Metalloproteinase-1 (TIMP-1) within 6 h. Interestingly,
we found that neutralization of TIMP-1 with antibody or knockdown with siRNA in astrocytes abolished most of
the neuroprotective ability of the 6 h Aβ-ACM on Aβ-treated cultured neurons. Furthermore addition of exo-
genous rat recombinant TIMP-1 protein protects primary neurons from Aβ mediated toxicity. In a well char-
acterized Aβ-infused rodent model of AD, intra-cerebroventricular administration of TIMP-1 revealed a reduc-
tion in Aβ load and apoptosis in hippocampal and cortical regions. Finally, we found that TIMP-1 can ameliorate
Aβ-induced cognitive dysfunctions through restoration of Akt and its downstream pathway and maintenance of
synaptic integrity. Thus, our results not only provide a functional clarity for TIMP-1, secreted by activated
astrocytes, but also support it as a major candidate in cytokine-mediated therapy of AD especially at the early
phase of disease progression.

1. Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative dis-
order associated with impairment of synaptic plasticity, neuronal
apoptosis and severe loss of cognition and memory. Extracellular de-
position of amyloid β (Aβ) as senile plaques and intracellular tangle
formation are the two central events that trigger the pathogenesis (De
Strooper and Karran, 2016).

In normal healthy brain, astrocytes play a major role in maintaining
homeostasis by supplying energy to neurons, maintaining ionic balance
and synaptic functions, removing excess glutamate to avoid glutamate
excitotoxicity and supplying antioxidants like glutathione and ascorbic
acid (Belanger and Magistretti, 2009). However, in most CNS injury or
disease, astrocytes undergo a set of biochemical, morphological and

genetic changes called reactive astrogliosis – a phenomenon char-
acterized by hypertrophy, proliferation and altered gene expression
leading to release of a myriad of anti- and pro-inflammatory cytokines
(Olabarria et al., 2010; Sofroniew, 2014). While it is well known that
continuous CNS insult leads to secretion of pro-inflammatory agents
resulting in degeneration and death of neurons, much recent evidence
indicates that during the early phase of disease, astrocytes play a cri-
tical neuroprotective role limiting apoptosis and providing trophic
support to neurons (Anderson et al., 2014; Cregg et al., 2014; Teo and
Bourne, 2018).

Two distinct reactive astrocyte populations were identified recently
by the Ben Barres group using gene expression analysis (Zamanian
et al., 2012; Liddelow et al., 2017). The neurotoxic A1 astrocytes are
induced by microglia following neuroinflammation, and the
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neurotrophic A2 astrocytes are induced by ischemic injury. While both
shared some common genes, A1 lacked the phagocytic activity and
actively induced apoptosis by secreting toxic proteins and A2 possessed
the neuroprotective property. A large proportion of astrocytes in the
prefrontal cortex of AD post mortem brain are A1 (Liddelow et al.,
2017). Since aging or disease increases A1 astrocytes, there might be
more A2 in the prodromal stage of the disease which are converted to
A1 with the progress of the disease or with age (Clarke et al., 2018).

Reactive astrocytes play a vital role in neuronal survival in AD
through secretion of cytokines, chemokines and growth factors (Gadea
et al., 2008; Belanger and Magistretti, 2009; Garwood et al., 2011).
Tissue inhibitor of Metalloproteinase-1 (TIMP-1) is one such cytokine
secreted from astrocytes in the early phase of inflammation and found
to be increased in CSF of AD patient (Inspector et al., 2005; Wang et al.,
2014). It is upregulated at protein level in many neuroinflammatory
diseases (Rivera et al., 1997; Pagenstecher et al., 1998; Bugno et al.,
1999; Jaworski, 2000; Szymocha et al., 2000; Khuth et al., 2001;
Gardner and Ghorpade, 2003; Suryadevara et al., 2003) and at mRNA
level in both the subtypes of reactive astrocytes (later named as A1 and
A2) within 24 h of inflammatory as well as ischemic insult (Zamanian
et al., 2012). In acute and chronic inflammatory conditions, the re-
spective rise and fall of TIMP-1/MMP-9 ratio is a strong indication of
neuroprotective attempt by TIMP-1 in the early phase of the disease
(Gardner and Ghorpade, 2003). Nevertheless, none of the above studies
reported the kinetics of astrocyte activation along with TIMP-1 ex-
pression or secretion which is essential to evaluate the temporal
changes in TIMP-1 activity.

In the present study, we have investigated the kinetics of activation
of astrocytes along with release of cytokines. We found that TIMP-1 is a
major cytokine in astrocyte conditioned medium (ACM) from early Aβ-
treated astrocytes which not only protects neurons from Aβ-induced
toxicity but also improves cognitive behaviours including learning and
memory in Aβ-induced rat model of AD.

2. Materials and methods

2.1. Materials

Cell culture media Dulbecco’s modified Eagle’s medium (DMEM),
DMEM-F12, Neurobasal medium, B27 supplement, Fetal Bovine Serum
(FBS), Horse Serum (HS), Penstrep antibiotic, Lipofectamine 2000,
AlexaFluor, Sypro Ruby were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Insulin, progesterone, putrescine, selenium, apo-
transferrin, nerve growth factor (NGF), poly-D-lysine (PDL), di-methyl
sulfoxide (DMSO), paraformaldehyde (PFA) and 1,1,1,3,3,3 hexafluoro-
2-propanol (HFIP) were purchased from Sigma-Aldrich (St.Louis, MO,
USA). Primary culture instruments were from Roboz Surgical
Instrument Co. (Gaithersburg, MD, USA). Aβ1–42 was purchased from
American Peptide (Sunnyvale, CA, USA) and Alexotech (Umea,
Vasterbotten County, Sweden). Horseradish peroxidase conjugated
secondary antibodies, normal IgG, TIMP-1, β3 tubulin, MAP2, IL-1β,
SNAP25 and Actin antibodies were from SantaCruz Biotechnology
(Santa Cruz, CA, USA). Vimentin, pAkt, tAkt, NF-kB, and PARP anti-
bodies were purchased from Cell Signaling Technology (Danvers, MA,
USA). Ki67, S100B, Bim, Aβ1–42 and COX-2 antibodies were purchased
from Abcam (Cambridge, UK). ECL reagent and polyvinylidenedi-
fluoride (PVDF) membrane were purchased from GE Healthcare
(Buckinghamshire, UK). Sodium dodecyl sulphate (SDS), Akt inhibitor
II, Nestin and PSD95 antibodies were 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.

2.2. Cell cultures

2.2.1. Primary astrocyte culture
Primary astrocytes were cultured following the protocol that has

been described earlier (Garwood et al., 2011; Saha and Biswas, 2015).
In short, newborn Sprague Dawley rat pups were taken and the whole
brain was dissected out and meninges were removed carefully. Neo-
cortex parts were isolated and cut into pieces. The small cortical tissue
pieces were minced and subjected to trypsinization for 30 min at 37 °C.
Trypsinized brain tissue was triturated in DMEM medium supplemented
with 10% FBS and passed through nylon mesh to avoid clumps. This
single cell suspension was then added onto PDL (working concentration
0.1 mg/ml) coated plate 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 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 13–14 days in vitro with
medium change given every other day.

2.2.2. Primary cortical neuron culture
We performed the primary cortical neuron culture following the

method which has been described earlier (Park et al., 1998; Troy et al.,
2000). In brief, the neocortex part of E16-18 of rat were dissected out in
serum free medium [DMEM/F12 (1:1)] supplemented with 6 mg/ml D-
glucose, 100 µg/ml apo-transferrin, 25 µg/ml insulin, 20 nM proges-
terone, 60 µM putrescine, 30 nM selenium) and triturated into single
cell suspension which was seeded at a density of 2.5 million/35 mm
plate or 0.4 million/well of a 24-well PDL coated plate. The neurons
were treated with oligomeric beta-amyloid (Aβ1–42) after five days.

2.2.3. Astrocyte-neuron co-culture
To check the physical interaction between astrocytes and neurons,

we adopted a co-culture system where primary cortical neurons were
seeded onto mature astrocyte feeder layer (Haidet-Phillips et al., 2011).
In short, cortical neurons were isolated from E16 rat embryos and
seeded onto a feeder layer of primary astrocyte culture of 8DIV. After
six days of seeding, the astrocyte-neuron co-culture was treated with Aβ
with or without TIMP-1 neutralizing antibody.

2.2.4. Pheochromocytoma-12 (PC-12 cell) maintenance and differentiation
PC-12 cells were cultured as mentioned previously by Greene and

Tischler (Greene and Tischler, 1976). They were maintained in DMEM
supplemented with 10% HS and 5% FBS with passage at confluency.
For differentiation, NGF at a concentration of 50 ng/ml and 1% HS
were introduced to basic DMEM and added to cells. Cells were kept in
this medium for five days. On the sixth day, all treatments were given.

2.3. Preparation of oligomeric Aβ

Lyophilized Aβ1-42 peptide was resuspended in 100% HFIP to 1 mM
concentration followed by vacuum centrifugation in a speed vac
(Eppendorf, Hamburg, Germany). The peptide pellet was again sus-
pended in DMSO at 5 mM concentration and subjected to sonication in
37 °C water bath for 10 min. Then it was diluted with phosphate-buf-
fered saline (PBS: NaCl 137 mmole/L, KCL 2.7 mmole/L, Na2HPO4

10 mmole/L, KH2PO4 2 mmole/L, pH7.2) and SDS (0.2%) to a con-
centration of 400 µM and incubated for 6–18 h at 37 °C. Finally PBS was
added to achieve a final concentration 100 µM and again incubated for
18–24 h at 37 °C. This preparation of Aβ was checked for oligomeric
species by SDS–polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by Sypro Ruby protein gel stain as described before (Saha and
Biswas, 2015).
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2.4. siTIMP-1 delivery to astrocytes

Primary astrocyte cultures were introduced to a smart pool of
siTIMP-1 following the manufacturer’s protocol (AccellsiRNA delivery,
Dharmacon, Laffayette, CO, USA). According to this protocol, siTIMP-1
(1 µM) along with the positive control were dissolved in accellsiRNA
delivery medium and directly added to cells. Successful knock down
was verified after 72 h of incubation by western blot and im-
munocytochemistry with TIMP-1 antibody. The ACM from different
experimental sets were then transferred to neuron after 72 h for further
checking the effect of ACM deprived of TIMP-1 on neurons.

2.5. Treatments on cells

To minimize several growth factor and cytokine contaminations
coming from FBS, we pretreated astrocyte cultures overnight with sera
free medium (DMEM/F-12) and washed the cells twice with the same
medium before giving any treatment. 14DIV astrocytes were treated
with 1.5 µM of Aβ for different time points as indicated in the figures.
For neutralization experiments, mature cultures were treated with
TIMP-1 neutralizing antibody (AbDSerotec, Raleigh, UK) at 1 µg/ml
concentration, or normal IgG at a concentration of 1 µg/ml, both in the
presence and absence of Aβ.

Cortical neurons were treated with 1.5 µM Aβ for 24 h, or co-treated
with rat recombinant TIMP-1 protein (R&D systems, Minneapolis, USA)
at 25 ng/ml, 50 ng/ml and 100 ng/ml concentrations for 24 h and
ACMs were taken from different experimental conditions as indicated in
the figures.

PC-12 cells were treated with Aβ at 5 µM for 16 h, or co-treated with
rat recombinant TIMP-1 protein at concentrations of 25 ng/ml, 50 ng/
ml and 100 ng/ml for 16 h and with Akt inhibitor II at a concentration
of 100 µM.

2.6. Survival assays

Plasmid DNA constructs were prepared with Plasmid Maxi kit
(Qiagen, Germantown, MD, USA). For survival assay, primary cortical
neuron culture was transfected with 0.5 µg of pSIREN-ZsGreen scram-
bled construct in complete cortical medium using lipofectamine 2000.
After 6 h of incubation at 37 °C & 5% CO2, lipofectamine containing
medium was replaced by complete cortical medium. 48 h post trans-
fection, cells were treated with Aβ and ACM from different experi-
mental conditions. ZsGreen expressing viable cells were counted at 0 h,
24 h and 48 h under fluorescent microscope and represented.

Survival assay of cultured neurons was performed by a method that
has been routinely used to assess viability of neuronal cells (Rukenstein
et al., 1991; Troy et al., 2002; Sanphui et al., 2013). Cells were lysed in
a detergent containing buffer that dissolves cell membrane but not
nuclear membrane. The intact nuclei were then counted on a haemo-
cytometer.

2.7. Immunocytochemistry

Immunocytochemistry was performed following the methods de-
scribed previously (Biswas et al., 2005, 2007). Briefly, cells (either as-
trocytes or neurons as indicated in the figure) cultured on PDL-coated
glass cover slips were fixed with 4% PFA in PBS for 10 min at room
temperature followed by two washes with PBS. The fixed cells were
permeabilized and blocked with 3% goat serum, 0.3% Triton X-100 in
PBS for 1–2 h. Cells were then incubated with Ki67 (1:40), GFAP (1:50,
Sigma-Aldrich, St. Louis, MO, USA), TIMP-1 (1:20), S100β (1:50), Vi-
mentin (1:100), Nestin (1:100), p-Akt and t-Akt (1:50), β3 tubulin
(1:50), or MAP2 (1:50) antibodies overnight at 4 °C. Following the
primary antibody incubation, they were incubated with specific species
matched secondary antibodies Alexafluor 546/488 for 1–2 h at room
temperature. Nuclei were stained with Hoechst 33342 (Molecular

Probes, Invitrogen, MA, USA) at a concentration of 2 µg/ml in PBS for
30 min at room temperature. Pictures were taken under LeicaCTR4000
Fluorescence Microscope or Leica TCS SP8 Confocal Microscope (Wet-
zlar, Germany) at 20× or higher magnifications as mentioned. The
corrected total cell fluorescence (CTCF) was calculated by including
integrated density of staining, area of the cell, and the background
fluorescence of different experimental conditions. CTCF = Integrated
density − (area of selected cell × mean fluorescence of background
readings).

To evaluate neuronal arborization in different treatment conditions,
we performed sholl analysis using NIH-ImageJ software which has
widely been used elsewhere (Sholl, 1953; Cuesto et al., 2011; Sanphui
and Biswas, 2013). Primary cultures of cortical neurons with different
treatments along with control condition were immunostained with β3-
tubulin and single neuron images were taken at low magnification.
With the help of ImageJ, first the images were magnified and the pro-
cesses were traced and a number of concentric circles were drawn from
the neuron cell body with a 10 µm increasing radius. We performed a
two-dimensional analysis 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.

2.8. Preparation of cell or tissue lysate and western blotting

After the treatment, cells were washed with PBS and collected by
means of scraping from wells in PBS and harvested by centrifugation at
1200 rpm at 4 °C for 5 min. Cells were lysed by lysis buffer (10 mM Tris
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.5% NP-40, 1 mM EDTA,
1 mM EGTA, 20mM NaF, 0.2mM Orthovanadate, Protease Inhibitors)
and incubated for 10 min on ice. The lysed cells were centrifuged at
14,000 rpm at 4 °C for 15 min. For brain tissues, hippocampal samples
were collected in radioimmunoprecipitation assay (RIPA – 50 mM Tris-
HCl, 1 mM EDTA sodium salt, 150 mM NaCl, 1% Nonidet P-40, 0.25%
soidium deoxycholate) buffer mixed with protease inhibitor cocktail
followed by sonication, and same incubation and centrifugation steps as
in case of cell samples. Supernatant in both cases were collected and
proteins were estimated by Lowry method. Fifty µg of protein of each
condition was resolved in SDS-PAGE. The proteins were transferred to
PVDF membrane. After blocking with 5% BSA for 1 h at room tem-
perature, the membranes were incubated with primary antibodies p-Akt
(1:500), t-Akt (1:500), Actin (1:2000), IL-1β (1:1000), NF-kβ (1:1000),
Bim (1:1000), PARP (1:1000), or TIMP-1 (1:500), for overnight at 4 °C.
Membranes were washed three times with TBST [1.5 M NaCl, 1 M Tris
(pH 7.5), 0.1% Tween20] followed by incubation with HRP tagged
secondary antibody for 1–2 h at room temperature. Protein bands were
detected on X-Ray film or UVP bioimager (anlytikjena, Upland, USA) by
using ECL reagents after three times wash with TBST. Densitometric
quantitation of each band was done by NIH-ImageJ software (NIH,
Bethesda, MD, USA).

2.9. ELISA

For quantitative analysis of astrocyte secreted TIMP-1, we per-
formed ELISA technique by using a kit (Rat TIMP-1 quantikine ELISA
kit, R&D systems, Minneapolis, USA). According to the kit protocol, this
assay employs the quantitative sandwich enzyme immunoassay tech-
nique. A monoclonal antibody specific for rat TIMP-1 was pre-coated
onto a microplate. Standard, control and samples were added into the
wells and any rat TIMP-1 present in these samples was trapped by the
immobilized antibody. After washing away the unbound substances, an
enzyme-linked polyclonal antibody specific for rat TIMP-1 was added to
the wells. Following a wash to remove any unbound antibody-enzyme
reagent, a substrate solution was added to the wells and protected from
light. The enzyme-substrate reaction yielded a blue product that turned
yellow when the stop solution was added. The intensity of the colour
was measured spectrophotometrically at 450 nm and it was in
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proportion to the amount of rat TIMP-1 bound in the initial step.

2.10. Cytokine array

The qualitative analysis of several cytokines along with TIMP-1
secreted from astrocytes, was performed by Proteome profiler rat cy-
tokine array kit (R&D systems, Minneapolis, USA). 6 h, 16 h or 24 h
ACM from control and Aβ treated astrocytes were subjected to con-
jugation with biotinylated antibodies. Then this cocktail was incubated
with cytokine array membranes (embedded with 29 cytokines anti-
bodies) overnight. On the next day, membranes were washed and

streptavidin-HRP conjugates were added. Chemiluminescence was de-
tected by UVP bioimager (anlytikjena, Upland, USA). Images were
captured at different exposures to minutely detect the changes between
the control and the treated dot blots for each of the cytokines. Dot in-
tensities were analysed by the help of ImageJ software.

2.11. Animal housing and care

Adult male Sprague Dawley rats weighing between 280 and 320 g
were housed maximum three per cage in a temperature-controlled room
(24 ± 2 °C), with 12–12 h light-dark cycle, humidity (60 ± 5%) and
access to food and water ad libitum in the animal house of CSIR-Indian
Institute of Chemical Biology, Kolkata. All the 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).

2.12. Stereotaxy

Rats were anesthetized with 50 mg/kg sodium thiopentone
(Thiosol, Neon laboratories, Mumbai, India) intraperitoneally (i.p.) in
0.9% normal saline according to the protocol reported earlier (Paidi
et al., 2015). The animals were positioned in a stereotactic frame
(Stoelting, MO, USA) with the incision bar initially placed at the
Bregma point. The body temperature of the animal was maintained at
37 °C using a homeothermic blanket (Harvard apparatus, U.K.). An
oligomeric solution of Aβ, as mentioned in Section 2.3, was infused
bilaterally at 2.25 μg in 5 µl per side of the brain into the hippocampus
(lateral, 0.21 cm from the bregma; anteroposterior, 0.36 cm; dorso-
ventral, 0.28 cm, according to the atlas of Paxinos and Watson). The
flow rate was kept at 0.5 µl/min utilizing a worker bee syringe pump
(BAS, West Lafayette, USA). Aβ was allowed to diffuse for an extra
5 min after its delivery. Same volume of PBS was bilaterally injected in
the control rats. rrTIMP-1 was stereotactically injected in the ventricle
region of rat brain (lateral, 0 cm from the bregma; anteroposterior,
0.36 cm; dorsoventral, 0.38 cm) and the protein was allowed to diffuse
for an additional 5 min after its injection.

2.13. Behavioural studies protocol

The experimental rats were randomly divided into five groups,
namely, Control, only TIMP-1 (5 ng), only Aβ, Aβ + TIMP-1 (2.5 ng)
and Aβ + TIMP-1 (5 ng). The control rats received PBS whereas the Aβ

rats received freshly prepared oligomeric Aβ in each side of the brain.
On the 7th day following Aβ or PBS infusion, some of the animals were
injected with rat recombinant TIMP-1 (rrTIMP-1) at a dose of 2.5 ng or
5 ng per animal, dissolved in artificial cerebro spinal fluid, in a total
volume of 5 µl into the ventricle region of the brain.

To evaluate Aβ induced memory deficits and their recovery with
rrTIMP-1, rats from all the five groups were assessed sequentially by
open-field or locomotion test, novel object recognition test, elevated
plus maze test, passive avoidance test and fear conditioning tests
starting on the 15th day onward following Aβ or PBS infusion, as per
the schedule indicated below:

The behavioural tests were performed by an investigator completely
blind to the treatment. Animal number in each group for each beha-
vioural experiment has been given in Supplementary Table 1.

2.13.1. Locomotion test
It is broadly used to understand general activity and exploratory

behaviour in rats and mice (Crusio, 2001). Locomotion apparatus (IR
Actimeter, Panlab, Barcelona, Spain) consisted of an open field Plex-
iglas arena (278 × 236 × 300 mm) with the photocell emitters and
receptors equally placed along the perimeter. These emitters and re-
ceptors build an x-y grid of invisible infrared rays. Animals placed in
this chamber while moving caused beam breaks and subsequently data
were recorded and analyzed by the analyzer. The rats were allowed to
explore the arena for 10 min and the distances travelled by rats were
determined.

2.13.2. Novel object recognition (NOR) test
This test is based on the innate tendency of rodents to explore a

novel object instead of a familiar object, providing an index for re-
cognition memory (Ennaceur, 2010). Each rat was placed in an open-
field arena (50 cm × 30 cm × 40 cm) with two identical (same dia-
meter, colour and length) cylindrical objects placed at parallel corners
and was allowed to explore them for 5 min on the first day. On the
second day, one of the cylindrical objects was swapped with a rectan-
gular object of a different colour and each rat was again placed in the
field for 5 min to explore the objects. The length of time spent in ex-
ploring each of the objects on day two was calculated and designated as
time spent at novel object (TN) and time spent at familiar object (TF)
values. Discrimination index (DI) and preference index (PI) were de-
rived according to the formulas – DI = (TN − TF)/(TN + TF),
PI = TN/(TN + TF) × 100 (Janus et al., 2000; Bryan et al., 2009;
Antunes and Biala, 2012).

2.13.3. Elevated plus maze (EPM) test
The elevated plus maze (EPM) test is widely known for assessing

anxiety and cognition in rodent models (Belzung and Griebel, 2001;
Paidi et al., 2015). The test apparatus comprised of a plus-shaped
wooden maze raised to a height of 60 cm from the floor with two open
arms (50 cm × 10 cm, with a very small, 1 cm-wall) across from one
another and at 90° to the two closed arms of same dimensions but with
tall walls (50 cm).

On day one, the rat was placed at the edge of one of the open arms
of plus maze with its face away from the centre and then allowed to
explore the plus maze freely. The time taken by the animal to move
from the open arm to the closed arm was termed as the transfer latency
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and recorded as initial transfer latency (ITL) and the task was termi-
nated once the animal moved into the closed arm. On day two, the same
procedure was followed, and the transfer latency was recorded as re-
tention transfer latency (RTL). The maximum time given per animal
was 5 min.

2.13.4. Passive avoidance test
The instrument is comprised of two dimensionally identical cham-

bers – a white (well-lit) chamber and a dark chamber partitioned with
automated guillotine door for the rat to pass through (SHUTTLEBOX,
Panlab, Barcelona, Spain). Initially, the animal was allowed to habi-
tuate for 5 min in the white compartment in door closed condition. This
was followed by the acquisition stage or training stage where the an-
imal was kept in the white chamber with door open condition for a
maximum of 5 min. It is the innate tendency of rodents to gravitate
towards darkness but once it reaches the dark chamber from the white
chamber it received a mild aversive stimulus (foot-shock of 0.7 mA for
2 s). On the following day (Probe stage), each animal was similarly
placed in the white chamber and the latency period to enter into the
dark chamber was determined using SHUTAVOID software (Panlab,
Barcelona, Spain) (McGaugh, 1966; Lawlor et al., 2007; Senechal et al.,
2008; Bryan et al., 2009).

2.13.5. Fear conditioning tests
Fear conditioning tests are vastly used to evaluate hippocampal

dependent associative learning and also useful to understand amygdala-
hippocampal communication (Fanselow, 1980; Fanselow and Tighe,
1988; Hamann et al., 2002; Bryan et al., 2009). In this study, rats were
individually placed in a sound-attenuating chamber with a stainless-
steel grid floor that delivers shock and equipped with a recorder that
records the freezing behaviour. Several studies have shown that rodents
express their defensive behaviour related to fear in the form of freezing:
total absence of motion excluding breathing movements. One ml of
10% vanilla extract was used in this conditioning chamber as the odour
cue. The testing paradigm (Bubser et al., 2014) was appropriately fol-
lowed as described below:

2.13.5.1. Contextual fear conditioning test. On the day of training, the
rat was placed in the conditioning chamber and allowed to habituate
for a 2 min period. After habituation, the animal was exposed to four
sessions of an unconditioned stimulus (89 sec pre-shock interval;
0.7 mA 1-sec foot-shock), ending with a 2 min period without stimuli
(10 min total). Approximately 24 h after the training (probe stage), the
rat was returned to the chamber maintaining identical context and
odour cue except shock stimuli. Freezing behaviour was assessed by
PACKWIN 2.0 software (Panlab, Barcelona, Spain) during an 8 min
period.

2.13.5.2. Cue dependent fear conditioning test. On the day of acquisition,
each rat was placed in the conditioning chamber as previously
mentioned and allowed to explore the chamber for an initial 2 min
period. Following habituation, four 29 sec sessions of light and sound
(90 dB, 4000 Hz) co-terminating with a foot-shock (0.6 mA, 1 sec) were
delivered with an intersession interval of 1 min, after this a 2 min rest
period was given to the animal before it was removed from the chamber
(10 min in total). In the probe stage (24 h after training), the context of
the box was tweaked by addition of white sheets to two walls and the
floor, and a different odour cue (camphor) was used. Each rat was
returned to this novel context and exposed to the same testing sessions
as on day one but without unconditional stimuli. Freezing behaviour
was assessed by PACKWIN 2.0 software (Panlab, Barcelona, Spain)
without shock for 8 min.

2.14. Immunohistochemistry

Twenty three days following Aβ infusion, perfusion was performed

transcardially under deep anaesthesia (1 g/kg of urethane, MP
Biomedicals, lllkirch, France, in 0.9% NaCl solution, i.p.) with 50 ml of
chilled 100 mM PBS (pH 7.4) followed by 50 ml of 4% (w/v) PFA and
then the rat was decapitated and the brain was removed from the skull.
The brain was submerged in 4% PFA overnight at 4 °C and then
transferred in 30% (w/v) sucrose solution in PBS for cryopreservation
at 4 °C. Coronal sections (20 µm thick) were taken through the hippo-
campus using a cryotome (Thermo Shandon, Pittsburg, PA, USA). The
sections were carefully allowed to attach to gelatine-coated slides for
histological staining. For immunofluorescence studies, the sections
were rinsed with PBS thrice followed by permeabilization with
PBS + 0.4% Triton-X for 40 min while for bright field imaging sections
were incubated in 3% hydrogen peroxide/10% methanol solution for
10 min to quench endogenous peroxidase activity. Afterwards for both
the studies, sections were washed with PBS + 0.1% Triton-X three
times 5 min each. This was followed by blocking with 4% BSA in 0.1%
PBST for 1 h. Primary antibodies used included Aβ1–42 (1:100), TIMP-1
(1:100), GFAP (1:50), CD11b (1:500, Bio-Rad, USA), COX 2 (1:500),
PSD95 (1:50) and SNAP25 (1:100). Primary antibody was diluted in the
blocking solution and the sections were incubated with it for 48 h at
4 °C. This was followed by three washes with PBST (0.1%). For im-
munofluorescence, sections were incubated with appropriate
Alexafluor-tagged secondary antibodies at RT for 2 h followed by
staining in Hoechst solution for 30 min at 37 °C, rinsed thrice with PBS
and then mounted with Prolong Gold Antifade with DAPI (Thermo
Fisher Scientific, Waltham, MA, USA) for microscopic analysis. For
bright field imaging, biotinylated secondary antibodies (Vector
Laboratories USA) were used appropriately before incubation with
streptavidin ABC solution (Vector Laboratories, Burlingame, CA, USA)
and visualized by diaminobenzidine (Bio-Rad, USA) chromogen.

Aβ1–42 labelled plaques were analysed quantitatively by calculating
a percentage of plaque area or number of plaques and apoptotic cells
were quantified by number of TUNEL positive cells by ImageJ software.
Microglial counts were performed on images captured from 3 coronal
sections/rat where cell counts were based on activated microglial
morphology for CD11b positive cells and COX-2 positive microglia.
Quantitative analysis (cells/mm2) was conducted using ImageJ soft-
ware. CD11b and COX-2 positive cells were expressed as cell numbers
per mm2.

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

The TUNEL staining was performed to assess apoptosis using
Clonetech ApoAlert DNA Fragmentation kit (Takara, Kusatsu, Shiga,
Japan) according to the manufacturer’s protocol. Briefly, the tissue
sections (as prepared earlier) were washed with PBS twice. The sections
were then digested in Proteinase K solution (20µg/ml, diluted from
concentration stock provided in the kit) for 20 min. The reaction was
stopped by washing with PBS followed by addition of 4% PFA/PBS to
the sections. The tissues were again washed in PBS. For tissue sections
thus prepared, cells were equilibrated in Equilibriation buffer at RT for
10 min. The experimental samples were then incubated in a solution
containing the nucleotide mix and Tdt enzyme in equilibriation buffer
for 1 h at 37 °C in dark. The tailing reaction was terminated by 2XSSC
buffer at RT for 15 min. Samples were washed twice with PBS.
Following this, they were stained with Hoechst solution for 30 min at
37 °C and then washed with PBS two times before mounting with
Prolong Gold Antifade with DAPI for microscopic analysis. The per-
centage 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.

2.16. Statistical analysis

All data were analyzed by one way ANOVA analysis followed by
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tukey’s multiple comparison of means post hoc test by using graph pad
software for comparing more than two experimental groups. For com-
parison of significant difference between two groups, student’s t-test
analysis was used. Data are presented as mean ± standard error of
mean, and p < 0.05 was considered to be statistically significant.

3. Results

3.1. Kinetics of Aβ-induced activation of astrocytes in culture

We studied the activation of astrocytes upon Aβ exposure at dif-
ferent time points and subsequently checked the effect of activation on
the health of neurons. Kinetics of activation was monitored following
exposure of primary astrocyte cultures to Aβ for 6 h, 16 h and 24 h.
GFAP expression, morphological changes and proliferation, three im-
portant hallmarks of astrocyte activation, were checked by im-
munocytochemical staining with GFAP and Ki67. Robust activation of

astrocytes was evident within as early as 6 h of Aβ exposure, as char-
acterized by a significant change in morphology from flat polygonal to
long process bearing cells which has been expressed as astrocyte peri-
meter measurement (Fig. 1A, E, p ≤ 0.05). This result can be corro-
borated to our previous report where the morphological changes of the
Aβ-treated astrocytes were validated as characteristics of astrogliosis
both in vitro and in vivo (Saha and Biswas, 2015). Along with that we
found a marked increase in cell proliferation in terms of Ki67 positive
cells (2.5 fold compared to control cells) upon 6 h of Aβ treatment
(Fig. 1A, F, p ≤ 0.05). But we did not find any significant change in
GFAP expression at 6 h time point (Fig. 1A, D). At 16 h and 24 h, al-
though the astrocyte perimeter showed a significant change (Fig. 1B–E)
with appearance of longer process bearing cells and in GFAP intensity,
but cell proliferation did not increase further (Fig. 1F). Hence to con-
firm astrogliosis in culture condition we further checked with other
important activation markers such as S100B, vimentin and nestin. Each
marker was found to be increased significantly within 6 h of Aβ

Fig. 1. Kinetics of morphological changes and cell
proliferation upon Aβ treatment of cortical astro-
cytes. Astrocytes (14DIV), treated with 1.5 µM Aβ
for 6 h (A), 16 h (B), and 24 h (C), were subjected to
immunocytochemical staining with GFAP and Ki67
antibody followed by nuclear staining with Hoechst.
Images were taken at a magnification of 40×. Both
control and treated conditions in (A), (B), (C) figures
represent a vertical panel of GFAP, Ki67 and
Hoechst and the corresponding merged images
(right of the vertical panel). (D), (E), (F) Bar dia-
grams represent quantitative analysis of GFAP in-
tensity expressed as corrected total cell fluorescence
(CTCF), astrocyte perimeter in µM and % of Ki67+
nuclei respectively at different time points of Aβ
treatment. Values are expressed as Mean ± SEM of
three independent experiments; *p ≤ 0.05. (G), (I),
(K) panels represent 6 h, 16 h and 24 h Aβ treated
astrocytes along with 24 h control samples, stained
with S100B, vimentin and nestin respectively along
with Hoechst stain. Images were taken at a magni-
fication of 60x. (H), (J) and (L) bar diagrams are
indicating the quantitative analysis of S100B, vi-
mentin and nestin respectively which are expressed
as CTCF values. Values are expressed as
Mean ± SEM of three independent experiments;
*p ≤ 0.05.
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exposure to astrocytes compared to control and that continued at later
time points as well (Fig. 1G–L, p ≤ 0.05). Collectively, these results
suggest that astrocytes in cultured condition are significantly activated
within the first six hours following Aβ exposure.

3.2. Astrocyte conditioned medium (ACM) from Aβ-treated astrocyte
cultures display neuroprotective properties

To investigate the effect of ACM which was collected at different
time points following Aβ exposure to astrocytes, on the morphology
and survival of Aβ-treated neurons (Nagai et al., 2007), ZsGreen-
transfected cortical neurons were incubated with ACM collected at 6 h,
16 h and 24 h from control and Aβ-treated astrocytes in the presence or
absence of Aβ as indicated in figure (Fig. 2). Images were taken at 0 h,
24 h and 48 h and total cell numbers were obtained by nuclei counting
at 24 h of ACM treatment. Fig. 2A, B, C and D show that in the absence
of ACM, Aβ-treatment on cultures of cortical neurons led to progressive
degeneration of neuritis (Fig. 2A–C) and a significant death of neurons
(≈40%) at 24 h (Fig. 2D, p ≤ 0.05). In contrast, in the presence of
control ACM or Aβ-treated ACM, the overall morphology in terms of
dendrite retention and viability of neurons were protected significantly.
However, control ACM did not provide any protection against Aβ-in-
duced degeneration of neurites and death. In contrast, 6 h Aβ-treated
ACM provided better protection to neurons in terms of retention of
processes and number of viable cells compared to that from 16 h and
24 h Aβ-treated ACMs (Fig. 2A–D, p ≤ 0.05).

Fig. 2. Effect of conditioned medium from Aβ-exposed activated astrocytes on cultured cortical neurons. (A–C) ZsGreen transfected 6DIV cultures of cortical neurons
were treated with 6 h, 16 h & 24 h control ACMs in presence or absence of Aβ or Aβ-treated ACM. Along with that only control neurons and direct Aβ treated neurons
were taken. Pictures of viable green transfected cells were taken at 20× at 0 h, 24 h and 48 h of incubation. (D) Astrocytes were treated with Aβ for different time
durations (6 h, 16 h or 24 h), then Aβ-treated or untreated ACMs were transferred to neurons in presence or absence of Aβ as indicated and after 24 h of incubation,
the viable cells were counted by intact nuclei counting method. Data represents % of viable cells against different ACM treatment along with control neurons with or
without Aβ. Values are expressed as Mean ± SEM of five independent experiments; *p ≤ 0.05. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. Aβ significantly enhances secretion of TIMP-1 from astrocytes. Cultured
astrocytes (14DIV), treated with 1.5 µM Aβ for 6 h, were used for all experi-
ments along with untreated controls. (A) Cytokine array analysis of ACM from
control and Aβ-treated astrocytes. Arrows indicate the dots which correspond to
TIMP-1. (B) Densitometric analysis of the spots shown in (A) indicating the
relative levels of secreted TIMP-1 in 6 h control and Aβ-treated ACMs;
*p < 0.05. (C) Quantitation of TIMP-1 in the ACMs from control and Aβ-
treated samples were performed by ELISA. Bar diagram represents TIMP-1 level
in pg/ml in control and the Aβ-treated samples. Values are expressed as
Mean ± SEM of three independent experiments;**p < 0.05.
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3.3. Aβ significantly induces secretion of TIMP-1 from astrocytes within 6 h
of exposure

In view of the robust activation of astrocytes within 6 h of Aβ ex-
posure and the maximum protection offered by the 6 h Aβ-treated ACM
to cultures of Aβ-treated neurons, we analyzed the cytokine content of
6 h control and 6 h Aβ-treated ACM using a cytokine array kit
(Proteome profiler Rat cytokine array kit, R&D). Comparison of the
relative cytokine contents of ACMs from 6 h control and Aβ-treated
samples showed that TIMP-1 is upregulated significantly in the Aβ-
treated ACM (Fig. 3A and B, p < 0.05). The dot blots revealed changes
in the expression of a number of other cytokines such as sICAM-1,
CINC-1, MIP-1α, VEGF, IL-2 etc. (Supplementary Fig. 1 A and D).
Consistent with this finding, ELISA assay also showed that at 6 h there
was a three to four fold significant increase of TIMP-1 in ACM upon Aβ-
exposure compared to control samples (Fig. 3C, p < 0.05). We also
found that in cytokine arrays at later time points (16 h and 24 h), TIMP-
1 level was reduced whereas cytokines like fractalkine, MIP 3α and
CINC2 α/β were upregulated (Supplementary Fig. 1B–D). These find-
ings justify why 6 h Aβ-treated ACM provided better neuroprotection
compared to that of later time points.

3.4. ACM deprived of TIMP-1 loses neuroprotective activity

In order to assess the specific contribution of TIMP-1 present in

ACM in neuroprotection of Aβ-treated neurons, we compared the re-
lative neuroprotective activity of TIMP-1 enriched ACM with that of
TIMP-I deprived ACM where TIMP-1 was inactivated by using a neu-
tralizing antibody (TIMP-1 Nab). For this experiment, cultures of 6DIV
cortical neurons (control and control + Aβ) were treated with 6 h
control ACM, 6 h Aβ-treated ACM, 6 h control ACM + TIMP-1 Nab, 6 h
Aβ-treated ACM + TIMP-1 Nab. After 24 h of incubation, the integrity
of the neuronal processes was checked by immunochemical staining
with β3-tubulin antibody.

The results revealed a significant loss of neurons and their processes
when secreted TIMP-1 in ACM was neutralized by using a neutralizing
antibody, compared to untreated ACM taken from either control or Aβ-
treated astrocytes (Fig. 4A). To strengthen the data, we also treated
astrocytes with 6 h control ACM + normal IgG, 6 h Aβ-treated ACM
with normal IgG along with previous conditions and performed nuclei
counting of viable neurons following 24 h of exposure (Fig. 4B). In the
absence of ACM, Aβ-treatment led to a loss of 30% neurons (Fig. 4B, a
and b, p < 0.05) and this was prevented by ACM from both 6 h control
and 6 h Aβ-treated astrocytes (Fig. 4B, c and d, p < 0.05). Neu-
tralization of TIMP-1 antibody in the 6 h control ACM partially loses the
neuroprotective effect retaining 80–90% viability (Fig. 4B, e), which is
presumably due to other neuroprotective factors present in the 6 h
ACM. In contrast, neutralization of TIMP-1 in the 6 h Aβ-treated ACM
(Fig. 4B, f) led to significant loss of neuroprotective effect (50% cell
death at 24 h, p < 0.05). The specificity of TIMP-1 is evident from the

Fig. 4. Effect of TIMP-1 enriched and TIMP-1 neu-
tralized ACM from 6 h control and 6 h Aβ-treated
astrocytes on the viability and survival of neurons.
(A) Cortical neuron cultures were treated with none
(control), Aβ, 6 h control ACM, 6 h Aβ-treated ACM,
6 h control ACM + TIMP-1 Nab, 6 h Aβ-treated
ACM + TIMP-1 Nab (as indicated in panels) for 24 h
and subjected to immunocytochemistry with β3-tu-
bulin antibody. Pictures were taken at 60×. (B)
Primary cultures of cortical neurons (6DIV) were
treated as indicated below the bars for 24 h and then
the viable neurons were assayed by nuclei counting.
a) Control neurons-no ACM; b) Aβ (1.5 µM) treated
neurons-no ACM; c) 6 h control ACM (before TIMP-1
neutralization); d) 6 h Aβ treated ACM (before
TIMP-1neutralization); e) 6 h control ACM after
TIMP-1 neutralization with TIMP-1 NAb; f) 6 h Aβ
treated ACM after TIMP-1 neutralization with TIMP-
1 NAb; g) 6 h control ACM plus normal IgG; h) 6 h
Aβ treated ACM plus normal IgG. Note the protec-
tion of neurons enabled by TIMP-1-containing ACM
(d) and the loss of the protective effect following
treatment of the ACM with TIMP-1 antibody (f) but
not by treatment with control or normal IgG. Values
are expressed as Mean ± SEM of four experiments;
*p < 0.05. (C) Astrocyte-neuron co-cultures were
treated with TIMP-1 Nab in presence or absence of
Aβ for 6 h. Immunocytochemistry with GFAP and
β3-tubulin antibody was performed. Pictures were
taken at 40× under confocal microscope. Panels
from left to right represent immunostaining with
GFAP, β3-tubulin, Hoechst, and merged. Panels
from top to bottom show control, Aβ-treated, TIMP-
1 Nab and TIMP-1 Nab + Aβ treated cells. (D)
Represents the corresponding sholl analysis for the
arborisation of neurons present in co-cultured con-
dition and under different treatment as in fig (C). (E)

Astrocyte cultures (14 DIV) were transfected with siTIMP-1 and after 72 h, cells were treated with Aβ for 6 h. After the incubation period, 6 h ACMs were collected
from control, Aβ-treated, siTIMP-1, and Aβ + siTIMP-1 treated astrocytes and transferred to 6DIV cultures of cortical neurons (middle panel). The remaining
astrocytes were immunostained with TIMP-1 antibody along with nuclear staining with Hoechst to validate the knock down (Upper panel). After 24 h of 6 h Aβ-ACM
treatment, neurons were immunostained with β3-tubulin antibody along with Hoechst to check their process integrity. In the lower panel, only control and Aβ-
treated neurons (without ACM) are shown. Note the reduced expression of TIMP-1 in si-TIMP-1 treated astrocytes (upper panel) and the degeneration of the neurons
in the presence of siTIMP-1 treated Aβ-ACM (middle panel). Pictures were taken at 40× magnification.
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fact that no such protection was observed when TIMP-1 antibody was
replaced by normal IgG (Fig. 4B, g and h).

The neuroprotective effect of TIMP-1 was also evident in a co-cul-
ture model, where astrocyte-neuron co-cultures were treated with
TIMP-1 Nab in the presence and absence of Aβ and after 6 h of in-
cubation, cells were immunostained with GFAP and β3-tubulin to check
the integrity of neuronal processes and astrocyte-neuron interactions.
We performed sholl analysis and found a significant reduction in
neurite retention and interaction with astrocytes in co-cultures treated
with TIMP-1 Nab + Aβ compared to the control conditions where co-
cultures were exposed to Aβ only (Fig. 4C, D).

Further evidence was obtained by knocking down TIMP-1 by in-
troducing a smart pool of siTIMP-1 to primary mature astrocyte cultures
both in control and Aβ-treated conditions for 72 h. Efficacy of the
siTIMP-1 was checked by western blot and immunocytochemical ana-
lysis in PC12 cells (Supplementary Fig. 2A, B). Aβ-induced over-ex-
pression of TIMP-1 in primary astrocytes was prominently knocked
down in the presence of siTIMP-1 (Fig. 4E). As described earlier, ACMs
from control, Aβ, siTIMP-1 and Aβ + siTIMP-1 exposed astrocytes were
taken and transferred to 6DIV cortical neuron cultures. After 24 h, the
integrity of the neuronal processes was significantly lost where TIMP-1
was specifically downregulated (Fig. 4E). These observations led us to
conclude that TIMP-1 secreted from Aβ-treated astrocytes has a bene-
ficial role in maintaining neuronal health.

3.5. Rat recombinant TIMP-1 (rrTIMP-1) offers neuroprotection against
Aβ-mediated neurotoxicity

Protection enabled by Aβ-induced TIMP-1 in ACM to cortical neu-
rons led us to investigate the effect of rat recombinant TIMP-1 (rrTIMP-
1) on the survival of Aβ-treated neurons. For these experiments,

cultured cortical neurons or neuronally differentiated PC12 cells were
treated with rrTIMP-1 (25 ng/ml, 50 ng/ml and 100 ng/ml) in the
presence or absence of Aβ for 24 h. Cells were then fixed for im-
munocytochemical staining or subjected to survival assay by intact
nuclei counting. Staining with β3-tubulin antibody for cortical neurons
revealed that rrTIMP-1 at 100 ng/ml offered significant protection to
cortical neurons against neuronal degeneration in terms of cell mor-
phology (Fig. 5A). Our sholl analysis data is showing a quantitative
restoration of neuronal process arborisation in Aβ treated neurons in
presence of rrTIMP-1 protein (Fig. 5C). The results were consistent in
differentiated PC12 cells (Supplementary Fig. 3A, B). Quantitative nu-
clei counting data showed that treatment with rrTIMP-1 at 100 ng/ml
prevented the Aβ-induced death of the cortical neurons. No significant
protection was observed at 25 ng/ml and 50 ng/ml doses of rrTIMP-1
(data not shown). Hence, all further experiments were conducted at
100 ng/ml dose of rrTIMP-1. Here, both control neurons and Aβ-treated
neurons were treated with rrTIMP-1. Not only the control cells treated
with rrTIMP-1 remained intact but also the rrTIMP-1 added Aβ-treated
neurons were significantly protected against Aβ induced toxicity as
observed at 24 h (Fig. 5B, p < 0.05). Similar significant protection
from Aβ was found in PC-12 cells upon rrTIMP-1 treatment
(Supplementary Fig. 3, p < 0.05).

3.6. TIMP-1 promotes survival of Aβ-treated neurons by activating the Akt
signaling pathway

Next, we explored the possible mechanism and the signal trans-
duction pathway involved in the protection of neurons by TIMP-1 from
Aβ induced cytotixicity. In thyroid cancer, TIMP-1 is known to play an
important role by binding to its receptor CD63 and activating the Akt
signaling pathway which in turn is responsible for its anti-apoptotic

Fig. 5. Effect of rat recombinant TIMP-1 (rrTIMP-1) on the survival of primary cortical neurons in presence of Aβ: (A) Primary cortical neurons were treated with or
without Aβ in the presence of rrTIMP-1 as indicated for 24 h. Cells were fixed and subjected to immunostaining with β3-tubulin antibody. Pictures were taken at 40×
magnification. (B) Cell lysates from all samples were also collected and subjected to nuclei counting. Bar diagrams indicate the % of viable neurons at 24 h. Values are
expressed as Mean ± SEM of three experiments; *p < 0.05. (C) Sholl analysis for the arborisation of neurons in fig (A) at different treatment conditions. Values are
expressed as Mean ± SEM of three experiments; *p < 0.05.
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activity (Bommarito et al., 2011). Other reports also indicate that Akt
signalling pathway is affected in Aβ-mediated cellular toxicity in neu-
ronal cells (Chen et al., 2009). In response to Aβ treatment Akt is in-
activated due to dephosphorylation which in turn results in activation
of Foxo3a due to its dephosphorylation at Akt sites and its translocation
to nuclei to trigger the expression of apoptotic genes (Sanphui and
Biswas, 2013; Saha and Biswas, 2015).

Consistent with the above reports, our western blot analysis in-
dicated that Aβ-treatment of cortical neurons led to a significant re-
duction of phosphorylation of Akt (s473) compared to that of untreated
controls (Fig. 6A, B p < 0.01). Interestingly, this reduced phosphor-
ylation is markedly reversed by TIMP-1, as seen in the changes in
normalized values of pAkt with tAkt from densitometric analysis of the
blots (Fig. 6A and B, p < 0.001). Changes in the level of total Akt as
well as Actin were insignificant across the treatment conditions. Similar
results were obtained in western blot analysis in PC12 cells
(Supplementary Fig. 4A). Consistent evidence was also obtained by si-
multaneous immunostaining of PC12 cells with pAkt, tAkt and β3-tu-
bulin antibodies (Fig. 6C and D). We found that there is a significant
decrease in p-Akt intensity which is expressed in CTCF value, in Aβ-
treated PC-12 cells compared to control cells (p < 0.05). But upon
introduction of rrTIMP-1 to Aβ-treated cells, we obtained a significant
restoration of intracellular p-Akt intensity (Fig. 6E, p < 0.05). Fur-
thermore, the ratio of intracellular intensity of p-Akt and t-Akt was
found to be significantly restored by adding rrTIMP-1 to Aβ-treated
cells (Fig. 6F, p < 0.05). The dependence of TIMP-1 mediated neu-
roprotection on the Akt signaling pathway was also observed by
blocking Akt activation with Akt inhibitor II (Akt i), in the presence of
which TIMP-1 was totally unable to protect neurons against Aβ-induced
cell death (Supplementary Fig. 4B, p < 0.05).

3.7. TIMP-1 helps in Aβ clearance and blocks apoptosis through Akt/Bim/
caspase axis in Aβ infused rat brain

To generate an in vivo model of AD, we infused Aβ stereotaxically in
the rat brain as mentioned earlier and evaluated different inflammatory
and gliosis markers (Supplementary Fig. 5A–I). The western blot data
show that there is a significant increase in pro-IL-1β and NF-kβ, two
potential inflammatory markers, in the Aβ infused hippocampal tissues
(Supplementary Fig. 5A, B p < 0.01). Immunohistochemical studies
also revealed that there is a significant increase in GFAP intensity and
astrocyte perimeter in Aβ infused rat brain hippocampal and cortical
regions near the site of infusion (HCSI) (Supplementary Fig. 5C–E). In
addition, microglial activation was checked with CD11b and COX-2
staining which were found to be significantly upregulated in the HCSI
of Aβ (Supplementary Fig. 5F–I).

Now, we were interested to check the underlying molecular me-
chanisms through which TIMP-1 renders neuroprotection in vivo.
Twenty three days following Aβ infusion in rats, Aβ1-42 plaques were
abundantly detected by Aβ1-42 antibody in the HCSI. In contrast, the
vehicle controls presented no such labelling (Fig. 7Ai). HCSI of Aβ-in-
fused rats injected with rrTIMP-1 showed marked reduction in plaque
number (p < 0.0001) and plaque burden (%) (p < 0.0001) compared
to Aβ rats (Fig. 7Ai, ii, iii). The diffusion of rrTIMP-1 was also con-
firmed by TIMP-1 antibody. rrTIMP-1 infused rats showed significant
labelling for TIMP-1 protein throughout the brain whereas the control
rats presented negligible TIMP-1 levels (Supplementary Fig. 6). This
showed that intracerebroventricularly injected rrTIMP-1 got distributed
in hippocampal and cortical regions under our experimental conditions.
Thus, these results indicate that TIMP-1 might clear the Aβ1-42 accu-
mulation due to Aβ infusion in the HCSI of rat brains.

Fig. 6. TIMP-1 mediates neuroprotection by acti-
vating the Akt signalling pathway. In (A) and (B)
primary cortical neurons were treated with Aβ,
TIMP-1 and TIMP-1 + Aβ for 16 h. Control and the
treated cells were harvested and the lysates were
subjected to western blot analysis using p-Akt and t-
Akt antibodies. Actin was used as a loading control
(A). Bar diagram shows the ratio of p-Akt/t-Akt
(normalized with Actin) derived from densitometric
analysis of the blot using the Image J software.
Values are expressed as Mean ± SEM from three
independent experiments; **p < 0.01,
***p < 0.001 (B). (C) and (D) show im-
munostaining of PC-12 cells treated with Aβ, TIMP-1
and TIMP-1 + Aβ for 16 h with p-Akt and t-Akt
antibodies respectively along with β3-tubulin anti-
body and nuclear staining with Hoechst reagent.
Pictures were taken at 40× magnification. (E) and
(F) represent the quantitative analysis of the in-
tracellular intensities of p-Akt and t-Akt and their
ratio respectively. Values are expressed as
Mean ± SEM from three independent experi-
ments.*p < 0.05.
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Additionally, in tissue sections from Aβ-infused rats, the % of
apoptotic or TUNEL–positive cells was significantly higher in the HCSI
than the control sections. However, treatment with rrTIMP-1 markedly
reduced the percentage of apoptotic cells (Fig. 7Bi, ii, p < 0.0001).
Overall, the results indicate that Aβ induced an increase in apoptotic
cells in the vicinity of infusion compared to control groups and TIMP-1
significantly prevented Aβ-induced apoptosis.

Our in vitro studies indicated that TIMP-1 could protect neurons

through the Akt pathway upon Aβ exposure. This prompted us to check
similar possibilities under in vivo conditions. For that, hippocampal
tissues from control, Aβ, TIMP-1 and TIMP-1 + Aβ infused brains were
subjected to western blot analysis with p-Akt (s473) and t-Akt. We
found that TIMP-1 restored back the Akt activation state in vivo in Aβ-
infused rats (Fig. 7C, D). Additionally, we also found that TIMP-1 in-
jection significantly blocked the induction of Bim, a pro-apoptotic
protein playing an essential role in neuronal death (Biswas et al., 2005),

Fig. 7. TIMP-1 treatment induces Aβ clearance and protection against apoptosis in Aβ-infused rat brain. (A) Aβ plaques deposited extracellularly were detected by
immunolabelling with Aβ1–42 antibody in the hippocampal and cortical region near the site of infusion (HCSI) in brain of the different treatment groups, 23 days
following Aβ infusion (i). The left vertical panel represents double-labelled images taken at 10× magnification for each experimental group (top to bottom) –
Control, Aβ, TIMP-1 and Aβ + TIMP-1 (5 ng). Note the region marked for higher magnification view near the site of infusion (white boxes). The other 3 vertical
panels (left to right) – Aβ1-42 labelled (red), Hoechst stain (blue) and merged images were taken at 40× magnification (scale bar – 100 µm). Note the punctated
Aβ1–42 labelling in the HCSI of Aβ-infused brain (white arrows). Treatment with rrTIMP-1 significantly reduced the plaque number (ii) and plaque burden (%) (iii)
compared to Aβ infusion alone (n = 3 for each group, 3 slices of each rat brain at 40×). *p < 0.0001, #p < 0.0001. (B) TUNEL assay stained the apoptotic cells
green and were considered TUNEL positive while the total number of cells in the section was visualized by nuclear staining with Hoechst (blue). The left vertical
panel represents 20× (scale bar – 100 µm) merged image from each group (top to bottom) – Control, Aβ, TIMP-1 and Aβ + TIMP-1 (5 ng). Note the region marked
for zoomed viewing near the site of infusion (white boxes). The other 3 vertical panels show the enlarged images (left to right) – TUNEL staining, Hoechst staining
and merged. Each row represents each experimental group. Aβ + TIMP-1 (5 ng) treated group showed a significant reduction in the % of apoptotic cells compared to
Aβ alone group (n = 3 for each group, 3 slices of each rat brain, 500 cells/ slice at 20×); *p < 0.0001, #p < 0.0001. (*) indicates p-values in comparison to
Control group and (#) indicates p-values in comparison to Aβ group. (C–H) Control, Aβ, TIMP-1 and TIMP-1 + Aβ brain tissues were subjected to western blot
analysis with p-Akt, t-Akt, Bim and cleaved PARP antibodies. Actin was taken as loading control. Bar diagrams are representing corresponding densitometric analysis
of the blots. Values are expressed as Mean ± SEM from three independent experiments; *p < 0.01. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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and PARP cleavage, a caspase 3 substrate, in Aβ infused rat hippo-
campal tissue (Fig. 7E-H).

3.8. TIMP-1 improves cognitive deficits in Aβ-infused rat by restoring
synaptic integrity

Finally, we have examined several cognitive tasks performed by Aβ
infused rats and effect of TIMP-1 thereon using a battery of behavioural
experiments (see section 2 for details).

3.8.1. Locomotion test
Fig. 8A and supplementary Fig. 7 show that hyperlocomotion of Aβ

infused rats was significantly reduced by treatment with 5 ng of rrTIMP-
1 (p < 0.01) as evident from the distance travelled by the corre-
sponding groups.

3.8.2. NOR test
Fig. 8Bi shows that Aβ infusion caused a significant reduction in

novel object exploration time compared to familiar object with a ne-
gative DI (Fig. 8Bii, p < 0.05) and a reduced PI (Fig. 8Biii,p < 0.05)
compared to the control group on the second day of test. Negative DI
score for Aβ group indicated more time spent with the familiar object
over the novel object, in contrast to the control group, while PI value
below 50% indicated their preference towards familiar object as against
the values in control (Antunes and Biala, 2012). rrTIMP-1 (5 ng) treated
group showed a significant increase in exploration time (Fig. 8Bi,
p < 0.05), positive DI score (Fig. 8Bii,p < 0.05) and above 50% PI
value (Fig. 8Biii,p < 0.05), depicting that TIMP-1 improves recogni-
tion and learning memory.

3.8.3. EPM test
Fig. 8C shows that Aβ infusion in rats induced a significantly higher

RTL (Day-2) than ITL (Day-1) which is in stark contrast to that seen in
all other groups. The difference between ITL and RTL (ITL-RTL) was
considered as the parameter to assess cognitive memory in EPM test.
Notably, a negative difference was obtained in the Aβ infused animals
indicating a loss of memory on day-two (p < 0.05). However, rrTIMP-
1 (5 ng) treated Aβ rats gave positive ITL-RTL values significantly im-
proving the score compared to Aβ group (p < 0.05) and thus over-
coming the Aβ-induced cognitive loss.

3.8.4. Passive avoidance test
Fig. 9Ai shows no significant difference in performance between the

treatment groups in the acquisition stage (Day-1). In the probe stage
(Day-2), compared to the control group, Aβ-infused animals displayed a
marked reduction the latency towards the dark chamber (p < 0.0001)
(Fig. 9Aii). Both the rrTIMP-1-injected groups (2.5 ng and 5 ng),
however, reversed the Aβ induced memory and learning impairments,
evidenced by a significantly increased latency in the rrTIMP-1 (5 ng)
group (p < 0.001).

3.8.5. Contextual and Cue-dependent fear conditioning tests
In contextual fear conditioning test, we measured the mean of the

percent freezing in the four trials in the probe stage. Injection of Aβ
hindered the acquisition of contextual fear conditioning estimated 24 h
later in the probe stage as a significantly reduced percentage of freezing
behaviour compared to control (Fig. 9Bi, p < 0.005). Upon rrTIMP-1
treatment, there was a dose-dependent reversal of the Aβ-induced re-
duction in percent freezing. rrTIMP-1 (5 ng) showed a significant in-
crease in percent freezing compared to Aβ rats (p < 0.005).

In cue-dependent fear conditioning test, Aβ-infused animals showed

Fig. 8. Effect of TIMP-1 on cognitive abil-
ities of Aβ-infused rats. (A) Locomotion test
– Hyperlocomotion, measured as total dis-
tance travelled (cm), induced by Aβ
(*p < 0.01) was significantly reduced by
5 ng of rrTIMP-1 (#p < 0.01). Control
n = 9, TIMP-1 n = 4, Aβ n = 5,
Aβ + TIMP-1 (2.5 ng) n = 3, Aβ + TIMP-1
(5 ng) n = 4. (B) Novel object recognition
test - On day-2 (i) Compared to control and
TIMP-1 only treated groups, exploration
time of Aβ infused animals at the novel
(Nov) object was reduced than the familiar
(Fam) object while Aβ + TIMP-1 (5 ng)
group spent significantly longer time with
the novel object than familiar object
(*p < 0.05). (ii) Aβ animals gave a nega-
tive discrimination index value
(*p < 0.05) while for Aβ + TIMP-1 it was
significantly positive (#p < 0.05) (iii)
Preference index for the novel object was
significantly lowered in the Aβ group
(*p < 0.05) while it was significantly
higher in the Aβ + TIMP-1 (5 ng) group
than the Aβ group (#p < 0.05). Control
n = 6, TIMP-1 n = 6, Aβ n = 8,
Aβ + TIMP-1 (2.5 ng) n = 3, Aβ + TIMP-1
(5 ng) n = 6. (C) In Elevated plus maze
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 Aβ animals (@
p < 0.05). The difference between ITL and
RTL (ITL-RTL) was significantly negative

for Aβ group (*p < 0.05) which was reversed to positive values by treatment with 5 ng TIMP-1 (#p < 0.05). Values are expressed as Mean ± SEM. (*) indicates p-
values in comparison to Control group and (#) indicates p-values in comparison to Aβ group. Control n = 11, TIMP-1 n = 7, Aβ n = 9, Aβ + TIMP-1 (2.5 ng) n = 3,
Aβ + TIMP-1 (5 ng) n = 7.
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pronounced decrease in percent freezing in the probe stage (p < 0.05)
(Fig. 9Bii). Administration of rrTIMP-1 alone did not have any sig-
nificant effect on control rats; however, when injected in Aβ rats, the
animals in probe stage exhibited a dose dependent improvement in
percent freezing behaviours where the 5 ng dose was statistically sig-
nificant (p < 0.01). Collectively, these results indicate that both
context-dependent and cue-dependent hippocampal associated memory
and learning were affected in Aβ-infused rat model and TIMP-1 helped
in ameliorating these cognitive deficits.

Finally, we checked the levels of pre- and post-synaptic markers,
SNAP25 and PSD95 respectively in control, Aβ, TIMP-1 and
Aβ + TIMP-1 infused rat brain by immunohistochemistry (Fig. 9C-F).
We found that, there was a significant decrease in both the synaptic
markers in the HCSI of Aβ infused brain whereas infusion with TIMP-1
could significantly rescue the levels of both the synaptic markers im-
plying that TIMP-1 could maintain the synaptic integrity in the Aβ-in-
fused rat brains (Fig. 9D, F, p < 0.01).

4. Discussion

The different states of reactive astrocytes which determine their
beneficial or detrimental roles in CNS are a major focus of research in
neurodegenerative diseases. In this study, we investigated the beneficial
roles of astrocyte-secreted protein, TIMP-1, in Aβ-treated primary cul-
tures of neurons and Aβ-infused rats. A number of our experimental
observations suggest that TIMP-1 is rapidly secreted from astrocytes in
response to Aβ treatment and promotes neuronal survival by activation
of Akt pathway, and improves cognitive functions such as learning and

memory of Aβ-infused rats by reducing Aβ load and apoptosis, and
maintaining synaptic integrity. First, we demonstrate that ACM from
primary cultures of 6 h Aβ-treated astrocytes protected cortical neurons
significantly from Aβ-induced death. Second, TIMP-1 secretion from
astrocytes is greatly increased within 6 h of Aβ treatment. Third, TIMP-
1 renders the neuroprotective efficacy of Aβ-treated ACM since neu-
tralization of TIMP-1 with specific antibody diminishes the effect.
Fourth, recombinant TIMP-1 protects neurons by blocking Aβ-induced
inhibition of Akt and induction of Bim and caspases. Fifth, TIMP-1 in-
jection in rat brain reduces Aβ-load and apoptosis in the vicinity of Aβ-
infusion site. Finally a battery of behavioural studies indicates that
TIMP-1 restores learning, memory and other cognitive deficits of rat
those were impaired by Aβ-infusion. This observation was further
supported by the fact that TIMP-1 restores the expression of pre- and
post-synaptic proteins, markers of synaptic integrity, in Aβ-infused rat
brain.

Although degeneration of Aβ-treated neurons is prompted by
proinflammatory cytokines secreted by reactive astrocytes (Garwood
et al., 2011; Li et al., 2011), several reports suggest a beneficial role of
astrocyte activation in the early stage of the disease. WyssCorey et al.
first showed that astrocytes were able to uptake and degrade Aβ in
cultured mouse astrocytes (Wyss-Coray et al., 2003). Aβ containing
astrocytes have been reported in human patient brain (Funato et al.,
1998; Thal et al., 2000). Moreover, it has been shown that activated
astrocytes are present even before the appearance of amyloid plaques
(Wang et al., 2018) and that attenuating astrocyte activation ac-
celerated amyloid pathology in AD mice (Kraft et al., 2013).These re-
ports suggest that the activated astrocytes are protective by virtue of

Fig. 9. TIMP-1 improves memory including associative learning in Aβ-infused rats by restoring synaptic integrity. (A) Passive avoidance test – (i) shows the latency of
animals to the dark chamber on day-1 (acquisition stage) and (ii) shows that on day-2 probe stage, latency of animals to step into the dark chamber was markedly
reduced in the Aβ group (*p < 0.0001) while it was significantly recovered in the Aβ + TIMP-1 (5 ng) group (#p < 0.001). Control n = 12, TIMP-1 n = 10, Aβ
n = 6, Aβ + TIMP-1 (2.5 ng) n = 3, Aβ + TIMP-1 (5 ng) n = 7. Probe stages in B(i) Contextual fear conditioning test, the percent freezing was significantly
attenuated in Aβ-infused rats (*p < 0.005) and this effect was reversed by TIMP-1 in a dose dependent manner that was statistically significant at 5 ng
(#p < 0.005). Control n = 6, TIMP-1 n = 4, Aβ n = 7, Aβ + TIMP-1 (2.5 ng) n = 3, Aβ + TIMP-1 (5 ng) n = 6. B (ii) Cue-dependent fear conditioning test showed
that TIMP-1 reversed the decreased percent freezing induced by Aβ in AD animals (*p < 0.05, #p < 0.01). Control n = 10, TIMP-1 n = 6, Aβ n = 7, Aβ + TIMP-1
(2.5 ng) n = 3, Aβ + TIMP-1 (5 ng) n = 7. Values are expressed as Mean ± SEM. (*) indicates p-values in comparison to Control group and (#) indicates p-values in
comparison to Aβ group. (C-F) Immunohistochemical analysis was performed on control, Aβ, TIMP-1 and Aβ + TIMP-1 infused rat brain sections with PSD95 and
SNAP25 antibodies. Images were taken at 40× magnification under confocal microscope (zoomed in images represented). Bar diagrams are representing the
quantitative analysis of intensity of both the markers as CTCF values.
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their ability to facilitate Aβ-clearance and degradation but the mole-
cular basis of this effect was unknown. One possibility is that TIMP-1
can promote Aβ clearance by astrocytes. There is a report that suggests
TIMP-1 can induce astrocyte reactivity and that the reactivated astro-
cytes surrounding the Aβ deposition can increase the levels of astrocytic
MMPs that degrade Aβ depositions and remove them from the brain
(Hernandez-Guillamon et al., 2009). We report here that TIMP-1, se-
creted from astrocytes, plays an essential role in neuroprotection and in
the clearance of Aβ-plaques from hippocampus and cortex of Aβ-in-
fused rat brain.

TIMP-1 has been shown to have neuroprotective potential in several
cases including HIV-1 infection (Ashutosh et al., 2012) and retinal
neuron degeneration (Kim et al., 2018). Interestingly, in an AD model
(5XFAD mice) TIMP-1 expression progressively increases between 4
and 6 months and then declines at 6 months when neurodegeneration
starts, suggesting a neuroprotective role of TIMP-1 in the early phase of
disease (Py et al., 2014). Our data corroborated with these findings,
however, few other reports differ from the present findings. In another
AD model (APP/PS1mice), MMP-2 and −9 has been reported to be
involved in the digestion of Aβ-aggregates, these proteases are in turn
inhibited by TIMP-1 (Yin et al., 2006). However, in our in vitro model
we did not find any significant change in the secretion or at the in-
tracellular level of MMP-2 among the four treatment groups (Control,
Aβ, TIMP-1 and Aβ + TIMP-1) while MMP-9 was not detected at the
secretion level and its intracellular level remained unchanged in all the
four treatment conditions in neurons (data not shown). Moreover, it has
been shown that TIMP-1 -/- condition can restore some of the seizure
mediated neuron loss in hippocampus region, based on its MMP in-
hibitory roles. Paradoxically, these mice have also shown severe im-
pairments in learning and memory functions (Jourquin et al., 2005)
corroborating with our results.

Hence, the most important question is how TIMP-1 exerts its effect
on neuroprotection. How does it interact with neurons? What signalling
pathways are altered or modulated further in response to TIMP-1? How
does it help in the recovery of memory and cognitive deficits? Most of
these questions still remain unanswered. However, accumulating evi-
dences imply TIMP-1 as a multifunctional protein which can act as a
protease inhibitor and as a signaling molecule independently in several
pathologic conditions (Stetler-Stevenson, 2008; Grunwald et al., 2019).
In some instances, both of these functions of TIMP-1 are required such
as in wound healing and fibrosis. However, in cancer the scenario is
mostly inconclusive. Since TIMP-1 is a natural potent MMP inhibitor, a
number of reports suggested its tumour suppressor activity, contrarily,
through CD63/PI3K signalling it can also act as a cancer promoting
agent (Stetler-Stevenson, 2008; Grunwald et al., 2019). Importantly, a
number of recent clinical studies have associated it with an unfavour-
able prognosis in a series of cancers (Hawthorn et al., 2004; Wurtz
et al., 2008; Wang et al., 2013; Song et al., 2016; Zurac et al., 2016).
Intriguingly, these paradoxical reports can be traced from the fact that
TIMP-1 has a large network of binding partners (Grunwald et al., 2019).
During different biological contexts, these interaction partners compete
for mutual interaction sites on TIMP-1 orchestrating its independent
and opposing roles manifested through physiological or pathological
effects. Hence, it is imperative to understand the fine tuning of its in-
teractions with receptors. Besides CD63, one recent study has identified
CD82 as another TIMP-1 receptor which helps its internalization in
cancer cells (Zhang et al., 2017). It has also been shown that primary
cortical neurons internalized TIMP-1 through a mechanism mediated by
Low density receptor-related protein-1 (Thevenard et al., 2014).
Overall, these intricate interactions of TIMP-1 with its different re-
ceptors affect its localization and mediate activation of several signal-
ling pathways including MAPK, FAK and PI3K/Akt (Jung et al., 2006;
Song et al., 2016). We and others have shown earlier that Akt pathway
plays a central role in the survival of neurons in various AD models
(Chen et al., 2009; Lee et al., 2009; Sanphui and Biswas, 2013). Col-
lectively, these reports support our work where neuroprotection by

TIMP-1 is mediated by upregulation of Akt phosphorylation, followed
by inhibition of Bim and caspases in neurons. However, further in-
vestigations are required for the identification of specific TIMP-1 re-
ceptors and the signalling pathway that mediate its action on neurons.

TIMP-1 plays an important role in synaptic plasticity that underlies
learning and memory (Kaczmarek, 2018). Magnowska et al., also re-
ported that TIMP-1 critically regulates dendritic spine maturation and
long term potentiation (Magnowska et al., 2016). These results are
consistent with our present finding that intracerebroventricular infu-
sion of TIMP-1 helps in recovery of a number of learning and memory
related behaviours of Aβ-infused rats probably by maintaining active
synapses as it restored pre- and post-synaptic proteins which were re-
duced in Aβ-infused brain. We further show that TIMP-1 has excellent
potential in ameliorating AD pathology by reducing Aβ-depositions in
Aβ-infused rat brain. Although further validation is required in other
AD model, our study hugely contributes to the growing body of lit-
erature that focuses on the intriguing role of TIMP-1 in neurodegen-
erative diseases.

In conclusion, we identified TIMP-1 as a neuroprotective agent,
secreted rapidly from astrocytes following Aβ-treatment. It confers
neuroprotection by activating Akt signalling pathway and possibly
clearing Aβ-plaques in Aβ-induced rat brain. Interestingly, recently two
types of reactive astrocytes were identified in various neurological
conditions namely the neurotoxic A1 astrocytes and the neurotrophic
A2 astrocytes (Zamanian et al., 2012; Liddelow et al., 2017). It remains
to be investigated whether it is an A2-specific phenomenon in AD or
not. It is now well established that neuroinflammation in AD is asso-
ciated with the release of a myriad of pro- and anti- inflammatory cy-
tokines some of which are neuroprotective (Domingues et al., 2017) In
this context, the present investigation revealing the neuroprotective
properties of TIMP-1 suggest that it might be a potentially promising
cytokine in treating AD and other neurodegenerative diseases.
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A B S T R A C T   

Astrocytes respond to any pathological condition in the central nervous system (CNS) including Alzheimer’s 
disease (AD), and this response is called astrocyte reactivity. Astrocyte reaction to a CNS insult is a highly 
heterogeneous phenomenon in which the astrocytes undergo a set of morphological, molecular and functional 
changes with a characteristic secretome profile. Such astrocytes are termed as ‘reactive astrocytes’. Controversies 
regarding the reactive astrocytes abound. Recently, a continuum of reactive astrocyte profiles with distinct 
transcriptional states has been identified. Among them, disease-associated astrocytes (DAA) were uniquely 
present in AD mice and expressed a signature set of genes implicated in complement cascade, endocytosis and 
aging. Earlier, two stimulus-specific reactive astrocyte subtypes with their unique transcriptomic signatures were 
identified using mouse models of neuroinflammation and ischemia and termed as A1 astrocytes (detrimental) 
and A2 astrocytes (beneficial) respectively. Interestingly, although most of the A1 signature genes were also 
detected in DAA, as opposed to A2 astrocyte signatures, some of the A1 specific genes were expressed in other 
astrocyte subtypes, indicating that these nomenclature-based signatures are not very specific. In this review, we 
elaborate the disparate functions and cytokine profiles of reactive astrocyte subtypes in AD and tried to 
distinguish them by designating neurotoxic astrocytes as A1-like and neuroprotective ones as A2-like without 
directly referring to the A1/A2 original nomenclature. We have also focused on the dual nature from a functional 
perspective of some cytokines depending on AD-stage, highlighting a number of them as major candidates in AD 
therapy. Therefore, we suggest that promoting subtype-specific beneficial roles, inhibiting subtype-specific 
detrimental roles or targeting subtype-specific cytokines constitute a novel therapeutic approach to AD 
treatment.   

Introduction 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative 
disease with no cure to date. The major obstacle in therapy development 
is the incomplete understanding of disease evolution, especially in the 
context of cell-cell interactions. Existing literature mainly delves into 
neuronal damage downstream of toxic insults to understand AD patho-
genesis. This neuron-centric view of AD pathogenesis has failed to 
translate into effective therapeutic strategies. This failure mirrors the 
lack of appreciation of pathological alterations in glial cells as an inte-
gral part of the central nervous system (CNS) and in intercellular in-
teractions in disease pathogenesis. Astrocytes are the major players in 
maintaining brain homeostasis by supplying energy to neurons, main-
taining ionic balance, recycling excess glutamate to avoid glutamate 
excitotoxicity and supplying antioxidants such as glutathione and 
ascorbic acid. In the last decade they have emerged as the primary cells 
playing a crucial role in regulating neuronal excitation-inhibition 

balance, in synaptic functioning, in learning and memory development 
and in maintaining blood brain barrier integrity in the CNS (Giaume 
et al., 2007; Burda and Sofroniew, 2014; Pekny et al., 2016; Verkhratsky 
et al., 2017; Arranz and De Strooper, 2019; Valori et al., 2019). In 
addition to these homeostatic functions in a healthy CNS, astrocytes 
undergo a process called astrocyte reaction in response to CNS insult 
(Escartin et al., 2019). The association of reactive astrocytes with 
pathological hallmarks and its functional consequences in AD are re-
ported elsewhere (Gonzalez-Reyes et al., 2017; Perez-Nievas and 
Serrano-Pozo, 2018). Recently, distinct subtypes of reactive astrocytes 
with either defensive or detrimental properties with characteristic 
cytokine profiles have been identified. Cytokines, a heterogenous group 
of small proteins, are the major cellular mediators that are rapidly 
altered in response to any CNS insult and are attractive candidates for 
investigating different stages in AD with translational possibilities. 
Importantly, recent literatures suggest that astrocytes may be inten-
tionally targeted for more effective therapeutic outcomes (Assefa et al., 
2018; Sadick and Liddelow, 2019). Thus, this review attempts to unravel 
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the different reactive states of astrocytes, especially focusing on their 
secreted cytokine composition and related functions with major impli-
cations in the development of novel reactive astrocyte subtype-specific 
therapeutic strategies for AD. 

Pathophysiology of AD 

AD is characterized by the presence of extracellular senile plaques 
consisting mainly of amyloid-β (Aβ) protein, intraneuronal neurofibril-
lary tangles (NFT) due to hyperphophorylation of tau, excessive neu-
roinflammation, and extensive synapse and neuronal loss in the brain 
(De Strooper and Karran, 2016). Normally, amyloid precursor protein 
(APP), a transmembrane protein highly expressed in the CNS, is cleaved 
sequentially either by α- and γ-secretases or by β- and γ-secretases, and 
produces different fragments of Aβ. However, in certain conditions, APP 
is cleaved mainly by β- and γ-secretases, and produces predominantly 
Aβ1-42 (Kim and Tsai, 2009). Mutations in APP or in subunits of γ-sec-
retase, presinilin 1/presinilin 2 result in more production of Aβ1-42 and 
lead to early onset of the disease in cases of familial AD (FAD). However, 
most of the cases are sporadic AD (SAD) and etiologies remain elusive 
(Ribe et al., 2008). 

Recent literatures suggest that NFT is directly linked to neuro-
degeneration and clinical symptoms of AD. Interestingly, it has been 
shown that Aβ deposition is required for the progression of tau pathol-
ogy as well as neurodegeneration in AD (Wang et al., 2016). NFT is made 
up of paired helical filaments of aberrantly hyperphosphorylated forms 
of microtubule-associated protein tau. The primary function of tau 
protein, which is particularly abundant in neuronal axons, is to stabilize 
microtubules. However when it is aberrantly hyperphosphorylated, its 
binding affinity for microtubules is reduced, resulting in an abnormal 
increase in the levels of the unbound tau fractions that in turn lead to the 
aggregation of tau. 

Pathophysiology of AD was first explained by Hardy and Higgins in 
1992 in their “amyloid cascade hypothesis”. They proposed that the 
faulty processing, accumulation and clearance of Aβ1-42 is central to AD 
(Hardy and Higgins, 1992). However, this hypothesis is controversial as 
there is no direct link between amount of Aβ deposition and degree of 
cognitive decline in cases of SAD (Nelson et al., 2012). Thus, the “am-
yloid cascade hypothesis” has been revised over time and recently, Bart 
De Strooper and Eric Karran (De Strooper and Karran, 2016) proposed 
that AD pathogenesis involves a complex long cellular phase consisting 
of feedback and feedforward responses of astrocytes, microglia and 
vasculature. They considered Aβ and tau accumulations as risk factors in 
SAD and their accumulation as a sign of increased proteopathic stress. 
Defective clearance of Aβ and tau, the dysfunction of the neurovascular 
unit, aberrant neuronal network activity, impaired astrocyte and 
microglia homeostatic functions and possible gain-of toxic functions 

underlie the cellular phase. Astrocytes play a central role in the cellular 
phase to maintain homeostasis, and disease progresses inexorably when 
this homeostasis mechanism fails (De Strooper and Karran, 2016). 

Although astrocyte reaction is not exclusive to AD pathology, it has 
been shown that reactive astrocytes (explained in detail later) occur 
both around dense-core Aβ plaques and in the proximity of NFTs and it 
increases linearly through the entire course of the disease (Serrano-Pozo 
et al., 2011). In fact, Aβ plaques are characterized by the presence of 
reactive astrocytes that penetrates the Aβ deposits with their processes 
and isolate the plaques from surrounding healthy neurons (Sofroniew, 
2014). In addition, tau can even accumulate in astrocytes and 
thorn-shaped astrocytes featuring perinuclear tau deposits are relatively 
more common in AD. Furthermore, tau pathology influences astrocyte 
functions leading to an array of deleterious consequences both within 
the astrocytes themselves as well as on neuronal health (Kahlson and 
Colodner, 2015). 

Stages in AD and astrocytic response 

Recently National Institute on Aging and Alzheimer’s association 
(NIA-AA) created a ‘research framework” and defined AD as a biological 
construct in living people. It is based on biomarkers that detect specific 
pathological AD hallmarks: Aβ (A), phospho/pathologic tau (T) and 
neurodegeneration (N), regarded as the AT(N) classification (Jack et al., 
2018) and is not focused on clinical outcomes. Biomarkers of neuro-
degeneration are labeled as “(N)” since they include atrophy on mag-
netic resonance imaging (MRI), 18-fluorodeoxyglucose positron 
emission tomography ([18F]-FDG PET) hypometabolism and CSF total 
tau which are not specific for AD. Previously, NIA-AA created diagnostic 
guidelines for three stages of AD: pre-clinical, mild cognitive impair-
ment (MCI) and dementia (Albert et al., 2011; Jack et al., 2011; 
McKhann et al., 2011; Sperling et al., 2011). However, since cognitive 
decline associated with AD occurs continuously over a long time (more 
than 20 years), the disease is more suitably regarded as a continuum 
than three distinct clinical entities (Dubois et al., 2016). Thus, recently 
NIA-AA took an initiative and updated the stages of AD based on bio-
markers with the goal to create a common language for researchers to 
accurately understand the sequence of pathologic processes that leads to 
the cognitive symptoms associated with AD. However, this staging is for 
research purpose and its use is not recommended for clinical practice. 
Notably, although this AT(N) classification system focuses on 
neuron-centric aspects, for the first time it has been mentioned that 
astrocytes are emerging as potential biomarker targets (Jack et al., 
2018). 

The framework defined that a person diagnosed positive for a 
biomarker detecting Aβ deposition alone (low CSF Aβ42 or Aβ42/Aβ40 
ratio or abnormal Aβ by PET scan) and negative for a pathologic tau 

Abbreviations 

TNFα Tumor necrosis factor α 
LRP1 lipoprotein receptor-related protein 1 
DAA disease-associated astrocytes 
SRB1 scavenger receptor class B member 1 
NEP neprilysin 
RAGE Receptor for Advanced Glycation End Products 
NF-κβ nuclear factor κβ 
IL interleukin 
IFNγ interferon-γ 
S100β S100 calcium-binding protein β 
TIMP-1 tissue inhibitor of matrix metalloproteinase 1 
sICAM-1 soluble intercellular adhesion molecule 1 
CXCL C-X-C motif chemokine ligand 

LPS lipopolysaccharide 
MCAO Milddle Cerebral Artery Occlusion 
H2-D1 histocompatibility 2, D region locus 1 
SSP1 Sporulation-specific protein 1 
s100a10 S100 calcium-binding protein a10 
LIF leukemia inhibitory factor 
TGFβ transforming growth factor β 
CINC cytokine-induced neutrophil chemoattractant 
MIP-1α Macrophage inflammatory protein-1 α 
VEGF Vascular endothelial growth factor 
CJD Creutzdfeldt-Jakob disease 
NSAIDs nonsteroidal anti-inflammatory drugs 
MCP-1 monocyte chemoattractant protein-1 
G-CSF granulocyte colony stimulating factor  
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biomarker (A + T-) among the three biomarker groups [AT(N)] would 
be categorized as “Alzheimer’s pathologic change”. An individual would 
only be assigned the label “Alzheimer’s disease” if evidence for the 
biomarkers Aβ and pathologic tau, both, was present (A + T+). Alz-
heimer’s pathologic change and AD are the initial and the later phases in 
the “Alzheimer’s continuum” (see glossary) and is presented as a part of 
“Biomarker profiles and categories” by Jack et al., independent of the 
clinical symptoms (Jack et al., 2018). Aβ biomarker is the determining 
factor to include an individual in the Alzheimer’s continuum while a 
biomarker for pathologic tau will dictate the labeling of an individual in 
the Alzheimer’s continuum as having AD. Thus, it can be stated that 
presence of Aβ alone is essential but not sufficient for defining AD. 

Stages in AD were also defined by NIA-AA based on disease severity 
guided by (1) biomarker profiles and (2) cognitive impairment inde-
pendent of each other (Jack et al., 2018). Staging severity based on 
biomarkers can be accomplished by a combination of information from 
each member of the AT(N) biomarker system, more the number of 
abnormal biomarker groups among the three, more the advancement in 
severity/pathologic stage. Since cognitive performance is also present 
on a continuum, two cognitive schemes were outlined to define the 
stages in cognitive impairment independent of the biomarker profiles: 
syndromal categorical cognitive staging and numeric clinical staging. In 
the syndromal categorical cognitive staging, the cognitive continuum is 
divided into three traditional groups – cognitively unimpaired (CU), 
MCI and dementia sub-divided further into mild, moderate and severe 
dementia. A CU individual has a cognitive performance within the ex-
pected range calculated for that person, according to all the available 
details, based on cognitive test performance and/or clinical judgment. A 
person in the MCI stage shows a cognitive performance below his/her 
expected range. The person continues to perform day-to-day activities 
independently but cognitive deficits may result in mild yet detectable 
functional impact in performing more complex daily life activities. In 
the dementia stage, an individual displays significant cognitive 
impairment and/or neuro-behavioural symptoms having a consequen-
tial impact on daily life. The person is no longer completely independent 
and requires assistance in performing daily activities. This feature dif-
ferentiates a person with dementia from MCI. 

Numeric clinical staging scheme does not use the traditional cate-
gories and includes participants only from the Alzheimer’s continuum. 
This staging scheme clearly defines the sequence of events that lead to 
the evolution of AD from an initial state marked by the appearance of 
pathologic biomarkers of AD in an asymptomatic individual. In this 
scheme, the cognitive continuum is divided into 6 stages - Stage-1 to 6 
(Jack et al., 2018). Stage 1 includes cognitively unimpaired individuals 
with biomarker evidence as in the AD continuum. Stage 2 describes the 
earliest clinical outcomes of the Alzheimer’s continuum, not necessarily 
presented as cognitive difficulties, and shares similarities with ‘Pre-
clinical AD’ in the NIA-AA guideline, 2011 (Sperling et al., 2011). Pre-
clinical AD has been earlier described by Dubious (2016) as a stage in AD 
marked by the complete absence of any clinical signs and/or symptoms 
but with the presence of both Aβ and tau biomarkers beyond their 
pathologic thresholds (Dubois et al., 2016). This stage has gained 
immense importance for studies targeted at the prevention of disease 
progression to its clinical state and also for investigations into novel 
biomarkers that will help verify therapies aimed at early disease inter-
vention. Stage 3 describes cognitive decline short of dementia and is 
same as the MCI stage in syndromal categorical cognitive staging. Stages 
4–6 define progressively worse functional impact on day-to-day life and 
are identical to the mild, moderate and severe dementia stages of the 
syndromal cognitive staging scheme. According to the 2018 research 
framework, a person can be completely staged based on severity by a 
combination of biomarker profile and cognitive/clinical stage described 
in either of the two schemes (Jack et al., 2018). 

The last three numeric clinical stages may be collectively referred as 
‘advanced or late-AD stage’. Although Aβ deposition reaches a plateau at 
the onset of clinical dementia, cognitive impairments correlate with tau 

accumulation which starts spreading from the medial temporal lobe into 
the neocortex during the clinical phases [reviewed in (Long and Holtz-
man, 2019)]. 

As already mentioned, pre-clinical stages and MCI may extend up to 
two decades before the clinical symptoms and are largely considered as 
an ‘early phase in AD’. Astrocytes are activated in this stage of AD 
(Schipper et al., 2006; Owen et al., 2009) and astrocyte reaction to AD 
may be considered as a prodromal AD phenomenon (Carter et al., 2012). 
Astrocytes may alter their phenotype through this early phase of AD 
depending upon disease progression which in turn can be related to 
aging since AD is generally considered as a disease of aging (Swerdlow, 
2007a,b). There is probably an apparent overlapping and dynamic 
continuum between aging and AD. Hence, in order to present a clear 
view of astrocyte response through disease staging, we will try to explain 
astrocyte reactivity as a function of Aβ accumulation, the essential 
pathologic hallmark, which is easier to be detected, analysed and 
interpreted in AD patients. In SAD, it is often considered that an 
imbalance between Aβ production and removal due to impaired Aβ 
clearance with advent of aging may contribute to the high levels of 
extracellular Aβ deposition that trigger Aβ plaque pathogenesis (Loma-
kin et al., 1997; Xiao et al., 2014). Reactive astrocytes play a significant 
role in Aβ uptake and clearance in the early phase of AD (Basak et al., 
2012). Astrocytes, at first, may attempt in this early phase to counteract 
the Aβ accumulation since ablation of glial fibrillary acidic protein 
(GFAP) and vimentin result in an enhanced plaque load (Kraft et al., 
2013). However, the major concern is Aβ degradation following its up-
take by astrocytes and that efficiency will ultimately determine whether 
Aβ will be cleared or astrocytes will themselves becomes a propagator of 
AD since death of these Aβ-loaded astrocytes creates secondary plaques 
(Garwood et al., 2017). Thus when and how the astrocyte efficiency 
change or their phenotype transitions from a friend to a foe is a major 
question that we attempt to answer. 

Following Aβ phagocytosis various changes may occur within the 
astrocytes. Aβ may be trafficked for lysosomal degradation (Basak et al., 
2012). However, with aging-associated AD progression through the 
early phase over years, lysosomal functioning may be impaired pro-
gressively resulting in increased accumulation of Aβ within astrocytes 
and further release extracellularly, contributing to plaque progression 
(Xiao et al., 2014). The initial Aβ accumulation can itself induce the 
expression of BACE-1, APP, γ-secretase and β-secretase processing 
within the astrocytes leading to an enhanced oligomeric Aβ production 
thus altering the astrocyte reaction or astrocytic phenotype itself (Grolla 
et al., 2013a, 2013b; Garwood et al., 2017). For example, BACE-1 which 
is primarily expressed within neurons is also found to show expression in 
activated astrocytes around Aβ plaques in advanced transgenic models 
of AD and in AD patients (Hartlage-Rubsamen et al., 2003; Rossner et al., 
2005; Jin et al., 2012). This may occur over time through progression 
from early to late-stage of AD. Aβ can influence astrocyte signaling to 
secrete several cytokines that can trigger amyloidogenic processing of 
APP in astrocytes (Garwood et al., 2017). Tumor necrosis factor α 
(TNFα) is one such cytokine whose paracrine secretion is often linked 
with enhanced BACE-1 activity and further Aβ production. Additionally, 
the amyloidogenic as well as non-amyloidogenic processing of APP give 
rise to the APP intracellular domain (AICD) which is reportedly a 
negative regulator of low density lipoprotein receptor-related protein 1 
(LRP1) expression. Since AICD shows an enhanced expression in reac-
tive astrocytes near Aβ plaques, it can be involved in the prevention of 
astrocytic LRP1-directed Aβ uptake (Osborn et al., 2016). 

Thus, the duration of presence and the amount of Aβ may themselves 
act as triggers and signal the astrocyte to modify themselves slowly from 
a phenotype that is capable of uptaking and degrading Aβ (protective) to 
a phenotype that may uptake Aβ but not degrade it effectively (detri-
mental). Obviously, ‘age’ has an important role to play here in corre-
lation to AD stages (Garwood et al., 2017). Astrocytes from older AD 
mice phagocytosed 20% and 35% less amounts of Aβ in comparison to 
younger AD mice in vitro and in vivo, respectively (Iram et al., 2016). 
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This report strongly emphasizes that aging and AD progression go 
hand-in-hand through the early phase that alters the astrocyte pheno-
type as a function of Aβ accumulation which progressively causes syn-
aptic dysfunction, neuron loss and clinically diagnosable cognitive 
symptoms. They further showed that astrocytes from older AD mice 
have a reduced scavenger receptor class B member 1 (SRB1) expression 
in comparison to younger ones, and thus may be the reason behind 
reduced Aβ uptake. In agreement, others also reported downregulations 
of astrocyte secreted Aβ-degrading enzymes. For example, neprilysin 
(NEP) expression was reduced in aged Tg2576 mice (Carter et al., 2019). 
There is also a notable metabolic alteration in astrocytes that can 
upregulate the expression of Receptor for Advanced Glycation End 
Products (RAGE) and downregulate LRP1 receptor increasing 
RAGE-mediated Aβ uptake, triggering the nuclear factor κβ (NF-κβ) 
pathway and the subsequent pro-inflammatory cytokine secretion and 
reduced Aβ phagocytosis. It is worth mentioning here that the relative 
expression levels of RAGE and LRP1 receptors play a critical role in AD 
progression (Zulfiqar et al., 2019). 

REACTIVE ASTROCYTES – neurotoxic or neuroprotective? 

In a fascinating review article by Escartin et al. (2019), the authors 
present an agglomeration of consensus and controversies across the 
world in the field of reactive astrocytes starting with the nomenclature 
itself. They summarize the disparate views to provide the readers with a 
broad definition of reactive astrocytes. They have defined ‘reactive as-
trocytes’ which we attempt to describe as follows – (i) Astrocytes can 
sense and in turn respond to an abnormal circumstance in the brain. (ii) 
They show changes at the transcriptional, morphological, biochemical 
and functional levels in response to such circumstances. (iii) The alter-
ations persist while the pathological insult is present, but some of the 
changes may resolve. (iv) Reactive astrocytes are a heterogenous pop-
ulation and may have disparate effects on disease progression. In this 
review, we use the most consensual nomenclature of the astrocyte 
community that is ‘reactive astrocytes’ or ‘astrocyte reaction’ to discuss 
and explain our views (Escartin et al., 2019). Conventionally, astrocyte 
reaction is considered a commonality of neuroinflammatory processes 
involved in all kinds of neurological disorders including AD. 
Pro-inflammatory cytokines such as interleukin 1 (IL-1), IL-6, TNFα, 
interferon-γ (IFNγ) etc. are heavily secreted from reactive astrocytes 
surrounding Aβ plaques in rodent models and human patients of AD (Li 
et al., 2011). The majority of the reports depicting both transcriptomic 
(Orre et al., 2014; Garwood et al., 2017) and proteomic alterations in 
reactive astrocytes are evidently inclined towards neurotoxicity leading 
to neuronal death in AD (Garwood et al., 2011; Furman et al., 2012; 
Iram et al., 2016). Calcineurin/NFAT (Norris et al., 2005; Wu et al., 
2010; Furman et al., 2012) and NF-κβ pathways are the major inflam-
matory pathways regulating the pro-inflammatory responses of reactive 
astrocytes accentuating their detrimental cytokine production (Bales 
et al., 1998). Interference with the Calcineurin/NFAT pathway in 
APP/PS1 mice (refer Supplementary Table 1) suppressed astrocyte re-
action by reducing reactive astrocytes and Aβ deposition and improved 
cognitive functions (Furman et al., 2012). Strengthening this evidence, 
reports also suggest that the Calcineurin/NFAT pathway is involved in 
triggering dendritic spine loss thus propagating the pathophysiology in 
AD (Norris et al., 2005; Wu et al., 2010). The NF-κβ pathway, on the 
other hand, is instigated by Aβ in primary astrocyte cultures and can 
further enhance the expression of several pro-inflammatory cytokines 
such as IL-6, IL-1 etc (Bales et al., 1998). This pro-inflammatory 
signaling can remain activated for a prolonged period of time by reac-
tive astrocyte-secreted S100 calcium-binding protein β (S100β) acting in 
an autocrine manner (Lam et al., 2001). Furthermore, complement 
protein C3 is also induced downstream of the NF-κβ pathway and has 
been highly implicated in the pro-inflammatory phenotype of reactive 
astrocytes (Liddelow et al., 2017; Perez-Nievas and Serrano-Pozo, 
2018). Additionally, detrimental cytokine IL-1β also secreted 

downstream of this pathway acts on the reactive astrocytes themselves, 
triggering Aβ production and upregulating pro-inflammatory cytokine 
secretion (Gonzalez-Reyes et al., 2017). Pro-inflammatory cytokines 
thus secreted elevate astrocytic production and release of Aβ (Blasko 
et al., 2000), influence neighboring microglia to reduce phagocytosis 
(Koenigsknecht-Talboo and Landreth, 2005), dictate synapse loss 
(Norris et al., 2005; Wu et al., 2010) and eventual neurodegeneration. 
Contrary to popular belief, emerging evidence increasingly contradicts 
such a linear presentation of a rather complex multi-faceted phenome-
non comprising both neuroprotective as well as neurotoxic aspects. 

Findings that reactive astrocyte detection occurs even before the 
appearance of Aβ plaques (Wang et al., 2018) and that astrocyte reaction 
inhibition propagates plaque pathology in AD mice (Kraft et al., 2013) 
allude towards a neuroprotective role of astrocytes. Wyss-Coray (2003) 
first indicated that reactive astrocytes may trigger Aβ clearance through 
its degradation following uptake (Wyss-Coray et al., 2003), although 
evidence of Aβ-loaded astrocytes were already present in the literature 
(Funato et al., 1998; Thal et al., 2000) especially in those near Aβ pla-
ques (Yamaguchi et al., 1998; Kurt et al., 1999). Phagocytosis and the 
secretion of Aβ-degrading enzymes may be regarded as the major 
mechanisms of astrocyte-mediated Aβ clearance (Perez-Nievas and 
Serrano-Pozo, 2018). Several receptors such as LRP-1 (Kim et al., 2009; 
Basak et al., 2012; Garwood et al., 2017), low density lipoprotein re-
ceptor (Katsouri and Georgopoulos, 2011; Basak et al., 2012) and SRB1 
(Wyss-Coray et al., 2003; Mulder et al., 2012) show enhanced expression 
on reactive astrocytes and can mediate Aβ uptake. The phagocytosed Aβ 
is degraded within the astrocytes via lysosomal degradation especially at 
the early stages in AD (Xiao et al., 2014). Furthermore, Aβ-degrading 
enzymes such as insulin degrading enzyme, NEP, endothelin-converting 
enzyme-2 and matrix metalloproteinases are also highly expressed by 
reactive astrocytes as revealed from AD postmortem studies and in ro-
dent models of AD (Carter et al., 2019). α1-21 antichymotrypsin, 
α2-macroglobulin and apolipoprotein J secreted from astrocytes also 
help in Aβ degradation (Ries and Sastre, 2016; Carter et al., 2019). 
Indeed, transplantation of astrocytes in plaque-bearing mouse models of 
AD fortified the role of astrocyte-mediated Aβ degradation (Koistinaho 
et al., 2004; Pihlaja et al., 2008; Nielsen et al., 2009, 2010). Addition-
ally, reactive astrocyte-secreted anti-inflammatory cytokines such as 
tissue inhibitor of matrix metalloproteinase 1 (TIMP-1), soluble inter-
cellular adhesion molecule 1 (sICAM-1) and transforming growth factor 
beta (TGFβ) also influence plaque clearance in a rat model of AD (Chen 
et al., 2015; Saha et al., 2020). The Sofroniew group emphasized the role 
of astrocytic scarring in separating Aβ plaques from the surrounding 
healthy neurons (Sofroniew, 2009) and also in preventing CNS-entry of 
inflammatory cells, further restricting cytotoxic brain inflammation in 
neurological diseases (Sofroniew, 2015). Studies in transgenic 
loss-of-function models revealed the ability of reactive astrocytes in 
blood brain barrier (BBB) repair following traumatic injury, especially 
depended on their ability to proliferate and form glial scars (Bush et al., 
1999; Faulkner et al., 2004; Sofroniew, 2015). The JAK-STAT pathway 
may be the most prominent pathway regulating the anti-inflammatory 
functions of reactive astrocytes during CNS insults among others 
(Okada et al., 2006; Herrmann et al., 2008; Wanner et al., 2013). 
Astrocyte-secreted anti-inflammatory cytokines and growth factors 
including IL-6, IL-11, IL-19, IL-27 and sonic hedgehog induce several 
positive intracellular signaling pathways besides maintaining BBB 
integrity and/or leading to astrocytic-scar formation (Meeuwsen et al., 
2003; John et al., 2005; Hamby et al., 2012; Zamanian et al., 2012; 
Jensen et al., 2013; Cooley et al., 2014; Pitter et al., 2014). C-X-C motif 
chemokine ligand 8 (CXCL8), one of the very first chemokines found in 
the brain, can exert both protective and detrimental effects in the CNS 
(Mamik and Ghorpade, 2016). Contrarily, substantial evidence also 
suggests that CXCL8 is elevated in the CSF of AD patients, detected at 
higher levels in serum associated with cognitive deficits and shows a 
positive association with Aβ levels (Correa et al., 2011; Mamik and 
Ghorpade, 2016). Similarly, some of the anti-inflammatory cytokines 

S. Sarkar and S.C. Biswas                                                                                                                                                                                                                    



Neurochemistry International 145 (2021) 104956

5

namely IL-6 and IL-11 (Sofroniew, 2015) may also be involved in 
inducing pro-inflammatory responses depending on the intracellular 
pathway they activate. Coherently, pro-inflammatory cytokine TNF-α 
can induce pro-inflammatory regulator NF-κβ or can conversely upre-
gulate astrocytic A20 production, an ubiquitin-modifying protein that 
inhibits NF-κβ signaling (Catrysse et al., 2014), eventually suppressing 
autoimmune inflammation and leukocyte-recruiting chemokine pro-
duction from astrocytes (Wang et al., 2013). Pro-inflammatory cyto-
kines TNF-α, IFNγ and IL-1β can also induce astrocytic galectin-9 
expression that inhibits autoimmune inflammation (Steelman et al., 
2013). Thus, these types of evidence raise a critical point for speculation 
about intracellular temporal regulation in production of astrocytic cy-
tokines mediating disparate effects along the inflammatory scale in 
neurodegenerative diseases including AD. Furthermore, whether pro- 
and anti-inflammatory cytokines or pro- and anti-inflammatory behav-
iours of the same cytokine are dependent on the nature of the reactive 
state of astrocytes is a subject for vigorous investigation. The dichotomy 
of a particular cytokine may also depend on the neurodegenerative 
disease model and additionally on the nature of events that have 
induced the degenerative process. Recently, the Barres’s group identi-
fied distinct reactive astrocyte subtypes with their unique tran-
scriptomic signatures and cytokine profiles in two different injury 
models as described below, and thus can provide a major clue in iden-
tifying astrocyte-subtype-specific cytokine profiles (Liddelow and 
Barres, 2017; Liddelow et al., 2017). 

ASTROCYTE SUBTYPES – heterogeneity in relation to function 

Escartin et al. (2019) nicely illustrated the heterogeneity of astrocyte 
reaction in relation to different disease stages or age, species and gender, 
or on the basis of morphological, signaling, molecular, and functional 
changes (Escartin et al., 2019). Describing different subtypes in various 
diseases or on the basis of origin, lineage etc. is out of the scope of this 
review. Here, we describe AD related heterogeneity of reactive astro-
cytes and the major subtypes that are functionally different, in partic-
ular, either beneficial or detrimental. 

The heterogeneity of reactive astrocytes in AD is mainly evident 
based on brain regions, site of Aβ plaques, signaling and functions. Hoke 
et al. (1994) have reported that astrocytes are regionally heterogeneous 
in their response to Aβ. They found marked astrocyte reaction in 
response to Aβ only in cortical and hippocampal astrocytes (Hoke et al., 
1994). Accumulating evidence also suggests that reactive astrocytes are 
mainly observed in the micro-environment of Aβ plaques (Nagy et al., 
1996; Burbach et al., 2004; Olabarria et al., 2010; Delekate et al., 2014). 
Interestingly, Olabarria et al. (2010) have observed astroglial hyper-
trophy surrounding plaques and astroglial atrophy away from plaques as 
a generalized process (Olabarria et al., 2010). Moreover, astroglial hy-
peractivity is mediated by purinergic signaling in reactive astrocytes 
surrounding plaques (Delekate et al., 2014). 

With the advent of transcriptomic profiling tools, Zamanian et al. 
(2012) described two molecular classes of reactive astrocytes. Striking 
evidences showed that two injury models in mice – neuroinflammation 
(induced by lipopolysaccharide (LPS)) and ischemic stroke (induced by 
Milddle Cerebral Artery Occlusion (MCAO)) were associated with very 
distinct reactive astrocyte subtypes exhibiting disparate molecular 
phenotypes. While the ischemia-associated reactive astrocyte popula-
tion essentially demonstrated a protective or beneficial phenotype, the 
LPS model showed a detrimental effect (Zamanian et al., 2012). The two 
subtypes were eventually termed as A1 (detrimental) and A2 (benefi-
cial) in analogy with the two polarized phenotypes demonstrated by 
microglia – M1 and M2 (Martinez and Gordon, 2014; Heppner et al., 
2015; Liddelow et al., 2017). A1s activated the pro-inflammatory NF-κβ 
pathway leading to the upregulated expression of complement proteins 
including C1r, C1s, C3 and C4 in which C3 is increasingly being recog-
nized as a defining marker of the A1 phenotype. The other marker genes 
that can define the A1 subtype are histocompatibility 2, D region locus 1 

(H2-D1) and Serping1. Genes such as CXCL1, CXCL2 and 
Sporulation-specific protein 1 (SSP1) encoding pro-inflammatory cyto-
kines are induced in astrocytes following LPS treatment and are 
commonly involved in the recruitment of immune cells in the CNS 
(Zamanian et al., 2012; Liddelow et al., 2017). The A1 phenotype itself is 
triggered by three essential cytokines or complement proteins released 
by activated microglia – TNF-α, IL-1α and C1q (Liddelow et al., 2017). 
A1s showed diminished ability to phagocytose neuronal or synaptic 
debris and to promote neuronal growth and support. C3-expressing as-
trocytes were extensively identified in the pre-frontal cortex of human 
AD brains (Liddelow et al., 2017). Furthermore, C3 thus secreted can 
bind to C3aR receptors on neurons, disrupting their dendritic 
morphology and synaptic functions, or may bind to C3aR on microglia, 
inhibiting their ability to phagocytose toxic Aβ (Arranz and De Strooper, 
2019). C3 and C1q showed enhanced expressions in exosomes derived 
from reactive astrocytes in AD patients compared to healthy individuals 
(Goetzl et al., 2018). Additionally, A1 supposedly secretes a yet-to-be 
identified neurotoxin that can induce neuronal and oligodendroglial 
apoptosis (Liddelow and Barres, 2017). 

Transcriptomic profiling of A2 depicted upregulated expression of 
anti-inflammatory genes such as cardiotrophin-like cytokine factor 1, 
S100 calcium-binding protein a10 (s100a10), pentraxin 3, sphingosine 
kinase 1, IL-6, leukemia inhibitory factor (LIF) and transglutaminase 1 
and other neurotrophic factors including Arginase-1 and nuclear factor 
erythroid 2-related factor 2 (Zamanian et al., 2012; Liddelow and 
Barres, 2017). Evidence suggests that LIF can protect against Aβ-induced 
neurotoxicity by activating Akt-mediated autophagy signaling espe-
cially in hippocampal cells (Lee et al., 2019). Barres’s group however 
proposed that the STAT-3 pathway may be regulating the A2 phenotype 
in reference to Sofroniew’s work which emphasized the major role of 
STAT-3 in inducing anti-inflammatory cytokine production (Sofroniew, 
2015; Liddelow and Barres, 2017). A highly reported beneficial cyto-
kine, IL-10, can induce astrocytic TGFβ secretion, improving microglial 
ability to phagocytose Aβ, thus protecting neurons from Aβ toxicity 
(Norden et al., 2014). Notably, the STAT3 pathway and TGFβ have often 
been positively correlated with the microglial M2 phenotype (Lee et al., 
2020). Overall, it may thus be predicted that A2s are regulated by STAT3 
signalling releasing a series of beneficial cytokines including TGFβ. 

Recently, Habib et al. (2020) identified a unique reactive astrocyte 
subtype specific to AD and termed them as disease-associated astrocytes 
(DAA). DAA appear at an early stage (before cognitive decline) in the 
disease and increased manifold with disease progression. Furthermore, 
DAA-like populations emerge with aging in both wild type (WT) mice as 
well as in human brains and are mainly localized around Aβ plaques 
both in the hippocampus and subiculum, regions adversely affected in 
AD. The authors used single-nucleus RNA sequencing to create a 
cellular-molecular map of the hippocampal regions of 7-month old 
5xFAD mice (refer to Supplementary Table 1 for details) alongside that 
of age-matched WT mice. They described a continuum of astrocyte 
profiles with distinct transcriptional states, reflecting a very dynamic 
astrocyte reaction process. Three distinct transcriptional states were 
identified – GFAP-low, GFAP-high and DAA and the cells were further 
grouped into transcriptional sub-clusters revealing transitional-like in-
termediate states that either reflected a transition between GFAP-low 
expressing astrocytes and GFAP-high ones or that reflected a transition 
from GFAP-low to DAA state. DAA were however uniquely present in AD 
mice and expressed a signature set of genes implicated in the comple-
ment cascade, endocytosis and aging. Interestingly, the authors showed 
that although most of the A1/inflammation signature genes were also 
detected in DAA, as opposed to A2 astrocyte signatures, some of the A1 
specific genes were expressed in other astrocyte sub-clustures indicating 
that these nomenclature-based signatures are not very specific and 
rather identify a mixed astrocyte population (Habib et al., 2020). 

Hence, the simple binarization may be quite restrictive to define 
other potential subtypes of reactive astrocytes, dependent on AD stage 
and brain topography. Barres’s group also indicated that several more 
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reactive astrocyte subtypes may exist beyond the mentioned two, rep-
resenting extreme ends of a rather complex continuum of reactive 
astrocyte states (Liddelow and Barres, 2017). However, in an attempt to 
present a comprehensive review of a highly complex subject – ‘astrocyte 
subtypes in AD’ to the readers, we have only discussed papers that give 
us an idea of the distinct functional profiles of reactive astrocytes in AD 
and have tried to draw a clearer picture by designating neurotoxic as-
trocytes as A1-like and neuroprotective ones as A2-like (a new nomen-
clature, with no relation to A1/A2 specific gene signatures unless stated 
otherwise). 

Heneka et al. (2015) reported that microglial activation shifted from 
an initial M2 (beneficial) phenotype to a later M1 (detrimental) 
phenotype in response to CNS insults such as Aβ with their characteristic 
cytokine profiles (Heneka et al., 2015). Hence, a similar transition may 
be expected in activated astrocyte states and their related secretomes. 

Our group has performed a kinetic study of astrocytic reaction upon 
Aβ-treatment in a primary culture model, revealing a plethora of upre-
gulated beneficial cytokines such as TIMP-1, sICAM-1, cytokine-induced 
neutrophil chemoattractant-1 (CINC-1), Macrophage inflammatory 
protein-1 α (MIP-1α), Vascular endothelial growth factor (VEGF) and 
IL-2 at early hours of treatment, while cytokines such as Fractalkine, 
MIP-3α and CINC-2α/β were enriched at the later time points in the 
astrocyte conditioned medium that showed detrimental effects on 
neuronal health and survival (Fig. 1). We have also shown that rat re-
combinant TIMP-1 offered significant protection to primary cortical 
neurons against Aβ-induced neurodegeneration (Fig. 2) (Saha et al., 
2020). Hence, we speculate that stage in AD progression can be a crucial 
factor in determining astrocyte fate – A1-like or A2-like reactive 
astrocytes. 

Role of astrocyte-derived cytokines on neurons 

Some astrocyte derived cytokine and chemokine molecules act 
directly on neurons and others act indirectly by activating non-neuronal 
cells in the brain. Nevertheless, the whole system of intercellular 
communication especially under pathological stress in brain is a highly 
complex and diverse phenomenon with most of the cytokines acting in 
an autocrine or paracrine manner. 

IL-1β of the IL-1 family of cytokines is a major pro-inflammatory 
cytokine detected in the plasma and CSF of AD patients (Brosseron 
et al., 2014) and reportedly released by reactive astrocytes (Sofroniew, 
2015). Besides being a well-recognized initiator of the immune response 
in AD, it triggers synthesis and amyloidogenic processing of APP in 
neurons (Griffin et al., 1998). It also acts in an autocrine manner 
inducing IL-6 production and s100β overexpression from the reactive 
astrocytes themselves, stimulates iNOS activity (Rossi and Bianchini, 
1996) and further macrophage colony stimulating factor production 
leading to neuronal degeneration (Rubio-Perez and Morillas-Ruiz, 
2012). Additonally, IL-1 upregulates neuronal acetylcholinesterase ac-
tivity and further IL-1 production and astrocyte reaction, establishing a 
self-propagating continuous cycle (Griffin et al., 1998; Mrak and Griffin, 
2001). 

IL-6 thus induced in astrocytes can drive both pro-inflammatory and 
anti-inflammatory pathways in neurons (Sofroniew, 2015). In the CNS, 
IL-6 is implicated in neuronal health since it shares the receptor gp130 
with growth factors like ciliary neurotrophic factor, oncostatin M, LIF 
and IL-11 that trigger JAK-STAT pathway promoting neuronal growth. 
Contrarily, IL-6 like cytokines may have detrimental effects on neuro-
genesis during development (John et al., 2005). While some data sug-
gest that IL-6 inhibits the expression of proinflammatory cytokines like 
IL-1β and TNFα (John et al., 2005), others show that it may induce APP 
synthesis (Vandenabeele and Fiers, 1991). In AD, it may trigger 
ERK1/ERK2 and STAT3 (Schumann et al., 1999) as well as induce the 
expression of acute phase proteins including α2-macroglobulin and 
metallothionine in neurons (Ganter et al., 1991; Bauer et al., 1993; 
Akiyama et al., 2000). 

TNFα, another important pro-inflammatory cytokine secreted by 
reactive astrocytes, renders its neurotoxic effect by promoting detri-
mental cell cycle events within these terminally differentiated cells 
during AD pathogenesis (Yamamoto et al., 2007). Moreover, soluble 
TNFα can activate TNFR1 with an intracellular ‘death domain’ which 
upon activation is involved in neuroinflammation and neuronal death 
not only in AD, but also in Parkinson’s disease (PD), Amyotrophic lateral 
sclerosis and Multiple sclerosis (Antel et al., 1996; Akiyama et al., 2000). 

Fractalkine or CX3CL1 constitutively expressed in the neurons in the 
resting CNS, under a pathological insult may be expressed and secreted 
by astrocytes (Pereira et al., 2001; Hughes et al., 2002). Emerging data 
suggest a role for fractalkine-CX3CR1 signaling in AD (Chen et al., 
2016). Fractalkine can bind to its cognate receptor CX3CR1 on hippo-
campal neurons, activating the Akt pathway and rendering neuro-
protection (Meucci et al., 2000). CXCL8 is expressed by astrocytes and 

Fig. 1. Morphological changes of cortical astrocytes upon Aβ treatment and the 
associated cytokine secretion profile. A. Astrocytes (14DIV), treated with 1.5 
μM Aβ for 6 h (upper panel) and 24 h (lower panel), were subjected to 
immunocytochemical staining with Nestin antibody followed by nuclear 
staining with Hoechst. Images were taken at a magnification of 60 × . Aβ 
treatment induced significant activation in astrocytes with morphological 
changes from flat polygonal to elongated shape with enhanced Nestin expres-
sion at both the time points. B. The associated cytokines secreted upon Aβ 
treatment at each time point are indicated in the table below the images. Green 
arrows indicate cytokines that were significantly upregulated in the Aβ-treated 
astrocyte secretome compared to control cells whereas red arrows indicate 
cytokines that were significantly downregulated in the same manner at each 
time point. It was observed that the cytokines upregulated at the 6 h time point 
were well-known anti-inflammatory cytokines whereas those upregulated at 24 
h were generally pro-inflammatory in nature. Note that some of the anti- 
inflammatory cytokines (as indicated at 6 h) – TIMP-1, sICAM-1 and VEGF 
were downregulated at 24 h in the Aβ -treated astrocyte secretome. 
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microglia as well as neurons upon Aβ treatment and can protect neurons 
by inducing brain derived neurotrophic factor production and by 
inhibiting Aβ-triggered neuronal apoptosis through autocrine or para-
crine mechanisms (Ashutosh et al., 2011). 

Astrocyte secreted cytokines can mediate their functions on neurons 
indirectly by activating microglial cells. TGF-β from activated astrocytes 
helps in inhibiting neuroinflammation by regulating microglial activa-
tion. Interestingly, IL-10 is the upstream regulator cytokine secreted 
from activated microglia that induces astrocytic TGF-β production. 
Thus, the presence of astrocytes is imperative to drive IL-10-mediated 
anti-inflammatory responses including attenuated expression of pro- 
inflammatory IL-1β and enhanced expression of anti-inflammatory 
fractalkine receptors (CX3CR1) and IL-4 receptors (IL-4Rα) in micro-
glia (Cekanaviciute et al., 2014; Norden et al., 2014). In GFAP-IL-6 mice, 
IL-6 production from reactive astrocytes induces microgliosis and 
chronic neuroinflammation, and thus indirectly causes loss of synapses 
and calbindin-containing neurons leading to the cognitive impairment 
observed in these mice (Heyser et al., 1997). Several reports in PD 
models showed a protective phenotype mediated by Fractalkine, espe-
cially by virtue of its ability to transform the phenotype of microglia 
from the detrimental M1 to the protective M2 state (Morganti et al., 
2012; Nash et al., 2013, 2015; Pabon et al., 2011; Wang et al., 2014). 
However, its nature of involvement in AD models remains controversial 
to date. There may be several other cytokine and chemokine molecules 
that may act directly or indirectly on neurons, but encompassing all of 
them is beyond the scope of this review. 

Reactive astrocyte biomarkers 

Cytokines and chemokines are the effector molecules that dictate the 
role of reactive astrocytes especially under a pathological condition and 
yet are not specifically released only by these cells. For identifying 
reactive astrocytes which are intimately related to different 

neurodegenerative diseases including AD, biomarkers of reactive as-
trocytes have emerged. Reactive astrocytes are slowly but surely getting 
integrated into the biomarker framework alongside already established 
neuronal biomarkers for real-time detection of human AD and its stages. 

Biomarkers are molecules that are disease-specific and are present at 
detectable levels in body fluids such as saliva, urine, blood or CSF or that 
can be imaged using sophisticated analytical techniques including PET 
and MRI. For the CNS, fluid markers are typically quantified in the CSF 
or blood (serum/plasma). In AD, GFAP and S100β are reactive astrocyte 
biomarkers that are detected in both blood and CSF while D-serine, a 
gliotransmitter released by activated astrocytes, and YKL-40 are the 
other classical CSF biomarkers (Carter et al., 2019). However, GFAP 
levels are also found to be elevated in the CSF of frontotemporal lobar 
degeneration, dementia with Lewy bodies and Creutzdfeldt-Jakob dis-
ease (CJD) patients and some reports found that s100β is elevated in CJD 
but not in AD when compared to controls (Perez-Nievas and 
Serrano-Pozo, 2018). 

PET is a non-invasive method for quantifying pharmacological and 
biological processes within the brain using special radioisotopes that 
emit positrons (for example, 18F, 11C, 15O) commonly called radio-
tracers. It is a highly versatile and sensitive functional imaging tech-
nique that can help visualize different biochemical processes at the 
molecular level in vivo. Astrocyte reactivity can be quantified using two 
currently available radiotracers: [11C]BU99008 and [11C]deuterium-L- 
deprenyl ([11C]DED) both of which uses the 11C isotope (Carter et al., 
2019). The molecular target of [11C]BU99008 is imidazoline2-binding 
sites (I2BSs) present on mitochondrial membranes in astrocytes and 
are enhanced in AD post-mortem brains. The first human PET study with 
[11C]BU99008 demonstrated that the brain delivery of the radiotracer 
was good and its binding was specific and consistent with the distribu-
tion of I2BS (Tyacke et al., 2018). [11C]DED binds to an enzyme spe-
cifically expressed in astrocytes, monoamine oxidase B (MAO-B). This 
radiotracer has been used for imaging in different diseases including 

Fig. 2. Role of TIMP-1 on the viability of primary cortical neurons in presence of Aβ. Primary cortical neuron culture was given Aβ treatment alone or along with 
TIMP-1 for 24 h. Cells were subsequently fixed and immunostained with MAP2 antibody followed by Hoechst. Pictures were taken at 60 × magnification. Cells from 
all samples were also collected in nuclei counting buffer and counted for intact nuclei. Bar diagrams indicate the percentage of viable cortical neurons at 24 h 
following treatment. Values are expressed as Mean ± SEM of three experiments; ***p < 0.05, compared to control, ###p < 0.05, compared to Aβ. The figure has 
been adapted from an earlier publication of our group (Saha et al., 2020). 
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ALS, focal epilepsy and CJD (Kumlien et al., 2001; Engler et al., 2003; 
Johansson et al., 2007). In transgenic models of AD, the initial phases of 
Aβ accumulation are linked to an upregulated expression of MAO-B 
whereas in the later stages of Aβ deposition the MAO-B level does not 
increase significantly but other astrocyte biomarkers namely GFAP are 
increased. Interestingly, GFAP and MAO-B do not colocalize in the 
mouse models indicating that they measure different populations of 
astrocytes (Olsen et al., 2018). A study in human demonstrates that 
[11C]DED binding to MAO-B is significantly elevated by around 17% in 
early AD patients in comparison to cognitively normal candidates in the 
frontal and parietal cortices (Carter et al., 2012). Similarly, an increased 
binding was observed in carriers of autosomal dominant AD mutation 
around 30 years before the clinical onset of symptoms (Scholl et al., 
2015). 

[18F]-FDG, a radiofluorinated analog of glucose, visualized by PET in 
the brain has been traditionally used as a biomarker measuring neuronal 
activity and for the diagnosis of AD stages (Chen et al., 2011). However, 
a recent report by Zimmer et al. has highlighted the contribution of 
astrocytes in the [18F]-FDG PET signal (Zimmer et al., 2017). Interest-
ingly, astrocyte glutamate transport specifically through glutamate 
transporter-1 (GLT-1) and glutamate/aspartate transporter (GLAST) acts 
as a trigger for uptake of glucose by astrocytes (Pellerin and Magistretti, 
1994). Hence, it seems highly likely that the [18F]-FDG signal probably 
reflects to a great extent the glucose consumption by astrocytes than that 
by neurons. Indeed, both human stem cell-derived astrocytes and neu-
rons treated with Aβ oligomers display prominent glucose hypo-
metabolism (Tarczyluk et al., 2015). Post mortem AD brains displayed 
reduced expression of the glucose transporters, glucose transporter 1 
(GLUT1) (expressed predominantly on astrocytes and endothelial cells) 
and glucose transporter 3 (GLUT3) (expressed specifically on neurons) 
(Simpson et al., 1994; Liu et al., 2008) reinforcing that hypometabolism 
in AD estimated by [18F]-FDG PET is not only a marker of neuronal 
dysfunction but also a non-specific indicator of astrocyte metabolic al-
terations in AD. Astrocyte reactivity especially in the early stages in AD 
has been estimated by multi-tracer PET where besides specific 
biomarker [11C]DED, [18F]-FDG PET was also used in human patients 
(Carter et al., 2012; Scholl et al., 2015). The major concern in these types 
of PET studies is that they can only be conducted in special facilities or 
research centers. 

The most promising reactive astrocyte biomarker in CSF is YKL-40. It 
has been highly useful for predicting AD progression through its stages – 
pre-clinical to MCI to AD-related dementia. YKL-40, also known as 
Chitinase-3-like-1 (CHI3L1), is a 40 kDa human cartilage glycoprotein- 
39 (HC-gp39) and chondrex that is reportedly upregulated in AD brain 
and is involved in inflammation and tissue remodeling (Craig-Schapiro 
et al., 2010; Antonell et al., 2014; Alcolea et al., 2015a). A correlation 
was found between CSF YKL-40 levels and neurodegeneration bio-
markers such as phospho-tau and total-tau levels in the CSF, and also 
with the cortical Aβ load especially at the early stage of AD (Antonell 
et al., 2014; Alcolea et al., 2015b). Immunoreactivity studies show that 
it was specifically observed in a subset of reactive astrocytes near 
AD-associated plaques and in some rare cases in microglia and neurons 
of white matter (Querol-Vilaseca et al., 2017). Interestingly, earlier 
studies indicated that transcription of YKL-40 is induced in astrocytes by 
pro-inflammatory factors such as TNFα and IL-1β released from acti-
vated macrophages. TNFα is one of the cytokines released from activated 
microglia (the resident macrophages of the brain) that is responsible for 
the conversion of astrocytes to the A1 phenotype (Liddelow et al., 2017). 
Furthermore, Zamanian et al. showed that YKL-40 (chi3l1) is one of the 
top 50 genes upregulated in detrimental astrocytes but does not appear 
in the top 50 upregulated genes in the protective subtype although it is 
expressed in both the reactive subtypes in mice (Zamanian et al., 2012). 
Thus, YKL-40 can be considered as a prominent reactive astrocyte 
biomarker that can differentiate A1-like and A2-like populations. 
Another known reactive astrocyte biomarker tenascin c, which is an 
extracellular matrix protein released by reactive astrocytes, was 

activated only in the A2 model (Laywell et al., 1992; Zamanian et al., 
2012). Surprisingly, GFAP and vimentin were both highly upregulated 
in the A1-like and A2-like astrocyte populations. Hence, it may be sug-
gested that although these biomarkers are well established reactive 
astrocyte biomarkers and help in the distinction between astrocytes’ 
quiescent and reactive states, their level of expression changes may vary 
among different reactive astrocyte subpopulations. 

Lipocalin-2 and Serpina3n have also been indicated as putative 
reactive astrocyte biomarkers because these two secretory protein genes 
were actively and significantly induced in both A1-like and A2-like as-
trocytes (Zamanian et al., 2012). The difference in each of their 
fold-changes between the LPS-induced and MCAO-induced models 
provides an insight in their ability to distinguish between the two sub-
types, and may be able to do the same among many more subtypes in 
future. C3, complement factor B and Myxovirus resistance gene MX 
dynamin like GTPase 1 have recently emerged as specific markers for 
A1-like (Liddelow et al., 2017) while s100a10 has been utilized as a 
specific marker for A2-like astrocytes (Fujita et al., 2018). However, till 
now they have not evolved as reactive astrocyte subtype-specific bio-
markers per se, but are potential candidates for further investigation. 

ASTROCYTIC SUBTYPE-BASED THERAPIES – where do the 
cytokines stand? 

In light of the aforementioned plausible transition in secretion pro-
files of reactive astrocyte subtypes during AD progression, subtype- 
targeting therapies may be a novel approach to AD treatment where 
cytokines pose as attractive targets. Additionally, cell-specific therapies 
accentuating the beneficial role of reactive astrocytes in AD and/or 
suppressing toxic gain-of-function in astrocytes may provide further 
opportunities in AD restriction, prevention or cure. 

Blocking the activation of detrimental A1-like astrocytes is already 
being investigated through (a) inhibition of microglial activation (b) 
inhibition of microglia-secreted cytokines – IL-1α, TNFα and C1q that 
trigger the A1 phenotype. Microglial activation can be inhibited by using 
NLY01 (Yun et al., 2018) or exendin4 (Goncalves et al., 2016; Gullo 
et al., 2017; Lee et al., 2018; Garabadu and Verma, 2019), both agonists 
of the long-acting glucagon-like peptide-1 receptor, and are potential 
candidates in AD treatment. TNFα inhibition has been particularly 
relevant since the use of Etanercept (a TNFα inhibitor) in rheumatoid 
arthritis patients diminished their relative risk of developing AD 
compared to controls (Chou et al., 2016; Ekert et al., 2018), but the drug 
met with inconclusive outcomes in phase-2 clinical trials (Decourt et al., 
2017). Similarly, anti-C1q antibody and a recombinant antagonist of 
IL-1α (Anakinra) are also being investigated at the pre-clinical and 
clinical levels (Lansita et al., 2017; Liddelow and Barres, 2017; Qi et al., 
2018). A1-secreted IL-1α, IL-6 and IFNγ instigate neighboring neurons 
towards degeneration through induction of caspase-3 activity and 
hyperphosphorylated tau cleavage. Minocycline which reportedly tar-
gets these pro-inflammatory cytokine secretions was able to inhibit 
neuronal degeneration even in Aβ presence (Garwood et al., 2010). In 
addition, targeting C3 through inhibitors (Lian et al., 2015; Lian and 
Zheng, 2016) or blocking C3aR (Lian et al., 2016), its receptor, may 
inhibit A1-like astrocytes (Lian et al., 2015). Additionally, nonsteroidal 
anti-inflammatory drugs (NSAIDs) attenuate the release of 
pro-inflammatory cytokines, arresting neuronal death in AD (Gasparini 
et al., 2004; Sastre and Gentleman, 2010). However, to date NSAIDs 
have been mostly unsuccessful in clinical trials for AD (de Jong et al., 
2008). Glucocortocoids also reduce IL-1α, IL-1β, IL-6 etc. secretions from 
A1-like astrocytes (Szczepanik and Ringheim, 2003; Fakhoury, 2018). 
Treatment with molecules/drugs targeting pro-inflammatory cytokine 
secretion has met limited success at the clinical level to date largely 
because they fail to take into account the AD stage-specific presence of 
target astrocyte subtypes. For example, anti-TNFα treatment may inhibit 
A1-like astrocyte activation in advanced AD-stage patients but may 
contrarily instigate a detrimental effect at the prodromal AD stage since 
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Table 1 
Probable A1-like and A2-like astrocyte subtype-specific therapeutic targets in Alzheimer’s disease (AD). 

A1-like astrocyte targeted strategies in AD treatment 

Target Therapeutic molecule/ 
drug 

Experimental model Route of drug/ 
molecule 
administration 

Age of administration Reference 

Cytokine-based inhibition 
TNFα Etanercept (TNFα inhibitor, 

used in standard RA therapy) 
Human 
AD patientsb 

s.c. Average age, 76.5 years Chou et al. (2016) 

Human 
AD patientsa 

s.c. Average age, 72.4 ± 9.7 years Butchart et al. (2015) 

Human 
AD patientsa,c 

Perispinal Average age, 76.7 ± 10.9 years Tobinick et al. (2006) 

Xpro1595 (TNFα inhibitor) TgCRND8 mice s.c. 1-month old (Pre-plaque stage) Cavanagh et al. (2016) 
TNFR2:Fc (anti-TNFα 
biologics) 

Aβ25–35-injected mice s.c. 6-week old (2nd, 4th and 6th day 
following Aβ administration) 

Detrait et al. (2014) 

3,6′-dithiothalidomide 
(small molecule 
TNFα inhibitor) 

3xTg-AD 
Mice 

i.p. 4-month old (Pre-plaque stage with mild 
intraneuronal Aβ) 

Gabbita et al. (2012) 

Aβ1-42-injected mice i.p. 3-month old (Administered 7 days prior 
to Aβ injection) 

Russo et al. (2012) 

Thalidomide (small molecule 
TNFα inhibitor) 

APP23 mice i.p. Long term treatment- 9 to 12-month-old, 
Short term treatment – 12-month old 

He et al. (2013) 

Infliximab (monoclonal anti- 
TNFα antibody) 

Aβ1-42-injected mice i.c.v. 6-week old (co-administered with Aβ) Kim et al. (2016) 
APP/PS1 mice i.c.v. 12-month old Shi et al. (2011) 

XENP345 (Dominant 
negative TNFα inhibitor 
selective for soluble TNF) 

3xTg-AD mice i.c.v. 4.5-month old McAlpine et al. (2009)  

C1q ANX005 (anti-C1q antibody) Sprague-Dawley (SD) rats 
Cynomolgus monkeys 

i.v. 
i.v. 

8–9 weeks 
2–4 years 

Lansita et al. (2017) 

ANX-M1 (anti-C1q antibody) Aβ1-40-oligomer injected 
mice 

i.p. and i.c.v. 3-month old (co-administered with Aβ) Hong et al. (2016)  

IL1α Anakinra (recombinant IL1α 
receptor antagonist) 

McGill-Thy1-APP-TG rats s.c. 6-month old (Pre-plaque stage) Qi et al. (2018)  

IL-6, 
MCP-1 

Minocycline (an antibiotic) Htau mice i.p. 3–4 month old Garwood et al. (2010)  

IL1β, TNFα, IL-6 NSAIDs -Ibuprofen Human AD patientsa oral ≥65 years Pasqualetti et al. (2009) 
Tg2576 mice oral 3-month old (Pre-plaque 

Stage with high levels of soluble Aβ) 
Eriksen et al. (2003) 

Indomethacin Human AD patientsa oral Average age 78 ± 2 years Rogers et al. (1993) 
Human AD patientsa oral Average age 72.7 ± 6.9 years de Jong et al. (2008) 

Naproxen Human AD patientsa oral Average age 74.1 ± 7.8 years Aisen et al. (2003)  

IL1α, IL1β, IL-6, 
MCP-1 

Glucocorticoids 
(prednisolone and 
dexamethasone) 

Aβ1-42-injected mice i.p. 50–60 days old (30 min prior to Aβ 
injection by i.c.v.) 

Szczepanik and 
Ringheim (2003) 

Microglial activation inhibition 
Glucagon-like 

peptide-1 
receptor 
agonists 

Exendin-4d Streptozotocin (STZ) injected 
rat AD model 

i.p. Male mature rats weighing between 200 
and 220 g (Administered for 14 days 
following i.c.v. STZ) 

Solmaz et al. (2015) 

Aβ1-42-injected rat i.p. 6–8 weeks (weighing 180 ± 20 g, 
administered from Day-1 to Day-14 
following Aβ i.c.v. on Day-1) 

Garabadu and Verma 
(2019)  

NF-κβ NSAIDs-Indomethacin Tg2576 mice oral 8-month old Sung et al. (2004) 
Aspirin Tg2576 mice s.c. 12-month old Medeiros et al. (2013)  

C3 C3aR antagonist APP/TTA double transgenic 
mice 

i.p. 8-month old Lian et al. (2015) 

C3aR antagonist or genetic 
deletion of C3aR 

APP/TTA mice i.p. 7.25-month old Lian and Zheng (2016) 

(continued on next page) 
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TNFα is also known to trigger the beneficial A20 (Sofroniew, 2015). 
Nevertheless, there are still ongoing clinical trials targeted at inflam-
matory cytokines (Long and Holtzman, 2019; Hampel et al., 2020). 

Direct A2-like astrocyte specific cytokine application may be 
considered as a novel approach in AD treatment. Recently, we have 
elegantly demonstrated that intracerebroventricular introduction of the 
beneficial cytokine TIMP-1, released by the protective state of Aβ-acti-
vated astrocytes in an Aβ-infused rat model of AD, ameliorated cognitive 
deficits besides inducing Aβ clearance, inhibiting neuronal apoptosis 
and improving synaptic health through activation of the Akt pathway 
(Saha et al., 2020). Intranasal (IN) administration of TGFβ in an 
Aβ-injected rat AD model alleviated cognitive deficits and neuronal 
apoptosis (Chen et al., 2015), and direct hippocampal infusion of TGFβ 
in an AD mouse ameliorated AD-induced memory impairments and 
synaptic plasticity through activation of the PI3K/Akt/Wnt/β-catenin 
signaling pathway (Hu et al., 2019), exemplify promising 
cytokine-mediated strategies in AD treatment. In support of this, IN 
administration of IFNβ, expressed by both glia and neurons, can alleviate 
cognitive deficits in a rat model of AD by modulating apoptosis and 
hippocampal neurogenesis (Chavoshinezhad et al., 2019). Intravenous 
administration of the anti-inflammatory cytokine IL-10 in Aβ or 
LPS-injected mice inhibited the overwhelming production of 
pro-inflammatory cytokines such as IL-1β, IL-1α, IL-6 and monocyte 
chemoattractant protein-1 (MCP-1) in the hippocampal and cortical 
regions (Szczepanik and Ringheim, 2003). Intraperitoneal (i.p.) 
administration of IL-33 into APP/PS1 mice reduced Aβ plaques by 
inducing microglial phagocytosis of Aβ and by downregulating the 
expression of pro-inflammatory genes and improving cognitive 

functions (Fu et al., 2016). Recently, we have also found that i.p. 
administration of ICAM-1 ameliorates cognitive behavioral deficits in 
Aβ1-42-infused rats and 5xFAD transgenic mice by reducing elevated 
levels of NF-κB (Guha et al. unpublished data). Subcutaneous adminis-
tration of granulocyte colony stimulating factor (G-CSF) into Aβ-induced 
mouse models of AD and Tg2576 mice (refer to Supplementary Table 1 
for details) presents yet another therapeutic strategy that significantly 
ameliorated their memory functions. Furthermore, the recovery was 
associated with G-CSF induced bone marrow-derived hematopoietic 
stem cell mobilization and local neurogenesis near the Aβ plaques. Since 
G-CSF is already being used as a drug for the treatment of 
chemotherapy-induced neutropenia, it would be an excellent candidate 
for cytokine-mediated non-invasive treatment in AD (Tsai et al., 2007). 
However, these strategies are still at their preliminary stages requiring 
further investigation. A list of probable A1-like and A2-like astrocyte 
specific targets is given in Table 1. 

Conclusion 

A linear understanding of astrocyte reaction as a function of age is 
becoming irrelevant with the emergence of complex concepts of ‘reac-
tive astrocyte subtypes’. Beyond the under-appreciated immense role 
played by astrocytes in a healthy CNS, a critical understanding of 
reactive astrocytes is pivotal for neurological disease diagnosis or 
treatment. Compelling evidence emphasizes the transition of protective 
astrocytes probably existing at the prodromal stage with their signatory 
beneficial cytokine profile towards a detrimental profile at the later 
stages in AD. Whether these profiles are directly linked to astrocyte 

A2-like astrocyte targeted strategies in AD treatment 

TIMP-1 -do- Aβ1-42-injected rat i.c.v. Adult male SD rats weighing 280–320 g 
(Administered on the 7th day following 
Aβ i.c.v.) 

Saha et al. (2020)  

ICAM-1 -do- Aβ1-42-injected rat 
5xFAD mice 

i.p. 
i.p. 

Adult male SD rats weighing 280–320 g 
(Drug injection started on the 7th day 
following Aβ i.c.v.) 
6-month old 

S. Guha, R. K. Paidi, P. 
Saha, S.C. Biswas 
(Unpublished)  

TGFβ -do- Aβ1-42-injected rat i.c.v. 
i.n. 

4-month old (1 h before Aβ i.c.v.) 
(7th-day after Aβ i.c.v.) 

Chen et al. (2015) 

3xTg mice i.c.v. 2–3 month Hu et al. (2019) 
IL-10 -do- Aβ1-42-injected mice i.v. 50–60 days old (Administered 10 min 

before the Aβ i.c.v. injection) 
Szczepanik and 
Ringheim (2003)  

IFNβ -do- Lentiviral (LV) mediated 
overexpression of mutant 
APP in hippocampus of adult 
rat 

i.n. 12 week old male Wister rats 
(240–260g) (Administered on Day-23 
following icv of LV-APP and continued 
on alternate days till day-48) 

Chavoshinezhad et al. 
(2019) 

IL33 -do- APP/PS1 mice i.p. 6–25 month old mice Fu et al. (2016)  

G-CSF -do- Tg2576 mice s.c. 10–12 month old Tsai et al. (2007) 
Aβ1-42-injected mice s.c. 8-week old (Administration started on 

the 7th day following Aβ i.c.v.) 

This table presents a collection of strategies by which the A1-like (detrimental) and A2-like (protective) astrocyte-subtypes can be targeted, especially by utilizing 
cytokines secreted by the reactive astrocytes. This table also provides a comprehensive view of the age of administration of the putative therapeutic molecule/drug in 
both human AD patients and animal models for targeting reactive astrocyte subtypes in disease prevention or treatment. Further information regarding experimental 
models has been provided in Supplementary Table 1. 
Abbreviations: C3aR - C3 receptor, i.c.v. - intracerebroventricular, i.n. - intranasal, i.p. – intraperitoneal, i.v. – intravenous, NSAIDs - nonsteroidal anti-inflammatory 
drugs, RA – rheumatoid arthritis, s.c. – subcutaneous, TNFR2:Fc - TNF receptor 2 fused to a Fc domain, -do- - same as the previous cell. 

a Probable AD according to National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Asso-
ciation (NINCDS-ADRDA) Criteria. 

b As per International Classification of Diseases, Ninth Revision (ICD-9) code for rheumatoid arthritis (RA), along with a diagnosis of AD made at least 120 days after 
the diagnosis of RA. 

c Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria for AD, mild-to-severe AD. 
d A site-specific pegylated form of exendin-4, NLY01 produced by Neuraly company (http://www.ddpharmatech.com/) has been approved for Phase 2B trial in 

patients with MCI due to AD after it was well-tolerated in Phase-1 trial (NCT03672604) in healthy volunteers. 

Table 1 (continued) 
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subtypes need to be further investigated, but they definitely validates 
the role of cytokines in mediating astrocyte-subtype-specific functions. 
However, the failures of cytokine-mediated therapy stems from the lack 
of complete knowledge of each cellular state of reactive astrocytes 
involving analysis of subtype-specific morphology, transcriptomics, 
proteomics and metabolomics. For example, STAT3 and NF-κβ-targeting 
may seem like tantalizing options in regulating subtype-specific cyto-
kine production, but a hurried approach without appreciating their 
bigger role in the total physiology will only result in catastrophic out-
comes, even astrocytomas. Single-cell transcriptomics provide an 
incredible opportunity to deeply analyze each astrocyte state and its 
transition. This, in future, may help correlate each subtype and its sig-
natory cytokines with specific AD stages. Hence, better and compre-
hensive understanding of astrocyte-subtype specific profiles, broad yet 
nuanced study of the balance between the newly emerging astrocyte 
subtypes and the nature of the transition between the activated states 
with an eye for the inter- and intra-cellular changes/molecules leading 
towards altering cytokine production is prudent in the present scenario 
of astro-centric neurodegeneration research. 
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Glossary 

Alzheimer’s disease (AD): According to NIA-AA 2018 guidelines, AD refers to the 
mandatory presence of both abnormal levels of Aβ and pathologic tau biomarkers in 
vivo 
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Alzheimer’s pathologic change: It is an early stage in the Alzheimer’s continuum defined 
by the presence of an abnormal Aβ biomarker along with normal level of pathologic 
tau biomarker in vivo 

Alzheimer’s continuum: It is an umbrella term that includes individuals with biomarker 
profiles of either Alzheimer’s pathologic change or AD 

Amyloid β (Aβ) plaque: One of the histopathological features of Alzheimer’s disease 
consisting of insoluble amyloid β of β-sheet conformation 

Astrocytoma: a form of cancer that originate in the astrocytes in the brain 
Astroglial atrophy: Decrease or shrinkage in the size of astrocytes in response to various 

stimuli, often associated with loss of functions 
Astroglial hypertrophy: Increase in the size of astrocytes in response to various stimuli, 

often associated with gain of new functions 
Astrocyte reaction/reactivity: is a highly heterogeneous phenomenon where the astro-

cytes undergo a set of morphological, molecular and functional changes with a 
characteristic secretome profile in response to a CNS insult 

Astrocytic scar: primarily comprises of rapidly proliferated reactive astrocytes forming a 
compact structural barrier that isolates a region of tissue damage such as damaged 
neurons from the surrounding healthy cells in the CNS. It is also conventionally 
referred as glial scars 

Blood brain barrier (BBB): A highly selective and protective physiological sieve that 
creates a separating memebrane between the circulating blood and the brain regu-
lating the exchange of various molecules and ions between the two segments 

Chemokines: They are considered as a small family of chemoattractant cytokines that are 
highly implicated in directing astrocytes towards areas of neuroinflammation and in 
regulating microglial migration in the CNS, especially during a pathological insult 

Complement proteins: are the main players of the complement system that are involved in 
attacking intruding subjects and support phagocytosis of waste products contributing 
towards protection and cure of the host 

Cytokines: a heterogeneous group of small proteins (molecular weights range from 8 kDa 
to 40 kDa) that are the major cellular mediators synthesized and secreted by almost all 
nucleated cells and are rapidly altered in response to any CNS insult 

Glial fibrillary acidic protein (GFAP): an intermediate filament protein that is expressed 
mainly within astrocytes and its expression is increased in reactive astrocytes. It is 
often used as an astrocyte marker. 

Gliotransmitters: Chemical transmitters secreted by astrocytes that include D-serine, 
glutamate and ATP 

Microgliosis: It is a complex reaction of microglia to CNS insults marked by changes in 
morphology, gene expression and surface phenotype along with an increase in their 
number near the site of the insult. It is alternatively referred as microglial activation 

Neurofibrillary tangles: One of the histopathological features of Alzheimer’s disease, 
made up of insoluble aggregates of hyperphophorylated tau proteins 

Neutropenia: It is a medical condition in a person with low levels of neutrophils 
Reactive astrocyte: is a heterogeneous population of astrocytes that appear in response to 

an abnormal situation in the brain and may have disparate effects on disease 
progression 

Tau protein: It is a microtubule-associated protein found extensively in the neurons and is 
highly involved in the maintenance of microtubule stability and functions 

Vimentin: Another commonly used marker of astrocytes whose expression increases in 
reactive astrocytes 
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A B S T R A C T   

Alzheimer’s disease (AD) is a multi-faceted neurodegenerative disorder that leads to drastic cognitive impair-
ments culminating in death. Pathologically, it is characterized by amyloid-β (Aβ) plaques, neurofibrillary tangles 
and neurodegeneration in brain. Complete cure of AD remains elusive to date. Available synthetic drugs only 
provide symptomatic reliefs targeting single molecule, hence, are unable to address the multi-factorial aspects in 
AD pathogenesis. It is imperative to develop combinatorial drugs that address the multiple molecular targets in 
AD. We show a unique polyherbal formulation of Brahmi, Mandukaparni, Shankhpushpi, Yastimadhu, Koki-
laksha and Shunthi called ‘Medha Plus’ (MP), conventionally used for improving memory and reducing anxiety, 
was able to ameliorate cognitive deficits and associated pathological hallmarks of AD. Viability assays revealed 
that MP prevented Aβ-induced loss of neurites as well as neuronal apoptosis in cellular models. An array of 
behavioral studies showed that MP was able to recover AD-associated memory deficits in both Aβ-injected rats 
and 5XFAD mice. Immunohistochemical studies further revealed that MP treatment reduced Aβ depositshpi and 
decreased apoptotic cell death in the hippocampus. Enzymatic assays demonstrated anti-oxidative and anti- 
acetyl cholinesterase properties of MP especially in hippocampus of Aβ-injected rats. An underlying improve-
ment in synaptic plasticity was observed with MP treatment in 5XFAD mice along with an increased expression of 
phospho-Akt at serine 473 indicating a role of PI3K/Akt signaling in correcting these synaptic deficits. Thus, our 
strong experiment-driven approach shows that MP is an incredible combinatorial drug that targets multiple 
molecular targets with exemplary neuroprotective properties and is proposed for clinical trial.   

1. Introduction 

Alzheimer’s disease (AD) is a chronic and progressive neurodegen-
erative disorder leading to cognitive and memory disabilities [1]. 
Accumulation of amyloid-β (Aβ) plaques and formation of neurofibril-
lary tangles (NFT) in the brain tissues are considered as the main 
pathological features of AD [2]. One of the major underlying causes is 
considered to be excessive ROS production due to oxidative stress, often 
correlated to aging [3]. The present treatments mainly comprise of 
palliative therapy which only partially lowers the rate of memory and 
learning dysfunctions in AD. Inhibition of acetylcholine esterase (AChE) 
activity is the most common therapeutic strategy with limited 

disease-modifying effect [4]. Several AChE inhibitors namely Donepezil 
[5], Rivastigmine [6] and Galantamine [7] are currently being used 
against AD. An NMDA receptor antagonist, Memantine [8] is often used 
as an alternative or in combination. However, these drugs are not bereft 
of side-effects and are only nominally helpful. There has been high rate 
of failures of several candidate drugs in clinical trials. Recently, FDA 
approved a drug Aducanumab (Aβ antibody) using the accelerated 
approval pathway which is showing some promise yet it is only effective 
in the early stages of the disease [9]. Attacking the disease from all 
possible avenues is the need of the hour. Lifestyle changes form an 
important aspect of present-day AD prevention strategies. This may 
include taking food-supplements or organic medicines on a daily basis 
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ROS, reactive oxygen species; AChE, acetylcholinesterase. 
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[10–14]. Herbal medicines are free from side effects, completely natural, 
affordable, can be taken early-on in life and in the long run may inhibit 
the occurrence of several age-related neurodegenerative disorders 
including AD or even complement the regular process of therapy. 

Numerous reports suggest that medicinal plants have possible neu-
roprotective properties and some have been tested at preclinical levels 
and few have even advanced to clinical trials [15]. From ancient times 
‘Ayurvedic’ or medicinal herbs have traditionally been applied for the 
treatment and management of neurodegenerative diseases in several 
countries including India. They are encouraging candidates in the 
advancement of safe, effective and multi-targeted therapies for the 
treatment of multifaceted neurological disorders such as AD. Phyto-
chemical constituents including sterols, tannins, lignans, flavonoids, 
polyphenols, triterpenes and alkaloids in medicinal plants demonstrate 
several beneficial properties such as anti-inflammatory, anti--
amyloidogenic, antioxidant, anti-cholinesterase, and hypolipidemic 
roles. 

Bacopa monnieri, commonly known as Brahmi, belongs to the family 
Scrophulariaceae and has been widely implicated in the improvement of 
brain function and to treat epilepsy [16]. Earlier in vitro and in vivo 
studies showed that it has an antioxidant property as well [17]. 
B. monnieri extracts enhance memory and learning functions in various 
transgenic animal AD models by lowering the Aβ levels in the cortex and 
the hippocampus [18,19]. Reportedly, it lowers the whole brain AChE 
activity in aged mice and in cultured neurons [20,21]. Bacoside A is a 
saponin that is the major bioactive component of B. monnieri extract 
among others. Interestingly, it also inhibits ageing-associated etiologies 
in rodents, including reductions in brain acetyl choline, serotonin, and 
dopamine levels, elevation in neuroinflammatory cytokines, oxidative 
stress and lipofuscin levels, and abnormalities in hippocampal neuron 
morphology [18,22,23]. 

Centella asiatica (Mandukaparni) is enriched in saponin, belonging to 
Umbelliferae family. Accumulating evidence indicates that it possesses 
numerous health benefits including nerve stimulation, as a sedative 
tranquilizer, but particularly valued as a revitalizing herb in rejuvena-
tion and enhancement of memory abilities. C. asiatica induces significant 
improvement in cognitive functions across different behavioral param-
eters in rodent models [24,25]. Moreover, asiatic acid, pentacyclic tri-
terpene in C. asiatica, can cross the blood brain barrier (BBB) and inhibit 
mitochondrial impairment in a focal cerebral ischemia mouse model 
[26]. It improves hippocampal-dependent spatial memory by inducing 
hippocampal neurogenesis in adult rats [19]. C. asiatica enhances the 
dendritic arborization in CA3 region of the hippocampus [20]. Further, 
it acts as a free radical scavenger and is valued for its remarkable anti-
oxidant properties [27]. 

Shankhpushpi or Convolvulus pluricaulis Choisy belonging to the 
family Convolvulaceae has been traditionally used in the management 
of disorders of the nervous system. It is used as a nervine tonic to boost 
memory and learning functions [28]. It especially demonstrates 
anti-depressant-like effects due to its ability to reduce pro-inflammatory 
cytokines namely IL-1β, IL-6 and TNF-α levels in a chronic depression 
model in rat [29]. It displays anti-oxidant properties, improves BBB 
integrity and neuronal morphology in a rat model of cerebral ischemia 
reperfusion injury [30]. Notably, Convolvulus pluricaulis extract im-
proves synaptic plasticity by enhancing LTP/LTD ratio in healthy rat 
brain hippocampus. Electrophysiology experiments ex vivo also revealed 
that an active chemical component of C. pluricaulis called scopoletin is 
the major mediator in synaptic improvement observed in the rats [31]. 
Recently, all the above three herbs have been reviewed for their impli-
cations in AD [32]. 

The aqueous extract from the root of Glycerrhiza glabra or Yasti-
madhu of the family Papilionaceae shows improvement in learning and 
memory functions in diazepam and scopolamine induced amnestic rat 
models [33–35] and displays anti-inflammatory properties in 
LPS-induced mice [36]. Glycyrrhizin is one of the active components of 
Glycerrhiza glabra that attributes for its sweet taste. It reduces GABA and 

histamine levels in fusidic acid treated rats [37]. These effects were 
associated with an enhanced bioenergetics status of neurons and 
improvement in BDNF levels in the brain. Higher dose of the glycyr-
rhizin showed correction in FA induced behavioral alterations and 
oxidative damage via restoration of caspase-3 activity [38]. It also 
alleviated vascular dementia related cognitive deficits in rats resulting 
from oxidative damage and inhibition of voltage-gated ion channels in 
hippocampal CA1 neurons of a rat model [39]. 

Zingiber officinale is the scientific name for ginger or Sunthi and be-
longs to the Zingiberaceae family. It has been reported that an aqueous 
extract from the rhizomes of ginger has potent anti-cholinesterase ac-
tivity, anti-inflammatory, antioxidant and neuroprotective capabilities 
[40]. Due to these excellent features, it corrects natural ageing induced 
amnesia [41]. Moreover, a unique mixture of extracts from Cyper-
usrotundus and Zingiber officinale can reverse the AF64A-mediated 
age-related dementia in male Wistar rats by improving cholinergic 
function and decreasing oxidative stress [42]. Extract of Zingiber offici-
nale exhibits neuroprotective effect on dopaminergic neurons (DA) in a 
PD rodent model [43]. 6-shogaol, the major bioactive constituent of 
Zingiber officinale, exerts prominent neuroprotective effects in LPS 
treated astrocytes and rodent models of PD, in transient global ischemia 
and in LPS-mediated neuroinflammation. It could attenuate inflamma-
tory glial cell reactivation in intrahippocampal Aβ-injected mice as well 
as alleviated Aβ or scopolamine induced memory deficits [44]. Its 
anti-inflammatory roles are further supported by its inhibitory effects on 
the production of prostaglandin E (2) [PGE(2)] and pro-inflammatory 
cytokines, such as interleukin 1β (IL-1β) and tumor necrosis factor–α 
(TNF-α). Additionally, it can downregulate cyclo-oxygenase-2 (COX-2), 
P-38 mitogen activated protein kinase (MAPK), and nuclear factor kappa 
B (NF–κB) expressions [37,42]. 6-shogaol reportedly acts as a 
CysLT1R/cathepsin B inhibitor and diminishes Aβ plaque deposition in 
APPSw/PS1-dE9 transgenic model of AD [45]. 

Roots, leaves and seeds of Kokilaksha or Hygrophila schulli belonging 
to Acanthaceae family have traditionally been used as diuretic agents. 
Extracts of H. schulli show antioxidative properties by enhancing su-
peroxide dismutase and catalase activities [46]. Recently, an ethanolic 
extract of the herb demonstrated anti-inflammatory and 
anti-nociceptive activities in a paw edema mice model [47]. Although 
there is no direct evidence of any neuroprotective role of H. schulli in 
models of neurodegenerative diseases, its extracts are enriched in fixed 
oil containing linoleic and oleic acid [48] which have implications in 
neuroprotection. Linoleic acid protects against Aβ-induced neuro-
inflammation, detrimental glial reactivation, oxidative stress and 
cognitive impairments in rats [49] and mice [50]. 

The above-mentioned herbs display several neuroprotective prop-
erties including anti-inflammatory, anti-oxidative properties, promote 
synaptic plasticity, improve learning and memory, act as AChE in-
hibitors, lower Aβ levels in brain, improve mitochondrial bioenergetics, 
dendritic arborization, BBB integrity, neuronal morphology and in 
reduction of GABA levels. However, the extent to which each herb offers 
these benefits at an individual level is limited. We believe it would be 
extremely interesting to study their effects in combination to address 
multiple ailments associated with AD and to optimize all the neuro-
protective benefits the herbs can offer. No study to date has extensively 
investigated the neuroprotective effects of a combinatorial formulation 
of all the above-mentioned herbs from a neurodegenerative disease 
aspect. Parker Robinson Pvt. Ltd. (India) has prepared a unique com-
bination of aqueous extracts of six therapeutic plants indigenous to 
South-East Asia and hugely propagated across India - Brahmi, Man-
dukaparni, Shankhpushpi, Yastimadhu, Kokilaksha and Shunthi 
formulated as a sirup called ‘Medha Plus’ (MP). This novel polyherbal 
formulation, already marketed for general memory improvement in 
human, poses as an exciting candidate for investigating a combinatorial 
effect of the six herbal plants in AD prevention or therapy. In this work, 
we extensively study the different effects of MP in both in vitro and in 
vivo models of AD especially focusing on its role in alleviating AD-related 
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cognitive deficits. 

2. Materials and methods 

2.1. Materials 

Neurobasal medium, Dulbecco’s modified Eagle’s medium (DMEM), 
DMEM-F12, B27 supplement, Fetal Bovine Serum (FBS), Horse Serum, 
Penstrep antibiotic, Lipofectamine 2000 and, AlexaFluor were procured 
from Thermo Fisher Scientific (Waltham, MA, USA). Poly-D-lysine 
(PDL), insulin, progesterone, putrescine, selenium, apo-transferrin, 
nerve growth factor (NGF), Di-methyl sulfoxide (DMSO), para-
formaldehyde (PFA), acetylthiocholine iodide, actin antibody and, 
1,1,1,3,3,3 hexafluoro-2-propanol (HFIP) were bought from Sigma- 
Aldrich (St.Louis, MO, USA). Aβ1–42 was procured from Alexotech 
(Umea, Vasterbotten County, Sweden). Horseradish peroxidase conju-
gated secondary antibodies were obtained from Cell Signaling Tech-
nology (MA, USA). MAP2 antibody was purchased from SantaCruz 
Biotechnology (Santa Cruz, CA, USA). Polyvinylidene difluoride mem-
brane (PVDF) membrane was bought from GE Healthcare (Buck-
inghamshire, UK). ECL reagent was obtained from Takara Bio Inc. 
(Japan). Sodium dodecyl sulfate (SDS) was procured from Merck 
(Darmstadt, Germany). Trypsin and Bovine Serum Albumin (BSA) were 
brought from Sisco Research Laboratories Pvt. Ltd (Mumbai, India). 
‘Medha Plus’ Syrup’ consisting of Brahmi, Mandukaparni, Shankh-
pushpi, Yastimadhu, Kokilaksha and Shunthi (the composition and 
major active components of each plant are given in Table 1) and its raw 
ingredients were from Parker Robinson Pvt Ltd. (India). The research 
and development work were undertaken for value addition of the 
product “Medha Plus”. All other fine chemicals and primary culture 
instruments used in the present study were bought from standard local 
suppliers. 

2.2. Cell culture 

2.2.1. Pheochromocytoma-12 (PC-12) cell culture 
PC-12 cells were initially isolated from rat adrenal medulla and can 

be differentiated into neuron-like cells. The cell line was obtained from 
ATCC and was maintained in DMEM supplemented with 10% HS and 5% 
FBS and passaged at confluency. For their differentiation, a differenti-
ating media composed of basic DMEM supplemented with NGF (50 ng/ 
ml) and 1% HS was added to cells and changed every alternative day for 
five days. On day 6, the differentiated cells were treated. 

2.2.2. SHSY5Y cell culture 
SHSY5Y is a cell line initially derived as a sub-clone of the original 

cell line named SK-N-SH isolated from the bone marrow of a four-year 
old female with neuroblastoma and upon differentiation can be used 
as a human neuronal cell line. The cell line was maintained in DMEM 
supplemented with 10% FBS and passaged at confluency. For differen-
tiation, the medium was changed with the basic DMEM media supple-
mented with 10 μM of all-trans retinoic acid and 1% FBS every alternate 
day for 7–8 days until the cell is fully differentiated. All experiments 
were performed on the 9th day following differentiation. 

2.2.3. Primary cortical neuron culture 
Rat primary cortical neurons were cultured as per the method pub-

lished previously [51,52]. Briefly, the neocortex region was isolated 
from E16–18 rat and meninges was removed. Following proper tritu-
ration to obtain a suspension of single cells, cell number was quantified 
and plated in DMEM/F12 [1:1] media supplemented with 100 µg/ml 
transferrin, 25 µg/ml insulin, 6 mg/ml D-glucose, 20 nM progesterone, 
30 nM selenium and 60 µM putrescine onto PDL-coated tissue culture 
plates. The cells were maintained in same media with1:1 media change 
every 48 h for six days. All treatments were given on the 7th day. 

Table 1 
The composition and major active components of each plant present in Medha 
Plus.  

S. 
no. 

Name of the 
plant 

Common name 
and family 

Major active 
components 

Refs.  

1 Bacopa monnieri Brahmi, 
Scrophulariaceae 
family 

Bacoside A, bacoside 
B, bacogenin A1–A4, 
bacopasaponin C and 
bacopasides I and II, 
monnieraside I, 
monnieraside III, 
Monnierin, 
plantioside B, 
pseudojujubogenin. 
Other components are 
3-O- [β-D- 
glucopyranosyl (1–3)- 
β-D-glucopyranosyl] 
Pseudojujubogenin, 
Wogonin, oroxindin 
luteolin, luteolin-7- 
glucoside, luteolin-7- 
glucuronide,apigenin- 
7-gluconide, nicotine, 
3-formy1-4-hydroxy- 
2H-pyran. Bacosine, 
bacosterol, bacosterol 
3-O-β-D- 
glucopyranoside, 
stigmasterol, 
stigmastanol. 
β-sitosterol, D- 
mannitol and other 
glycosides. The other 
chemicals are betulin 
and betulinic acids. 
Brahmine and 
herpestine, saponins, 
hersaponin and 
monnierin. 

[16–23]  

2 Centella asiatica Mandukaparni, 
Umbelliferae 
family 

Thankuniside and iso- 
thankuniside, 
asiaticoside A and B, 
Madecassoside, 
asiatic, madecassic, 
ascorbic, thankunic, 
pectic and brahmic 
acids. Other 
components are 
isobrahamic acid, 
brahmoside, 
isothankunic acid, 
glucosyl quercetin, 3- 
glucosyl kaempferol, 
7-glucosylkaempferol 
and polyacetylenes. 

[19,20, 
24, 
25–27]  

3 Convolvulus 
pluricaulis 

Shankhpushpi, 
Convolvulaceae 
family 

Scopoletin, 
kaempferol-3- 
glucoside, 
kaempferol, 3,4-di- 
hydroxycinnamic 
acids are the principal 
chemical components 
of the plant. Plant 
yields an alkaloid 
known as 
shankhpuspine. The 
other chemical 
components are 
β-sitosterol-β-D- 
glucoside, n- 
hexacosanol, n- 
triacontanol, n- 
dotriacontanol, n- 
octacosanol, n- 
triacotane, 

[28–32] 

(continued on next page) 
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2.3. Dose calculation 

MP composition in 10 ml syrup includes water extracts of Brahmi: 
400 mg, Mandukaparni: 400 mg, Shankhpushpi: 200 mg, Kokilaksha: 
200 mg, Yastimadhu: 200 mg, Shunthi: 50 mg. MP is prescribed at 400 
mg, which is present in 10 ml tonic, per day for an adult person (60 kg 
body weight). From here, we calculated the rat equivalent dose (RED) 
considering the body weight of an adult rat to be 300 g and multiplying 
the scaled-down human dose by a factor of 6.2 [53]. It stands at 12.4 mg 
present in 310 µl of MP; correspondingly, the cellular dose was calcu-
lated by dividing the animal dose by a factor 5 for animal to cellular dose 
conversion. Hence the calculated dose of 2.4 mg present in 60 µl of the 
syrup was selected for viability assays. Effect of MP was also checked at 
30 µl and 90 µl to study dose dependency in cellular models. 

Dried form of three of MP’s major constituent herbs that are Brahmi 
(Bacopa monnieri, BM), Mandukaparni (Centella asiatica, CA) and 
Shankhpushpi (Convolvulus pluricaulis, CP) were procured from Parker 
Robinson Pvt. Ltd. (India). Extracts were prepared according to the 
protocol described earlier for BM [54], CA [55] and CP [56]. Each of 
these extracts were checked for toxicity towards SHSY5Y cells and dose 
for checking neuroprotection in each case was deduced following the 
above mentioned references (data not shown). SHSY5Y cells were 
pre-treated for 2 h with BM, CA and CP extracts at 100 µg/ml, 100 µg/ml 
and 100 µg/ml respectively followed by Aβ treatment and viability was 
assessed at 24 h using MTT assay. 

2.4. Cell Viability assays 

2.4.1. Trypan blue exclusion assay 
This is a standard assay for cell viability assessment. It is based on the 

principle that live cells based on the virtue of their intact cell membranes 
exclude certain dyes such as trypan blue, eosin and propidium while 
dead cells do not. Upon staining viable cells have a clear cytoplasm 
while non-viable cells have a blue cytoplasm. Trypan blue solution was 
prepared as a 0.4% solution in PBS as a stock and for counting mixed 
with diluted cell suspension as 1:1 mixture. The live (unstained) cells 
were then counted in a haemocytometer and number of live cells per ml 
was calculated. Primed PC12 cells were treated with 4 µM Aβ alone as 
well as Aβ along with 3 different doses of MP – 30 µl/ml, 60 µl/ml and 
90 µl/ml and corresponding doses of vehicle for 24 h before staining 
with Trypan blue and counting the viable cells. 

2.4.2. MTT assay 
MTT is a sensitive and reliable indicator of the cellular metabolic 

activity and correspondingly the cell viability. NAD(P)H-dependent 
cellular oxido-reductase enzymes are present primarily in the mito-
chondria of live cells and can reduce the tetrazolium dye i.e.MTT into 
insoluble formazan crystals deposited within cells seen as purple color 
and can be quantified colorimetrically. Differentiated PC12 cells were 
treated with 4 µM Aβ and Aβ along with 3 doses of MP – 30 µl/ml, 60 µl/ 
ml and 90 µl/ml and corresponding doses of vehicle for 24 h. Differen-
tiated SH-SY5Y cells were treated with 3 µM Aβ and Aβ along with 60 µl/ 
ml MP and corresponding dose of vehicle for 24 h. MTT solution was 
freshly prepared in PBS and added to cells at 0.5 mg/ml, incubated in 
dark for 4 h to allow formazan crystal formations. The resultant 

Table 1 (continued ) 

S. 
no. 

Name of the 
plant 

Common name 
and family 

Major active 
components 

Refs. 

β-setosterol and 
microphyllic acid.  

4 Glycerrhiza 
glabra 

Yastimadhu, 
Papilionacea 
Family 

Glycyrrhizin, 
liquiritin, 
glycyrrhetinic acid. 
rhamnoglucoside. A 
Triterpenoid- liquoric 
acid from roots. Root 
extract estrogenic 
contains β- sitosterol 
and stigmasterol. It 
also contains 
herniarin and 
umbelliferone and 
flavones-liquiritin, 
liquiritigenin, 
isoliquiritin and 
isoliquiritigenin. The 
characteristic aroma 
of the volatile oil of 
liquorice is due to 
presence of a mixture 
of estragole, anethole, 
eugenol, indole, y- 
nonalactone and 
cumic alcohol 

[33–38]  

5 Zingiber 
officinale 

Sunthi, 
Zingiberaceae 
family 

Rhizomes of the plant 
contain acid oleoresin. 
Resin contains 
pungent principle 
gingerol, shogaols, 
gingeodiols, and 
gingediacetates. 6- 
Shogaol, 6- gingerol, 
zingiberol, 
β-phellandrene α- 
zingiberone, ar- 
curcumene, 
β-bisabolene. The 
other chemical 
components are also 
known from the 
rhizomes of ginger 
such as gingerenones 
A, B and C, 
isogingerenone B, 
hexahydrocurcumin, 
diarylheptanoids, 
gingerdiols, 6-ginge-
sulfonic acid, ginger 
glycolipids A, B and C, 
gingerenones, 
(+)-angelicoidenol-2- 
O-β-D- 
glucopyranoside, 
geranial glycosides, 
α-santalol. 
β-endesmol, 
Nerolidol, farnesal, 
elemol, neral, 
geranial, α- and 
β-pinene, camphene, 
sabinene, myrcene, 
limonene,1,8-cineole, 
and aliphatic alkanes 
etc. 

[39–45]  

6 Hygrophilaschulli Kokilaksha, 
Acanthaceae 
family 

Linoleic and oleic 
acid. The other 
components are 
palmitic acid, stearic 
acids, myristic acids, 
polysaccharides, 
xylose, uronic acid, 
histidine, lysine, 
phenyl alanine and 

[46–50]  

Table 1 (continued ) 

S. 
no. 

Name of the 
plant 

Common name 
and family 

Major active 
components 

Refs. 

β-sitosterol. The aerial 
parts of the plant 
contain alkaloids, 
phytosterol, essential 
oil, mucilage, 
triterpene, lupeol, 
stigmasterol etc.  
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formazan crystals were then dissolved in DMSO and quantified at 570 
nm. 

2.4.3. Intact nuclei counting method 
Viability of primary cortical neurons was estimated by intact nuclei 

counting that is routinely used for neuronal cells as described earlier 
[57–59]. Trypsinized cells were firstly lysed in a buffer (with detergent) 
that dissolves cellular membrane but keeps the nuclear membrane 
intact. The number of intact nuclei was counted in a haemocytometer. 
The treatment conditions were similar as in SHSY5Y, only the Aβ dose 
was kept at 1.5 µM. The selection of Aβ dose in various cell types was 
based on previous reports [57]. 

2.5. Immunocytochemistry in primary neurons 

To understand the morphological changes of primary neurons under 
different conditions – Control, Vehicle Control (VC), Aβ (1.5 µM) and Aβ 
+ MP60, we performed immunocytochemistry 24 h following treatment 
as described previously [60,61]. Neurons cultured on PDL-coated glass 
cover slips were fixed in freshly prepared 4% PFA in PBS for 10–15 min 
at room temperature and then washed with PBS. The fixed cells were 
then blocked with 3% goat serum in 0.3% Triton X-100 solution in PBS 
for 1 h at RT. Cells were incubated overnight with MAP-2 (1:50) in 
blocking solution at 4̊C. Following proper washing, the cells were 
incubated in secondary antibody Alexafluor 488 for 1–2 h at room 
temperature in dark. Nuclei were stained with Hoechst 33342 solution 
in PBS for 30 min, washed carefully and mounted in Prolong Gold 
Anti-fade reagent (Invitrogen) for long-term storage. Images were taken 
in Leica CTR4000 fluorescence microscope at 63X objective. 

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

The TUNEL assay was performed according to the manufacturer’s 
protocol (Clontech, ApoAlert DNA Fragmentation kit, Takara). Briefly, 
adherent cells grown on glass coverslips were fixed with freshly pre-
pared 4% PFA for 15 min following which they were washed with PBS 
twice. Cells were then permeabilized with pre-chilled 0.1% Triton-X in 
0.1% Sodium Citrate solution for 5 min on ice. For tissues, coronal 
sections of rodent brain were used for this study. Initially sections were 
washed with PBS three times (5 min each). The tissue was then digested 
in Proteinase K solution (20 µg/ml, diluted from concentrated stock 
provided in the kit) for 20 min. The reaction was terminated by rinsing 
with excess PBS and this was followed by addition of 4% PFA to the 
sections. Next, for tissue sections or cells, both were washed twice with 
PBS. The specimens were then equilibrated in equilibration buffer at RT 
for 10 min. The samples were incubated in a solution containing the 
nucleotide mix and Tdt enzyme for 1 h at 37 ◦C in dark. The reaction 
was stopped by 2X SSC buffer provided in the kit at RT for 15 min. 
Samples were rinsed with PBS. Following this, they were stained with 
Hoechst solution for 30 min at 37 ◦C and then washed with PBS before 
mounting with Prolong Gold Antifade with DAPI for microscopic anal-
ysis. For quantitative analysis in cells, 4–5 equal window images were 
taken from different regions of the coverslip at 63 × magnification, 
following which total number of cells in each field (Hoechst stained) and 
total number of TUNEL positive cells in each field (fluo-
rescein+Hoechst+) were counted and percentage of TUNEL positive cell 
was calculated by dividing the TUNEL positive cell count with the total 
number of cells multiplied by 100. To study apoptosis of primary neu-
rons under different conditions – Control, VC, Aβ (1.5 µM) and Aβ +
MP60, we performed TUNEL assay 24 h following treatment. 

2.7. Sholl analysis 

Sholl analysis was performed to assess neuronal arborization under 
different treatment conditions by NIH-ImageJ software, widely reported 

earlier [62–64]. Primary cortical neurons were transfected with 0.5 µg 
of pSIREN-ZsGreen empty scrambled construct in neurobasal medium 
with lipofectamine 2000. Following 6 h incubation at 37 ◦C & 5% CO2, 
fresh media was replaced. After 48 h, cells were treated with Vehicle, Aβ 
and Aβ + MP60 for 24 h. GFP expressing viable cells were imaged under 
fluorescence microscope at 10 × magnification. The processes of indi-
vidual neurons were traced and a number of concentric circles were 
drawn from the neuron cell body with an increasing radius of 25 µm. 
Two-dimensional analysis was performed where the number of inter-
secting points of the neuronal processes at each concentric circle was 
calculated. Data have been represented as the mean ± S.E.M. of five to 
six neurons from three independent experiments. 

2.8. Preparation of oligomeric Aβ 

Oligomeric preparation of Aβ1–42 was performed following the steps 
reported earlier [60]. Briefly, lyophilized form of Aβ1–42 peptide was 
reconstituted in 100% HFIP followed by evaporation of HFIP in a speed 
vac (Eppendorf, Hamburg, Germany). The resulting pellet was carefully 
re-suspended in DMSO to 5 mM and stored in aliquots at − 80 ◦C for 
long term use. The stock was diluted in PBS with SDS (SDS final con-
centration - 0.2%) to 400 µM and incubated in a dry bath for 18–24 h at 
37 ◦C. It was further diluted to 100 µM in PBS and re-incubated for 
18–24 h at 37 ◦C before use. 

2.9. Animal housing and care 

Adult Sprague Dawley rats (weighing between 280 and 320 g) or 5- 
month-old male 5XFAD mice were housed in three per cage, which 
contained sterile paddy husk as bedding with free access to water and 
food under a 12–12 h light -dark cycle. Constant temperature (24 
± 2 ◦C), and humidity (60 ± 5%), were maintained in the animal house 
of CSIR-Indian Institute of Chemical Biology (IICB), Kolkata. All the 
experiments were performed in accordance with the Institutional Ani-
mal Ethics Committee (IAEC) and as per the National Guidelines 
(CPCSEA) on the required care and use of animals in laboratory research 
(Indian National Science academy, INSA, New Delhi, 2000). The animals 
were habituated in laboratory conditions before the experiments. 

2.10. Stereotaxy 

Rats were anesthetized with 50 mg/kg Sodium thiopentone (Thiosol, 
Neon laboratories, Mumbai, India) in 0.9% normal saline according to 
the procedure reported by Paidi et al., 2015 [65]. The animal was placed 
in a stereotactic frame (Stoelting, MO, USA) with the incision bar 
initially placed at the Bregma point. Oligomeric solution of 4.5 µg Aβ 
peptide (prepared as per the protocol mentioned by Saha et al [60,66]) 
was injected bilaterally, 5μl per side, in the CA1 region of the hippo-
campus in adult male Sprague-Dawley rats. The co-ordinates are, lateral, 
± 0.21 cm from the bregma; anteroposterior, 0.36 cm; dorsoventral, 
0.28 cm, according to the atlas of Paxinos and Watson. The flow rate was 
kept at0.5 µl/min by using a worker bee syringe pump (BAS, West 
Lafayette, USA). Aβ was allowed to diffuse for an extra 5 min after its 
delivery. Same volume of PBS was bilaterally injected in the control rats. 
Homeothermic blanket (Harvard apparatus, U.K.) was used to maintain 
the body temperature of the animals (37 ◦C). 

2.11. Behavioral analysis protocol 

The animals were randomly divided into 5 groups: Control (PBS 
infused), MP (only MP infused), Aβ (Aβ 1–42), Aβ plus human equivalent 
dose (HED) of MP and Aβ plus rat equivalent dose (RED) [17] of MP. The 
animals were administered with MP orally daily till their sacrifice. After 
six days of Aβ1–42 infusion, MP treatment was started. After ten days of 
MP treatment, behavioral tests were performed. Similar groups were 
maintained in 5XFAD mice as in rats; except we included mice 
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equivalent dose (MED) [27] instead of RED. Both MED and RED doses 
were calculated from the HED dose prescribed earlier where dose 
calculation in different animal models is based on body metabolic rate 
and body weight [53]. An additional group of Donepezil (10 mg/kg, an 
acetyl cholinesterase inhibitor) treated 5XFAD mice was used as a 
standard drug control for behavioral experiments performed in the 
transgenic mice. The number of animals used in each of the behavioral 
experiments are given in Tables 2A (rats) and 2B (mice). 

According to USFDA (2005) guidelines, we calculated RED from the 
recommended human dose as mentioned earlier; there 310 µl of MP was 
given per rat per day. For mouse, considering average body weight as 
30 g and by multiplying the human dose by a factor 12.3, 61.5 µl of MP 
was given per mouse per day and the dose was termed as MED [67]. HED 
in rat or MED in mouse was calculated from the human dose (average 
human body weight 60 kg) with respect to individual animal’s average 
body weight. Open-field test, novel object recognition test, passive 
avoidance test, contextual and cue-dependent fear conditioning test, and 
elevated plus maze test were used to evaluate the cognitive changes in 
both the AD models - Aβ-infused rats and 5XFAD transgenic mice and the 
effect of MP on them. 

2.11.1. Open-field test 
Locomotor activity levels in rats or mice can be comprehensively 

assessed by the open field activity monitoring system as described 
earlier [68–71]. An open-field arena with a x-y grid of invisible infrared 
rays is used to record the distance and regions traveled by the rodent in 
the arena in 10 min. 

2.11.2. Novel object recognition 
This behavioral test is dependent on the innate tendency of rodents 

to explore a novel object more than a familiar object as described earlier 
[60,72,73]. Briefly, the animal was placed in a rectangular box with two 
identical objects on Day-1. On Day-2, one of the objects was replaced by 
differently shaped object and the animal was tested for its ability to 
distinguish the novel object from the familiar for 5 min. The length of 
time spent in inspecting each of the objects on both the days was noted 
and discrimination index (DI) and preference index (PI) calculated ac-
cording to the formulas DI = (TN − TF)/(TN + TF), 
PI = TN/(TN + TF) * 100. (TN = Time spent exploring the novel object 
and TF = Time Spent exploring the familiar object). 

2.11.3. Passive avoidance test 
The instrument used in this test contains two chambers that are 

dimensionally identical, but one is white (well-lit) chamber and another 
is a dark chamber separated by an automated guillotine door. The test 
was performed over two days as previously reported [60,68,72]. In 
short, on day-1 acquisition stage, the animals were placed in the white 
chamber and the time taken by the animal to move to the dark chamber 

where it instantly received a mild foot-shock (0.7 mA for 2 s) was 
recorded. On the next day (Probe stage), the latency to the dark chamber 
was recorded by SHUTAVOID software (Panlab, Barcelona, Spain). 

2.11.4. Fear conditioning test 
It is employed to assess hippocampal dependent associative learning 

and is helpful to understand amygdala-hippocampal communication. 

2.11.4.1. Contextual fear-conditioning test. On the day of training, the 
rat was positioned in a sound-proof chamber and following a 2-min 
habituation, the animal was subjected to four sessions of an uncondi-
tioned stimulus (each session - 89 s pre-shock interval; 0.7 mA 1-s foot- 
shock) terminating in a 2 min relaxation period without stimuli (10 min 
total). 24 h later, the animals were placed in the same context but this 
time the shock was absent. Freezing behavior defined as complete 
absence of motion excluding breathing movements was recorded by 
PACKWIN 2.0 software (Panlab) during an 8 min testing period [68]. 

2.11.4.2. Cue dependent fear conditioning test. Cue dependent test was 
performed as described previously [60,72]. Briefly after an initial 
habituation, four 29 s sessions of light and sound (90 dB, 4000 Hz for 
rats; 80 dB, 2500 Hz for mice) co-terminating in a foot-shock (0.6 mA, 
1 s for rats; 0.4 mA, 1 s for mice) were delivered to the animal placed in 
the sound-proof Panlab chamber with an inter trial interval of 1 min. 
The animal was allowed to relax for an additional 2-min period before it 
was removed from the chamber (10 min in total). 24 h later, the context 
of the box was modified. Rodents were exposed to the same cues as on 
day-1 but without shock. Freezing behavior was recorded during an 
8 min test period by using PACKWIN automated software. 

2.11.5. Elevated plus maze (EPM) test 
The elevated plus maze (EPM) test is employed to assess anxiety and 

cognitive ability in rodent models and has been described previously 
[65]. Briefly, on the first day, the animal was allowed to explore the 
arms of the plus maze and the time taken for it to move from the open 
arm to the closed arm was recorded as initial transfer latency (ITL) [74]. 
On day 2, the same protocol was followed and the transfer latency to the 
closed arm was recorded as retention transfer latency (RTL). The 
maximum duration of exploration for each animal each day was 300 s. 

2.12. Immunohistochemistry 

Transcardial perfusion of animals were performed under deep 
anesthesia 60 mg/kg Sodium thiopentone (Thiosol, Neon laboratories, 
Mumbai, India) with 50 ml of chilled 100 mM PBS (pH 7.4) followed by 
4% PFA and then the animal was decapitated and the brain was sepa-
rated from the skull. Following additional fixation in 4% PFA overnight 
at 4 ◦C, the brain was transferred in 30% (w/v) sucrose solution in PBS 
at 4 ◦C. With a cryotome (thermo Shandon, Pittsburg, PA, USA), coronal 
sections (20 µm thick) were taken on gelatin-coated slides for histolog-
ical staining. Immunohistochemistry was performed as described earlier 
[14,69,75]. The sections were washed in PBS three times and then 
permeabilized with PBS + 0.4% Triton-X for 40 min. Later, sections 
were rinsed with PBS + 0.1% Triton-X and then blocked with 4% BSA in 
0.1% PBST for 1 h. Primary antibodies including polyclonal rabbit 
anti-rat Aβ1–42 antibody (1:100, Abcam), polyclonal rabbit anti-mouse 
SNAP25 (1:100, Santacruz Biotechnology) and PSD95 (1: 50, Merck 
Millipore) antibodies were diluted in the blocking solution (4% BSA in 
0.1% PBST) and added to the sections for a 48 h incubation at 4 ◦C. 
Following washing with PBST (0.1%) to remove unbound primary an-
tibodies, specific Alexa fluor-tagged secondary antibodies were added to 
sections at room temperature in dark for 2 h. Hoechst solution was used 
to stain the nucleus for 30 min at 37 ◦C. Finally, the sections were 
washed few times more in PBS and then mounted with Prolong Gold 
Antifade (Invitrogen) for confocal microscopic imaging. Quantification 

Table 2A 
Total number of rats involved in behavioral experiments.  

Cognitive tests Experimental animal groups (rats) 

Vehicle 
treated 
(Con) 

MP 
(RED) 

Aβ Aβ + MP 
(HED) 

Aβ + MP 
(RED) 

Open Field Test  8  5  5  7  8 
Elevated plus 

maze 
(Cognition)  

9  8  8  9  8 

Novel object 
recognition  

5  8  6  6  5 

Passive Avoidance  9  8  6  9  9 
Contextual Fear 

conditioning  
6  5  8  6  5 

Cue Dependent 
Fear 
conditioning  

8  6  8  7  6  
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of fluorescence intensity was done by quantifying corrected total cell 
fluorescence (CTCF). It is calculated from integrated density of staining, 
area of the cell, and the background fluorescence of different experi-
mental conditions using the formulae CTCF = Integrated density −

(area of selected cell × mean fluorescence of background readings). 

2.13. Western Blotting 

The animals were decapitated, and the hippocampus tissue was 
collected and kept in − 80 ◦C for long term storage. 60 µg of protein was 
run in SDS-PAGE and transferred to PVDF membrane. Blocking was 
done in 5% BSA solution in TBST [1.5 M NaCl, 1 M Tris (pH7.5), 0.1% 
Tween20] for 1 h at room temperature and then the membranes were 
incubated with primary antibodies for phosphorylated-Akt at serine 473 
(1:500, Cell Signaling Technology, MA, USA), Akt (1:500, Cell Signaling 
Technology, MA, USA), polyclonal rabbit anti-mouse SNAP 25 (1:1000, 
Santacruz Biotechnology) and PSD 95 (1: 1000, Merck Millipore) anti-
bodies or Actin (1:10,000) overnight at 4

◦

C. Membranes were washed 
with TBST followed by HRP-tagged secondary antibody incubation for 
1–2 h at room temperature. Following further washing in TBST to 
remove unbound antibodies, the blots were imaged using western blot 
ECL substrate in ChemiDoc MP imaging system (BIO-RAD). Densito-
metric quantitation of each band was done by NIH-ImageJ software 
(NIH, Bethesda, MD, USA). 

2.14. Acetyl cholinesterase (AChE) assay 

AChE activity was measured by Ellman et al. method [76]. This assay 
is based on the formation of a yellow reaction product when thiocholine 
is released from acetylthiocholine and combine with the test reagent, 5, 
5′-dithio-bis-(2-nitrobenzoic acid) (DTNB). For the in vitro experiment, 
a 2% homogenate of rat brain cortex prepared in 100 mM phosphate 
buffer (pH 8.0) was centrifuged very briefly at 1000 g at 4 ◦C and the 
supernatants were used for the estimation of AChE activity. The reaction 
mixture contained 0.1 M sodium phosphate buffer (pH 8.0), DTNB 
(10 mM), acetylthiocholine iodide (75 mM) and 80 µl of tissue homog-
enate. Different doses of aqueous drug (individually) and donepezil 
(1 μM) were incubated with rat brain cortical tissue homogenate and 
DTNB for 15 min at 37 ◦C, and the reaction was initiated by addition of 
acetylthiocholine iodide. The kinetic profile of enzymatic activity was 
measured at 412 nm for 2 min at 15 s intervals by spectrophotometer. 
The specific activity of AChE was calculated in μmoles/min/mg of 
protein. For in vivo estimation of acetylcholine esterase activity, rats 
(treated or untreated) were sacrificed by decapitation and immediately 
hippocampal and cortical tissue were collected in 100 mM phosphate 
buffer (pH 8.0). Afterwards, the same protocol was employed as 
mentioned above. Following calculation for specific activity of AChE, 
results were presented as percent of control group. 

2.15. ROS generation assay 

Following treatment, animals were sacrificed by decapitation. 
Mitochondrial P2 fractions were prepared from the hippocampus and 
cerebral cortex of control, Aβ and Aβ+MP treated rats as elucidated 

previously by Thomas and Mohanakumar [77]. Briefly, animals were 
sacrificed by decapitation, the hippocampus and cortex immediately 
dissected out and homogenized individually in 10-times volumes of 
ice-cold mitochondrial isolation buffer comprising 225 mM mannitol, 
75 mM sucrose, 5 mM MOPS, 1 mM EGTA and 1 mg/ml BSA, pH 7.4. 
Centrifugation of the homogenate was done at 1000 g for 10 min at 4 

◦

C. 
The pellet was thrown away and the supernatant centrifuged at 9500 g 
for 30 min at 4 

◦

C. The pellet hereby obtained was rinsed in cold 50 mM 
Tris-HCl, pH 7.2 (centrifuged at 9500 g for 30 min at 4

◦

C). Cold 10 mM 
potassium phosphate buffer at pH 7.2 was then used to re-suspend this 
resulting mitochondrial pellet. Rat brain hippocampal and cortical ROS 
generation was evaluated by H2DCF-DA method [78]. Mitochondrial P2 
fraction was collected from the hippocampal and cortical regions of the 
control and treated rat brains [79]. Following normalization, the mito-
chondrial P2 fraction was allowed to incubate with H2DCF-DA for 
30 min and a spectrofluorimetric (Perkin Elmer, USA) determination of 
fluorescence intensity was performed setting the excitation and emission 
at 495 nm and 529 nm respectively. 

2.16. Statistical analysis 

All data for comparing more than two experimental groups were 
analyzed by one-way ANOVA analysis followed by tukey’s multiple 
comparison post hoc test using graph pad software. For comparison of 
significant difference between two groups, unpaired two-tailed stu-
dent’s ‘t’ test analysis was used. Data are presented as mean ± standard 
error of mean (SEM), and p < 0.05 was considered to be statistically 
significant. 

3. Results 

3.1. Medha Plus (MP) shows neuroprotective activity against Aβ- 
mediated neurotoxicity in vitro 

MP is a novel polyherbal formulation of six herbs those are indi-
vidually beneficial for the improvement of brain functions including 
memory. We studied the combinatorial effect of these six herbs present 
in MP in both in vitro and in vivo models of AD to check its neuro-
protective ability and its role in alleviating AD-related cognitive deficits. 

As discussed in the materials and methods section, three different 
doses of MP – 30 µl/ml, 60 µl/ml and 90 µl/ml were initially selected to 
check for neuroprotective ability in Aβ-treated neuronally differentiated 
PC12 cells alongside concomitant vehicle controls (VC, at the select 
doses). We found that MP at 60 µl/ml dose recovered cell viability by 
30% in Aβ-treated PC12 cells as opposed to those treated with Aβ alone 
in both trypan blue exclusion (Fig. 1a) and MTT assays (Fig. 1b). The 
recovery in viability was not significant at 30 µl/ml dose while recovery 
at 90 µl/ml was same as 60 µl/ml suggesting it as an optimal dose of MP. 
We then checked its efficacy in a human derived cell line and proceeded 
with the 60 µl/ml dose for further viability study with MTT in SHSY5Y 
cells treated with Aβ. We observed more than 40% recovery in cell 
viability against those treated with Aβ alone (Fig. 1c). Next, we checked 
for the neuroprotective efficacy of MP in more relevant primary rat 
cortical neurons and found that MP at 60 µl/ml significantly recovered 

Table 2B 
Total number of mice involved in behavioral experiments.  

Cognitive tests Experimental animal groups (mice) 

Vehicle treated (WT) MP (MED) 5XFAD 5XFAD + MP (HED) 5XFAD + MP (MED) 5XFAD + Donepezil 

Open Field Test  8  5  5  7  6  5 
Elevated plus maze (Cognition)  9  8  8  8  8  7 
Novel object recognition  9  8  6  5  8  6 
Contextual Fear conditioning  6  7  8  7  6  7 
Cue dependent fear conditioning  7  5  6  7  6  5 

Con, control; WT, wild type; MP, Medha Plus; RED, Rat equivalent dose; MED, mouse equivalent dose; HED, human equivalent dose. 
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cell viability of Aβ treated primary neurons, that is, comparable to 
control (Fig. 1d). We further checked for recovery in neuronal 
morphology by ICC with MAP2, 24 h following Aβ, with or without MP 
treatment and observed visible improvement in neurite morphology and 
neuronal arborizations quantified by Sholl analysis as against the loss of 
neurites observed under Aβ treated condition (Fig. 1e–f). In all the cases 
there was no significant effect on cells treated with VC. Since we found 
optimal beneficial effect with 60 µl/ml dose of MP, we used this dose in 
all the following cellular experiments. We further compared the effect of 
MP at 60 µl/ml dose on Aβ-treated SHSY5Y cells with that of extracts of 
CA (at 100 µg/ml), CP (at 100 µg/ml) and BM (at 100 µg/ml) for 24 h. 
Each of these herbal extracts rendered significant protection against Aβ 
toxicity. We further found that MP induced higher protection against Aβ 
compared to each of the above-mentioned extracts which were 

statistically significant (Supplementary Fig. 1). 

3.2. MP protects primary cortical neurons against Aβ-induced apoptosis 

TUNEL assay is routinely performed to assess apoptosis in cells as 
described earlier. In all the four treatment groups – Control, Aβ, VC and 
Aβ + MP, the percent of TUNEL + cells among all the randomly counted 
cells were calculated. We found that Aβ treatment induced a significant 
level of apoptosis as about 60% TUNEL + cells counted in primary 
neurons in 24 h while upon Aβ and MP co-treatment there was signifi-
cant reduction (< 20%) in apoptotic cells which is comparable to control 
and VC (Fig. 2a–b). Taken together, our in vitro data suggest that MP 
protects neuronal cells significantly from Aβ induced toxicity. 

Fig. 1. Medha Plus (MP) protects neurons against Aβ toxicity in vitro. (a) Viability assay of PC12 by Trypan Blue exclusion method: Primed PC12 cells were 
treated with Aβ and Aβ along with different doses of MP – 30 µl/ml (MP30), 60 µl/ml (MP60), and 90 µl/ml (MP90) in addition to vehicle controls (VC) at each dose. 
Data from 3 independent experiments were analyzed by One-way ANOVA, Tukey’s post hoc test. (*) denotes p-value < 0.0001 compared to control group, (#) 
denotes p-value < 0.05 compared to Aβ group. (b) Viability assay of PC12 by MTT: Primed PC12 cells were similarly treated as above. Data from 4 independent 
experiments were analyzed by One-way ANOVA, Tukey’s post hoc test. (*) denotes p-value < 0.0001, compared to control group (#) denotes p-value < 0.05 and 
(##) denotes p-value < 0.005 compared to Aβ group. (c) Viability assay in SHSY5Y by MTT: Differentiated SHSY5Y cells were treated with Aβ and with Aβ+MP60. 
Data from 4 independent experiments were analyzed by One-way ANOVA, Tukey’s post hoc test. (*) denotes p-value < 0.0001 compared to control group, (#) 
denotes p-value < 0.0001 compared to Aβ group. (d) Viability assay by intact nuclei counting method: Primary cortical neurons were treated with Aβ and Aβ+MP60. 
Data from 3 independent experiments were analyzed by One-way ANOVA, Tukey’s post hoc test. (*) denotes p-value < 0.05 compared to control group, (#) denotes 
p-value < 0.05 compared to Aβ group. (e) Primary cortical neurons were stained with MAP2 antibody following treatment with Aβ and Aβ+MP60 besides appropriate 
controls. All images were taken at 63× magnification. (f) Sholl analysis was performed to quantify neuronal arborizations in figure (e) under the above-mentioned 
treatment conditions. Values are expressed as Mean±SEM from three independent experiments. (*) denotes p-value < 0.05 compared to Aβ. 

R.K. Paidi et al.                                                                                                                                                                                                                                 



Biomedicine & Pharmacotherapy 151 (2022) 113086

9

3.3. MP administration attenuates learning and memory deficits in Aβ- 
infused rat 

Stereotactic infusion of toxic oligomeric Aβ near the CA1 region of 
hippocampus in adult rat (described in materials and methods) repre-
sents a sporadic AD model and has been reported by us earlier [72]. The 
timeline of Aβ infusion, MP treatment and subsequent behavioral tests in 
rats is outlined in Fig. 3a. Initially, we performed open-field test which 
helps to determine the locomotor activity and anxiety-like behavior in 
rodents. In the duration of 10 min of the test, the Aβ-infused rats trav-
eled significantly longer distance (in cm) compared to control animals. 
RED significantly reduced the hyperlocomotor activity of Aβ animals 
while HED did not have any significant effect (Fig. 3b, Supplementary 
Fig. 2). 

Novel object Recognition (NOR) was used to test the effect of MP on 
working memory in Aβ-infused rats. On the first day rats in all the groups 
spent equal time with the identical objects placed in the NOR box 
(Fig. 3c). On the second day, Aβ-infused rats spent significantly less time 
with the novel object compared to familiar object resulting in a negative 
DI and 40% PI indicating an inability to distinguish the novel object 
from the familiar one and reduced preference for the novel object 
respectively, contrary to the score of control animals [81]. Both doses of 
MP (HED and RED) improved the DI and PI scores of Aβ rats to a positive 
and > 50% values respectively (Fig. 3d–f). Fig. 3g, EPM test shows 
Aβ-infused rats exhibited increased RTL (retention transfer latency) 
(Day-2) compared to ITL (initial transfer latency) (Day-1), contrary to 
the other groups which displayed reduced RTL values compared to 
corresponding ITL. The difference between ITL and RTL values 
(ITL-RTL) is used as an attribute to depict memory retention. Aβ-infused 
animals displayed a negative value signifying cognitive loss, however, 

both the HED and RED treated Aβ animals scored positive ITL-RTL 
values denoting cognitive recovery. 

The passive avoidance works on the principle based on the animal’s 
ability to learn to withdraw from a specific behavior to evade an aver-
sive stimulus. The acquisition or training day results do not show any 
significant difference among the four groups (Fig. 3h). In the probe stage 
that is on the next day, Aβ-infused rats displayed diminished latency to 
the dark chamber while MP administered Aβ-infused animals (both HED 
and RED groups) retained the memory from day-1 and showed a higher 
transfer latency to the dark chamber (Fig. 3i). 

Fig. 3j shows the mean of %freezing of animals in all the four trials in 
Probe stage (day-2) of the contextual fear conditioning test. Aβ-infused 
rats displayed significantly reduced %freezing (40%) compared to 
control groups. However, the freezing behavior recovered in the Aβ- 
infused rats treated with either HED or RED of MP signifying retention of 
context dependent associative memory. In the probe stage (day-2) of 
cue-dependent fear conditioning test, the Aβ-infused animals showed 
significantly reduced freezing (around 45%) in response to the cues 
while MP administered Aβ-infused rats (both HED and RED groups) 
displayed improved freezing behavior that is comparable to the control 
groups (Fig. 3k). This result indicates that MP treatment improves cue- 
dependent associative learning and memory in a sporadic model of AD. 

3.4. MP treatment induces Aβ clearance and inhibits apoptosis in Aβ- 
infused rats 

Bilateral injection of Aβ near the CA1 region of hippocampus leads to 
deposition of Aβ aggregates near the site of infusion in rats. We tested 
the effect of MP in reducing the toxic Aβ accumulation in the Aβ-infused 
rats near the site of infusion (See Fig. 4a). We found prominent Aβ1–42 

Fig. 2. Medha Plus (MP) prevents Aβ-induced apoptosis in primary cortical neurons quantified by TUNEL assay: (a) Left to right – First panel shows TUNEL 
positive cells (green), second panel shows nuclei of primary cortical neurons stained by Hoechst (blue), third panel shows the merged images and the fourth panel 
shows the magnified versions of the area marked by the box (yellow) in the third panel. Each row denotes the treatment conditions as mentioned. All images in first to 
third panel were taken at 63X magnification. (b) Quantification of TUNEL positive cells compared to total number of cells in each field in terms of percentage. (*) 
denotes p-value < 0.001 compared to control group, (#) denotes p-value < 0.001 compared to Aβ group. 
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plaque formation near the infusion site twenty-three days post Aβ 
infusion in rats detected by anti-Aβ1–42 antibody (Fig. 4b–d). On the 
other hand, bilateral intracerebral vehicle administered rats did not 
show any Aβ plaque formation near the infusion site. On the 7th day 
following Aβ infusion, we started the administration of HED and RED of 
MP. Both the doses of MP diminished Aβ1–42 accumulation near the 
infusion site in Aβ-infused rat brains. Fig. 4e–f show the increased 
TUNEL + cells (green puncta) in the Aβ-infused rat brains in the hip-
pocampus and cortical regions near the site of infusion compared to 
control groups. However, the number was significantly reduced in both 
the HED and RED treatment groups denoting that apoptosis was 
inhibited by MP administration in Aβ-infused rats. 

3.5. Administration of MP lowers ROS production and inhibits acetyl 
choline esterase (AChE) activity in Aβ-infused rat brain 

To study the effect of MP formulation on ROS generation, we used 
H2-DCFDA assay as mentioned in the materials and methods. Two-fold 
increase in ROS production was observed in the hippocampus of the Aβ- 
infused rats compared to vehicle treated rats. Both the doses of MP 
treatment in Aβ-infused rats significantly lowered ROS generation in the 
hippocampus compared to the Aβ-infused group (Fig. 5a). However, in 
cortex the upregulation in ROS generation in Aβ rats was not statistically 
significant in comparison to vehicle treated rats and hence the effect of 
MP treatment could not be estimated (Fig. 5b). 

To check the AChE inhibitory activity of MP, we initially checked it 

Fig. 3. Medha Plus (MP) ameliorates learning and memory deficits in Aβ-infused rat: Aβ-infused rats were treated with MP at two doses - human equivalent 
dose (HED) and rat equivalent dose (RED) and used for all the behavioral studies along with Aβ-infused rats and PBS infused controls as per the schematic diagram 
shown in (a). Data are represented as Mean ± S.E.M and for comparisons between more than two groups one-way ANOVA analysis followed by Tukey’s post hoc 
comparison test was used for all the experiments except mentioned otherwise. (b) Open field test- graph shows the average distance traveled by the rats in each 
treatment group in cm *p < 0.05, #p < 0.05. Novel object recognition (NOR) test -(c) The bar graph depicts the average time spent by the animals with two 
similar objects (familiar - fam) on day-1 of NOR test. (d) Depicts the average time spent by the animals with the novel object [2] and familiar object (Fam) on day-2 of 
the test in each group and analyzed by student’s t-test between the two durations in each group of animals. (*) denotes p-value < 0.05. (e) Shows the discrimination 
index calculated for each group on day-2. *p < 0.05, #p < 0.05. (f) Preference index for novel object is shown,*p < 0.05, #p < 0.05. (g) Elevated plus maze test - 
retention transfer latency (RTL) of day-2 was markedly reduced compared to initial transfer latency (ITL) [74] of day-1 within each group in all the experimental 
groups except Aβ treated animals (@p < 0.05, unpaired two-tailed t-test). ITL-RTL values were compared between groups (*p < 0.05, #p < 0.05). (h) Passive 
avoidance test - shows the acquisition stage in which the step through latency (sec) of animals to the dark chamber on day-1 is presented and (i) on day-2 probe 
stage, latency of animals to step into the dark chamber was again recorded and analyzed (*p < 0.0001, #p < 0.001) [80]. (j) Results of Contextual fear conditioning 
test day-2 results are shown and analyzed (*p < 0.005, #p < 0.005). (k) Represents the results of Cue-dependent fear conditioning tests that were conducted on the 
2nd day following day-1 of acquisition (training). The results show that MP reversed the reduction in %freezing that was induced by Aβ in the rats (*p < 0.05, 
#p < 0.005) (*) indicates p-values in comparison to control group and (#) indicates p-values in comparison to Aβ group. The number of animals used in each of the 
rat behavioral experiments are given in Table 2A. 
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in naive rat brain cortical tissue by employing the Ellman method [76]. 
MP at 30 µl and 60 µl doses (equal to RED and HED doses) in the in vitro 
study showed significant inhibition of AChE activity compared to con-
trol tissue (Supplementary Fig. 4). Moreover, MP showed similar ac-
tivity like donepezil at 1 μM dose (used as a standard AChE inhibitor). 
Next, we validated the effect of MP on AChE activity in vivo. We show 
that Aβ infusion in rats induced a significant increase in the AChE ac-
tivity in both the hippocampus and cortical regions compared to vehicle 
treated rats (Fig. 5c–d). MP treatment to Aβ-infused rats (RED groups) 
significantly inhibited the AChE activity in the hippocampus and 
cortical regions of the brain. 

3.6. MP treatment ameliorates cognitive deficits in a familial AD model 

5XFAD is the most advanced familial model of AD carrying five ge-
netic mutations. To study the effect of MP in familial model of AD, the 
polyherbal formulation was fed to 5-month-old 5XFAD mice for a spe-
cific duration as demonstrated in a schematic in Fig. 6a. The animals 
were randomly divided into six treatment groups as indicated and their 
cognitive performances were studied through a battery of behavioral 
tests similar to those in rats. As expected, MP at both HED and MED 
attenuated the hyperlocomotory behavior (Fig. 6b, Supplementary 
Fig. 3), improved exploration time with the novel object in day-2 of 
NOR, generated positive DI scores and > 50% PI values in 5XFAD mice 

Fig. 4. Medha Plus (MP) administration induces Aβ clearance and protects against Aβ induced apoptosis in Aβ-infused rat brain. (a) Schematic diagram 
shows the infusion sites of Aβ oligomers in rat brain (B) Accumulation of Aβ plaques were observed by immunolabelling with Aβ1–42 antibody in 20 µm coronal 
sections from the hippocampal region near the site of infusion in Aβ injected rat brain 23 days following infusion and visualized with fluorescent tagged secondary 
antibodies. The horizontal panels show double-labeled images taken for each experimental group (top to bottom) – Control, only MP (RED), Aβ, Aβ + MP (HED) and 
Aβ + MP (RED). The 4 vertical panels (left to right) – Hoechst stain (blue), Aβ1–42 labeled (green) and, merged images were taken at 20X magnification (scale bar 
100 µm). Magnified merged images (scale bar - 10 µm) are also shown. Note the region marked for higher magnification near the site of infusion (white boxes). Note 
the punctated Aβ1–42 labeling in the Aβ rat brain in the hippocampal region near the site of infusion. Oral administration of MP significantly reduced the plaque 
number (c) and plaque burden (%) (d) compared to Aβ infusion alone (n = 3 for each group, 3 slices of each rat brain at 20X). *p < 0.0001, #p < 0.0001. (e) TUNEL 
assay was performed through hippocampal region to identify the apoptotic cells. TUNEL positive cells appeared as green puncta in the Aβ-infused rat hippocampus 
near CA1 region, while the total number of cells in the section was visualized with Hoechst (blue). The horizontal panels represent 20x (scale bar – 10 µm) images of 
sections from each group (top to bottom) – Control, only MP (RED), Aβ, Aβ+MP (HED), Aβ + MP (RED). The regions of interest are marked in white boxes in 20x 
images. Left to right TUNEL staining, Hoechst staining, merged and magnified merged image of region of interest. Note the increased number of TUNEL positive cells 
in the Aβ-infused brain sections while very few TUNEL positive cells were present in the MP administered Aβ group. (f) Depicts the percent of apoptotic cells. Aβ 
infused animals treated with MP group showed a significant reduction in the % of apoptotic cells compared to Aβ alone group (n = 3 for each group, 3 slices of each 
rat brain, 500 cells/slice at 20x); *p < 0.0001, #p < 0.0001. One way ANOVA was used to compare among groups (*) indicates p-values in comparison to control 
group and (#) indicates p-values in comparison to Aβ group. 
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(Fig. 6c–f). Notably in NOR, there was indication of better memory 
retention with MED compared to HED in MP treated 5XFAD mice and 
the MED group’s results were comparable to the WT and 
5XFAD + Donepezil groups. Further, MP treated 5XFAD mice (MED 
group) showed significantly improved ITL-RTL values in EPM test 
compared to 5XFAD mice (Fig. 6g). Finally, in both context-dependent 
and cue-dependent fear conditioning tests, both HED and MED treat-
ments equivalently improved the %freezing of 5XFAD mice (around 
70%) denoting the retention of associative fear memory in the MP 
treated groups (Fig. 6h–i). 

3.7. MP treatment improves synaptic protein expressions in 5XFAD mice 

We checked for the expression levels of SNAP 25 (pre-synaptic) and 
PSD 95 (post-synaptic) in the treatment groups through immunohisto-
chemistry (IHC) and western blotting (WB) to understand the effect of 
MP on pre- and post-synaptic protein levels. 5XFAD mice brain exhibited 
significantly lower expressions of SNAP 25 and PSD 95 compared to 
respective age-matched wild type controls in the hippocampal and 
cortical regions near the site of infusion (Fig. 7a–b, e). Quantitative 
analysis of IHC data reveal that both HED and MED of MP treatment to 
5XFAD alleviated the low-level expressions of both the synaptic pro-
teins. However, we observed the recovery in synaptic protein expres-
sions were better in MED treated 5XFAD compared to the HED treated 
group of MP. Similar results were observed in WB analysis for SNAP 25 
and PSD 95 following MP treatment to 5XFAD mice (Fig. 7c–d, f). We 
next predicted that AKT (protein kinase B) signaling pathway may play a 
role in this improvement of synaptic functions [82]. We observed that 
MED of MP in 5XFAD mice significantly enhanced the phosphorylation 
levels of Akt at serine 473 compared to untreated 5XFAD mice. How-
ever, the HED of MP did not show any significant changes compared to 
5XFAD group. Immunoblotting results with phospho-Akt (s473) from 
primary cortical neurons co-treated with Aβ and MP showed a similar 
effect of MP (Supplementary Fig. 5). Taken together, these results 
indicate an improvement in pre- and post-synaptic structures that may 
be correlated to behavioral improvements with an underlying activation 
of Akt pathway. 

4. Discussion 

In this study, we evaluated the neuroprotective effect of a unique 
polyherbal formulation derived from six herbs (Brahmi, Mandukaparni, 
Shankhpushpi, Yastimadhu, Kokilaksha and Shunthi) marketed as 
Parker’s Medha Plus (MP) in both cellular and animal models of AD. We 
initially found that MP protected neuronally differentiated PC12 and 
SHSY5Y cells, and primary rat cortical neurons against Aβ oligomer 
induced toxicity and offered an improvement in neuroprotection to 
SHSY5Y cells compared to atleast three of its major constituent herbs – 
Mandukaparni, Shankhpushpi and Brahmi. MP protected Aβ-treated 
neurons by blocking apoptosis. We further detected significant recovery 
in neuronal morphology in MP treated primary neurons from Aβ- 
induced degeneration of neuronal processes. In order to assess the effect 
of MP on AD-related cognitive behavioral parameters, we employed an 
array of behavioral tests in two different rodent models. MP attenuated 
hyperlocomotor activity, improved short-term and spatial memory, 
reduced anxiety-related cognitive deficits and ameliorated hippocampal 
dependent fear memory in Aβ-injected adult rats. Similar results were 
observed with MP treatment in an advanced familial model of AD, 
5XFAD mouse. Further we observed that oral treatment of MP reduced 
Aβ plaque burden as well as number of apoptotic cells in the hippo-
campal regions of Aβ-injected rats. Moreover, H2-DCFDA assay showed 
that MP was able to significantly decrease Aβ induced ROS generation in 
the hippocampi in Aβ-infused rats. Additionally, MP reduced AChE ac-
tivity in both hippocampus and cortex in Aβ-infused rat. Finally, we 
found that MP treatment improved pre- and post-synaptic protein ex-
pressions in the hippocampi of 5XFAD mice which may be regulated by 
an increased phosphorylation of Akt at serine 473. 

No stone should remain unturned in the fight against AD especially 
when some therapeutic recipes may be hidden in the most commonly 
found herbs. However, herbal products are often not regarded as highly 
as conventional medicine due to lack of strong evidence-based science. 
Traditional Chinese medicine has been more scientifically propagated 
into modern therapies than traditional Indian medicine (Ayurveda) 
which still requires an extensive scientific approach. Polyherbal for-
mulations are more widely used than single herb extracts since they are 

Fig. 5. Medha Plus (MP) attenuates Aβ-induced ROS 
production and acetyl choline esterase activity in rats. 
Graph represents the arbitrary fluorescence unit (AFU) for 
ROS production per milligram (mg) of protein as a per-
centage of control in hippocampus (a) and cortical region 
(b) of the rat brain. Different doses of MP (HED and RED) 
lower the Aβ 1–42 induced AChE activity in rat brain hip-
pocampus (c) and cortex (d) as micromoles per minute per 
milligram protein. (*p < 0.05 and #p < 0.05, Control 
n = 3, Aβ n = 4, Aβ + MP (HED)= 3, Aβ + MP (RED) = 3). 
Values are expressed as AChE activity as a percentage of 
control. One-way ANOVA analysis, tukey’s post hoc test, 
was used. (*) indicates p-values in comparison to control 
group and (#) indicates p-values in comparison to Aβ 
group.   
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thought to provide a synergistic effect that would surpass the benefits of 
individual herbs [42]. Moreover, they would be more effective in 
treating multi-faceted diseases like AD with a wide range of pathological 
pathways and multiple targets involved. Few polyherbal formulations 
from China have progressed to clinical trial level in AD namely Ba Wei Di 
Huang Wan (a mixture of Rehmannia along with seven plants) [83] and 
Yi-Gan San formula (a mixture of seven different branches and root 
stocks) [84]. Ayurveda has shown the use of medicinal plants in treating 
or managing several neurological disorders either individually or as 
polyherbal formulations collectively termed as Medhya Rasayana. 
Several of the compound Rasayana drugs include the herbal components 
present in MP and each single herb has been reported to be effective in 
regulating one or multiple targets in AD [85]. Clinical trials with 
traditional herbs have been limited to small studies. There is a lack of 

well-controlled large-scale trials in patients with dementia or AD. In 
healthy humans, treatment with Brahmi for three months enhanced 
spatial working memory [86,87]. In another study, 12-week treatment 
with standardized dose of Brahmi extract improved the response of 
participating volunteers without dementia (≥ 65 years) in a delayed 
recall and Stroop test (it tests the ability to decipher relevant and 
irrelevant information) [88]. Mandukaparni treatment also showed 
cognitive improvement with respect to working memory and self-rated 
mood in elderly participants without dementia [89]. However, most of 
these studies focused on healthy individuals without dementia, were 
performed with small groups over a short duration of trial and were 
poorly designed making them less reliable [85]. 

Recently, Brahmi Nei (BN), traditionally used for its immunomodu-
latory effects and in treating anxiolytic disorders, was tested for its 

Fig. 6. Medha Plus (MP) rescues learning and memory deficits in 5XFAD mice (a) Experimental protocol for MP treatment in 5 month old 5XFAD transgenic 
mouse (b) Open field test - graph depicts the average distance covered in cm in all the six groups – Control (Vehicle treated wild type), mouse equivalent dose (MED) 
of MP treated control mice, 5XFAD, human equivalent dose (HED) of MP treated 5XFAD, MED of MP treated 5XFAD and Donepezil (Donep) treated 5XFAD mice. The 
same groups are shown in all the other behavioral tests in mice and data presented as Mean ± S.E.M. ANOVA followed by Tukey’s post hoc comparison test was used 
for comparisons among more than two groups and student’s t-test between two groups. In novel object recognition (NOR) test (c) there is no statistical difference in 
time spent with two familiar (fam) objects on day-1 among the mice groups. (d) 5XFAD animals spent significantly less time with the novel (nov) object than the 
familiar (Fam) object on day-2 as shown by the exploration time while 5XFAD + HED and 5XFAD + MED groups spent significantly longer time with the novel object 
than familiar object similar to the control (*p < 0.05, two-tailed t-test within each group) (e) Discrimination index calculated from NOR test and compared among 
groups (*p < 0.05, #p < 0.05) (f) Preference index for the novel object calculated from NOR test is also shown and analyzed (*p < 0.05, #p < 0.05). (g) In Elevated 
plus maze test, retention transfer latency (RTL) of day-2 is compared to day-1 initial transfer latency in each of the experimental groups and analyzed (@p < 0.05, 
unpaired two-tailed t-test). ITL-RTL values are presented to compare among six groups (*p < 0.05, #p < 0.05). (h) Percent freezing of animals in each experimental 
group in the probe day of contextual fear conditioning testis shown (*p < 0.005, #p < 0.05). (i) Depicts the percent freezing of mice in Cue-dependent fear con-
ditioning probe tests that were conducted on the 2nd day following day-1 of acquisition. (*p < 0.05, #p < 0.05) (*) indicates p-values in comparison to Control group 
and (#) indicates p-values in comparison to 5XFAD group. The number of animals used in each of the mouse behavioral experiments are given in Table 2B. 
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ability to ameliorate cognitive deficits in a model of AD. BN is composed 
of eleven plant-derived components and it significantly prevented neu-
rodegeneration, improved neuritic spine morphology, diminished am-
yloid plaque deposits, attenuated inflammatory damage, and enhanced 
working memory in scopolamine-administered rat model showing 
pathological features of AD. Indeed, it also upregulated pro-survival 
protein expressions and genes responsible for memory consolidation 
and growth of axons [90]. However, scopolamine-administered rat 
model does not manifest all features of AD and the study requires vali-
dation in a proper AD model. 

We show that MP which combines six extremely common herbs, 
native to South-East Asia, already marketed as a novel polyherbal 
formulation for memory boosting, improving concentration and 
relieving anxiety and stress, display remarkable neuroprotective prop-
erties in models of AD. We performed extensive behavioral, histological 

and enzymatic studies in both sporadic model of AD (Aβ-injected rats) 
[60] as well as in an advanced familial AD model (5XFAD mice)[91] to 
strongly confirm the neuroprotective results we initially observed in 
neuronal cells in vitro. Aβ-injected rats display hyperexploratory 
behavior, increased anxiety level, attenuated short-term memory and 
impaired fear memory. Additionally, immunohistochemistry revealed 
strong amyloid plaque depositions and increased number of apoptotic 
cells in the hippocampal region near the site of injection of Aβ. 
Aβ-infused rats also displayed increased ROS production in the hippo-
campus but not in cortex. The reason for this discrepancy may be the site 
of infusion of Aβ (in the hippocampus) and hence, the ROS generation 
may not have reached the detectable level for our assay in the cortex at 
the time of experiment. AChE activity was also significantly upregulated 
in both hippocampus and cortex. All these features are coherent with 
that of a sporadic AD model, displaying a direct effect of oligomeric Aβ 

Fig. 7. Medha Plus (MP) rescues neurons from synaptoxicity in 5XFAD mice. Immunohistochemical staining shows SNAP 25 and PSD 95 expressions in mice 
20 µm brain coronal sections in all the four groups. The horizontal panels in (a) and (b) represent images taken at 20X magnification in confocal microscope for each 
experimental group (top to bottom) – Control, 5XFAD, 5XFAD+MP (HED), 5XFAD+MP (MED). The 4 vertical panels (left to right) – Hoechst stain (blue), SNAP 25 or 
PSD 95 (red), merged images (scale bar - 100 µm) and magnified merged images (10 µm). SNAP 25 (b) and PSD 95 (c) fluorescence intensities were measured in the 
respective groups by using ImageJ software. Bar diagrams represent corresponding Mean ± S.E.M CTCF values of the respective groups, *p < 0.05, #p < 0.05 (three 
images per animal and n = 3 per group). Hippocampal tissue lysates from the above-mentioned four groups were subjected to immunoblot analysis and SNAP 25 (e) 
and PSD 95 (f) expressions are shown and quantified. Actin was taken as the loading control. Densitometric analysis of the blots was performed by ImageJ software. 
Values are expressed as Mean ± SEM *p < 0.05, #p < 0.05 (n = 3 per group). (g) Phosphorylation of AKT at ser473 was checked as an upstream regulator of the 
synaptic signaling pathway through immunoblotting and the total AKT level was checked as the loading control. Bar diagram shows the ratio of pAkt/tAkt derived 
from densitometric analysis of the blot using the ImageJ software. Values are expressed as Mean ± SEM. *p < 0.05,#p < 0.05)(n = 3 per group). (*) indicates p- 
values in comparison to Control group and (#) indicates p-values in comparison to Aβ group. 
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accumulation.Thus, Aβ injection majorly dictates the development of all 
pathological features of AD including disrupted cholinergic system [92], 
ROS production [93] and neuronal apoptosis [60,66,74,75,94]. MP was 
able to ameliorate all these abnormalities to a significant level. Notably, 
the ability of MP to reduce Aβ plaques makes it a very good natural 
anti-amyloid agent. Further, its ability to target all these pathological 
aspects of AD with no side effects provides a holistic treatment strategy. 
5XFAD is the most advanced familial AD model with five AD-related 
genetic mutations which show additional pathological features that go 
beyond the sporadicAβ-injected model (https://www.alzforum.org/r 
esearch-models/5xfad-b6sjl). Hence, in order to reaffirm our results as 
well as to observe whether MP was effective for individuals with a family 
history of AD, this model was the most suitable since it displayed 
diminished level of synaptic protein expressions in the hippocampus 
along with a robust level of cognitive decline [95]. Reduced synaptic 
proteins - pre-synaptic SNAP 25 and post-synaptic PSD 95 expressions 
are sufficient markers to predict decreased synaptic plasticity [96]. 
Alteration of synaptic plasticity is implicated in learning and memory 
impairments correlated with numerous neurological disorders and 
psychiatric diseases including AD [96]. MP was able to recover 5-month 
old 5XFAD from the cognitive decline and improved synaptic integrity. 
An upregulated expression of phospho-Akt in MP treated 5XFAD mice 
further supported our results since PI3k/Akt signaling is shown to un-
derlie GSK 3β regulation implicated in synaptic plasticity [97,98]. The 
present work investigated two different doses of MP in Aβ-injected rat 
model and 5XFAD mouse model individually. The higher dose applied in 
each model correlates with the metabolic rate in each type of rodent and 
was calculated according to a previous report [53] while the HED was 
calculated from the daily traditionally recommended dose taken by an 
individual. MP at its higher dose (RED in rat and MED in mouse) in each 
study was able to significantly recover the different types of cognitive 
abilities (spatial, associated, short term memories) and the underlying 
pathological changes in both the rodent models of AD. However, HED in 
each case induced a change that was either equivalent to the effect seen 
with the higher dose or at least indicated a similar trend (in a few studies 
the recovery was not statistically significant). This may be attributed to 
the superior performance of the animal with the more metabolically 
suitable dose in coherence to the fact that MP was given orally and hence 
this aspect should be considered in calculating dosing for future clinical 
trials with the drug. Moreover, the active components of these herbs that 
render the cognitive benefits and ameliorate pathological lesions in AD 
animal models are not determined in this study. Further studies are 
required to analyze the components of MP and identify its active 
ingredients. 

Nonetheless, these results showcase the ability of multi-constituent 
MP in reversing cognitive deficits and underlying synaptic health in 
two different rodent models relevant to both sporadic and familial forms 
of AD. Its traditional use by people of India without any report of toxicity 
to date in addition to our study adding a scientific anti-AD aspect to its 
existing benefits, promote it as a frontline candidate drug for clinical 
trials in AD. 
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Abstract
Aberrant accumulation of amyloid- β (Aβ) in brain is the major trigger for pathogen-
esis in Alzheimer's disease (AD). It is imperative to understand how Aβ attains such 
toxic levels in the brain parenchyma. We detected that a subtle and tolerable amount 
of DNA damage, related to aging, increased intraneuronal Aβ1- 42 production both in 
cultured neuron and in cortex of rodent brain. Strikingly, we also observed elevated 
levels of mitochondrial fusion and of its major driver protein, MFN2. Hyperfusion of 
mitochondria may be seen as an adaptive stress response resulting from the induction 
of ER stress since we detected the activation of both PERK and IRE1α arms of un-
folded protein response of ER stress. We found increased phosphorylation of PERK 
substrate eukaryotic initiation factor 2 α (eIF2α), and upregulation of the downstream 
effector proteins, ATF4 and CHOP. Concomitantly, increased XBP1 level, the direct 
effecter protein of IRE- 1α, was observed. Reports suggest that eIF2α phosphoryla-
tion can increase BACE1 activity, the rate limiting enzyme in Aβ production. Here, 
we show that inhibiting PERK, decreased Aβ1- 42 level while direct BACE1 inhibi-
tion, reduced the mitochondrial fusion. We found increased MFN2 expression in 
young 5xFAD mice when Aβ plaques and neurodegeneration were absent. Thus, our 
study indicates that mild DNA damage leads to increased Aβ1- 42 production almost 
as a consequence of an initial ER stress- directed protective mitochondrial fusion in 
brain. We propose that an age- related subtle genomic DNA damage may trigger en-
hanced intraneuronal Aβ1- 42 production in an apparently healthy neuron way before 
the appearance of clinical symptoms in AD.
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1 |  INTRODUCTION

Alzheimer's disease (AD) is a progressive neurodegenera-
tive disease with complex pathobiology. AD is recognized 
clinically by progressive cognitive decline and pathologically 
by the presence of extracellular senile plaques composed 
primarily of amyloid- β1- 42 (Aβ1- 42) peptide and by intracellu-
lar neurofibrillary tangles comprising hyperphosphorylated 
tau.1 The majority of the AD cases is sporadic in nature and 
occurs after the age of 65 while few cases occur at an early 
age and are inherited in an autosomal fashion. The cause of 
sporadic AD is still a mystery. Age is the most consistent and 
a major risk factor for sporadic AD.2

Besides extracellular amyloid deposition in the brain pa-
renchyma, emerging evidence indicates that Aβ peptides can 
accumulate intraneuronally. A large number of careful immu-
nohistochemical studies using Aβ1- 42- specific antibodies, have 
shown an increase of intracellular Aβ in postmortem AD brains, 
especially in AD- susceptible brain regions, and in young trans-
genic mice way before the eventual extracellular plaque depo-
sitions, NFT formation, and cognitive impairments (reviewed 
in1,3). Interestingly, it has been shown that human neurons in 
AD- vulnerable regions specifically accumulate Aβ1- 42

3 and 
this intraneuronal accumulation precedes both Aβ plaque and 
neurofibrillary tangle formation.4 It has also been shown that 
intraneuronal Aβ accumulation may contribute to hyperphos-
phorylation of tau5 and cause synaptic dysfunction without 
the involvement of plasma membrane receptors.6,7 This initial 
Aβ1- 42 accumulation is one of the earliest pathological events, 
thereby triggering the cascade leading to neurodegeneration.1 
However, how Aβ1- 42 is produced during aging and how it at-
tains the eventual toxic level in the brain remains elusive.

Amyloid precursor protein (APP) is present in plasma 
membrane and it has a role in cell adhesion and cell move-
ment.3 APP is also present in the trans- Golgi network, en-
doplasmic reticulum (ER), endosomal, lysosomal, and 
mitochondrial membranes. The synthesis of Aβ could po-
tentially occur wherever APP and the APP processing en-
zyme, β-  and γ- secretases are localized, and it is likely that 
this occurs in several cellular compartments.3 It has also 
been shown that presenilin- 1 and presenilin- 2 of γ- secretase 
complex are located at the interface between mitochondria 
and the ER.8 The ER- mitochondria interface, commonly 
known as mitochondria- associated membrane (MAM) plays 
an essential role in Ca2+ signaling, lipid metabolism, mito-
chondrial morphology, apoptosis, etc. The communication 
between these two organelles has been shown to be dysreg-
ulated in AD.9 Mitochondrial dysfunction has already been 
implicated in AD. Aβ has been shown to bind with alcohol 
dehydrogenase and directly leads to mitochondrial toxicity in 
AD patient and transgenic mice.10 It has also been shown that 
Aβ progressively accumulate in mitochondria and lead to re-
duced oxygen consumption and decreased enzymatic activity 

of respiratory chain complexes (III and IV) and cytochrome 
c oxidase activity.11,12 Impaired balance of mitochondrial 
fusion and fission plays an important role in synaptic dys-
function and its loss in AD.13 Mitochondrial fusion boosts 
mitochondrial bioenergetics, increases ATP production, help 
in the exchange of mitochondrial DNA (mtDNA), and in-
hibit autophagy of mitochondria during stress conditions.14 
Increased fusion of mitochondria could be a result of early 
ER stress response that actually precedes mitochondrial fis-
sion.15 Stress- induced mitochondrial hyperfusion (SIMH) is a 
dynamic remodeling of mitochondrial morphology that sup-
presses the pathologic mitochondrial fragmentation and pro-
motes mitochondrial function. UV irradiation, thapsigargin, 
actinomycin D, and cycloheximide treatment can induce 
SIMH. It is considered as an adaptive stress response of a cell 
before succumbing to the stress.16 In response to ER stress, 
cells induce a highly conserved stress response to maintain 
cellular homeostasis, termed as unfolded protein response 
(UPR).17 It has been shown that UPR arm of ER stress is 
activated in early stages of AD in apparently healthy looking 
neurons which might be a part of protective mechanism.18 In 
response to the misfolding of newly synthesized proteins in-
side ER, interplay between active ATF6, IRE- 1α, and PERK 
initiate parallel signaling cascades that selectively promote 
the expression of UPR- target genes important for mitigating 
damage. IRE- 1α as well as PERK indirectly helps in reducing 
the amount of unfolded polypeptide present inside the ER for 
more effective chaperone- mediated folding of proteins in a 
well saturated ER lumen. The dimerization of PERK leads 
to the activation of its cytosolic kinases, which subsequently 
phosphorylate serine 51 on the α- subunit of eukaryotic initi-
ation factor 2α (eIF2α). Phosphorylation of eIF2α prevents 
conventional global translation. This halt of translation in 
this manner increases the probability that ribosomes will 
scan past inhibitory upstream open reading frames, resulting 
in increased translation of a specific subset of mRNAs, UPR 
responsive genes, antioxidants, molecular chaperons, most 
notably an mRNA that encodes ATF4. In addition to promot-
ing an adaptive response, ATF4 regulates the transcription 
of the gene encoding pro- apoptotic factor CCAAT- enhancer- 
binding protein homologous protein (CHOP). Sustained UPR 
will thus lead to the expression of pro- apoptotic genes lead-
ing to activation of cell death in a later period.17 During this 
time, strong association of ER- mitochondria contact sites is 
also observed, reasonably in order to support the high energy 
demand of ER stress- induced transcriptional machinery.19

Mitofusin 1 (MFN1) and mitofusin 2 (MFN2), integral 
proteins of the mitochondrial outer membrane, are required 
for fusion of adjacent mitochondria.19,20 Although both MFN1 
and MFN2 are required for mitochondrial fusion, MFN2 is 
predominantly expressed in the brain and they have a cer-
tain degree of redundancy.21 MFN2 is a important player in 
maintenance of mitochondrial dynamics. Moreover, it is also 
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involved in MAM formation. Accumulating evidences also 
suggest a role of MFN2 in AD. Its level is decreased in fron-
tal cortex and hippocampus in postmortem AD patients.13,22 
MFN2 level also decreases with age in AD mice. However, 
in different AD models, an increased ER- mitochondria cou-
pling has been observed at early stages of the disease.19 In 
particular, it has been shown that Presinilin- 2 mutations, as 
in familial AD, directly increased ER- mitochondria coupling 
by binding or sequestering to MFN- 2.8,19

DNA damage is a stress that individuals experience 
throughout their life span but increases exponentially with 
aging. It has been reported that DNA double- strand breaks and 
DNA damage response activation occurs in primary neurons 
treated with camptothecin (CPT).23 CPT is a topoisomerase- I 
(TOP1) inhibitor which binds with TOP1/DNA complex re-
sulting in DNA strand breaks.24 TOP1 is necessary to remove 
DNA supercoiling during transcription. It relaxes supercoiling 
by forming transient TOP1 cleavage complexes (TOP1cc), 
which are TOP1- linked DNA single- strand breaks. CPT traps 
the transient TOP1cc and forms DNA double- strand breaks.25 
Doxorubicin (Dox) is another widely used DNA damaging 
agent. It is reported that there is decline in cognitive function 
in patients in the later period of treatment with Dox mainly for 
breast cancer.26 Dox can intercalate DNA in the nucleus and in-
hibits the enzyme topoisomerase II. In cultured neurons, it can 
cause neurotoxicity and subsequent cell death.26

DNA damage is implicated in many diseases and presents 
an important aspect in AD as the affected part of CNS also 
shows an increased sign of DNA damage.27 It was hypothe-
sized around 30 years ago that increased DNA damage may be 
associated with AD due to the observation of specific chroma-
tin structure alteration in AD patients.28 Subsequently there is 
at least twofold increase in DNA breaks in cortices of AD pa-
tients, underscoring the contribution of accumulated genomic 
damage.29 Hippocampal DNA from late stage AD brain was 
shown to have a twofold acrolein/guanosine DNA adducts as 
compared to that of an unaffected brain.28,30 Here, in this study 
we have investigated whether a subtle DNA damage leads to 
an increased Aβ synthesis in neurons or not. Interestingly, we 
found signs of ER stress and elongated mitochondrial mor-
phology as a consequence of adaptive stress response induced 
by mild DNA damage. ER stress further triggered enhanced 
activity of β- secretase and subsequent Aβ production.

2 |  MATERIALS AND METHODS

2.1 | Materials

Camptothecin (CPT), Doxorubicin (Dox) 
Methylthiazolyldiphenyl- tetrazolium bromide (MTT), 
Insulin, progesterone, putrescine, selenium, transferrin, poly- 
D- lysine, Tetramethylrhodamine methyl ester perchlorate 

(TMRM), and DCFDA probe were purchased from Sigma 
(St. Louis, MO, USA). (3,5- Difluorophenylacetyl)- L- alany
l- L- 2- phenylglycine tert- butyl ester (DAPT) was purchased 
from TCI chemicals (Portland). Fetal bovine serum, Horse 
serum, Goat serum, Dulbecco's modified Eagle's Medium, 
penicillin- streptomycin solution were purchased from Gibco 
(Thermo Fisher Scientific). Anti- pH2AX, Anti- PERK, Anti- 
phospho- PERK, anti- eIF2α, anti- phospho- eIF2α, XBP1, 
IRE1α, ATF4, and CHOP antibodies were purchased from 
Cell Signaling Technology. Anti- Aβ1- 42, Anti- MFN2 an-
tibody were purchased from Abcam. CHL- 1 antibody was 
purchased from R&D systems. N- Cadherin, PTPRF, APP, 
BACE1 antibodies were purchased from ABclonal. Phospho- 
IRE1α antibody, Alexa Fluor 488, Alexa Fluor 568, and all 
the culture media were purchased from Invitrogen (Life 
Technologies). HRP- conjugated secondary mouse and rabbit 
antibodies were purchased from Santa Cruz Biotechnology. 
Fluorophore- conjugated pH2AX antibody suitable for flow 
cytometry was purchased from BD Biosciences. MitoTracker 
Red CMXRos, MitoSOX Red were purchased from molecu-
lar probes (Thermo Fisher Scientific). β- Secretase inhibitor 
IV and PERK inhibitor (GSK2656157) were purchased from 
Cayman chemical. siAPP and siBACE1 were purchased 
from ambion (Life Technologies). SH- SY5Y cell line was 
purchased from ATCC, MFN2 Knock out mouse embryonic 
fibroblast cell line and normal Mouse embryonic fibroblast 
(MEF) cell line were a kind gift from Dr Suvendra Nath 
Bhattacharya, IICB, Kolkata, India. PC12 cell were obtained 
from Dr Lloyd A. Greene, Columbia University, New York, 
USA. 5xFAD AD transgenic mice were purchased from the 
Jackson laboratory, USA. Male Sprague Dawley rats were 
purchased from IICB animal house.

2.2 | Cell culture and treatment

Rat pheochromocytoma cells (PC12) cells were cultured as 
described previously.31 Cells were maintained in DMEM me-
dium supplemented with 10% heat- inactivated horse serum 
(HS) and 5% heat- inactivated fetal bovine serum (FBS), and 
neuronally differentiated by NGF (50 ng/mL) in DMEM sup-
plemented with 1% HS for 5- 7 days. Experiments were per-
formed after 5 days. SH- SY5Y cells were cultured in DMEM 
medium supplemented with 10% heat- inactivated FBS and 
differentiated in presence of Retinoic acid (10 μmol/L) for 
7 days before the treatment. Primary cortical neurons were 
cultured from the neocortex of E- 18 rat embryo in serum- free 
medium (DMEM/F12 [1:1]) supplemented with 6 mg/mL of 
D- glucose, 100 μg/mL of transferrin, 25 μg/mL of insulin, 
20  nmol/L of progesterone, 60  μmol/L of putrescine, and 
30 nmol/L of selenium) on poly- D- lysine coated plates as de-
scribed previously.32 After 5 days, the neurons were treated 
with CPT.
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2.3 | Immunoblotting

Cortical neurons, neuronally differentiated PC12 and SH- 
SY5Y cells were lysed and proteins were analyzed by western 
blotting as described previously.33,34 For quantification of se-
creted proteins, conditioned medium from treated SH- SY5Y 
cells was concentrated using Amicon Ultra Centrifugal Filter 
Devices 50K (Millipore) before western blot analysis. For 
each condition 50 μg of protein (cell lysate) or 100 μg protein 
(conditioned medium) were resolved in SDS- PAGE and then, 
transferred to PVDF membrane. HRP- conjugated secondary 
antibodies against the primary antibodies were used. Detection 
was carried out by Clarity Max western ECL substrate (BIO- 
RAD) detection reagent, according to the manufacturer's pro-
tocol. Imaging of all Western blots was performed using a 
ChemiDoc MP imaging system (BIO- RAD).

2.4 | CPT infusion in animals

Male Sprague Dawley rats were anesthetized by injecting so-
dium pentobarbital and placed on a stereotaxic frame, and 
then a volume of 5 µL of desired dose of CPT in DMSO was 
infused in the right cerebral cortex at stereotaxic coordinates 
from bregma (AP, −4.1 mm; L, 2.5 mm; DV, 1.3 mm) ac-
cording to the rat brain atlas. The opposite side was consid-
ered as vehicle control infusion site which was infused with 
DMSO. After 2 days of injection, animals were sacrificed.

2.5 | Preparation of cells from rat brain 
cortex for FACS analysis

The protocol was used as described by Brewer et al35 with few 
modifications. Neocortex region was taken from rat brain after 
sacrifice. The cortex was minced with razor blades on ice- cold 
glass plate and placed in a 1.5 mL eppendorf tube and weighed 
on a fine balance. Neurobasal medium (10 times of volume of 
the weight of the sample) was added and the tube was kept on 
ice. The minced tissue was incubated with 0.05% collagenase- 
containing fresh neurobasal medium for 30 minutes at 4°C. Cell 
pellet was collected by centrifuging at 425 × g for 2 minutes at 
4ºC and the pellet was resuspended in ice- cold neurobasal me-
dium replacing the previous collagenase- containing medium. 
To dissociate tissue, samples were triturated 10 times with 
fire- polished Pasteur pipette. To remove large debris and cell 
clusters from the cell suspension, the supernatant were filtered 
through pre- wetted 70 μm cell strainers on ice. Small cellular 
debris was removed by density centrifugation through a three 
density step gradient of percoll, 1ml of each solution (high 
density solution: 3.426  mL neurobasal medium +824.5  μL 
percoll +97.8 μL of 1 mol/L NaCl), (medium density solution: 
3.600 mL neurobasal medium +650.5 μL percoll +76.5 μL of 

1 mol/L NaCl), and (low density solution: 3.770 mL neuroba-
sal medium +480.3 μL percoll +59.5 μL of 1 mol/L NaCl), 
was carefully layered in a 15 mL falcon tube with the high-
est density solution on the bottom. The filtered cell suspen-
sion was applied to the top of this gradient and centrifuged at 
430 g for 3 minutes. The cloudy top layer (~2 mL) containing 
debris was discarded. Cells in the remaining layers were pel-
leted by centrifugation at 550 g for 5 minutes. The upper layer 
was removed and again centrifuged to see visible pellet. To fix 
the cell ice- cold 100% ethanol was added to each tube, gently 
vortexed, kept on ice for 15 minutes with occasional inversion. 
To remove the ethanol, cells were pelleted by centrifugation at 
425 g for 2 minutes and then, processed for FACS. Cells were 
incubated with primary antibody conjugated with secondary 
fluorophore and incubated in room temperature for 30 minutes. 
After washing in wash buffer (PBST) the cells were suspended 
in staining buffer. Staining buffer was prepared from 0.05℅ 
FBS and 0.09% sodium azide. Samples were then placed in 
FACS tube and analyzed in Flow cytometry.35

2.6 | Transfection

SH- SY5Y cells were plated in 24- well plate on coverslips and 
primed for 2 days in the presence of RA. Transfection was done 
on second day of priming in sera and antibiotic- free growth 
medium using lipofectamine 2000. Annealed validated siRNA 
against APP, BACE1, and MFN2 purchased from ambion 
were used for the downregulation. Six- hours post- transfection 
the sera- free medium was replaced with priming medium. 
Cells were maintained for 48 hours before treatment. On the 
fifth day, treatment was done in sera free medium and cells 
or conditioned media were harvested for further experiments.

2.7 | Immunochemistry

Cortical neurons and neuronally differentiated SH- SY5Y 
cells plated on Poly- D- lysine coated cover slips were fixed 
with 4% paraformaldehyde for 10 minutes. Cells were then 
washed thrice with PBS for 5 minutes each, then blocked 
in 3% goat serum in PBS containing 0.3% Triton- X 100 
(PBST) for 2 hours at room temperature. The cells were im-
munolabeled with primary antibody in a blocking solution 
overnight at 4°C. The next day cells were washed thrice for 
10 minutes each in PBST, followed by incubation with the 
appropriate secondary antibody for 2 hours at room temper-
ature in blocking solution. Again cells were washed thrice 
each for 10  minutes in PBST. Nuclei were stained with 
Hoechst 33342 (Molecular Probes, Invitrogen) at a concen-
tration of 2 µg/mL in PBS for 30 minutes at room tempera-
ture. The pictures were taken under a confocal microscope 
(Leica). The corrected total cell fluorescence (CTCF) was 
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determined by considering the integrated density of stain-
ing, area of the cell, and the background fluorescence of 
different experimental conditions. CTCF = Integrated den-
sity –  (area of selected cell × mean fluorescence of back-
ground readings).33

Twenty micrometers of cryosections of the brain from 
CPT- infused or PBS- infused rats and wild- type or transgenic 
mice were immunostained as described previously.34 In brief, 
the sections were blocked with 5% goat serum in PBS con-
taining 0.3% Triton- X 100 for 1 hour at room temperature. 
Brain slices were incubated in primary antibody in a block-
ing solution overnight at 4°C. Sections were washed thrice 
with PBST and incubated with a fluorescence- tagged sec-
ondary antibody for 2 hours at room temperature. Following 
three washes with PBST and Hoechst staining, the sections 
were mounted and observed under fluorescence or confocal 
microscopes.

2.8 | Extracellular flux (XF) analysis

Oxygen consumption rate (OCR) was measured as de-
scribed previously (Qian and Van Houten, 2010). Cells 
were seeded in XFe24 cell culture plates at 1  ×  104 cells/
well and incubated in 5% CO2 at 37°C. Prior to the analysis, 
cells were washed and growth medium was replaced with 
bicarbonate- free modified RPMI 1640 medium, the “assay 
medium” (Molecular Devices, Sunnyvale, CA). Cells were 
then incubated for another 60 minutes in a 37°C incubator 
without CO2. Oxygen consumption rate were then performed 
simultaneously using a Seahorse XFe24 Extracellular Flux 
Analyzer (Seahorse Bioscience, North Billerica, MA).

2.9 | Mitochondrial membrane potential, 
superoxide generation, and morphology

To measure mitochondrial membrane potential and super-
oxide generation, cells were incubated in either 25 nmol/L 
of TMRM (to measure mitochondrial membrane potential) 
or 3  µmol/L of MitoSox (to measure mitochondrial ROS) 
or 1 µmol/L of DCFDA (to measure total cellular ROS) for 
20 minutes at 37°C, respectively, in dark. At first cells were 
trypsinized and suspended in HBSS containing 1% BSA or 
DPBS. Then, the appropriate dye was added in the same sol-
vent and incubated. After the incubation, cells were pelleted 
down in 600 g for 5 minutes and washed thrice in the same 
solvent. DCF, TMRM, and MitoSox fluorescence intensity 
were analyzed using flow cytometer.

To study mitochondrial morphology, cells were incubated 
with 20 nmol/L MitoTracker red dissolved in growth medium 
for 20 minutes at 37°C and washed in PBS/media thrice for 
5 minutes each to remove the excess dye. Then the cells were 

fixed in ice- cold methanol for 15 minutes at −20°C, washed 
thrice with PBS for 5  minutes each and then, nuclei were 
stained with Hoechst. After mounting the cells were visual-
ized under a confocal microscope.

2.10 | ELISA of Aβ1- 42

Secretary level of Aβ1- 42 was measured from the spent me-
dium of cultured SH- SY5Y cells and primary cortical neurons 
using Human/Rat β- amyloid 1- 42 ELISA kit from Wako, USA 
(cat no. 290- 62601) and R&D systems (Cat no. DAB142) 
following the manufacturer's protocol.

2.11 | MTT assay

Cells were incubated with 0.5 mg/mL MTT dissolved in the 
growth media. Cells were kept in 37°C for 4- 6 hours until 
the purple formazan complex is formed. The media is then 
discarded slowly without disturbing the formazan complex. 
DMSO is added to dissolve the complex and OD was meas-
ured at 550 nm.

2.12 | BACE1 activity

The activity of the enzyme was measured using the β- 
secretase activity assay kit from Calbiochem (cat no. 565785) 
following the manufacturer's protocol.

2.13 | sAPPβ ELISA

sAPPβ was quantified using ELISA kit from mybiosource, 
San Diego, USA (cat no. MBS018909) following the manu-
facturer's protocol.

2.14 | Imaging and analysis of 
mitochondrial size

Cells were seeded on cover slips for immunofluorescence and 
stained as described earlier. Fixed cells were imaged under 
confocal microscope (Leica TCS SP8) using a 63X oil objec-
tive. LAS X software is used for exporting the images. The 
size of mitochondria was measured using Image J software.

2.15 | Statistics

All experimental results are reported as mean  ±  SEM. 
Student's t- test was performed as unpaired, two- tailed sets 
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of arrays to evaluate the significance of difference be-
tween the means and are presented as P values. One- way 
ANOVA was performed for experiments containing more 
than two groups.

3 |  RESULTS

3.1 | Camptothecin induces DNA damage 
but not death in neurons at low doses

It has been reported that CPT induces DNA double- strand 
breaks and DNA damage response (DDR) activation with 
the formation of nuclear DDR foci- containing pH2AX 
(phosphorylated form of H2AX) in primary neurons.23 It 
has also been shown that 10  µmol/L CPT induces mas-
sive cell death in primary neurons after 24 hours.36 First, 
we performed a dose- response study to find a window of 
doses of CPT that do not induce death after 24  hours in 
neuronally differentiated SH- SY5Y cells (Figure 1A). We 
found that induction of death occurred starting from the 
dose of 500 nmol/L in SH- SY5Y cells following 24 hours 
of CPT treatment. Next, we checked the effect of the non- 
lethal doses of CPT in primary cortical neurons (Figure 1B) 
and we observed no induction of significant death up to 
50 nmol/L CPT after 24 hours. Interestingly, though there 
was no induction of neuron death following 24 hours of in-
cubation with CPT in the selected range of doses, accumu-
lation of pH2AX (a marker for DNA damage)37 took place 
starting from the dose of 5 nmol/L. Immunocytochemical 
analysis showed increased number of pH2AX foci in the 
nucleus compared to control when SH- SY5Y cells were 
treated with 5, 10, or 25 nmol/L CPT (Figure 1C,D). Hence, 
the 10 nmol/L dose was mostly chosen for further studies. 
For the in vivo study, 100 nmol/L CPT was infused stere-
otaxically (about 10- fold of the in vitro dose) in rat brain, 
single cell suspension was prepared from the infused area 
of the cortex, fixed, stained with antibodies against pH2AX 
and cleaved caspase- 3, and flow cytometry analysis was 
done (see methods for details). Results revealed an in-
creased number of the pH2AX- positive cells after 48 hours 
of 100 nmol/L CPT treatment which are represented by the 
Q4 quadrant (Figure 1E,F). In contrast, there was no signif-
icant increase in the cleaved caspase- 3- positive cells which 
are represented by the Q1 quadrant (Figure 1E).

3.2 | Level of Aβ1- 42 is increased in response 
to mild DNA damage in neuron

Since aging is considered as one of the major risk factors for 
AD, we were curious to find out whether a mild DNA dam-
age induces Aβ production in neurons as a stress response 

or not. Using transgenic AD mice and human AD patients’ 
vulnerable brain regions, several studies have shown that 
early accumulation of Aβ peptides inside neurons is one of 
the earliest pathological events leading to synaptic dysfunc-
tion and neurodegeneration.1,4 We checked the level of in-
tracellular Aβ in differentiated SH- SY5Y cells treated with 
10 nmol/L concentration of CPT for 24 hours by Aβ1- 42 im-
munostaining using confocal microscope. It was observed 
that there was increased Aβ1- 42 immunoreactivity in differ-
entiated SH- SY5Y cells as compared to untreated control 
cells (Figure 2A,B). The level of Aβ1- 42 was also checked 
in the spent media of SH- SY5Y cells by sandwich ELISA 
against Aβ1- 42. The secretory level of Aβ1- 42 was also in-
creased significantly in CPT- treated cells as compared to 
control cells (Figure 2C). Increased levels of Aβ1- 42 were 
also found in primary cortical neurons when treated with 
10 nmol/L dose of CPT (Figure 2D- F). Moreover, immu-
nohistochemistry of rat brains infused with CPT using an 
anti- Aβ1- 42 antibody showed that there was accumulation of 
Aβ1- 42 in the cortex (Figure 2G,H). To check the specificity 
of staining for Aβ1- 42, we performed siRNA- mediated down-
regulation of APP and BACE1 in differentiated SH- SY5Y 
cells. We detected that transfection of siAPP and siBACE1 
caused 60% and 70% knockdown of APP and BACE1, re-
spectively, (Figure S1A- D) which proves the efficacy of the 
siRNAs. Downregulation with each of the siRNAs reduced 
the intensity of Aβ staining even in the presence of CPT 
in differentiated SH- SY5Y cells (Figure S1E,F). Similar 
finding was observed with DAPT, a γ- secretase inhibitor,38 
treatment in differentiated SH- SY5Y cells. Pre- treatment 
with DAPT (250 nmol/L) for 2 hours diminished the incre-
ment of Aβ observed after CPT treatment (Figure S1E,F). 
The secretory level of Aβ was also reduced significantly 
after downregulation of APP, BACE1 and treatment with 
DAPT (Figure S1G). Taken together, these results validate 
the specificity of the Aβ1- 42 antibody and suggest that pro-
duction of Aβ1- 42 was increased in neuronal cells and brain 
cortex in response to mild DNA damage.

There are plenty of evidences that support the fact that 
Aβ and oxidative stress are linked together.39,40 We were 
interested to see whether the mild DNA damage- induced 
Aβ1- 42 production is mediated by oxidative stress in our 
model system. Interestingly, we found that increased Aβ1- 

42 levels in neurons were not dependent on generation of 
hydroxyl and superoxide radicals. When differentiated 
SH- SY5Y cells were treated with 5 nmol/L to 50 nmol/L 
CPT for 24 hours, increase in total cellular ROS was not 
observed (Figure 2I). Moreover, another neuronal cell line, 
differentiated PC12 cells when treated with 10  nmol/L 
CPT, neither death nor increase in total cellular ROS or 
mitochondrial ROS were observed (Figure S1H- J). These 
results indicate that Aβ1- 42 could be generated in neurons 
independent of oxidative stress.
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F I G U R E  1  Camptothecin (CPT) induces genomic DNA damage but not neuron death at low doses. A and B, Neuronally differentiated, 
SH- SY5Y cells (A) and primary cortical neurons (B) were treated with CPT (5 nmol/L-10 µmol/L) for 24 h. Cell viability was checked by MTT 
assay. Data are represented as mean ± SEM (*P < .05; **P < .01; n = 3). C, Differentiated SH- SY5Y cells were treated with CPT for 24 h, and 
then subjected to immunocytochemical staining with DNA damage marker pH2AX antibody followed by nuclear staining with Hoechst. Note 
the pH2AX- positive foci (green dots) in nuclei having DNA double- strand breaks. D, Number of cells positive for pH2AX foci were counted 
from random fields of three independent experiments and represented as percentage of cells showing pH2AX- positive foci. Data are represented 
as mean ± SEM (*P < .05). E, Induction of DNA damage in rat brain cortex after infusion with 100 nmol/L CPT for 48 h. The Q4 quadrant is 
presenting cells which are positive for pH2AX and Q1 showing cells positive for cleaved caspase- 3. F, Quantitative representation of the flow 
cytometric analysis of cells showing pH2AX- positive foci. Data are represented as mean ± SEM (*P < .05, n = 3)
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F I G U R E  2  Levels of Aβ1- 42 are increased under subtle induction of DNA damage in neurons. A, Immunocytochemical staining with 
Aβ1- 42 antibody (white), followed by nuclei staining with DAPI (blue) in differentiated SH- SY5Y cells after 24 h of 10 nmol/L CPT treatment. B, 
The CTCF (calculated total cell fluorescence) values of 25 cells from random fields were calculated using ImageJ software and data are represented 
as mean ± SEM (*P < .05). Anti- Aβ1- 42 antibody which is reactive with Aβ1- 42 and does not cross- react with Aβ1- 40, full- length APP, sAPP- beta 
or sAPP- alpha is used for the staining. C, Sandwich ELISA of Aβ1- 42 in the spent media of differentiated SH- SY5Y cells after 5 nmol/L and 
10 nmol/L CPT treatment for 24 h. D, Immunocytochemical staining with Aβ1- 42 antibody (white), β3- Tubulin antibody (green), followed by nuclei 
staining with DAPI (blue) in primary cortical neurons after 24 h of 10 nmol/L CPT treatment. E, Quantification of fluorescence intensity of (D). 
The CTCF values of 25 cells from random fields were calculated using ImageJ software and data are represented as mean ± SEM (*P < .05). F, 
Sandwich ELISA of Aβ1- 42 in the spent media of cultured primary cortical neurons after 5 nmol/L and 10 nmol/L CPT treatment for 24 h. Data 
are represented as mean ± SEM (*P < .05; n = 3). G, Immunohistochemical staining with Aβ1- 42 antibody (white) followed by nuclei staining 
with DAPI (blue) of sections obtained from rat brain cortex infused with 100 nmol/L CPT for 48 h. H, Quantification of fluorescence intensity of 
Aβ1- 42 using ImageJ software. Each group contained three numbers of animals. Intensity of 25 images from each group were calculated and data are 
represented as mean ± SEM (*P < .05) n = 25. (I) Quantification of DCF fluorescence obtained from flow cytometry for the measurement of total 
cellular ROS in differentiated SH- SY5Y cells under different concentrations of CPT treatment for 24 h
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3.3 | Subtle DNA damage induces ER stress 
that leads to Aβ production by increasing 
BACE1 activity

Next, we addressed how Aβ1- 42 is generated in response to 
subtle DNA damage. Besides plasma membrane, APP has 
also been reported to be present in intracellular organelles 
including ER and accumulating evidences from transgenic 
mice and human patients suggest that Aβ1- 42 can also be gen-
erated and accumulated intraneuronally.3 It is also known that 

γ- secretase complex along with APP is enriched at the inter-
face between mitochondria and the ER.9 To check whether 
subtle doses of CPT can induce ER stress in neurons, a prom-
inent marker of ER stress– – PERK, which is an important fac-
tor of the UPR, was investigated. ER stress activates PERK 
which subsequently phosphorylates eIF2α resulting in global 
transient suppression of translation and transcription of cyto- 
protective factors.41 Interestingly, we found increased phos-
phorylation of PERK at a early time point (2 hours) in response 
to 10  nmol/L CPT treatment (Figure  3A,B; Figure  S2A).  
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The phosphorylation levels of eIF2α were also increased 
under similar conditions (Figure  3C,D; Figure S2B). This 
finding indicates that mild DNA damage induces UPR- 
mediated ER stress in differentiated SH- SY5Y cells within 
2  hours. To strengthen our finding of UPR- mediated ER 
stress, we checked downstream effector proteins of PERK 
arm of UPR and activation of IRE1α. We found marked in-
crease of the effector proteins namely ATF4 and CHOP and 
increased phosphorylation of eIF2α after 2  hours of CPT 
treatment and a sharp decrease at 24  hours (Figure S1C- 
F). Interestingly we also found increased level of phospho- 
IRE- 1α, and its direct effector XBP1, a parallel arm of UPR 
response, under similar time points which further strengthen 
the evidence of UPR in our model (Figure S1C,G,H).

To further confirm the contribution of PERK in in-
creased Aβ load, GSK2656157 (PI), an established inhibitor 
of PERK at a concentration of 10 µmol/L was used for co- 
treatment with 10 nmol/L CPT for 24 hours and the level of 
extracellular Aβ1- 42 was measured in the spent media of neu-
rons (Figure 3E). It was observed that PI reduced the level of 
Aβ1- 42 which was otherwise raised by 10 nmol/L CPT after 
24 hours. These results suggest that the PERK arm of UPR 
contributes toward the increased Aβ1- 42 production in re-
sponse to mild DNA damage.

It has been reported that energy deprivation leads to 
phosphorylation of eIF2α, which increases the translation of 
BACE1 and elevates Aβ production in neurons.42 BACE1 is 
the rate limiting enzyme for Aβ1- 42 production. It gives an 
indication that under stress conditions, BACE1 could be a 
target of eIF2α. Hence, we checked the protein level of 
BACE1 and its activity in response to CPT treatments. We 
found that there was significant increase in protein level at 
10  nmol/L CPT which was diminished in presence of si-
BACE1 (3F- G). We also observed increased activity of 
BACE1 at 5, 10, and 25 nmol/L of CPT in differentiated SH- 
SY5Y cells (Figure 3H). Moreover, there was a significant 
increase in BACE1 activity in the tissue lysate of 100 nmol/L 

CPT infused rat brain cortex (Figure 3I). To further validate 
BACE1 activity in our model, we checked for other substrates 
of BACE1. Besides APP, BACE1 also cleaves seizureprotein 
6, L1, CHL1 and contactin- 2 etc in neuron.43 We checked the 
levels of CHL1 and sAPPβ after 10 nmol/L CPT treatment 
in differentiated SH- SY5Y cells. Increased level of secretory 
sAPPβ was observed after 24  hours CPT treatment in dif-
ferentiated SH- SY5Y cells (Figure S2I). Increased level of 
soluble CHL1 in conditioned medium was detected after 24h 
CPT treatment and that level was decreased following knock-
down of BACE1 (Figure S2J,K). N- Cadherin and PTPRF 
were taken as negative controls which are not substrates of/
dependent on BACE1 but are readily released in conditioned 
medium.43 Hence, knocking down BACE1 did not change 
their levels in the conditioned medium. These results suggest 
that mild DNA damage induced an ER stress leading to an 
increase in Aβ1- 42 production by enhancing BACE1 activity 
via the PERK arm of UPR.

3.4 | Mitochondrial elongation occurs 
as an adaptive stress response due to subtle 
DNA damage

It has been reported that early ER stress leads to mitochondrial 
fusion which increases metabolic performance to cope with 
the stress.41 This adaptive stress response also protects mito-
chondria from fission and autophagosomal degradation.14,41 
Since mild DNA damage led to ER stress in our model, we 
checked whether it causes mitochondrial fusion as well. We 
found elongated mitochondrial morphology under subtle in-
duction of DNA damage which we describe as stress- induced 
mitochondrial elongation (SIME) (Figure 4A). Mitochondrial 
membrane potential was also increased as reflected by in-
creased TMRM intensity under similar conditions (Figure 4B). 
Next we focused on the respiration of mitochondria by 
measuring the basal respiration and total ATP production in 

F I G U R E  3  ER stress is induced and BACE activity is increased due to subtle DNA damage. A, Differentiated SH- SY5Y cells were treated 
with CPT for 2 h. Control and the treated cells were harvested and the lysates were subjected to western blot analysis using phospho- PERK and PERK 
antibodies. B, Bar diagram shows the levels of phospho- PERK normalized with total- PERK derived from densitometric analysis of the blot using the 
ImageJ software. Values are expressed as mean ± SEM from three independent experiments;*P < .05. C, Differentiated SH- SY5Y cells were treated 
with CPT for 2 h. Control and the treated cells were harvested and the lysates were subjected to western blot analysis using phospho- eIF2α and eIF2α 
antibodies. D, Bar diagram shows the levels of phospho- eIF2α normalized with total- eIF2α derived from densitometric analysis of the blot using the 
ImageJ software. Data are represented as mean ± SEM (*P < .05; n = 3). E, Quantitation of Aβ1- 42 in the spent media from differentiated SH- SY5Y 
cells after 24 h of treatment with 10 nmol/L CPT in presence or absence of 10 µmol/L PERK inhibitor (PI) were performed by ELISA. Bar diagram 
represents Aβ1- 42 level in pg/mL in control and the CPT- treated samples. Data are represented as mean ± SEM (*P < .05; n = 3). F, Differentiated 
SH- SY5Y cells were transfected with siBACE1, 48 h post- transfection treated with or without 10 nmol/L CPT for 24h and western blot analysis of 
cell lysates was performed using BACE1 antibody. G, Bar diagram shows the levels of BACE1 normalized with β- Actin derived from densitometric 
analysis of the blot using the ImageJ software. Data are represented as mean ± SEM (*P < .05; n = 3). H, Differentiated SH- SY5Y cells were treated 
with different doses of CPT as indicated for 24 h. BACE1 activity was measured from whole- cell lysate using the manufacturer's protocol of BACE1 
activity measurement kit. I, Rat brain cortex was infused with 100 nmol/L CPT. After 48 h, animal was sacrificed and the activity of BACE1 was 
measured in the infused brain tissue lysate using the above mentioned kit. Data are represented as mean ± SEM (*P < .05; n = 3)
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differentiated SH- SY5Y cells treated with 10 nmol/L CPT for 
24  hours. Using Seahorse XFe24 analyzer we found an in-
crease in the basal respiration and ATP production in response 
to mild DNA damage (Figure  4C,D). These results suggest 
that mitochondrial fusion could be an adaptive stress response 
of a cell to promote mitochondrial metabolism as reflected by 
increased respiration and ATP production.15,16,44

We also assessed the fate of mitochondria when neuro-
nal cells were exposed to mild DNA damage for a prolonged 
period. We observed mitochondrial fragmentation when neu-
rons were treated with 10  nmol/L and 25  nmol/L CPT for 
48 hours (Figure 4E,F). It is well known that mitochondrial 
fragmentation can lead to apoptosis.45 Since AD is a progres-
sive disease, it may be correlated with the scenario observed 

F I G U R E  4  Subtle DNA damage causes stress- induced mitochondrial elongation (SIME) and boosts mitochondrial respiration 
in neurons. A, Differentiated SH- SY5Y cells were treated with different doses of CPT as indicated for 24 h. Mitochondria were stained with 
MitoTracker red and imaged under a confocal microscope. Note the elongated mitochondrial structures in zoomed insets. B, Differentiated 
SH- SY5Y cells were treated with different doses of CPT as indicated for 24 h. Quantitative analysis of mitochondrial membrane potential was 
performed after staining with TMRM followed by flow cytometry. Data are represented as mean ± SEM (*P < .05; n = 3). C and D, Differentiated 
SH- SY5Y cells were treated with different doses of CPT for 24 h. Bioenergetic flux was assessed using the Seahorse XFe24 analyzer and OCR 
was measured. Bar diagram represents changes in basal respiration and ATP production. Data are represented as mean ± SEM (*P < .05; n = 3). 
E, Differentiated SH- SY5Y cells were treated with indicated doses (5- 25nM) of CPT for 48 h. MitoTracker red staining of mitochondria was done 
and pictures were taken under a confocal microscope. F, Sizes of mitochondria were determined using ImageJ software. Data are represented as 
mean ± SEM (*P < .05; n = 20 cells from three independent experiments)
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in the disease condition, that mitochondrial elongation oc-
curs at the early stages of the disease as an adaptive stress re-
sponse to mild DNA damage, later followed by mitochondrial 
fragmentation resulting in neurodegeneration.

3.5 | Doxorubicin acts similar to CPT in 
differentiated SH- SY5Y cells and can induce 
increased Aβ production at low doses

After studying the effect of the mild doses of CPT on Aβ 
production, we extended our study to another commonly 
used DNA damaging agent Dox. Dox inhibits topoisomer-
ase II which relaxes supercoils in DNA for transcription. 
This drug induces DNA double- strand breaks in cultured 
neuron as it accumulates in the nucleus and causes synaptic 
damage and compromised neuronal survival. At first we 
performed a cell viability assay to find out a range of doses 
of Dox that will not kill neuron. The result of cell viability 
assay with Dox in differentiated SH- SY5Y cells revealed 
that there was no significant cell death up to 1 µmol/L for 
24 hours (Figure 5A). Next, we treated cells with very lose 
doses of Dox (10 and 100 nmol/L) for 24 hours and checked 
the level of pH2AX (Figure 5B- E). We observed increased 
pH2AX- positive foci in nucleus and increased level of 
pH2AX in cell lysate of both 10 and 100  nmol/L Dox- 
treated differentiated SH- SY5Y cells. There was induction 
of DNA damage but that was devoid of any simultaneous 
increment of apoptosis as there was no change in PARP1 
cleavage (Figure  5F). Next we checked intra- neuronal 
Aβ level by immunocytochemistry with antibody against 
Aβ1- 42. Interestingly we found that there was increased 
Aβ staining in 10 and 100  nmol/L Dox- treated samples 
of 24 hours compared to untreated control (Figure 5G- H). 
There was also a significant increase in secretory level of 
Aβ1- 42 after treatment with 100 nmol/L Dox for 48 hours 
(Figure  5I). These results corroborated our finding with 
CPT and strengthen our point that mild DNA damage can 
induce increased level of Aβ. Hyperfusion of mitochondria 
(Figure 5J- K) was also observed as a part of adaptive stress 
response after Dox treatment along with increased pPERK 
and peIF2α (Figure 5L- N). These findings altogether sug-
gest that increased intra- neuronal Aβ is a by- product of a 
cell which is under mild DNA damage and associated early 
ER stress.

3.6 | MFN2 plays an essential role for 
mitochondrial fusion in response to mild 
DNA damage

MFN2 seems to have a critical role in mitochondrial fusion 
and dynamics in the brain. Moreover, its downregulation has 

been reported in AD postmortem brains which might affect 
the Aβ production.19 Since we found an increased mitochon-
drial fusion in response to mild DNA damage, we deter-
mined the level of MFN2 in neurons. The dose of CPT that 
elevates Aβ1- 42 level, also increased the expression of MFN2 
in neurons. Immunocytochemical study revealed that there 
was an increased expression of MFN2 in differentiated SH- 
SY5Y cells when treated with 10 nmol/L CPT for 24 hours 
(Figure 6A,B). There was also a dose- dependent increase in 
MFN2 levels in response to the sub- lethal doses of CPT as 
observed by western blot analysis (Figure 6C,D). To further 
validate the essential role of MFN2 in Aβ production, we 
downregulated MFN2 in differentiated SH- SY5Y cells and 
treated them with 10  nmol/L CPT. Immunocytochemistry 
and ELISA results revealed that knockdown of MFN2 re-
duced the level of Aβ which was upregulated due to CPT 
treatment (Figure  6E- G). Interestingly, no mitochondrial 
elongation was observed in MFN2 knock- out MEF cells in 
response to CPT treatment which indicates the essential role 
of MFN2 in SIME (Figure S3A). We then compared the lev-
els of MFN2 at different ages in 5xFAD transgenic mice (2, 4, 
and 7 months) with age- matched wild- type controls and ob-
served that prior to the development of AD pathology, that is, 
in the early age groups (2 and 4 months), MFN2 levels were 
significantly increased as compared to age- matched controls 
(Figure  6H- I, Figure S3B). This finding probably suggests 
that MFN2 is increased as an adaptive stress response lead-
ing to hyperfusion of mitochondria and Aβ production at the 
early stages of AD and later it decreases as fragmentation of 
mitochondria increases.

3.7 | ER stress- induced 
PERK and BACE1 are required for 
mitochondrial elongation

Finally, we addressed one interesting aspect that is whether 
ER stress- induced PERK and subsequent BACE1 activa-
tion have any contribution to the increased elongation of 
mitochondria. To clear that doubt we inhibited PERK and 
BACE1 by treating differentiated SH- SY5Y cells with 
PERK and BACE1 inhibitors, respectively, in presence of 
10  nmol/L CPT and checked the effect on mitochondrial 
elongation. The result showed that there was significant re-
duction of mitochondrial fusion with inhibition of PERK 
as well as of BACE1 (Figure  7A,B). siRNA- mediated 
downregulation of BACE1 also showed similar effect on 
mitochondrial ultrastructure (Figure 7C,D) as observed by 
treatment with commercially available BACE1 inhibitor. 
This finding emphasizes the contribution of Aβ toward in-
creased mitochondrial fusion under subtle DNA damage. 
Moreover, inhibition of PERK and BACE1 also blocked 
the increase in MFN2 levels in response to 10 nmol/L CPT 
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treatment (Figure 7E,F). Collectively, these results suggest 
that mild DNA damage- induced ER stress triggers an early 
protective stress response such as increased mitochondrial 

fusion by activating PERK and BACE1. However, Aβ1- 

42 is also produced as a by- product following BACE1 
activation and may eventually accumulate and lead to 
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neurodegeneration. The overall findings are summarized 
schematically in Figure 7G.

4 |  DISCUSSION

A major concern in case of sporadic AD is how Aβ reaches at 
the toxic levels in the brain parenchyma. We report here that 
mild DNA damage leads to ER stress which activates BACE1 
and thereby Aβ production. We hypothesized that age- related 
DNA damage that cannot be repaired efficiently with aging, 
might lead to an elevated production of Aβ. We introduced 
mild DNA damage using sub- lethal doses of CPT and Dox 
in cultured neurons and also in vivo by injecting CPT in the 
cortex. The doses we used induced DNA damage without any 
induction of oxidative stress or death in neurons. However, 
the mild DNA damage led to an increase in Aβ1- 42 levels in 
neurons in vitro and in vivo. Next we investigated the mecha-
nism behind DNA damage- induced enhanced Aβ synthesis. 
We observed activation of PERK, its substrate eIF2α, and 
their downstream effector molecules ATF4 and CHOP as 
well as activation of IRE- 1α and the associated effector pro-
tein XBP1. Both of these signaling pathways are recognized 
as parallel arms of UPR that may be induced by ER stress in 
response to the mild DNA damage. We also found increased 
BACE1 activity in response to the mild DNA damage since 
BACE1 is already recognized as the downstream target of 
eIF2α. Recently, Lebeau et al have reported that PERK arm 
of UPR protects mitochondria by dynamic remodeling of 
mitochondrial morphology and promoting stress- induced 
mitochondrial hyperfusion.15 We observed that the subtle 
DNA damage led to mitochondrial elongation and boosted 
basal respiration and ATP production. However, prolonged 
application of the mild DNA damage led to mitochondrial 
fragmentation. Importantly, we found MFN2, an outer mi-
tochondrial GTPase protein, plays an essential role in Aβ 
production and displayed increased levels in 5xFAD mice 

at early stages. Moreover, we found that both PERK activ-
ity and BACE1 activity are required for mild DNA damage- 
induced mitochondrial elongation.

Altogether, it apparently seems that the increased Aβ syn-
thesis comes as a by- product of this adaptive stress response, 
seen as mitochondrial elongation, triggered by mild DNA 
damage. Subtle DNA damage is a prominent feature of an 
aging cell. Brain cells are much more susceptible to oxida-
tive damage to their DNA, proteins, and lipids as brain con-
sumes higher oxygen than any other organ.46 Aging and AD 
both share many common features including DNA damage.27 
Accumulating evidence convincingly indicates to an intraneu-
ronal accumulation of Aβ in AD brains at early stages.46 It is 
an established fact that Aβ is mainly synthesized intracellu-
larly 47 and its release is regulated by synaptic activity.2 Since 
APP and its processing enzymes such as γ- secretase, are also 
present in many intracellular organelles namely endosomes, 
ER and mitochondria, Aβ can be synthesized at the organ-
elle level.3 UPR arm of ER stress is reportedly activated in 
response to mild stress such as energy deprivation which 
in turn can activate BACE1 and the following Aβ produc-
tion.42 Consistently, our work demonstrate that a mild DNA 
damage trigger ER stress, thereby BACE1 activation and Aβ 
production. CPT treatment of differentiated SH- SY5Y cells 
with very low doses led to the activation of PERK- eIF2α- 
ATF4 pathway as a part of UPR at a early time point. IRE- 1α 
was also activated after CPT treatment within a short period 
of time. Both PERK and IRE- 1α respond to ER stress in a 
similar manner. Along with IRE- 1α, PERK indirectly re-
duces the quantity of unfolded polypeptide within the ER to 
allow for more efficient chaperone- mediated protein folding. 
Interestingly, the UPR response was induced at early time 
points and diminished after 24 hours while the BACE1 activ-
ity persisted and so did the Aβ level. Furthermore, although 
subtle DNA damage led to mitochondrial fusion at early time 
points, mitochondrial fission took place at 48 hours. Thus, 
sustained ER stress leads to cell death at later time points.

F I G U R E  5  Doxorubicin (Dox) induces increased level of Aβ at low doses without inducing cell death. A, Differentiated SH- SY5Y 
cells were treated with Dox (100 nmol/L- 10 µmol/L) for 24 h. Cell viability was checked by MTT assay. Data are represented as mean ± SEM 
(*P < .05; n = 3). B, C, Differentiated SH- SY5Y cells were treated with Dox for 24 h, and then subjected to immunocytochemical staining with 
DNA damage marker pH2AX antibody followed by nuclear staining with DAPI. Number of cells positive for pH2AX foci were counted from 
random fields of three independent experiments and represented as percentage of cells showing pH2AX- positive foci. Data are represented as 
mean ± SEM (*P < .05). D, E, Expression of pH2AX protein level was studied by western blot analysis. Bar diagram shows the levels of pH2AX 
normalized with β- Actin derived from densitometric analysis of the blot using the ImageJ software. Values are expressed as mean ± SEM from 
three independent experiments;*P < .05. F, Expression of cleaved PARP- 1 protein level was studied by western blot. G, Immunocytochemical 
staining with Aβ1- 42 antibody (red), followed by nuclei staining with DAPI (blue) in differentiated SH- SY5Y cells after 24 h of 10 nmol/L and 
100 nmol/L Dox treatment. H, The CTCF (calculated total cell fluorescence) values of 25 cells from random fields were calculated using ImageJ 
software and data are represented as mean ± SEM (*P < .05). I, Sandwich ELISA of Aβ1- 42 in the spent media of differentiated SH- SY5Y cells 
after 100 nmol/L Dox treatment for 48 h. J, Differentiated SH- SY5Y cells were treated with indicated doses of Dox for 24 h. MitoTracker red 
staining of mitochondria was done and pictures were taken under a confocal microscope. K, Sizes of mitochondria were determined using ImageJ 
software. Data are represented as mean ± SEM (*P < .05; n = 15 cells from three independent experiments). L, Markers of ER stress phospho- 
PERK normalized with total- PERK and phospho- eIF2α normalized with total- eIF2α were analyzed by western blot. M, N, Densitometry of the 
same is presented. Data are represented as mean ± SEM (*P < .05; n = 3)



   | 15 of 19DAS et Al.

F I G U R E  6  MFN2 plays a role in DNA damage- induced mitochondrial fusion. A, Immunocytochemistry of MFN2 in differentiated SH- 
SY5Y cells after treatment with 10 nmol/L CPT for 24 h. Blue represents DAPI and green represents MFN2. B, CTCF values were calculated and 
data are represented as mean ± SEM (*P < .05; n = 25 cells from random fields of three independent experiments). C, Differentiated SH- SY5Y 
cells were treated with different doses of CPT for 24 h. Control and the treated cells were harvested and the lysates were subjected to western 
blot analysis using MFN2 and β- actin antibodies. D, Bar diagram shows the levels of MFN2 normalized with β- actin derived from densitometric 
analysis of the blot using the ImageJ software. Data are represented as mean ± SD (*P < .05; n = 2). E, Differentiated SH- SY5Y cells were 
transfected with siMFN2, 48 h post- transfection treated with or without 10 nmol/L CPT for 24h and cells were immunostained with antibody 
against Aβ1- 42 (red). Nucleus was stained with DAPI. F, The CTCF values of 25 cells from random fields were calculated using ImageJ software 
and data are represented as mean ± SEM (*P < .05). G, Sandwich ELISA of Aβ1- 42 in the spent media of differentiated SHSY5Y cells transfected 
with siMFN2 for 48 h and treated with or without 10 nmol/L CPT post- transfection for 24 h was performed. Data are represented as mean ± SEM 
(*P < .05; n = 3). H, Western blot analysis of MFN2 using tissue lysates from different ages of wild- type and 5xFAD transgenic mice. Note 
the increased expression of MFN2 is observed in early months of transgenic AD mice compared to age- matched control. I, Bar diagram shows 
the levels of MFN2 normalized with β- actin derived from densitometric analysis of the blots using the ImageJ software. Data are represented as 
mean ± SEM (*P < .05; n = 3)
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Mitochondrial dysfunction is an integral part of AD. It has 
been extensively reported in models of AD and AD patients’ 
brain cells. However, it has been suggested that mitochon-
drial dysfunction is an epiphenomenon of a dysfunctional 
neuron, and it occurs at a later stage in the disease.48 

Mitochondria do not work in isolation, but associate with 
other subcellular organelles including ER via mitochondria- 
associated ER membranes (MAM). Interestingly, it has been 
shown that components of γ- secretase, presenilin- 1, prese-
nilin- 2, and γ- secretase activity itself are highly enriched 

F I G U R E  7  ER stress- induced PERK and BACE1 contributes to SIME caused by DNA damage. A, Shows the effect of PERK inhibitor 
(PI) and BACE1 inhibitor (BI) on mitochondrial dynamics. Differentiated SH- SY5Y cells were treated with 10 nmol/L CPT in presence or 
absence of 10 µmol/L PI and 5 µmol/L BI for 24 h. Mitochondria were stained with MitoTracker red and imaged under a confocal microscope. 
B, Quantification of mitochondrial size using ImageJ software. Data are represented as mean ± SEM; *: control vs CPT; $: CPT vs CPT+PI; #: 
CPT vs CPT+BI (P < .05 was considered as significant, n = 25 cells from three independent experiments). C, Differentiated SH- SY5Y cells were 
transfected with siBACE1, 48 h post- transfection, treated with or without 10 nmol/L CPT for 8 h and staining with MitoTracker red was done to see 
mitochondrial ultra- structure. D, Sizes of mitochondria were determined using ImageJ software. Data are represented as mean ± SEM (*P < .05; 
n = 15 cells from three independent experiments). E, Immunocytochemical staining with MFN2 antibody (green), followed by nuclei staining with 
DAPI (blue) in differentiated SH- SY5Y cells after 24 hours of 10 nmol/L CPT treatment in presence or absence of 10 µmol/L PI and 5 µmol/L BI. 
F, Quantification of fluorescence intensity of MFN2 using ImageJ software. CTCF values were calculated and data are represented as mean ± SEM 
(*P < .05; n = 25 cells from random fields of three independent experiments). G, Graphical representation of the proposed pathway leading to an 
increase in Aβ production and stress- induced mitochondrial changes in response to a mild DNA damage
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in MAM.49 Therefore, changes in the function of MAM 
could have a role behind the production of Aβ. MFN2 is 
also enriched in MAM which is required for mitochondrial 
fusion.29 Importantly, we found that mitochondrial elonga-
tion takes place due to ER stress in response to mild DNA 
damage and Aβ is apparently produced as a consequence. 
Inhibition or downregulation of BACE1 in presence of CPT 
treatment reduced elongation/fusion of mitochondria sug-
gesting a possible role of Aβ in mitochondrial elongation 
which is an adaptive morphology of mitochondria coping 
with stress. The fusion of mitochondrial network promotes 
a resistance of mitochondria toward autophagosomal deg-
radation.44 It helps in buffering the damage caused to mito-
chondria by exchanging mtDNA and also helps to meet the 
energy demand of a cell by promoting ATP production.50,51 
DNA double- strand break activates DNA repair pathway 
in neurons which is very much energy demanding.46 So, to 
meet the energy demand of DNA double- strand break, elon-
gation of mitochondria could be one of the consequences 
as it boosts oxidative phosphorylation resulting in enhanced 
ATP production. Increase of intracellular Aβ may be seen as 
a consequence of adaptive stress response as it can bind and 
scavenge intracellular ROS via binding to heavy metals.46 
In this study, we observed that increase of intracellular Aβ 
occurred initially without any increase in ROS. We also ob-
served fusion of mitochondria at the early time periods fol-
lowing the stress that may help to delay the process/progress 
of death. But after a certain point, this fusion shifts toward 
mitochondrial fragmentation which may accompany an in-
creased ROS production.52 Fragmented mitochondrial mor-
phology is prominent in the affected regions of brain which 
is an important feature of a dying neuron.13 AD is associated 
with mitochondrial fragmentation that is observed in the late 
stages of the disease but what precedes this detrimental mi-
tochondrial morphology is not clearly known. To understand 
the correlation of this transition of mitochondrial morphol-
ogy in the disease progression, we checked MFN2 levels in 
5xFAD mice and notably, we found increased levels of MFN2 
in the early months of transgenic AD mice brains prior to the 
appearance of plaques as compared to the wild- type mice.53 
It suggests that before the appearance of Aβ plaques, there 
could be an adaptive stress response manifested by elonga-
tion of mitochondria at the early stages of the disease. The 
switch from fusion to fission and its exact mechanism is not 
clear and demands further research. Altogether this study 
draws attention to a comparatively novel mitochondrial phe-
nomenon that is stress- induced mitochondrial elongation in 
the scenario of AD. Unveiling this remodeling event could 
be beneficial to revisit the disease from a mitochondrial- ER 
perspective presenting new molecular players appearing 
early in AD progression.

Plenty of literature has already depicted the association 
of Aβ production and oxidative stress.54 Jin et al55 reported 

that oxidative stress induced by DNA damaging agents, 
Etoposide, and Camptothecin increased the γ secretase ac-
tivity in CHO- C99 cell line. But the selected doses were 
100  µmol/L for Etoposide and 25  µmol/L for CPT much 
higher than the dose range 5- 25 nmol/L we used to induce 
the mild DNA damage. DNA damaging agents at higher 
doses induce oxidative stress and apoptosis. In that study, 
increment of ROS or RNS coincided with the increase of 
γ- secretase activity. Other studies have also shown an asso-
ciation of oxidative stress and BACE1 activity.56 Oxidative 
stress may also be the cause of increased Aβ production. 
Oxidative stress inducing agent may increase APP expres-
sion and, therefore, enhance intracellular and secreted Aβ 
levels in neuronal and non- neuronal cells.57- 61 However, 
oxidative stress and associated apoptosis are a chronic con-
dition that occurs at the late stages in a progressive dis-
ease like AD. In contrast to these reports, Wang et al62 have 
shown that CPT and its analogs reduced Aβ levels in HEK 
and SH- SY5Y cell lines stably expressing AβPP with the 
Swedish mutation. However, unlike neuronal cells, these 
cancerous cell lines were resistant to CPT- induced death 
even at 1 µmol/L concentration. Primary neurons and dif-
ferentiated SH- SY5Y cells are more prone to CPT- induced 
toxicity and 1  µmol/L CPT induces cell death in these 
cells.36 Moreover, SH- SY5Y cell lines stably expressing 
AβPP with the Swedish mutation produced exogenous Aβ 
which was probably reduced by CPT. Whereas, in our study 
we only induced mild DNA damage using very low concen-
tration of CPT in differentiated SH- SY5Y cells, primary 
neurons (10  nmol/L) or even in animals (100  nmol/L) to 
recapitulate an early phenomenon of AD which induced Aβ 
production without causing oxidative stress or apoptosis.

AD is a progressive neurodegenerative disease which ex-
tends through an asymptomatic stage called preclinical AD 
over few decades before the patient develops detectable am-
yloid pathology and other clinical manifestations. Despite 
significant advances in understanding the disease pathology, 
disease modifying drugs are yet to be achieved. Drugs target-
ing the amyloid pathology mainly targeted APP processing 
enzymes to block its synthesis or amyloid clearance by im-
munization2 and have failed in clinical trials to date. We have 
investigated how Aβ1- 42 level increases in response to a subtle 
DNA damage in relation to aging. We demonstrated that mild 
DNA damage leads to ER stress and an adaptive mitochon-
drial response where an enhanced Aβ1- 42 production almost 
projects as a consequence. However, subsequent failure of 
this adaptive response alongside progressive Aβ1- 42 accumu-
lation probably contributes toward the detrimental patholog-
ical signatures in the later stages of AD. Thus, this work may 
pave the way for many more investigations in understanding 
age- related sporadic AD where ER- mitochondrial interplay 
holds an unparalleled significance especially at the early dis-
ease stages.
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